
Design and Analysis of Multifrequency
Wilkinson Power Dividers Using Nonuniform
Transmission Lines

Khair Al Shamaileh,1 Abdullah Qaroot,2 Nihad Dib,1 Abdelfattah Sheta3

1 Department of Electrical Engineering, Jordan University of Science and Technology,
P. O. Box 3030, Irbid 22110, Jordan
2 Department of Electrical Engineering, King Faisal University, P. O. Box 400, Al-Ahsa 31982, KSA
3 Department of Electrical Engineering, King Saud University, P. O. Box 800, Riyadh 11421, KSA

Received 7 February 2011; accepted 4 April 2011

ABSTRACT: In this article, based on nonuniform transmission lines, the design of compact

multifrequency Wilkinson power dividers (WPDs) is presented. This is accomplished by

replacing the quarter-wave uniform transmission lines in the conventional WPD by multi-

band nonuniform transmission line transformers (NTLTs). The design of these NTLTs is

performed under the even mode analysis of the WPD. A single isolation resistor is used

between the two output ports whose value is determined using the simple odd mode analysis

of the WPD. For verification purposes, a triple-frequency WPD and a quad-frequency WPD

are designed, simulated, fabricated, and measured. The results of the full-wave simulations

and the measurements verify the validity of the design procedure. VC 2011 Wiley Periodicals, Inc.

Int J RF and Microwave CAE 21:526–533, 2011.
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I. INTRODUCTION

Nowadays, one of the primary objectives in the design of

compact wireless communication systems is the multifre-

quency operation. In this regard, the Wilkinson power di-

vider (WPD) is one of the fundamental microwave passive

components that have been widely investigated in the litera-

ture. The soul of multifrequency WPDs depends on replacing

the conventional quarter-wave section at each arm of the di-

vider by multifrequency transmission line transformer

(TLT), which has been widely reported in the literature

[1–4]. In Ref. 1, closed form design equations for the dual-

frequency TLT were presented. On the same rhythm, triple-

and quad-frequency TLTs were reported in Refs. [2, 3],

respectively. Furthermore, the general design of multifre-

quency TLTs for arbitrary number of operating frequencies

was presented in Ref. [4]. In Ref. [5], the design of dual-

frequency unequal split WPD using Monzon’s equations [1]

was presented. In Refs. [6, 7], triple- and quad-frequency

equal split WPDs were designed and investigated. The

general design of multifrequency equal split WPD was pre-

sented in Ref. [8]. In Ref. [9], multifrequency unequal split

WPD was proposed. In Ref. [10], the design of N-way dual-

frequency WPD was presented. The general design of N-way

multifrequency WPD was also studied in Ref. [11].

In contrast to the aforementioned references, in which

multifrequency uniform TLTs were used, the multifre-

quency nonuniform TLT (NTLT) was investigated in Ref.

[12]. In Ref. [13], a miniaturized single-frequency WPD

using NTLTs was proposed. The design of compact dual-

frequency WPD using NTLTs was presented in Ref. [14],

in which two sections of NTLTs were used in each branch

of the divider. Two isolation resistors were also included

to achieve the required isolation between the output ports.

In this article, a miniaturized multifrequency WPD is

designed by replacing each quarter-wave uniform TLT by

a single section multifrequency NTLT. The multifre-

quency operation is achieved by enforcing a small length

of a nonuniform cross-section line to operate at predefined

set of frequencies simultaneously. One of the most impor-

tant features of the proposed WPD is that only one isola-

tion resistor is used to achieve good isolation between the

two output ports. As dual-frequency WPDs have been

widely reported in literature (see Refs. [10, 14] and the
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references therein), this article focuses on the design of

triple- and quad-frequency WPDs using NTLTs. To verify

the validity of the proposed technique, two multifrequency

WPDs are designed, simulated, and fabricated.

II. DESIGN OF MULTIFREQUENCY WPD

In this section, multifrequency WPDs will be designed using

NTLTs. Figure 1 presents the modified multifrequency

equal-split WPD, where each branch of the conventional

WPD is replaced by a single NTLT section. These NTLTs

are used to achieve the multifrequency operation of the

WPD. When compared with the traditional multisection,

multifrequency uniform TLTs [1–11], the use of the multi-

frequency NTLTs leads to compact WPDs. Furthermore,

unlike the multifrequency WPDs that use multisections of

uniform TLTs [5–9], only one isolation resistor is used here

to achieve the required isolation between the output ports. In

Section II.A (even mode analysis), the design of the NTLT

is presented; whereas in Section II.B (odd mode analysis),

the value of the isolation resistor is derived.

A. Even Mode Analysis
The even mode equivalent circuit is shown in Figure 2,

which presents a typical NTLT of length d with a varying

characteristic impedance Z(z) and propagation constant

b(z) that matches a load impedance ZL to a source imped-

ance ZS. The NTLT is designed by enforcing the magni-

tude of the reflection coefficient |C| to be zero (or very

small) at a single design frequency or several design fre-

quencies of interest. Moreover, size reduction is achieved

by choosing the length d to be equal to the length of the

uniform TLT (UTLT) at the lowest design frequency.

The magnitude of the reflection coefficient at the input

port can be expressed in terms of Zin(fj) shown in Figure 2,

where Zin(fj) is calculated after obtaining the ABCD parame-

ters of the NTLT. These ABCD parameters are found by sub-

dividing such transformer into K uniform electrically short

segments each with length of Dz. It is worth to point out here

that, for all designed NTLTs presented in this article, the num-

ber of the uniform short sections K is chosen to be 50. The

ABCD parameters of the whole NTLT are obtained by multi-

plying the ABCD parameters of each section as follows [15]:

A B

C D

� �
¼ A1 B1

C1 D1

� �
� � � Ai Bi

Ci Di

� �
� � � AK BK

CK DK

� �
ð1Þ

where the ABCD parameters of the ith segment are [15]:

Ai ¼ Di ¼ cos Dhð Þ (2a)

Bi ¼ Z2 i� 0:5ð ÞDzð ÞCi ¼ jZ i� 0:5ð ÞDzð Þ sin Dhð Þ;
i ¼ 1; 2; :::;K ð2bÞ

Dh ¼ 2p
k
Dz ¼ 2p

c
f

ffiffiffiffiffiffi
e
eff

p
Dz (2c)

The effective dielectric constant, eeff, of each section is

calculated using the well-known microstrip line formulas

given in Ref. [15]. Then, the normalized characteristic im-

pedance �Z zð Þ ¼ Z zð Þ
Z0

is written in terms of a truncated Fou-

rier series as follows [12, 16]:

ln �Z zð Þð Þ ¼
XN
n¼0

Cn cos
2pnz
d

� �
(3)

Thus, an optimum designed compact length NTLT

have its reflection coefficient magnitude at the design fre-

quencies (fj, j ¼ 1,…, M) as close as possible to zero.

Therefore, the optimum values of the Fourier coefficients,

Cn’s, can be obtained through minimizing the following

error function [12]:

Errorinput ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM
j¼1

Cin fj
� ��� ��2

vuut (4)

where

Cin fj
� � ¼ Zin fj

� �� Zs

Zin fj
� �þ Zs

(5a)

Zin fj
� � ¼ A fj

� � � ZL þ B fj
� �

C fj
� � � ZL þ D fj

� � (5b)

Moreover, the error function in Eq. (4) should be re-

stricted by some constraints such as easy fabrication and

physical matching, as follows [16]:

�Zmin � �Z zð Þ � �Zmax (6a)

�Z 0ð Þ ¼ �Z dð Þ ¼ 1 (6b)

Thus, the goal is to find the values of the Fourier coef-

ficients (Cn’s) that minimize the above error function at

the desired M design frequencies. This is clearly a con-

strained minimization problem that is solved using the

MATLAB function ‘‘fmincon.m.’’ It is worth mentioning

here that a similar procedure was used in the design of

multifrequency Bagley power dividers given in Ref. [17].

Figure 1 Nonuniform multifrequency WPD.

Figure 2 Even mode equivalent circuit.

Design of Multifrequency WPD 527

International Journal of RF and Microwave Computer-Aided Engineering DOI 10.1002/mmce



B. Odd Mode Analysis
After determining the Fourier series coefficients, the odd

mode analysis is carried out for the multifrequency

NTLTs WPD to find the value of the isolation resistor.

The odd mode equivalent circuit is shown in Figure 3.

The ABCD parameters approach will be used in find-

ing the optimal value of the isolation resistor. From Figure

3, the following equations can be written:

V1

�I1

� �
¼ A B

C D

� �
NTLT

V2

�I2

� �
(7)

Setting V1 ¼ 0 leads to the following equation:

AV2 � BI2 ¼ 0 (8)

Solving V2

I2
, one obtains

V2

I2
¼ B

A
¼ ZNTLT

in (9)

Finally, Zoin is given as follows:

Zo
in ¼

R
2
� ZNTLT

in
R
2
þ ZNTLT

in

(10)

where R is an optimization variable that is determined using

a new ‘‘fmincon.m’’ routine. For a perfect output ports

matching, the following condition should be satisfied:

Cout fj
� � ¼ Zo

in fj
� �� Z0

Zo
in fj
� �þ Z0

(11)

So, for a perfect output ports matching at the design

frequencies, the output reflection coefficient should be

zero (or as close as possible to zero). To achieve this, the

following error function is considered:

Errorout ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM
j¼1

Cout fj
� ��� ��2

vuut (12)

III. SIMULATIONS AND EXPERIMENTAL RESULTS

In this section, and based on the design procedure presented

in Section II, a triple-band and quad-band WPDs will be

designed by replacing the quarter-wave sections of the con-

ventional WPD by their equivalent multifrequency NTLTs.

A. Triple-Frequency WPD
Here, a triple-frequency WPD (with a 50-X reference im-

pedance) operating at 0.5, 1.3, and 2 GHz is designed and

analyzed. The design procedure starts by designing a tri-

ple-frequency NTLT, using the procedure presented in

Section II.A that matches a load impedance ZL ¼ Z0 to a

source impedance ZS ¼ 2Z0. Then, the value of the isola-

tion resistor is calculated using the odd mode analysis

equivalent circuit as presented in Section II.B.

A triple-frequency NTLT operating at the design fre-

quencies 0.5, 1.3, and 2 GHz is shown in Figure 4a; whereas

Figure 4b shows a triple-frequency 3-section UTLT that has

been designed using the expressions given in Ref. [9]. It is

worth mentioning here that the length of the designed NTLT

(82 mm) was chosen to be a quarter-wavelength at the lower

frequency (0.5 GHz) considering an FR4 substrate with a

Figure 3 Odd mode equivalent circuit.

Figure 4 The triple-frequency NTLT layout compared with a

uniform 3-section TLT operating at the same frequencies (dimen-

sions are in mm).

Figure 5 S11 (in dB) of the triple-frequency NTLT compared

with that of the 3-section uniform TLT. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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TABLE I The Fourier Coefficients for the Triple-Frequency NTLT Shown in Figure 4a

C0 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

0.2708 �0.1514 �0.2019 �0.5543 0.3583 0.0919 0.0210 0.1345 0.0325 0.0114 �0.0127

Figure 6 The layout of the triple-frequency WPD (dimensions

are in mm). The isolation resistor is placed between the two out-

put ports in the 0.7 mm gap. Figure 7 The photograph of the triple-frequency WPD imple-

mented on FR4 material with a dielectric constant of 4.6 and

thickness of 1.6 mm. A 100-X surface mount resistor is used.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 8 Scattering parameters for the triple-frequency WPD. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Design of Multifrequency WPD 529

International Journal of RF and Microwave Computer-Aided Engineering DOI 10.1002/mmce



relative permittivity of 4.6 and a substrate height of 1.6 mm.

Thus, when compared with the uniform 3-section TLT

shown in Figure 4b, a size-reduction of almost 18% is

achieved. Figure 5 shows S11 (in dB) of the designed triple-

frequency NTLT along with the UTLT one. The triple-

frequency operation can be clearly seen. The small shift in

the lower frequency (0.5 GHz) is due to the error in the opti-

mization process. Table I represents the obtained Fourier

coefficients for the designed triple-frequency NTLT, with an

error value in Eq. (4) of 0.021.

The designed NTLT shown in Figure 4a is then placed

at each arm of the conventional single-frequency WPD to

get a triple-frequency operation. From Eq. (12), the isola-

tion resistor value (which is the only remaining optimiza-

tion variable) that gives a minimum output ports reflection

is found to be 99.55 X. Figure 6 shows the layout of the

designed triple-frequency WPD. The photograph of the

fabricated divider is shown in Figure 7.

Now, this triple-frequency WPD is simulated using the

full-wave simulators IE3D [18] and high-frequency struc-

ture simulation (HFSS) [19]. Simulations and experimen-

tal results are shown in Figure 8. As shown in Figures 8a

and 8b, very good matching at the input and output ports

is achieved. The return losses of input port and output

ports are better than 20 dB around the design frequencies.

A small shift in the design frequencies could be due to

the optimization process and discontinuities in the struc-

ture. Moreover, very good isolation between the output

ports is obtained, which is below �20 dB at the design

frequencies, as shown in Figure 8d. Furthermore, Figure

8c shows that the simulated transmission parameters (S12
and S13) are close to their theoretical values of �3 dB at

the first two design frequencies (0.5 and 1.3 GHz) while

they have a value of �5 dB at the third design frequency

(2 GHz). It is worth mentioning here that, in the simula-

tions, the loss tangent of the FR4 substrate is set to 0.02,

which explains the relatively higher loss in the transmis-

sion coefficient S12 (and S13) at higher frequencies.
In the experiments, the S-parameters are measured

using an Anritsu 37369C network analyzer. Good agree-

ment between simulations and experimental results is

observed except for a little increase in the measured inser-

tion loss with frequency. The measured values of S21 are

�3.6, �4.5, and �5.5 dB for the first, second, and third

design frequencies, respectively. This may be attributed to

the dispersive properties of the loss characteristics of the

FR4 material. The effect of the FR4 material has been

tested by implementing two uniform lines of widths 1 mm

Figure 9 Measured (a) amplitude and (b) phase imbalances of

the triple-frequency WPD. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 10 The quad-frequency NTLT layout compared with

the uniform 4-section quad-frequency transformer (dimensions are

in mm).

Figure 11 S11 (dB) of the quad-band NTLT compared with

that of the 4-section UTLT. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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and 3 mm and length of 8 cm on the same substrate. For

the 3-mm line (�50 X), the measured losses against fre-

quency are 0.4, 0.7, and 1.1 dB at the first, second, and

third bands, respectively. For the 1-mm line (�85 X), the
losses against frequency are 1.1, 1.6, and 2 dB at 1.1, 2.2,

and 3 GHz, respectively.

TABLE II The Fourier Coefficients for the Quad-Band NTLT

C0 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

0.3026 �0.0827 �0.1281 �0.1517 �0.3228 �0.2429 0.2617 0.2109 0.0200 �0.1354 0.2685

Figure 12 (a) The layout and (b) photograph of the quad-frequency WPD (dimensions are in mm). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 13 Scattering parameters for the quad-frequency WPD. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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The measured amplitude and phase imbalances are

shown in Figures 9a and 9b, respectively. As shown in

Figure 9a, the measured amplitude imbalance (|S31| – |S21|)
is less than 60.5 dB in the entire frequency range 0–3

GHz. The measured phase imbalance (ffS31 – ffS21) as

observed from Figure 9b is also less than 63.5� in the

entire frequency range. These results show that the imple-

mented structure has a very good degree of symmetry.

B. Quad-Frequency WPD
Following a similar procedure, a quad-frequency WPD

(with Z0 ¼ 50 X) operating at 0.5, 1.25, 2.2, and 3 GHz

is designed considering the same FR4 substrate mentioned

above. A quad-frequency NTLT operating at 0.5, 1.3, 2.2,

and 3 GHz is shown in Figure 10a, whereas Figure 10b

shows a quad-frequency uniform 4-section transformer

that has been designed using the expressions given in Ref.

[9]. A size reduction of 57% is achieved.

Figure 11 represents the input port matching response

of this quad-frequency NTLT along with its equivalent

UTLT. Quad-frequency operation is clearly seen. Table II

presents the obtained Fourier coefficients [resulting in an

error of 0.042 in Eq. (4)] for the quad-frequency NTLT.

From Eq. (12), the isolation resistor that gives a minimum

output ports reflection is found to be 98.43 X.

The designed quad-frequency NTLT shown in Figure

10a is then placed at each arm of the conventional single-

frequency WPD to get a quad-frequency operation. Figure

12 shows the layout and photograph of the designed quad-

frequency WPD. A 100-X surface mount chip resistor is

used in the implementation.

Figure 13 shows the full-wave simulation and experi-

mental results for the designed quad-frequency WPD.

Generally, good agreement between simulations and

experiments is observed. The values of the measured S21
at the first, second, third, and fourth bands are �3.75,

�4.6, �5.6, and �7.5 dB, respectively. The increase in

the insertion losses (S21 and S31) is mainly attributed to

the dielectric loss characteristics of the FR4 substrate as

explained in Section II.A. Besides the very good matching

at the input and the output ports, an acceptable isolation

between the two output ports of the designed quad-fre-

quency WPD is also achieved around the design frequen-

cies. As shown in Figure 14, the measured amplitude and

phase imbalances show a very good symmetry of the

implemented quad-frequency WPD. The measured ampli-

tude imbalance (|S31| – |S21|) is less than 60.5 dB in the

entire frequency range 0–3.5 GHz. The measured phase

imbalance (ffS31 – ffS21) is also less than 63� in the entire

frequency range.

IV. CONCLUSIONS

In this article, a general design of compact multifrequency

WPDs using NTLTs was presented. The design of the

multifrequency NTLTs was obtained from the even mode

analysis of the WPDs, whereas the isolation resistor was

calculated using the odd mode one. While designing mul-

tifrequency NTLTs, it was noticed that as the operating

frequencies get closer to the odd harmonics of the funda-

mental one, a smaller error could be achieved in the opti-

mization process. For verification purposes, triple- and

quad-frequency WPDs were designed, simulated, and

measured. The good agreement between both simulation

and measurement results proves the validity of the design

procedure. Differences between simulation and experimen-

tal results could be due to the fabrication process, the

effect of the connectors, and measurement errors.
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