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Abstract
In this paper, a novel miniaturized microstrip Wilkinson power divider (WPD) using 
squared resonators and open-ended stubs is designed, fabricated, and measured. The pro-
posed divider is designed at 1.9 GHz, which suppresses 2nd, 3rd, and 4th harmonics with 
high attenuation levels. Moreover, the size of the proposed divider is only 0.1 λg × 0.07  λg, 
which reduces the circuit size by more than 55%, compared to the conventional Wilkinson 
divider. In the design process, the neural network model and LC-equivalent circuit model 
are used to predict the transmission zeros of the circuit. These transmission zeros are used 
to provide the suppression at the desired harmonics. Also, the main circuit elements could 
be predicted with the neural network model, which results in a performance improvement 
of the proposed divider. The results show that the proposed model can predict the fre-
quency response of the designed WPD, accurately.
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1 Introduction

The microstrip divider is an essential passive component, which has wide applications in 
the communication systems [1, 2]. The typical Wilkinson power divider (WPD) occupies 
a large area and cannot remove the effects of unwanted harmonics [3–5]. The microwave 
devices with compact size and harmonics suppression abilities are necessary demands for 
modern wireless communication systems [5–8].

Recently, several works are reported to improve the performance of power dividers. The 
main methods, which have recently been used for harmonic suppression and size reduction 
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of the divider can be categorized as specifically shaped resonators [2, 3], low pass filters 
[4, 5], defected ground structures (DGS) [9], electronic bandgap (EBG) cells [10], lumped 
elements [11–13], stepped impedances [14], open-ended stubs [15–18] and artificial intel-
ligent [19].

In [9–13], EBG cells, defected ground structures DGS and lumped reactive elements 
techniques are used to achieve size reduction and harmonics suppression. These structures 
can partially overcome the large circuit size and suppress unwanted harmonics. Unfortu-
nately, it is a complicated process to extract DGS and EBG pattern, which needs to etch the 
backside ground structure [14]. Moreover, using a lumped reactive component is undesir-
able for mass production environments [15].

In many kinds of research, microstrip open-ended stubs are applied to remove the 
effects of harmonics and to reduce the size, such as reported works in [15–18]. These struc-
tures have simple designs, but this method only suppresses a few lower harmonics and can-
not decrease the size of the circuit. Using open-ended stubs can create transmission zeros, 
which provides a suppression band. In other words, each stub can create a correspond-
ing transmission zero in the frequency response. Therefore, achieving a wide suppression 
band needs several open-ended stubs in the structure of the divider. Also, resonators can 
be used to achieve suppression bands in the divider. For instance, U-shaped [3], T-shaped 
[3], Π-shaped [17], triangle-shaped [2], and stepped impedance resonators are widely used 
resonators in power dividers.

Recently, artificial neural networks (ANNs) are applied as useful tools for modeling and 
prediction of the electrical and electronic devices [19–27]. In [19], a feed-forward neural 
network is used to design a WPD. The neural network is used in this work to predict the 
S-parameters of the divider, which resulted in harmonic suppression and performance opti-
mization of the divider.

In this paper, a new WPD with harmonics suppression and size reduction is proposed 
using resonators. To improve the operation of resonators, the LC-equivalent circuit (LC-
EC) and the neural network models are presented to predict the desired circuit parameters. 
The optimum circuit parameters are found with the neural network model, which results in 
a performance improvement of the proposed divider. The Advanced Design System (ADS) 
software is utilized to simulate the divider and MATLAB R2017a is used to model the pre-
sented divider using proposed neural networks. The final structure is fabricated and meas-
ured with an HP8757A network analyzer. There is good agreement between the simula-
tions and measured results, which confirms the validity of the presented divider.

2  Power Divider Design Process

In this section, at first, the convention WPD is described. Then, the design procedure of the 
proposed divider is explained, which are as follows.

2.1  Conventional WPD

A conventional WPD at 1.9 GHz is depicted in Fig. 1. According to this figure, the WPD 
has one input and two output ports. Input power will be divided into two equal parts at 
output ports. Therefore, each port has half power of the original signal. The conventional 
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WPD includes two quarter-wave lines and a resistor, which provides isolation between 
ports 2 and 3.

2.2  Presented Resonators and WPD

The first resonator, which is designed in this paper, is called resonator1. This resonator 
is made up of two modified T-shaped resonators, which provide a strong transmission 
zero near the third harmonic of the presented WPD. Resonator1 is shown in Fig. 2a and 
the scattering parameters  S11 and  S21 of resonator1 are illustrated in Fig. 2b.

The second resonator is made up of a U-shaped structure, loaded by two open stubs. 
This resonator is called resonator2, which is shown in Fig. 3a. The scattering parameters 
 S11 and  S21 of resonator2 are depicted in Fig. 3b. According to this figure, resonotar2 
provides a transmission zero at the second harmonic. As shown in Figs.  2 and 3, the 
presented resonators could be used to obtain the desired WPD.

The harmonic suppression and size reduction will be achieved, using resonator1 and 
resonator2 instead of each quarter-wave line, in the conventional WPD. The final layout 
of the proposed low size and harmonic suppressed WPD is illustrated in Fig. 4.

An LC-EC model and an ANN (artificial neural network) model are presented in the 
next sections, to study and predict the behavior of the presented WPD.

Fig. 1  Schematic of the conven-
tional WPD

Fig. 2  (a) Structure of presented 
resonator1 and (b) its simulated 
S-parameters
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3  Modeling of the Presented WPD

In this section, at first, the LC-EC model of the proposed divider is extracted. Then, an 
artificial neural network is presented to model the proposed divider according to the 
LC-EC model.

3.1  LC Equivalent Circuit (LC‑EC) Model

To model the presented WPD, the LC-EC of the divider is derived in this section. In 
the first step, the LC-EC of the circuit components should be defined. Two main com-
ponents of the designed structures are typical transmission lines and open stubs, which 
their LC-ECs are illustrated in Fig. 5a and b, respectively.

According to equivalent circuits in Fig.  5 and the layout structure of the proposed 
WPD, the final LC-EC of the divider is derived, as illustrated in Fig. 6.

Fig. 3  (a) Structure of presented 
resonator2 and (b) its simulated 
S-parameters
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Fig. 4  Structure of proposed 
WPD
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As seen in Fig. 6, the LC-EC of the proposed WPD is made up of several inductors 
and capacitors, each of which affects the frequency response of the circuit. However, 
two main elements, which have the main effects on the second and third harmonics (L1 
and L2 inductors) are selected in the circuit as the circuit parameters. The scattering 
parameters  S11 and  S21 of the WPD LC-EC are depicted in Fig. 7. As can be seen, two 
strong desired transmission zeros at the second and third harmonics are achieved for the 
presented WPD. Changing the value of L1 moves the transmission zero corresponding 
to the second harmonic. Also, changing the value of L2 moves the transmission zero 
corresponding to the third harmonic.

Transmission line

LS

CSCS
LC- Equivalent 

Ciruict

(a) 

Open Stub

CSLC- Equivalent 
Ciruict

(b) 

Fig. 5  LC-ECs of (a) a typical transmission line and (b) an open stub

Fig. 6  The final LC-EC of the proposed WPD
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3.2  Artificial Neural Network Model

As seen in Fig. 6, the circuit model of the presented WPD is very difficult to be analyzed. 
A simple way to model the designed WPD is the artificial neural network (ANN) model, 
which is proposed in this section. The ANN is a widespread solution in the electronics field 
which has been recently used in several approaches. To propose the ANN model of the 
designed WPD, the input and output parameters of this model should be defined. For the 
proposed divider, the scattering parameters of the WPD are selected as the output parame-
ters, while frequency, L1, and L2 are selected for the input parameters. The proposed ANN 
model of the presented WPD is illustrated in Fig. 8. The LC-EC of the designed WPD is 
simulated by the Advanced Design System (ADS) software and also, the applied data for 
the ANN is obtained from ADS software. An MLP network is used for the desired ANN 
Model. The specifications of the proposed MLP model are given in Table 1.

The Levenberg Marquardt (LM) algorithm is utilized for the network training proce-
dure. The values of 80% and 20% of data are applied for training and testing procedures, 

Fig. 7  Scattering parameters 
 S11 and  S21 of the WPD LC-EC 
versus changing (a) L1 (nH) and 
(b) L2 (nH) inductors L1 = 2.8
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Fig. 8  The proposed ANN model 
of the presented WPD
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respectively. In the proposed ANN model, mean absolute error (MAE) and root mean 
squared error (RMSE) are defined by Eqs. (1)–(2) respectively as below:

The achieved error results of the presented MLP model are shown in Table 2. As results 
show, the  S11 model demonstrates better prediction with fewer error values. The train and 
test results of the presented WPD ANN model are shown in Fig. 9. As can be seen, the 
predicted S-parameters by the MLP model are close to the real values, which confirms the 
validity of the presented model to predict the frequency response of the designed WPD. 
The presented ANN model could be applied to any divider or other microwave devices.

4  Results of the Proposed WPD

According to the discussed design procedure, the arbitrary harmonic suppression could 
be achieved in the designed WPD. For verification, the designed WPD is fabricated on a 
substrate of RT/Duroid with εr = 2.2. The operating frequency of the fabricated divider is 
1.9 GHz and the achieved bandwidth is 32% considering 15dB attenuation. The fabricated 
photograph and frequency responses of the designed WPD are shown in Fig. 10a and b, 
respectively. According to this figure, the measured and simulated data are in good agree-
ments, which verify the validity of the design process of the proposed WPD. The fabri-
cated WPD dimensions are 11.5 mm × 8.5 mm or 0.1 λg × 0.07 λg which shows more than 

(1)MAE =
1

N

N∑

i=1

||Xi
(Exp) − X

i
(Pred)|| ,

(2)RMSE =

�∑N

i=1

�
X
i
(Exp) − X

i
(Pred)

�2

N

�0.5

.

Table 1  The specifications of the 
proposed MLP model

Type of the ANN MLP

Input layer neurons 3
Hidden layers 1
Hidden layer neurons 7
Output layer neurons 4
Number of epochs 2000
Activation functions Tansig

Table 2  The achieved error results of the presented MLP model

Output MAE test error MAE train error RMSE test error RMSE 
train error

S11 0.18 0.15 0.28 0.33
S21 2.28 2.12 3.41 3.50
S22 0.61 0.5 0.82 0.91
S32 1.93 1.36 2.68 1.73
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Fig. 9  (a) Train and test results 
of the presented WPD ANN 
model for  S11,  S21, (b)  S22 and 
 S32

(a)

(b)

Fig. 10  (a) Fabricated photo-
graph and (b) measured fre-
quency response of the designed 
WPD
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55% size reduction, compared to the typical WPD. In the operating frequency, measured 
input return loss, output return loss, port isolation, and insertion loss are better than 30 dB, 
38 dB, 26 dB, and 1 dB, respectively. A comparison between fabricated WPD and the other 
similar WPDs are reported in Table 3.

5  Conclusions

A compact and harmonic suppressed Wilkinson power divider is designed and fabricated 
in this paper. The LC-EC model and ANN model of the designed power divider are pro-
posed. According to the results, the proposed models can predict the designed power 
divider behaviours with good precession. The obtained errors of the ANN model show that 
the presented ANN model can be used to predict the frequency response of the designed 
WPD, accurately. The proposed WPD has a compact size with high harmonics suppression 
ability. With the obtained desirable features, the proposed WPD could be used in the com-
munication systems.
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