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Abstract: This paper introduces a novel algorithm for designing a low-pass filter (LPF) and a
microstrip Wilkinson power divider (WPD) using a neural network surrogate model. The proposed
algorithm is applicable to various microwave devices, enhancing their performance and frequency
response. Desirable output parameters can be achieved for the designed LPF and WPD by using the
proposed algorithm. The proposed artificial neural network (ANN) surrogate model is employed to
calculate the dimensions of the LPF and WPD, resulting in their efficient design. The LPF and WPD
designs incorporate open stubs, stepped impedances, triangular-shaped resonators, and meandered
lines to achieve optimal performance. The compact LPF occupies a size of only 0.15 λg × 0.081 λg, and
exhibits a sharp response within the transmission band, with a sharpness parameter of approximately
185 dB/GHz. The designed WPD, operating at 1.5 GHz, exhibits outstanding harmonics suppression
from 2 GHz to 20 GHz, with attenuation levels exceeding 20 dB. The WPD successfully suppresses
12 unwanted harmonics (2nd to 13th). The obtained results demonstrate that the proposed design
algorithm effectively accomplishes the LPF and WPD designs, exhibiting desirable parameters such
as operating frequency and high-frequency harmonics suppression. The WPD demonstrates a low
insertion loss of 0.1 dB (S21 = 0.1 dB), input and output return losses exceeding 30 dB (S11 = −35 dB,
S22 = −30 dB), and an output ports isolation of more than 32 dB (S23 = −32 dB), making it suitable for
integration into modern communication systems.

Keywords: design algorithm; low-pass filter; power divider; neural network

1. Introduction

Recently, artificial intelligence (AI) and artificial neural network (ANN) models have
been widely utilized to solve engineering problems [1,2]. Machine learning approaches
have emerged as powerful tools for addressing nonlinear problems and gaining valuable
insights from complex systems [3,4]. These approaches harness the computational capabili-
ties of artificial neural networks, such as multilayer perceptron architectures, to capture
and analyze the nonlinear dynamics inherent in these systems. By training neural networks
on data obtained from complex systems, researchers have successfully captured their un-
derlying behaviors, enabling precise predictions and enhanced control of these systems [5].

In particular, ANNs have been used to ease the design and improve the performance
of electronics devices, such as microwave devices [6–8]. Filters and power dividers are vital
blocks in new microwave and communications circuits [9]. In modern microwave circuits,
a compact size and harmonics rejection are required to reduce the circuit area and costs [10].
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Additionally, rejection of harmonics results in the improvement of the the given system’s
overall performance [11]. The conventional power dividers previously used in microwave
circuits occupy a large area, and cannot reject undesirable harmonics. Therefore, recently,
different designs have been introduced to overcome these drawbacks. Previous research
aiming to counteract the disadvantages of conventional power dividers are explained in the
following section. Nonlinear phenomena present significant challenges when it comes to
comprehending and predicting the behavior of complex systems. This holds true in various
engineering fields, including microwave circuit design, medical engineering, industrial
engineering, etc., wherein accurate modeling and analysis play a vital role in optimizing
performance and ensuring reliability [12–15]. However, traditional analytical approaches
often struggle to capture the intricate dynamics exhibited by nonlinear systems, prompting
the exploration of alternative methods [16].

EBG and DGS techniques have been used in [17–19] to decrease the circuit size and
suppress undesirable harmonies. However, these methods require extra steps in the device
implementation process, which is undesirable. In some works [20–22], open stubs have
been used for harmonics suppression and size reduction purposes. However, only a few
harmonics can be suppressed using open stubs, and a significant reduction in size cannot
be obtained. A WPD with two main open stubs and three coupled lines is designed in [20],
in which a wide band and filtering response with high attenuation was obtained. In [21],
triangular-shaped open stubs are incorporated in the device’s structure in order to present
a coupler with rejection band, which achieved a bandwidth of 200 MHz within a main
frequency of 700 MHz. A coupler with rectangular open stubs is designed in [22], and
achieved filtering response and harmonic rejection.

In many designs [23–31], resonators and filters have been used in the divider structure
to suppress harmonics. Applied resonators increase the complexity of circuits, and if
resonators are not used properly, they may also increase insertion loss. In [23], a WPD with
rectangular stubs and coupled line resonators is presented. The applied resonators in [23]
reduced the overall size of the designed WPD. A multi-mode resonator and coupling lines
are incorporated int the presented WPD in [25] to achieve a small size and high selectivity.
A coupled line, T-shaped resonators, and open stubs are exploited in [26] within the design
of a divider; this achieved dual band operation and a filtering response. The presented
work in [27] proposes a miniaturized WPD that uses rectangular resonator cells instead of
quarter-wave length branches, which reduced the circuit size, increased the bandwidth, and
eliminated unwanted harmonics. The WPD presented in [28] uses complementary split-
ring resonators (CSRRs) for harmonic suppression. The work presented in [29] proposes a
dual-band filtering power divider that employs dual-resonance resonators (DRRs) to create
multiple transmission zeros, resulting in two passbands with high-frequency selectivity,
good isolation, and an ultra-wide stopband. A tri-band WPD is designed in [30], using
resonators that replace each quarter-wavelength transformer in the conventional WPD.
Additionally, the WPD presented in [31] uses quasi-elliptic filters to replace each quarter-
wavelength transformer for improved out-of-band rejection.

Moreover, due to the higher frequency limitations of Microstrip substrates, crystal
photonics have been widely applied in high-frequency designs [32–35]. This method [36,37]
can be used for passive design structures, such as power dividers, in higher frequency
ranges. Additionally, in some designs [38–43], lumped components (L and C) have been
used to create compact dividers with harmonics suppression that then cause a limited
frequency response. The work presented in [40] discusses the design and implementation
of a five-way lumped-element WPD to investigate multifrequency polarimetric SAR ap-
plications. the use of flexible and miniaturized lumped elements in the design of unequal
Wilkinson power dividers is studied in [41], utilizing closed-form design methods for
frequency characteristics’ simulation. A lumped-element WPD using LC-ladder circuits
composed of a capacitor and an inductor, alongside a series LR/CR circuit, is designed
in [42]; this theoretically shows that broadband WPDs can be accomplished. Additionally,
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in [43], a compact structure for a dual-band WPD is proposed; it consists of a single line,
two coupled lines, and four lumped elements.

Overall, these designs demonstrate the effectiveness of using several techniques, such
as incorporating resonators, open stubs, and lumped components, in the design of WPD
and couplers to achieve desirable circuit performance in modern communication systems.
However, in all of the mentioned approaches, there is no straightforward algorithm to ease
the design procedures of the device’s structure using desirable parameters; this task is very
complicated. In this paper, a new design algorithm is presented to help in the design of
complicated devices in microwave and communication systems, such as filters and power
dividers, with easy steps. In this paper, two filters and a single open stub are used together
to shape the proposed divider at 1.5 GHz, using the proposed design algorithm. With
this algorithm, more than 12 unwanted harmonics (2nd–13th) are suppressed, and a wide
suppression band from 2 GHz to 20 GHz is provided.

2. Design Algorithm

The application of machine learning techniques, particularly neural networks, has
shown considerable promise across various domains. For example, in structural engineer-
ing, machine learning algorithms have been employed to analyze and predict the behavior
of complex structures subjected to different loads and environmental conditions. By leverag-
ing extensive datasets and learning patterns, these algorithms facilitate accurate predictions
of structural responses, fatigue life, and failure modes. In the realm of microwave circuit
design, the complexities associated with nonlinear phenomena and intricate engineering
issues necessitate the development of efficient and accurate modeling techniques. This
paper aims to introduce a fast surrogate model-based algorithm that utilizes multilayer
perceptron neural networks specifically for microwave circuit design. By incorporating
machine learning techniques, this algorithm seeks to address the design challenges in
microwave circuits and provide valuable insights for design optimization [44,45].

In this section, as shown in Figure 1, the proposed design algorithm is presented
to help to design complicated devices within microwave and communication systems,
particularly, filters and power dividers. In Step 1 of the proposed design algorithm, the
preliminary LPF is presented, in which the dimensions are not finalized. The presented
LPF may have any arbitrary structure. In Step 2, the ANN structure is proposed for
the presented LPF. Then, the proposed ANN model is trained using an electromagnetic
simulation of the preliminary resonator in Step 3. The dimensions of the preliminary LPF
may be finalized by the ANN, based on the LPF desired parameters and the predicted data,
as shown in Step 4; the final LPF can be created in Step 5. After applying the proposed final
LPFs to the two main branches of the divider (Step 6), the final WPD may be achieved, as
detailed in Step 7.
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2.1. The Architecture of the Proposed ANN Model

The proposed model includes a multi-layer feed forward network neural network
(ANN), which can predict the desired output parameters by considering the circuit pa-
rameters. The proposed model works as a surrogate model to predict the parameters of
the proposed filter. Figure 2 shows the proposed MLP structure for the defined artificial
network. According to this figure, the input parameter is connected to output nodes
by two hidden layers, including seven neurons in each hidden layer. Additionally, the
values of fc (GHZ), ζ (dB/GHz), BW (MHZ), and RL (dB), which are desirable resonator
parameters, are considered the output of the proposed ANN model.
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Figure 2. Proposed structure of the ANN model, including two hidden layers with seven neurons in
each hidden layer.

A flowchart of the proposed structure of the ANN is illustrated in Figure 3. As shown,
within the first step, the structure of the network, the hidden layer numbers, and the
neuron numbers are considered, due to the input and output parameters and the problem
conditions. In the next steps, the weights and biases of the ANN are defined randomly;
then, as explained in the flow chart, these values are calculated using the proposed ANN
model. Finally, after reaching the desired accuracy, the ANN model is created.
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In a multi-layer feed-forward neural network, the values of neurons in the hidden
layers are updated through a process called forward propagation and backpropagation.
The first step is initialization, in which the weights and biases of the neural network are
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randomly initialized. The next step is forward propagation, in which input values are
provided to the input layer, the weighted sum of inputs for each neuron in the first hidden
layer is computed, and an activation function is applied to the computed sum, producing
an output value for each neuron in the first hidden layer. The same process is repeated
for the second hidden layer, using the output values from the first hidden layer as inputs.
Then, the weighted sum of inputs for each neuron in the output layer is computed, and
an activation function is applied to the computed sum, thus generating the final output
values of the neural network [46,47]. In the proposed ANN model, the hyperbolic tangent
activation function (‘tansig’) is used for the first and the second hidden layers, while the
linear activation function (‘purelin’) is used for the output layer.

The next step is backpropagation, in which the error between the predicted output
values and the actual output values is calculated; then, the weights and biases in the output
layer are updated using the calculated error and an optimization algorithm. The next step
is backpropagating the error to the second hidden layer; then, the error contribution of each
neuron in the second hidden layer is calculated, based on the weights connecting it to the
output layer and the propagated error from the output layer. In the next level, the weights
and biases are updated in the second hidden layer, using the calculated error contribution
and the optimization algorithm. By repeating the same process for the first hidden layer,
the error from the second hidden layer is backpropagated, and the corresponding weights
and biases are updated [47,48].

Then, the forward propagation and backpropagation steps are repeated for each train-
ing sample in the training set. Additionally, the weights and biases are adjusted iteratively,
based on the error calculated for each sample. During training, the weights and biases are
updated gradually, allowing the neural network to learn the underlying patterns and to
optimize its predictions. By iteratively updating the weights and biases through forward
propagation and backpropagation, the neural network adjusts its internal parameters to
minimize the error between the predicted and actual output values, ultimately improving
its ability to make accurate predictions [49].

2.2. Proposed Resonator Design

In order to achieve the desired performance and features, such as small dimensions, a
wide stop-band bandwidth, and a sharp response in the transient region of the resonator,
within the first step, a preliminary resonator should be designed. First, a simple compact
resonator is proposed (regarding the desired frequency), and then the results are improved
by adding another resonators and suppressors. It should be noted that all of the simulations
were carried out using ADS software.

2.3. Proposed Basic Single Polygonal Resonator Design

The structure of the basic single polygonal resonator with a folded transmission line
is demonstrated in Figure 4. The proposed resonators were designed on an RT/Duroid
5880 substrate with a dielectric coefficient of 2.2 and a dielectric thickness of 0.508 mm.
This resonator has a transition zero at a frequency of 2.75 GHz.
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2.4. Proposed Preliminary Dual Polygonal Resonator Design

In order to improve the results, a preliminary dual polygonal resonator with a sym-
metrical structure is proposed, as seen in Figure 5.
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2.5. Applying The Proposed ANN Model

In the presented ANN model, 31 samples are used for training of the network, while
7 and 2 samples are used for the testing and validation of the proposed surrogate model,
respectively. In the proposed ANN, the mean relative error (MRE) and root mean square
error (RMSE) are considered in order to evaluate the proposed model results as follows.

MRE =
1
N

N

∑
i=1

∣∣∣∣ YRi − YPi
YRi

∣∣∣∣. (1)

RMSE =

√√√√√ N
∑

i=1
(YRi − YPi)

2

N
. (2)

where N is total number of the dataset, and YRi and YPi are the real and predicted output of
the presented ANNs, respectively.

3. The Results of the Proposed ANN Model

As mentioned, the presented model structure with two hidden layers and seven
neurons in each hidden layer is selected as the most precise model. The real and predicted
comparison values of the f c (GHZ), ζ (dB/GHz), BW (MHZ), and RL (dB) parameters for
the training and testing data are shown in Figure 6. As shown, the circuit parameters are
predicted with acceptable accuracy. According to in Figure 6, the test errors are higher
compared to the training errors, but the values of error are acceptable, and the worst-case
error for both the testing and the training process is below than 0.2 MRE. In addition, the
obtained results of the proposed filter and power divider, predicted using the proposed
ANN, show that the small difference between the real and predicted data in the testing
process did not affect the filter and power divider output parameters, and the desired
results were obtained for the designed filter and divider.
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Figure 6. The real and predicted comparison values for the training and testing data, using the
proposed model. Real and predicted values of (a) f c (GHZ), (b) ζ (dB/GHz), (c) BW (MH), and
(d) RL (dB).

The real and predicted testing and training values of the f c (GHZ), ζ (dB/GHz), BW
(MHZ), and RL (dB) parameters versus the number of data samples in the proposed model
are shown in Figure 7. As seen, the circuit parameters were predicted with acceptable
accuracy. Two samples were chosen for validation, and these are shown in Figure 7. The
validation samples validate the accuracy of the proposed model, and help in designing the
proposed resonator with the desired parameters.
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The real data of the training, testing, and validation procedures, using the proposed
model are listed in Table 1. As seen, 27 samples are considered for training, 7 samples are
considered for testing, and 1 sample is taken into account for the validation of the proposed
ANN surrogate model.

Table 1. The real data of the training, testing, and validation procedures, using the proposed model.

W1
(mm)

W2
(mm)

W3
(mm)

W4
(mm)

L1
(mm)

f o
(GHz)

ζ

(dB/GHz)
BW

(MHz)
RL

(dB)

Training Values

Input Parameters Output Parameters

1 10.7 2.2 0.2 0.1 18.7 1.52 38.2 5.46 23.2
2 10.7 1 0.2 0.1 18.7 1.52 36.1 4.97 22.3
3 10.7 1 0.2 0.2 18.7 1.61 29.2 5.61 22.2
4 10.7 1 0.1 0.2 18.7 1.49 22.9 6.43 15.8
5 11.3 1 0.1 0.2 18.7 1.43 23.5 6.45 16.8
6 11.3 2 0.1 0.2 18.7 1.38 23.8 6.46 17.9
7 10.7 2 0.1 0.2 18.7 1.43 27.9 6.49 16.9
8 10 2 0.1 0.2 18.7 1.53 26.9 6.5 15.3
9 10 1.6 0.1 0.2 18.7 1.52 25.6 6.5 14.9

10 10 1.6 0.2 0.2 18.7 1.65 27.6 5.78 19.4
11 10 1.6 0.2 0.2 16.3 1.69 54.1 6.16 23.2
12 10 1.6 0.2 0.1 16.3 1.61 34.8 5.7 23.2
13 9.5 1.6 0.2 0.1 16.3 1.7 28.4 5.88 21.8
14 9.5 1.4 0.2 0.1 16.3 1.67 25.5 6.36 21.4
15 9.5 1 0.2 0.1 16.3 1.71 34.1 5.8 20.8
16 8.9 1 0.2 0.1 16.3 1.76 27.2 5.83 19.3
17 8.3 1 0.2 0.1 16.3 1.83 31.4 5.74 17.7
18 8.3 0.8 0.2 0.1 16.3 1.87 38.5 5.7 17.5
19 7.7 0.8 0.2 0.1 16.3 1.92 24.1 5.68 16.1
20 7.7 0.6 0.2 0.1 16.3 1.95 30.7 5.66 15.9
21 7.7 0.6 0.2 0.1 15.3 2 25 5.9 17
22 8.2 0.6 0.2 0.1 15.3 1.93 31.1 6.18 17.9
23 8.2 0.8 0.2 0.1 15.3 1.93 32.4 6.1 18.2
24 8.5 0.8 0.2 0.1 15.3 1.87 27.1 5.92 19.2
25 8.5 1 0.2 0.1 15.3 1.86 27 5.88 19.5
26 8.9 1 0.2 0.1 15.3 1.81 27.2 5.96 20.7
27 9.2 1 0.2 0.1 15.3 1.79 34.1 5.97 21.4

Testing Values

Input Parameters Output Parameters

1 9.2 0.6 0.2 0.1 15.3 1.77 33.5 5.96 21.1
2 9.2 1.1 0.2 0.1 15.3 1.76 33.3 6.05 21.6
3 9.6 1.1 0.2 0.1 15.3 1.72 34.3 6.1 22.8
4 10.1 1.1 0.2 0.1 15.3 1.67 29.6 6.48 25.1
5 10.1 1.5 0.2 0.1 15.3 1.58 34.3 6.55 25.9
6 10.1 0.9 0.2 0.1 15.3 1.64 28.9 6.05 24.7
7 11.1 0.9 0.2 0.1 15.3 1.54 27.8 6.11 28.6

Validation Values

Input Parameters Output Parameters

1 9.9 2.2 0.2 0.1 18.7 1.52 30.58 5.02 22.2

The final results of the proposed ANN model are listed in Table 2, which shows the
high accuracy of the predictions of the proposed model. The errors reported in this table
correspond to the denormalized data. According to this table, the model was trained
perfectly using the training data. Additionally, the validation sample was accurately



Algorithms 2023, 16, 324 10 of 19

predicted by the proposed model, which was then used to form the structure of the
proposed resonator.

Table 2. The final results of the proposed ANN model.

f o (GHz)
Errors

ζ (dB/GHz)
Errors

BW (MHz)
Errors

RL (dB)
Errors

Training Testing Valid. Training Testing Valid. Training Testing Valid. Training Testing Valid.
MRE 2.97 × 10−7 0.0226 0.0163 3.99 × 10−7 0.1464 0.1841 9.87 × 10−10 0.0203 0.0230 6.30 × 10−10 0.0188 0.0844

RMSE 3.01 × 10−6 0.0574 0.0163 1.09 × 10−4 5.4911 5.6301 9.01 × 10−9 0.1474 0.1157 2.07 × 10−8 0.8833 1.8727

4. The Design of the Proposed Filter

After predicting the dimension values of the proposed preliminary dual polygonal
resonator from the validation sample of the proposed ANN model, its frequency response
is shown in Figure 8. As can be seen from the frequency response, this resonator has a
transition zero with more than a 60 dB attenuation level. Additionally, the dual polygonal
resonator has an insertion loss of about 0.5 dB in the pass band. The dimensions of
the proposed preliminary dual polygonal resonator, predicted by the ANN, are listed as
follows: L1 = 1.2 mm, W1 = 1.56 mm, L7 = 0.8 mm, W7 = 9.9 mm, L8 = 0.8 mm, W8 = 2.2 mm,
W9 = 0.1 mm, W10 = 0.2 mm, S = 0.2 mm, LT = 19.3 mm, WT = 9.9 mm.
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Figure 8. The S-parameter results of the proposed dual polygonal resonator, loaded with folded
transmission lines.

4.1. The Design of the Proposed Dual Side Resonators

In order to improve the results and to obtain a microstrip low-pass filter with smaller
dimensions, two dual-side resonators were designed and loaded at the main transmission
line of the filter. The structure of these resonators is depicted in Figure 9. The dimensions
of the proposed dual-side resonators, which are depicted in Figure 9, are listed as follows:
L1 = 1.2 mm, W1 = 1.56 mm, L5 = 3 mm, W5 = 0.1 mm, L6 = 1.8 mm, W6 = 1.4 mm,
L7 = 0.8 mm, W7 = 9.9 mm, L8 = 0.8 mm.

The frequency response of proposed dual-side resonators is shown in Figure 10. As
can be seen from the frequency response, these resonators create two transmission zeros
with more than a 60 dB attenuation level.
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Figure 10. The S-parameters results of the proposed dual-side resonators.

4.2. Proposed Combined Resonator Design

As seen in the previous structures, the obtained frequency responses are not perfect,
because these responses do not have a wide stop-band bandwidth, and none of these
responses have a proper sharpness in the transition band. Therefore, to improve the
frequency response, a combination of these resonators is proposed, as shown in Figure 11.
The dimensions of the proposed combined resonator, which are depicted in Figure 11, are
listed as follows: L1 = 1.2 mm, W1 = 1.56 mm, L5 = 3 mm, W5 = 0.1 mm, L6 = 1.8 mm,
W6 = 1.4 mm, L7 = 0.8 mm, W7 = 9.9 mm, L8 = 0.8 mm, W8 = 2.2 mm, W9 = 0.1 mm,
W10 = 0.2 mm, S = 0.2 mm, LT = 19.3 mm, WT = 9.9 mm.
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The frequency response of proposed combined resonator is shown in Figure 12. As
seen, the proposed combined resonator creates three transmission zeros and provides a
wide stop band bandwidth from approximately 1.9 GHz to 8.9 GHz, with an attenuation
level of more than 20 dB. The proposed combined resonator has a sharp transition band
of about 0.294 GHz from −3 to −20 dB, which provides a 57.8 dB/GHz roll of the rate
parameter, which is a desirable result.
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Figure 12. The S-parameter results of the proposed combined resonator.

4.3. Proposed Suppressor Cell Design

The proposed combined resonator described in the previous subsection has a good
performance at low frequencies, but in order to obtain attenuation at higher frequencies,
suppressor cells should be added to the combined resonator. The structure of the suppressor
cells is depicted in Figure 13. The dimensions of the proposed suppressors cells, as depicted
in Figure 13, are listed as follows: L1 = 1.2 mm, W1 = 1.56 mm, L2 = 6.5 mm, W2 = 0.3 mm,
L3 = 9.8 mm, W3 = 0.8 mm, L4 = 4.2 mm, W4 = 1 mm, W9 = 0.1 mm. The frequency response
of the proposed suppressor cells is shown in Figure 14. As seen, the suppressor cells
provide suppression at higher frequencies.
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Figure 14. The S-parameter results of the suppressor cells.

4.4. Proposed Low-Pass Filter

A schematic of the proposed LPF is depicted in Figure 15. The presented LPF is used
in the power divider structure. Therefore, the designed LPF should have a small size. An
RT/Duroid 5880 substrate is used to design the LPF; using the aforementioned substrate,
the overall size of the LPF is only 19.3 mm × 9.9 mm (0.15 λg × 0.081 λg), and with this
small size, the designed LPF may be used in the divider structure.
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Figure 15. The structure of the proposed low-pass filter.

The proposed LPF consists of designed resonators and suppressed cells. The dimen-
sions of the applied stubs are listed as follows, in which all dimensions are in millimeters:
L1 = 1.2, L2 = 6.5, L3 = 9.8, L4 = 4.2, L5 = 3, L6 = 1.8, L7 = 0.8, L8 = 0.8, W1 = 1.56, W2 = 0.3,
W3 = 0.8, W4 = 1, W5 = 0.1, W6 = 1.4, W7 = 9.9, W8 = 2.2, W9 = 0.1, W10 = 0.2, S = 0.2,
LT = 19.3, WT = 9.9.

The frequency response (S11 and S21 parameters) of the proposed LPF is depicted in
Figure 16. As results shown, the proposed LPF has a 1.8 GHz cut of frequency, and passes
signals below this frequency with a very low insertion loss that is close to zero.
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Figure 16. The frequency response of the proposed low-pass filter.

The performance of the proposed LPF is listed and compared with similar related
filters in Table 3. The results show the good performance of the proposed LPF. In this table,
the roll-off rate (ζ) parameter is defined as in Equation (3):

ζ =
αmax − αmin

fs − fc
(dB/GHz) (3)

where αmax and αmin are the 40 dB and 3 dB attenuation values, and f s and f c are the
corresponding frequencies at 40 dB and 3 dB, respectively. In the proposed LPF, at a
frequency of 1.8 GHz, the value of parameter S21 is equal to −3 dB, and at a frequency of
2 GHz, it is equal to −40 dB. Therefore, according to Equation (3), the obtained roll-off rate
(ζ) parameter is about 185 dB/GHz. The related stopband bandwidth (RSB) is defined in
Equation (4):

RSB =
stopband (−20 dB)

stopband centre frequency
(4)

Table 3. The performance results of the proposed LPF compared with similar filters.

FOM AF NCS SF RSB ζ Refs.

62,520 1 0.126 λg × 0.055 λg 2.4 1.73 103.9 [10]
11,221 1 0.12 λg × 0.071 λg 1.7 1.52 37 [50]
1159.3 1 0.12 λg × 0.063 λg 1.6 1.66 5.3 [51]
27,142 1 0.12 λg × 0.1 λg 3.5 1.61 57.8 [52]
4723 1 0.101 λg × 0.15 λg 1 1.63 44 [53]
9065 1 0.111 λg × 0.091 λg 1.5 1.65 37 [54]
7095 1 0.14 λg × 0.18 λg 2 1.65 43 [55]
4464 1 0.23 λg × 0.22 λg 2 1.45 62 [56]

49,843 1 0.15 λg × 0.081 λg 2 1.63 185 This work

The proposed LPF has an ultra-wide stopband from 2 GHz to 20 GHz, with attenuation
of more than 20 dB. Therefore, the RSB parameter for the designed LPF is equal to 1.63. The
suppression factor (SF) parameter is defined in Equation (5). With a 20 dB attenuation level
in the stop band, the suppression factor (SF) parameter is equal to 2 in the proposed LPF.

SF =
rejection level in stopband

10
(5)
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The normalized circuit size (NCS) is defined in Equation (6):

NCS =
physical size (length × width)

λg2 (6)

The proposed LPF has a small size of 19.3 mm × 9.9 mm, which is equal to 0.15 λg ×
0.081 λg. The architecture factor (AF) parameter corresponds to the planar or 3D structure,
which is equal to 1 for two-dimensional (2D) circuits and equal to 2 for three-dimensional
(3D) circuits. For the proposed LPF, the AF is defined as 1. Finally, the figure of merit (FOM)
parameter is calculated as written in Equation (7):

FOM =
ζ × RSB × SF

NCS × AF
(7)

5. The Proposed Wilkinson Divider Design Process

The proposed WPD is obtained by incorporating the designed filters into the conven-
tional WPD structure. The structure of the proposed divider is depicted in Figure 17. In
the divider structure, one open-ended stub and two filters are used to suppress unwanted
harmonics. The RT/Duroid 5880 substrate is used to simulate the proposed divider.
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The frequency response of the proposed Wilkinson power divider is depicted in
Figure 18. As the results show, the designed divider has good performance at an operating
frequency of 1.5 GHz. The proposed WPD only has a 0.1 dB insertion loss (S12 = −3.1 dB).
Both of the input and output return losses are higher than 30 dB (S11 = −35 dB, S22 = −30 dB),
and an output ports isolation (S23 = −32 dB) of more than 32 dB is obtained for the proposed
design. Moreover, the proposed divider provides wide rejection band from 2 GHz to
20 GHz, with an attenuation level of more than 20 dB, which suppresses the 2nd–13th
unwanted harmonics.
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A comparison between the designed divider and some reported works is listed in
Table 4. The designed divider shows good performance compared to the other similar
works. The proposed divider has good performance at both the operating frequency and at
higher frequencies.

Table 4. The performance results of the proposed WPD compared with similar dividers.

Refs. Frequency Insertion Loss
(IL)

Input
Return Loss

Output
Return Loss

Output
Ports Isolation

Harmonics
Suppression

[9] 1 GHz 0.25 dB 40 dB 31 dB 32 dB 2nd to 4th
[11] 2.4 GHz 0.65 dB 22 dB 22 dB 20 dB 2nd and 3rd
[57] 1.8 GHz 0.6 dB 20 dB 20 dB 20 dB 2nd and 3rd
[58] 0.9 GHZ 0.325 dB 36 dB N.A. N.A. 3rd
[59] 1 GHz 0.2 dB 30 dB 30 dB 30 dB 3rd to 5th

This work 1.5 GHz 0.1 dB 35 dB 30 dB 32 dB 2nd to 13th

6. Conclusions

This paper demonstrates the successful application of the proposed design algorithm
in designing a low-pass filter (LPF) and a power divider. The LPF, designed using the
presented algorithm and the proposed artificial neural network (ANN) model, achieves
a sharp response within the transmission band, with a sharpness parameter of approxi-
mately 185 dB/GHz. It also exhibits excellent performance in the stopband, attaining an
attenuation level of more than 20 dB from 2 GHz to 18.2 GHz. The compact size of the LPF
(19.3 mm × 9.9 mm, 0.15 λg × 0.081 λg) enables its integration within the divider structure
for harmonics suppression. The power divider, consisting of two LPFs in the main branches
and an added open stub at port one, effectively operates at 1.5 GHz and successfully
suppresses the 2nd to 13th harmonics. The proposed power divider demonstrates superior
performance, making it a suitable choice for modern communication systems. Through this
paper, we endeavor to highlight the potential of machine learning techniques, particularly
neural networks, in advancing microwave circuit design. By harnessing the capabilities of
these algorithms, engineers can overcome the limitations of traditional analytical methods,
and optimize the performance and reliability of complex microwave circuits.
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