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Abstract
In multi-objective optimization problems, multiple objectives

must be optimized simultaneously. One approach involves
designing a dedicated controller for each objective and then
combining them using appropriate weighting functions to
achieve an optimal overall response. Industrial systems often
exhibit uncertainties due to modeling inaccuracies or variations
in system parameters. This paper presents the design of two
robust controllers, a PID controller and a neuro-fuzzy controller,
to meet the requirements of strong stability and performance in
an anti-lock braking system (ABS). The ABS, a fourth-order,
nonlinear, and multivariable system, is decomposed into four
single-input-single-output (SISO) subsystems via decentralized
control. Two novel methods for controller blending and weight
function design are introduced. The first method designs a
weight function for the system error using the PID controller,
and another for the system error using the neuro-fuzzy
controller, both under robust stability constraints. The second
employs a flowchart-based synthesis of low-pass and high-pass
filters that simultaneously satisfy three key performance
criteria: steady-state error, maximum overshoot, and settling
time. Simulation results demonstrate that first approach delivers
superior performance on both dry and slippery road surfaces.

Keywords: Weight Function, Anti-Lock Braking, Multi-Objective Control, Robust PID, Neuro-Fuzzy.

Highlights
The weight function is designed for the system error signal with each controller in the first approach.
The second approach provides two low-pass and high-pass filters that satisfy the three conditions.
The combination of controllers can have a suitable response in all frequencies.

The comparison of two controllers, two approaches, and switching control on the ABS has been done.
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1. Introduction

In control problems, multiple objectives are often considered simultaneously. Real-world optimization tasks
typically involve more than one objective, where an optimal solution is achieved when all objectives meet a certain
level of optimality. These are known as multi-objective optimization problems. Since such problems require the
concurrent optimization of several—often conflicting—objectives, they generally yield a set of optimal solutions
rather than a single one.

One approach is to design a separate controller for each objective and then combine them using specific weighting
functions to achieve an overall optimal response. Determining these weight functions is crucial to the effectiveness
of the solution.

Considering performance and stability under uncertainty remains a central concern for control engineers. Different
perspectives on the problem—including how objectives, constraints, and solution methods are handled—Iead to
diverse proposed approaches. For instance, reference [1] highlights that the Adaptive Neuro-Fuzzy Inference
System (ANFIS) offers the advantage of incorporating prior knowledge into its structure and provides a
foundational framework for training.

The design and implementation of an ANFIS controller based on Boolean relations for motor angular position
adjustment in an electromechanical system has been reported [2]. A comparison among Artificial Neural
Networks (ANNSs), fuzzy logic, and ANFIS was conducted for optimizing building thermal consumption,
demonstrating that ANFIS combines the advantages of both ANNs and fuzzy logic and achieves superior
prediction of building thermal efficiency [2].

In [3], both a conventional PID controller and a fuzzy-based PID controller were designed and compared, with
results indicating better performance from the fuzzy-based PID controller. For load frequency control in multi-
area interconnected power systems, a hybrid fuzzy logic intelligent controller was proposed, employing Particle
Swarm Optimization (PSO) and the Integral Square Error (ISE) criterion to optimize its parameters within a four-
area thermal power system incorporating physical constraints and boiler dynamics [4].

Reference [5] introduced a hybrid control scheme for active and reactive power using direct vector control with
stator flux orientation, integrating fuzzy logic controllers with reference signal tracking control. Optimization of
a PID controller with a low-pass filter for a multi-area power system equipped with a superconducting magnetic
energy storage plant under varying loads and uncertainties was addressed using the Gray Wolf Optimizer (GWO)
[6].

The application of ANFIS integrated with a PID controller to enhance Anti-lock Braking System (ABS)
performance was explored in [7], while [8] evaluated bang-bang control, PID, model reference adaptive PID,
fuzzy logic, and neuro-fuzzy control for ABS, concluding that neuro-fuzzy control offers greater flexibility and
improved tracking accuracy.

To address nonlinearity and external disturbances during braking, [9] proposed a robust self-learning PID (RSPID)
algorithm based on particle swarm optimization (PSO). This method does not rely on a precise mathematical
model. The self-learning capability allows adaptation to variations in road surface friction, while the PSO
algorithm optimizes both the self-learning rate and robust control parameters to handle modeling uncertainties
and external disturbances.

Reference [10] analyzed advanced control techniques for anti-lock braking systems (ABS). It highlighted that
fuzzy torque control enables rapid braking across different road conditions, but noted that its robust performance
comes at the cost of complexity: implementing a large set of rules and tuning parameters to account for model
uncertainties makes the system difficult to realize. Neural network approaches, while effective, require extensive
training data to achieve optimal performance under system uncertainties. Traditional PID controllers are generally
unsuitable due to the inherent nonlinearity of ABS dynamics; however, adaptive self-tuning PID strategies were
found to yield satisfactory results [10].

2. Innovation and contributions

In this paper, the combination of two controllers using weighting functions is investigated. First, controller design
is carried out using two methods: neuro-fuzzy control and robust PID control, each ensuring robust stability. Then,
two approaches are proposed to combine them.

The first approach introduces two weighting functions: one for the system error signal under PID control, and
another for the system error signal under neuro-fuzzy control. Both weighting functions are designed to satisfy
robust stability conditions.

The second approach provides two weighting functions that simultaneously meet three performance criteria:
steady-state error, maximum overshoot, and settling time.

3. Materials and Methods

Typically, each of the aforementioned controllers demonstrates advantages in specific aspects of time and
frequency response. To leverage these complementary strengths, a combined controller structure is adopted. Two
design approaches are proposed, yielding suitable weighting functions to achieve enhanced overall performance.
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First, two separate controllers—a robust PID and a neuro-fuzzy controller—are designed to meet robust
performance and stability objectives. These are then integrated so that the combined system benefits from the
characteristics of both. While each controller individually excels in certain time or frequency regions, their fusion
aims to deliver a suitable response across the full operational range.

The Anti-lock Braking System (ABS) is employed to shorten stopping distance and ensure vehicle safety during
braking by regulating the wheel slip ratio. In the simulation results section, a comparative evaluation is presented
among the two individual controllers, the two proposed combined approaches, and a conventional switching
control strategy applied to the ABS.

4. Results and Discussion

A comparison of wheel speed for the first approach, the second approach, and switching control on both dry and
slippery asphalt surfaces demonstrates the clear superiority of the first approach. Similarly, an evaluation of wheel
slip under the same conditions confirms the effectiveness of the first method.

Table I presents a quantitative comparison of the controllers, approaches, and switching control under dry and
slippery asphalt conditions, considering stopping time, stopping distance, maximum control signal, and maximum
slip. The results indicate the significant success of the first approach across all metrics.

Simulation results confirm that both proposed approaches outperform individual PID, neuro-fuzzy, and switching
controllers. However, the first approach achieves better performance in reducing stopping time, shortening
stopping distance, and minimizing maximum slip on both dry and slippery road surfaces.

Table i. Comparison of controllers, approaches, and switching Control in dry and slippery roads

Controller/ Method Suspe(;/;le:)eis)tance Susp(esnedc)T ime é\:)l 3:::;“5?;3;1 Maximum Slip

PID 85 6.06 120 0.3

% Neuro-Fuzzy 130 8.09 6 0.15

§_ First Approach 88 6.2 100 0.24

Second Approach 91 6.5 58 0.56
Switching Control 90 7 120 1

PID 126 8.96 274 0.32
£ Neuro-Fuzzy 190 13.4 8 1

E First Approach 125 8.94 105 0.23
g:_ Second Approach 129 9.2 230 1
Switching Control 126 9.1 120 1

5. Conclusion

To achieve robust stability and optimal performance under uncertainty, disturbance, and control signal constraints,
the combination of controllers is a suitable strategy. Industrial systems inherently contain uncertainty due to
modeling errors or parameter variations, which prevents an exact mathematical description of real system
behavior.

In this work, two controllers—a robust PID controller and a neuro-fuzzy controller—are designed to meet robust
performance and stability objectives. These controllers are selected for their robustness to uncertainty and
disturbance. Their outputs are then combined to exploit the complementary strengths of each.

A combined controller structure can deliver an appropriate response across all frequencies. Two approaches for
designing the weighting functions used in the controller combination are presented, enabling effective blending
of the two control actions while preserving stability and performance guarantees.
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! Multi-objective Optimization
2 cuckoo search algorithm

3 Singular value

* Moth Flame Optimization

* Powell’s Pattern Search
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! Vortex Search Optimization

2 Magnetic Levitation Systems

? Field programmable gate arrays

4 Adaptive neuro-fuzzy inference system (ANFIS)
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Tablel. Antilock Bracking system Parameters

Parameter Symbol Parameter Symbol
Longitudinal Friction Force Fi Longitudinal Friction Force Fyi
Total mass m Half front axel T
Front and rear mass m,,mg Half rear axel T:
Distance front center of gravity to front axel L¢ Moment of inertia of wheel I,
Distance front center of gravity to rear axel L. Height of the sprung mass h
Inertia moment 1z Wheel radius R,
Brake torque Ty Viscous friction coefficient B
Effective orifice area Ay A Vehicle linear acceleration a,
Constant pomp pressure P, Coefficient of the flow Cr
Hydraulic pressure P Constant reservoir pressure Plow
Coefticient(0,1) Ca,Cai Fluid density p
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Fiqurel. Four-wheel vehicle model[26]
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Fiqure2. Hydraulic brake system[27]
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Table2. Road condition constants for dry and slippery road
Road C, Cy G
Dry 1.28 23.99 0.52
Slippery 0.857 33.822 0.347
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FiqureS. The proposed controller of the first approach in the closed loop system
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Fiqure7. The proposed controller of the second approach in the closed loop system
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Fiqure.8. Flowchart of the weighting function at the second approach
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Figure 9. Modeling and control of the anti-lock braking system in the first approach method
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Figure 25. Compare the slip for the first approach, second approach, and switching control on slippery road
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Table 3. Compare of controllers, approaches and switching Control in dry and slippery road

Controller/ Suspend Distance Suspend Time Maximm‘n of Maximum Slip
Method (Meter) (Sec) Control Signal
PID 85 6.06 120 0.3
% Neuro-Fuzzy 130 8.09 6 0.15
g’_ First Approach 88 6.2 100 0.24
Second Approach 91 6.5 58 0.56
Switching Control 90 7 120 1
PID 126 8.96 274 0.32
% Neuro-Fuzzy 190 13.4 8 1
g First Approach 125 8.94 105 0.23
g_ Second Approach 129 9.2 230 1
Switching Control 126 9.1 120 1
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1. Introduction

The rapid growth of Internet of Things (IoT) systems has led to an exponential increase in data generation, creating
significant challenges for efficient data processing and security management. Traditional malware detection
methods, such as signature-based approaches, often fail to identify new and evolving threats in these environments
[1]. The high dimensionality of IoT data also adds complexity, making it difficult to maintain system efficiency
and accuracy [2]. Recent studies have emphasized the importance of feature reduction techniques to enhance
computational efficiency and system reliability in IoT networks [1, 3]. To address these challenges, this paper
introduces an innovative feature reduction method based on Adaptive Block Mean Division (ABMD). This
method ensures the preservation of critical information while minimizing noise, enabling IoT systems to process
data more efficiently. By integrating ABMD with machine learning models, the proposed approach improves key
performance metrics, including accuracy, recall, and F1l-score, in malware detection tasks. Additionally, the
method demonstrates its effectiveness in handling unknown threats and optimizing data processing in distributed
IoT environments, paving the way for more secure and efficient loT systems [1, 3].

2. Innovation and contributions

This paper introduces a novel framework to address the challenges of malware detection and classification in
resource-constrained IoT environments. The proposed method utilizes an Adaptive Block Mean Division
(ABMD) technique for feature reduction, which effectively minimizes data dimensionality while preserving
critical information. This approach not only reduces noise but also optimizes the performance of IoT devices,
making it well-suited for low-power and resource-limited systems. Furthermore, an edge-aware learning
framework is presented, enabling on-device malware classification and reducing dependency on cloud-based
systems, which significantly enhances response times. The method is evaluated on real-world IoT datasets,
demonstrating its ability to detect and classify unknown malware with high accuracy and efficiency. Additionally,
the study compares the performance of various machine learning models, including Logistic Regression, Random
Forest, and LightGBM, highlighting the effectiveness of the proposed approach in improving performance metrics
such as accuracy, recall, and F1-score. By bridging the gap between traditional malware detection methods and
the growing need for lightweight, efficient solutions, this study offers a scalable and practical framework for
enhancing security in distributed IoT systems.

3. Materials and Methods

The study leverages the BODMAS dataset, which includes 134,435 samples comprising 57,293 malware and
77,142 benign Windows PE files collected between August 2019 and September 2020. Each sample is represented
by 2,381 features, encompassing non-destructive metadata, binary information, and other attributes crucial for
malware detection. To address the challenge of high-dimensional data, the Adaptive Block Mean Division
(ABMD) method is employed for feature reduction, which effectively eliminates noise and reduces dimensionality
while preserving essential information.

Following the feature reduction process, multiple machine learning models, such as Logistic Regression (LR),
Random Forest (RF), k-Nearest Neighbors (k-NN), LightGBM (LGBM), and Linear Discriminant Analysis
(LDA), are trained and evaluated to classify malware. The models are validated using k-fold cross-validation
techniques to ensure robustness and generalizability. The proposed approach also incorporates edge-aware
processing to optimize performance within IoT environments, allowing for efficient on-device classification and
reducing dependency on centralized systems. This combination of advanced feature reduction and machine
learning algorithms ensures a scalable and efficient solution for malware detection and classification.

4. Results and Discussion

The results of this study demonstrate the effectiveness of the Adaptive Block Mean Division (ABMD) technique
in reducing data dimensionality and noise while preserving essential features for malware detection and
classification. The proposed method significantly improved the performance of machine learning models across
several evaluation metrics, including accuracy, recall, Fl-score, and processing efficiency. Among the tested
models, LightGBM (LGBM) and Random Forest (RF) achieved the highest overall performance, with LGBM
demonstrating superior accuracy and F1-score in most scenarios.

Comparative analysis with other feature reduction methods, such as Principal Component Analysis (PCA) and
SKBF, revealed that ABMD consistently outperformed these approaches by maintaining higher recall and
precision rates. For instance, ABMD achieved an F1-score of 0.915 in the Logistic Regression model, which was
higher than the scores obtained by PCA and SKBF. Additionally, ABMD proved to be highly effective in handling
complex and unknown threats, showcasing its adaptability in dynamic [oT environments.

Furthermore, the edge-aware learning framework integrated with ABMD demonstrated significant improvements
in response times, making it suitable for real-time malware detection in IoT devices. The study also highlighted
the role of feature reduction in minimizing computational load, which is critical for resource-constrained IoT
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systems. Overall, the proposed approach not only enhances detection accuracy but also provides a scalable and
efficient solution for improving IoT system security.

5. Conclusion

This study introduced a novel framework for malware detection and classification in IoT environments, addressing
the critical challenges of high-dimensional data and resource constraints. By employing the Adaptive Block Mean
Division (ABMD) technique for feature reduction, the proposed method successfully minimized noise and
preserved essential information, leading to significant improvements in accuracy, recall, and F1-score across
multiple machine learning models. Among the evaluated models, LightGBM and Random Forest demonstrated
superior performance, highlighting the effectiveness of the proposed approach.

The integration of edge-aware processing further enhanced the system’s efficiency by enabling real-time
classification and reducing dependence on centralized systems, making the framework ideal for dynamic and
resource-constrained IoT environments. Comparative analysis with other feature reduction methods showed that
ABMD consistently outperformed traditional approaches like PCA and SKBF, establishing its robustness and
adaptability.

In conclusion, the proposed framework bridges the gap between conventional malware detection methods and the
growing need for lightweight, efficient solutions tailored for IoT systems. It provides a scalable, reliable, and
effective solution for improving security in distributed environments, paving the way for future research and
applications in IoT security.
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Figure 2. Proposed method architecture
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Table 1. IoT-edge adptive Malware Classification

Step 1: Data Collection
Input: Raw IoT network traffic data, extracted features from BODMAS dataset
Output: Preprocessed dataset

Step 2: Data Preprocessing

Function Preprocess_Data(Data):
Normalize features using Min-Max Scaling or Z-score
Remove noise and outliers using statistical filtering
Return Cleaned Data

Step 3: Adaptive Block Mean Downsampling (ABMD)
Function ABMD(Data):
Partition Data into adaptive blocks based on entropy
For each block B_i:
Compute entropy H(B_1)
Assign block size dynamically: B_size =1/ (1 + exp(-alpha * (H(B_i) - H_threshold)))
Compute mean for each block: B_mean = sum(B_i) / len(B_i)
Return Reduced Feature Set

Step 4: Train Machine Learning Models
Function Train_Models(Training_Data, Labels):
Models = {LR, k-NN, LDA, RF, LGBM}
For each model in Models:
Train model on Training_Data
Optimize hyperparameters
Return Trained Models

Step 5: Model Evaluation
Function Evaluate Models(Models, Test Data, Test Labels):
For each model in Models:
Predict Test_Labels
Compute Accuracy, Precision, Recall, F1-score
Return Performance Metrics

Step 6: Dimensionality Reduction using PCA (n_components=2)
Function Apply PCA(Data, Components=2):

Apply PCA with n_components = Components

Transform Data into lower-dimensional space

Return Reduced Data

Main Execution

Raw_Data =Load BODMAS Dataset()

Preprocessed Data = Preprocess Data(Raw_Data)

Reduced Features = ABMD(Preprocessed Data)

Reduced Features PCA = Apply PCA(Reduced Features, 2)
Models = Train_Models(Reduced Features PCA, Labels)
Metrics = Evaluate Models(Models, Test Data, Test Labels)
Display Metrics
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Table 2. BODMAS dataset specifications

Features Description

Total samples 134435 samples

Malware samples 57293 samples

Benign Samples 77142 samples

Collection Period August 2019 to September 2020

File Formats Windows PE (Portable Executable)

Number of Malware Families 581 families

Number of features 2,381 features per sample

Type of information Static binaries, feature vectors, metadata

Application Malware analysis, machine learning, and temporal analysis
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Figure 3. Analysis results
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Table 3: Training time comparision (second)
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Table 4. Prediction time comparision
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Figure 4. (a)Training and (b) prediction time comparison
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1. Introduction

In recent years, significant advances in the manufacturing of high-performance, compact sensors with wireless
communication capabilities have enabled the practical use of wireless sensor networks for monitoring physical
phenomena across diverse applications. Examples include water quality monitoring [1], agricultural monitoring
[2], and forest fire detection [3].

A key challenge in such networks is the limited energy available to sensor nodes, which often constrains network
performance and longevity. To address this, various strategies have been proposed to reduce energy consumption
and extend network lifespan. Among these, compressive sensing [4] offers a promising approach. Compressive
sensing provides a novel framework for efficient data collection while preserving data reconstruction quality. This
technique allows the base station, which acts as the fusion center, to reconstruct the observed physical phenomena
using a significantly reduced volume of transmitted data.

2. Innovation and contributions

In this research, we focus on conventional wireless sensor networks, which comprise a large number of densely
distributed sensor nodes deployed in a field of interest. Such networks are commonly used for data collection in
geographic monitoring, industrial surveillance, security applications, and climate observation. Data in these
networks often exhibits both spatial and temporal correlation. Due to the high temporal correlation of physical
phenomena, the sensed signal typically changes very little between consecutive sampling rounds [6,7].

The proposed approach leverages this temporal correlation by using the reconstructed signal from the previous
round to inform node activation in the next round. At the base station, a genetic algorithm first selects which nodes
should be awake in the upcoming cycle. Subsequently, an ant colony optimization algorithm constructs a near-
optimal Steiner tree to connect the active nodes to the base station. This intelligent node selection strategy
enhances reconstruction accuracy and extends network lifetime compared to random node activation schemes
[5,8,9]. The key innovations of this paper are outlined below.

In the proposed method, after determining the active nodes, an optimal compressed sensing data aggregation tree
must be formed to route the data from the active nodes to the base station. The active nodes, serving as terminals,
must be included in this tree. However, in most cases, a tree cannot be constructed using terminals alone, and
additional (non-active) nodes must also participate in the tree’s formation. This is known as the Steiner tree
problem, which is an NP-hard combinatorial optimization challenge. To address this, we employ an ant colony
optimization algorithm to efficiently approximate a near-optimal tree structure, enabling energy-efficient data
routing while supporting accurate data reconstruction at the base station.

We employ the ant colony optimization algorithm to construct the routing tree. Initially, an ant is placed at each
terminal node that must be connected. During each iteration, an ant moves from its current node to a neighboring
sensor node. While the choice of the next node incorporates randomness, it is biased toward paths previously used
by other ants, reinforcing desirable routes. Each ant maintains a tabu list—a record of visited nodes—to avoid
cycles by preventing revisits.

When an ant encounters another ant or crosses a path previously laid by another ant, their routes merge, forming
a common subtree. This process continues iteratively until all ants converge at the base station. At the end of each
iteration, the combined paths of all ants yield a candidate Steiner tree, from which the best solution is selected
based on a defined cost metric such as total transmission energy or path length.

The tree constructed in this phase is first used to deliver control packets to the nodes participating in the current
round. Each node that receives a control packet identifies its parent and children within the tree and prepares
accordingly. Subsequently, the same tree is reused for transmitting compressed sensing data from the awake nodes
to the base station.

Our proposed method achieves lower reconstruction error compared to existing methods, which is attributed to
the use of a genetic algorithm for intelligently selecting awake nodes. This selection process effectively leverages
spatial and temporal correlations in the sensed data, thereby improving reconstruction accuracy.

Furthermore, the proposed method extends network lifetime beyond that of other evaluated approaches. This
enhancement results from the energy-aware selection of awake nodes via the genetic algorithm—which accounts
for residual sensor energy—combined with energy-efficient routing implemented through the ant colony
optimization algorithm.

3. Materials and Methods

In this section, we demonstrate using synthetic data that the proposed method outperforms existing methods in
both signal reconstruction accuracy and network lifetime. All simulations were performed in the MATLAB
programming environment.

To evaluate energy consumption, the energy model from [11] is adopted. In this model, each sensor's radio
operates in one of four states: transmitting, receiving, listening (active), or sleeping.

The relationship between energy and power is expressed as:

Energy = Power x Time
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For example, the amount of energy consumed by a transmitter to send a data packet can be calculated using the
following equation:

Energy Power X Time

Energy = P, X Time

Energy PXx L X Tp

Energy = 60 X 24 x 0.416 x 1073
Energy = 0.00059904 ] = 599

All data and control packets are assumed to be 64 bits long. An AWGN channel is used for sensor transmissions,
resulting in various data loss probabilities. We employ the CVX software package [12] for reconstructing the
llx1Z
213"
Network lifetime is defined as the time from when the first sensor dies. In order to evaluate the performance, we
compared the proposed method with method [5], which only utilizes spatial correlation, method [10], which
utilizes both spatial and temporal correlation, and the proposed method in [9], which uses a model-free Q-learning
algorithm for searching optimal decision-making strategies while simultaneously employing a compressed sensor

and sleep scheduling.

In the simulations, n wireless sensor nodes are randomly distributed in a square environment with dimensions
d x d m?. The communication radius of the sensors is considered to be R meters. The base station is also located
at one of the corners of the environment at coordinates (0, 0). The initial energy of all sensor nodes is Ej,;. The
data signal x is randomly generated with a dimension of n for different time instants, where s non-zero components
are selected independently and identically distributed (i.i.d). from a Gaussian distribution with zero mean and
unit variance. The dictionary ¥ is initially constructed by creating an n X n matrix with i.i.d. selections from a
Gaussian distribution N(0.1), and then the columns of ¥ are normalized to a unit scale. The wireless channel SNR
is considered to be 20 dB, which, along with the modulation type and packet length, determines the data loss
probability [13].

A value of p = 1073 was considered. Additionally, sensor measurements were subjected to zero-mean Gaussian
noise errors, resulting in a signal-to-noise ratio of 20 dB. Furthermore, it was assumed in all experiments that 20%
of the estimated signal was inaccurate.

In the ant colony algorithm simulation, a population size of 50 and 100 iterations were considered. Additionally,
the parameter values were setto p = 0.1,y =5,1=2,a =1, = 1.5.

compressed sensor signal. The reconstruction performance is evaluated using the mean relative error

4. Results and Discussion

Figure I illustrates the reconstruction accuracy of the proposed method compared to those presented in [5] and
[10] for different values of *s*, with *m* fixed at 200. As observed, all methods exhibit a decrease in
reconstruction error as *s* decreases. The proposed method achieves a consistently lower reconstruction error
than the alternatives.

Specifically, the proposed method yields approximately a 48% improvement in reconstruction error over method
[5]. This improvement stems from the intelligent selection of active nodes in each round, whereas method [5]
employs random node activation.

Compared to method [10], the proposed approach demonstrates about a 59% improvement in reconstruction
error. This gain is attributed to the use of a genetic algorithm for selecting awake nodes, which provides a more
optimal solution than the convex optimization with simplification used in [10].

Method [9] implements a distributed approach that cannot effectively identify the most suitable awake nodes,
leading to suboptimal shadow matrix construction and consequently higher reconstruction error. Our proposed
method reduces the reconstruction error by roughly 61% relative to method [9].

In summary, the integration of genetic-algorithm-based node selection and ant-colony-optimized routing enables
more accurate data reconstruction by efficiently leveraging spatial and temporal correlations while balancing
energy consumption across the network.

Figure II presents a comparative evaluation of network lifetime for the proposed method and two reference
methods, with the parameter *s* set to 100. The figure shows the network lifetime across different values of *m*,
which represents the number of active nodes per round. The proposed method consistently outperforms the other
approaches in terms of longevity.
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Figure I: Reconstruction error of different methods for various sparsity levels

The enhanced lifetime of the proposed method is attributed to two key factors: the intelligent selection of active
nodes via a genetic algorithm that accounts for remaining sensor energy, and the construction of energy-efficient
routing paths using an ant colony optimization algorithm.

The method introduced in [9] exhibits a network lifetime relatively close to that of our proposed approach. This
comparable performance is largely due to the distributed nature of their algorithm and the reduced overhead
associated with control packet transmission.

Specifically, the proposed method achieves an average 18% improvement in network lifetime over the method
in [5], and an approximately 32% improvement compared to the method in [10]. When benchmarked against
method [9], our approach yields a modest but consistent 1% increase in network lifetime.
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Figure II: Network lifetime versus the number of awake nodes

In Figure III, we also evaluate the reconstruction error for different simulation methods with varying values of m.
For these experiments, we set s=100. In all evaluated methods, the reconstruction error decreases as the number
of awake nodes in each round increases.

Even in this form, it is clearly evident that the reconstruction error of the proposed method is better than the two
evaluated methods, the reasons for which were previously explained.

Rebuild error
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Figure III: Reconstruction error as a function of the number of awake nodes
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In sensor networks, both the signal accuracy of the received data and the network's lifetime are of paramount
importance. Figure IV simultaneously examines both the lifetime and reconstruction error parameters in the form

Longevit, . . . .
of P = ﬁ for various values of m and s in the proposed method to determine the optimal value of m.
100
L —
60
(=W
40
20
o}
‘&/ &/ 4 7 4 & @/ ,&
$=50 $=100 $=150

Figure IV: Simultaneous investigation of lifetime and accuracy for different numbers of awake nodes

The higher the value of m, representing the number of active nodes in each phase, the lower the reconstruction
error; however, the network lifetime decreases. For the conducted experiments, m=200 was found to be the
optimal number of active nodes.

As a final test and evaluation of the overall performance of all four methods, we have simultaneously examined

o . P length .
both the lifetime parameter and the reconstruction error under the parameter P = %. In this

experiment, the value of m=200 was considered.
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Figure V: A simultaneous examination of the lifespan and accuracy of the evaluation methods

As illustrated in Figure V, our proposed method outperforms all three compared methods when considering both
network lifetime and reconstruction error simultaneously. The reasons for this superiority have been elaborated in
the preceding sections.

5. Conclusion

To extend the lifetime of wireless sensor networks, compressive sensing can be effectively applied. When
compressive sensing is used, only a subset of nodes actively transmit data, while the remaining nodes can enter
sleep mode to conserve energy. Random or distributed selection of active nodes often leads to increased
reconstruction error; hence, a centralized node selection strategy was adopted in this work.

In the proposed method, a genetic algorithm determines the optimal set of awake nodes, and an ant colony
optimization algorithm constructs an energy-efficient routing tree between these nodes and the base station.
Simulation results confirm that this approach increases network lifetime while reducing reconstruction error.
The proposed method utilizes a mathematical relation to select awake nodes based on the reconstructed signal
from the previous round. For future work, we plan to integrate a predictor that estimates the next round’s signal
by exploiting temporal correlations in sensor data. This predicted signal will then be incorporated into the selection
relation, enabling more accurate and adaptive node activation, further enhancing reconstruction quality and energy
efficiency.
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or each pair (i, j) e ¥ xV, compute dist,
xk=1tok
initialize:
initialize 4 by placing ants at the nodes in 7.
for each edge (i,j)e £, 7, =1,

J

‘max

foreachant me A, 7™ ={
foreachant me 4, S™ ={
while |4]>1 do
select an ant m € 4in node i (using any rule)
for each edge (i, j) € E,compute 7

(m)
ij

determine next node j for ant m (greedily or stochastically)
update:
T&.=TM L)
S®. = ™G}
if 3m'e 4 such that jeT™
merge:
A a0 iy
S“"" - Sv(m') US{NH
A=A-{m}
if location of m'= j
resolve conflict:
compute N ={neT"™ |In'e T (n,n') e E}

for each ne N, compute ™
place m' innode ne N

so that Vn'e N,y <y

(m")
n'

end if
end if
end while
compute S=u,_, 5"

compute Az = %”( 5)
for each edge (i, j) € E, updater, ,

id for

OB 50 miysil b ynlidl e o cole oS al Y S
Figure 2. Pseudocode for constructing a Steiner tree using the ant algorithm
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Table 1. The parameters and their values in the energy consumption model used
Discrription Label Amount

Power consumption in sending mode P 60mW
Energy consumption in receive mode Pr 45mW
Energy consumption in listening mode P 45mW
Energy consumption in sleep mode R 90uwW
Energy consumption of changing state P;')c 5.75uW
Time to receive or send a byte T, 0.416*107S
Time to change status TpC 3mS
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Table 2. Wireless sensor network simulation parameters and their values

Discription Parameter Amount
Number of nodes n 1000
Communication distance R 5 meters
Initial energy of nodes E, 5 Joules
Final energy of nodes E o 0.1 Joules
Network size d 100*100 square meters
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Figure 3. Convergence of the fitness function in different generations of the proposed genetic algorithm
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Abstract

The application of control theory to fractional-order systems has
demonstrated superior performance in aspects such as system
stability, observability, and controllability. Although extensive
research has been conducted on multi-agent systems based on
integer-order dynamics, it has been shown that in certain
scenarios, ensuring system stability using integer-order models
becomes problematic. In such cases, fractional-order modeling
provides a more reliable alternative. This paper presents a
comprehensive review of recent advances in event-triggered
control strategies for fractional-order multi-agent systems.
Event-triggered mechanisms are categorized into static and
dynamic schemes, based on the nature of the system's dynamic
dependencies. Accordingly, the study focuses on key challenges
such as the Zeno phenomenon, performance degradation due to
increased triggering thresholds, and communication resource

constraints. To address these challenges, dynamic and adaptive
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1. Introduction

In previous studies, the design of control algorithms has often been based on the assumption of continuous access
to communication resources, so that the optimization of multi-agent systems has mainly focused on reducing
tracking error or improving stability. However, recent research shows that in operational environments, especially
in large-scale networks with distributed sensors and actuators, the requirements of intelligent management of
resources such as bandwidth and energy are as critical as the system dynamics themselves. Control approaches
are usually designed based on unlimited communication resources, and therefore the exchange of information in
control loops is carried out periodically with the startup time of sensors and actuators. Recently, the investigation
of event-based control strategies has been considered due to their potential applications in various fields. In the
field of control of multi-agent systems, due to the large number of devices, it is very practical and necessary to
make the best use of computational, communication, sampling and data transfer resources or control updates. An
event-driven control system is a sampling data system in which sampling times are determined by events generated
by the system state. Event-driven control requires sampling based on the minimum requirement to maintain
desired control performance. Despite the advantages of event-driven control, implementing event-driven control
for systems is not without challenges. Issues such as input saturation, fault occurrence, and controller design
complexity can compromise performance and stability [1-7].

2. Innovation and contributions

In this review article, event-based control for fractional-order multi-agent systems is briefly discussed, and the
evolutionary path of proposed control approaches in recent years is examined. First, a background of the
application of event-based control is presented, and then, in continuation of the review of previous research, event-
based approaches in integer-order and fractional-order multi-agent systems are examined. Also, the advantages
and disadvantages of the approaches used are stated. In summary, the highlights of this study are:

- An examination of event-based control for fractional-order multi-agent systems is presented.

- Types of event-based control in systems are classified according to the nature of dependency.

- The importance of event-based control, especially for multi-agent systems, is examined.

3. Materials and Methods

Event-based control plays a fundamental role in reducing resource consumption and reducing operator
depreciation. Each event structure consists of two parts: an error function and a threshold function. Based on the
type of event threshold function, it is classified into two categories: static and dynamic. In terms of the nature of
the dependence or non-dependence of the event structure on the system dynamics, event-based control can be
classified into two categories: static event-based control and dynamic event-based control [8-13].

Zeno phenomenon is one of the challenges of event-based control. This phenomenon occurs when the system is
out of equilibrium and the number of controller updates increases indefinitely. In such a case, an infinite number
of events occur in a very short time interval, and in this case, event-based control becomes inefficient. Therefore,
during the controller design, it must be proven analytically that Zeno phenomenon does not occur [14-16].

Since most of the studies initially used a fixed event structure, these structures are simple to design but less
efficient in dealing with dynamic system changes. On the other hand, with the reduction in resource usage, it is
not far from the fact that the overall performance of the control system will decrease to some extent, because less
data is transmitted from the controller to the actuator. To address the challenge of reducing system performance
with increasing threshold parameter, researchers have been looking for a way to reduce the number of events
without sacrificing too much control performance, one solution being to increase the threshold function for the
startup condition by adding a non-negative auxiliary dynamic variable. In fact, the difference between static and
dynamic event-based control is in the event structure of each. Static event-based control is based on a fixed error
threshold or a decreasing exponential function [17-19].

Fractional calculus is a growing research area due to its many applications in various fields of science and
engineering. Since the advent of fractional calculus tools, countless literatures have been written, which have also
improved the efficiency of control loops due to the improvement of modeling and improving the efficiency of
controllers. Due to the high accuracy of fractional-order modeling for systems, many applications of applied
systems, such as social networks and a fleet of spacecraft, unmanned underwater vehicles moving in the depths
of the sea, and unmanned aircraft flying in dust storms, rain, or snow, can be considered as fractional-order
systems. Also, many approaches to control integer-order nonlinear systems have been generalized to fractional-
order nonlinear systems [20-23].

Multi-agent systems have attracted the attention of researchers in recent decades due to their wide applications in
various sciences including applied mathematics, computer science and engineering. The collaborative control of
these systems includes issues such as consensus, orchestration, containment, etc. Multi-agent systems with
orchestration mode are systems in which agents are organized in a structured manner to achieve common goals.
This configuration can be fixed or variable. Containment also means the control or restriction of agents by several
leader agents to prevent undesirable and inconsistent behaviors. Consensus is also one of the important and vital
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areas in the collaborative control of multi-agent systems, which is achieved when the follower agents agree on a
common desired point by following the control rules and communicating with their neighbors. Leader-controlled
consensus and leaderless consensus are two distinct approaches to achieving group consensus [24-32].

In recent years, the distributed event-based control approach for fractional-order multi-agent systems has attracted
much attention from researchers and scholars in the control community due to its various advantages compared
to the conventional time-based approach. Due to some limitations and technical challenges in controller design
and stability analysis in fractional-order systems, the extension of event-based control protocols from integer-
order multi-agent systems to fractional-order multi-agent systems has been slow, and very few research results
have been reported in this field so far.

4. Results and Discussion

Despite the significant growth of research in the field of event-based control, this approach still faces several
fundamental challenges, which prevent its widespread and practical implementation in industrial and complex
applications. The most important of these challenges are the lack of a comprehensive theoretical framework for
analyzing stability and efficiency, especially in distributed nonlinear fractional-order multi-agent systems, with
guaranteed stability in the presence of delay and noise, prevention of Zeno behavior, robust designs, and the lack
of experimental results and key practical challenges such as time delays and operator defects remain as major
obstacles. On the other hand, the lack of practical experiments and experimental results and practical scenarios
indicate a significant gap between theory and application. These challenges indicate that despite theoretical
advances, the field for further research towards the practical realization of this approach is still vast and vital.

In summary, the research path based on the existing challenges can be stated as follows:

- Development of dynamic event-based methods for complex fractional-order systems

- Designs resistant to time delays and operator defects

- Development of frameworks that can be implemented in industry

- Increasing real-world experiences and practical tests to prove theoretical benefits in industrial conditions

5. Conclusion

By reviewing the research background in the field of event-based control of fractional-order multi-agent systems,
it is observed that most of the existing studies have focused on simple linear or nonlinear systems, therefore, the
design of event-based controllers for complex fractional-order nonlinear multi-agent systems can be investigated.
Another limitation in previous research is the use of static event structures in most cases, which leads to
unnecessary updates, and another gap in this regard is the lack of investigation of the effect of hardware defects
such as locking defects or loss of efficiency defects in operators on the stability of fractional-order multi-agent
systems has rarely been analyzed. Therefore, the investigation of dynamic event-based control for fractional-order
multi-agent systems in the presence of operator defects can be considered. According to the research conducted,
the application of dynamic event-based methods in fractional-order systems with complex structures, the
expansion of implementation in industry, and robust design can be mentioned as challenges and future research
directions.
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Figure 1. Block diagram of event-based control system
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Table 1: Advantages and disadvantages of static and dynamic event mechanisms

Mechanisms Event Disadvantages Advantages
Static Constant Lack of inflection dynamic situation Incomplex, Stable
Dynamic Variable Computational complexity, Requires an Flexible, Suitable for nonlinear systems

accurate model of the system
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Table 2: Different ways to avoid the Zeno phenomenon

Method Aplication in static event Aplication in dynamic event
Dwell Time v v
Hysteresis v v
Adaptive Thresholds x v
Lyapunov-Based v v
Hybrid Time-Event Triggers v v
Model-Based Prediction x v
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Table 3: Comparison of different agent consensus approaches

Criterition Centralized Decentralized Distributed
Decision-making Central Local Local
Energy consumption High Low Average

Scalability Weak Excellent Good
Fault toletant Weak Excellent Excellent
Implementation complexity Simple Medium Complex
Practical example Small systems Swarm robots Sensor networks
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Table 4: Types of event mechanisms in previous studies

Fault

Event Control System and control approach tolerant Considering Ref
the delay
control

Linear system and leaderless consensus control x x [98]
Nonlinear system and leader follower consensus control x x [100]

Centralized .
Nonlinear system and leader follower consensus control x x [101]
Nonlinear system and leaderless consensus control x x [103]
Linear system and leader follower consensus control x x [102]
Nonlinear system and leader follower consensus control x x [104]
Linear system and leaderless consensus control x x [105]
Static Nonlinear system and leader follower consensus control x x [109]
Nonlinear strict feedback system and finit- time containment control x x [107]
Distributed Nonlinear strict feedback system and finit-time leader-follower < < [110]

consensus control
Nonlinear strict feedback system and Command Filter containment < < [108]
control
Nonlinear strict feedback system and consensus control x x [113]
Nonlinear strict feedback system and leader follower consensus « v [12]
control

Decentralized Nonlinear system and leader follower consensus control x x [115]
Linear system and leader follower consensus control x x [99]
Dynamic L Nonlinear system and leader follower consensus control x x [106]

Distributed .
Nonlinear system and leader follower consensus control x x [114]
x x [111]

Nonlinear strict feedback system and finit- time containment control
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1. Introduction

The increasing number of devices connected to wireless networks, the growth of data traffic, and the
diversification of user-demanded services in recent years have made it essential to develop efficient service
delivery to a large number of users while minimizing resource consumption [1]. Improving spectral efficiency,
energy efficiency, network capacity, reliability, reducing latency, and so on are among the fundamental
requirements of next-generation cellular networks. Emerging applications such as the Internet of Things (IoT),
machine-to-machine (M2M) communications, self-organizing networks, green communications, and the ever-
increasing number of mobile phones and tablets clearly highlight this issue [2, 3]. From a broader perspective,
over time, providing services based on current techniques not only fails to fully meet the requested traffic demands
but also becomes less cost-effective for operators. Current techniques lack the necessary efficiency for this
purpose, necessitating a reevaluation of information storage, processing, and transmission techniques. Serving
such a volume of traffic, coupled with the need for very low latency in some cases, are among the main challenges
facing fifth-generation (5G) networks and beyond [4]. Therefore, we observe that in the coming years, we will
face a significant increase in demand for higher data rates. Hence, one of the issues that must be addressed in
future-generation telecommunication systems is responding to this level of demand.

One of the methods that has recently attracted considerable attention from researchers and is considered a critical
candidate for future-generation systems is Non-Orthogonal Multiple Access (NOMA) [5, 6]. Unlike Orthogonal
Multiple Access (OMA) techniques, NOMA can efficiently serve a large number of users in shared time-
frequency resources without increasing bandwidth. This leads to increased system capacity, improved spectral
efficiency, energy efficiency, reduced latency, and more [7, 8]. The core idea of NOMA is to allocate non-
orthogonal resources among different users, which increases receiver complexity due to the need for non-
orthogonal signal separation [9]. NOMA systems can be integrated with Multiple-Input Multiple-Output (MIMO)
systems, where each base station has M antennas and each receiver has N antennas. MIMO systems, by employing
multiple antennas at the base station, enhance the spatial domain for signal processing, leading to increased
capacity and improved system performance. In general, the greater the number of antennas at the base station, the
higher the spatial degrees of freedom, which improves multiplexing gain and enables serving a large number of
users in shared time-frequency resources. On the other hand, NOMA also enhances system capacity by serving
multiple users in shared resource blocks. Therefore, integrating these two technologies can significantly improve
system performance [10, 11]. Additionally, the need for larger bandwidths requires moving to higher frequencies,
particularly the millimeter wave (mmWave) spectrum, with carrier frequencies ranging from 30 to 300 GHz [12,
13]. These high frequencies necessitate the use of a large number of antennas to overcome path loss.

The severe path loss of mmWave channels and their limited penetration capabilities necessitate the redesign of
multiple access techniques, especially when aiming to support massive connectivity in ultra-dense networks where
hundreds or thousands of users need to be served in a small areca. Additionally, the use of mmWave enables
directional communications, which ensures that transmissions in the mmWave spectrum reduce interference and
achieve higher data rates. Recently, significant research efforts have been devoted to exploring the application of
NOMA in 5G systems to achieve optimal solutions [14, 15]. In [16], a power allocation scheme for each user is
proposed to mitigate both inter-beam and intra-beam interference. By formulating the power allocation problem
while considering all relevant constraints, the problem is transformed into a dual problem using Lagrangian
duality, and the optimal power allocation is obtained with the optimal dual value. Simulation results demonstrate
that the proposed scheme can achieve better spectral efficiency compared to existing methods, and the massive
MIMO-NOMA system outperforms the MM-OMA system.

In [17], an optimization problem is analyzed to maximize the sum rate under constraints such as transmit power,
quality of service (QoS), minimum power gap, and maximum user limits per subchannel. For the NOMA network,
subchannel allocation and power allocation are treated as two-stage problems to ensure that the proposed method
can be solved in polynomial time. After obtaining the subchannel allocation, upper bounds for QoS and minimum
power gap constraints are calculated separately for each subchannel. The intersection of these upper bounds is
then used to determine the power allocation. In [18], the sum rate and outage probability are analyzed in a dynamic
NOMA system. The maximum sum rate of the system is achieved using the Karush-Kuhn-Tucker (KKT)
technique. A comparison of the sum rate between dynamic NOMA and static NOMA systems is also presented.
In [19], a trade-off between energy efficiency and spectral efficiency in downlink MIMO-NOMA systems under
equal rate constraints is investigated. Maximum fairness in the MIMO-NOMA system is achieved by ensuring
equal data rates for all active users in the system. The optimization problem is solved using the e-constraint (g-C)
method combined with nonlinear programming techniques, such as sequential quadratic programming and the
Dinkelbach method. Numerical results demonstrate the ability of the ¢-C method to find a trade-off between
energy efficiency and spectral efficiency on the Pareto frontier. In [20], to support secure transmission, a
beamforming-based transmission scheme in NOMA is proposed to maximize the sum transmission rate of a base
station with sufficient and insufficient transmit power. For base stations with sufficient transmit power, an
artificial noise-based beamforming method is proposed without affecting legitimate transmissions. Furthermore,
for base stations with insufficient transmit power, a modified successive interference cancellation (SIC) decoding
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order is used to reduce the impact of artificial noise on legitimate transmissions. Specifically, an iterative
algorithm is proposed to convexify the sequence for joint optimization of beamforming vectors and artificial noise.
In [21], a mmWave MIMO-NOMA system is introduced in which cooperative structures and distributed antennas
are integrated under the concept of a virtual cell to enhance both spectral and energy efficiency. In this framework,
each user selects a set of neighboring antennas to form its own virtual cell, thereby benefiting from spatial diversity
and the high directionality inherent to mmWave propagation. Although this study incorporates distributed
architectures with NOMA and MIMO techniques in the mmWave domain, its analytical scope remains largely
confined to introducing the virtual-cell concept and conducting preliminary evaluations of sum-rate, spectral
efficiency, and energy efficiency. Critical aspects—such as advanced resource-allocation optimization, rigorous
modeling of computational complexity, and the integration of emerging multiple-access schemes—remain
underdeveloped. Consequently, the framework proposed in [21] requires further refinement and methodological
enhancement to meet the operational demands and challenges of massive MIMO deployments in mmWave
environments. Building upon the preliminary ideas presented in [21], the present study proposes an enhanced and
comprehensive framework for mmWave transmission in massive MIMO systems. The principal contributions of
this work include:

Employing a maximum ratio combining method based on the repetitive strategy (MRC-RS) to improve multi-
user performance while significantly reducing computational cost.

Integrating a data-aided channel estimation (DACE) scheme to increase channel-estimation accuracy in
challenging mmWave environments.

Developing an advanced power-allocation model capable of mitigating pilot contamination in cooperative
distributed architectures.

Accordingly, this paper substantially extends the system objectives, methodological foundations, channel
modeling strategy, mathematical formulation, optimization tools, and implementation details beyond those
presented in [21]. Moreover, the simulation scenarios and analytical investigations conducted herein explore more
advanced performance dimensions—including the impact of distributed architectures on channel-estimation
quality, the notable reduction of computational complexity, the benefits of data-aided channel estimation for
improving estimation reliability under harsh channel conditions, and the strengthened robustness against pilot
contamination—none of which were addressed in the earlier study.

Collectively, this work not only complements prior research but also establishes an independent and advanced
framework for mmWave transmission in massive MIMO systems integrating NOMA and IDMA. Furthermore,
given that achieving multi-user gains in massive MIMO architectures critically depends on accurate channel-state
information, the proposed combination of IDMA and the DACE framework serves as an effective solution to this
fundamental challenge.

2. Innovation and contributions
In this paper, to reduce system complexity, the proposed method divides cellular networks into multiple cells. In
this approach, users in each cell are served by a base station located at the center of the cell. The proposed
distributed antenna system offers efficient use of spatial resources compared to traditional array antennas. To
further reduce complexity, the maximum ratio combining based on repetitive strategy (MRC-RS) method is
employed. The main challenge in achieving multiuser gain in massive MIMO systems is the dependence on
channel state information. To address this issue, Interleave-Division Multiple Access (IDMA) and Data-Aided
Channel Estimation (DACE) techniques have been proposed. These methods aim to improve channel estimation
accuracy and reduce the overhead associated with acquiring channel state information, thereby enhancing the
overall performance of massive MIMO systems. Among the innovations of this paper, the following can be stated:
e Improving system performance in terms of user energy efficiency, and spectral efficiency by 5%, and
9%, respectively, compared to previous methods.
e Reducing system complexity in the proposed method using MRC-RS.
e Enhancing the performance of the proposed method against the pilot contamination issue by
approximately 21% compared to previous methods.

3. Materials and Methods

In this study, a virtual-cell-based distributed antenna system (DAS) utilizing mmWave transmission is proposed.
In this model, a base station equipped with omnidirectional antennas is deployed within a circular area to serve
users. Each user is independently served through its own virtual cell, while multiple users are grouped together
and jointly utilize their virtual cells. The adopted channel model follows the Saleh-Valenzuela framework, which
accounts for multipath components with specific time delays and attenuated amplitudes. This model incorporates
both line-of-sight (LoS) and non-line-of-sight (NLoS) components. The proposed system leverages a collaborative
structure with distributed antennas, which are spatially dispersed and operate in a coordinated manner. This
configuration enables high-speed data transmission with improved signal quality while mitigating interference in
dense environments. To further reduce inter-user interference, an IDMA technique is employed. By assigning
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distinct interleavers to different users, IDMA facilitates user separation and enhances resistance against
interference and fading. For improved signal reception, MRC-RS is utilized. This method combines multiple
received signals to maximize the signal-to-noise ratio (SNR), effectively mitigating fading effects. Finally, an
iterative DACE technique is implemented to estimate the channel response and enhance the received signal
quality. By leveraging known data symbols, this approach accurately estimates the channel response and aids in
signal equalization.

4. Results and Discussion
In this section, the performance of the proposed method, based on mmWave transmission and a cooperative
antenna structure, is evaluated in terms of energy efficiency, and spectral efficiency. Simulation results
demonstrate that the proposed method outperforms other existing approaches.
A) Spectral Efficiency:

- The proposed method delivers higher spectral efficiency compared to other methods such as fully digital M-
MIMO, beamspace M-MIMO, and beamspace NOMA-MM.

- As the SNR increases, the spectral efficiency of the proposed method improves significantly.

- For a larger number of users (K>>1), the proposed method performs exceptionally well, whereas other methods
like beamspace M-MIMO show degraded performance with increasing users.
B) Energy Efficiency:

- The proposed method, utilizing distributed antennas and a cooperative structure, achieves higher energy
efficiency compared to other methods such as [22, 23, 24].

- With increasing SNR, the energy efficiency of the proposed method improves, and the performance gap with
other methods becomes more pronounced at higher SNR levels.

- As the number of users grows, the performance gap between the proposed method and other approaches
widens, stabilizing after approximately 40 users.
C) Data-Aided Channel Estimation (DACE):

- The DACE-MRC-RS method converges quickly and outperforms other methods such as MRC and ZF.

- As B (inter-cell interference coefficient) increases, the performance of DACE-MRC-RS improves, further
widening the gap with other methods.
D) Effect of Pilot Contamination:

- The proposed DACE-MRC-RS method demonstrates superior performance in the presence of pilot
contamination compared to other methods like MRC and ZF.

- DACE-MRC-RS exhibits significantly lower y (power cost due to pilot contamination), indicating its reduced
sensitivity to pilot contamination.

- This improvement is attributed to the increased effective pilot length and reduced correlation between pilots
of different users.

5. Conclusion

In this study, a mmWave communication structure for MM-NOMA systems is investigated, wherein multiple
users share a common resource block (time and frequency domains) and are assigned different power levels. Since
users operate over shared resources, intra-cluster and inter-cluster interference are inevitable—interference that,
if not properly managed, can severely degrade data-rate performance, link reliability, and overall network
efficiency. One of the key strategies for interference mitigation lies in the optimal configuration of the virtual-cell
size. The conducted analyses reveal that achieving maximum ratio transmission for users within virtual cells
requires selecting a relatively small virtual-cell size; otherwise, a larger virtual cell would compel users to share
base-station antennas, thereby increasing interference and degrading system performance. Consequently, the
design of the virtual-cell size must be dynamic and adaptive to channel conditions and user density. Another
fundamental challenge in massive MIMO and mmWave systems is the lack of accurate channel state information
(CSI). Most existing schemes exhibit suboptimal performance under such conditions. To address this issue, the
present work adopts a hybrid solution based on IDMA and DACE, which not only mitigates interference but also
reduces the system’s dependence on highly accurate channel estimation. Simulation results and numerical
analyses demonstrate that the proposed approach significantly outperforms conventional methods in terms of
energy efficiency, spectral efficiency, and robustness against pilot contamination. These findings confirm that
integrating NOMA-based cooperative structures with intelligent resource-allocation mechanisms and advanced
multi-user detection can substantially enhance the performance of mmWave networks.
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% Linear Minimum Mean Square Error
* Independent and identically distributed
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Table 1: Simulation parameters of the proposed model system

Parameter Value
Operating frequency 28 GHz

Cell radius 289 m
Number of base stations 64

A 0.0107
Number of LoS components 1

OK,L CN(O, 1)

Ok L UD(-0.5,0.5)
Number of NLoS components 2

0K NL CN(0,0.01)
OxNL UD(-0.5,0.5)
Loss coefticient -3.76 dB

Log-normal fading deviation 8 dB
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Figure 5. (a) Spectrum efficiency Performance for different SNRs for K=32, (b) Spectrum efficiency performance for different number of
users per SNR=10 dB.
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Figure 6. (a) Energy efficiency Performance for different SNRs for K=32, (b) Energy efficiency performance for different number of users
per SNR=10 dB.
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Abstract

This paper presents the design and analysis of a slotted leaky-
wave antenna (LWA) based on a first-order Vicsek fractal
geometry integrated with a balanced composite right/left-
handed transmission line (CRLH-TL). The proposed antenna,
realized on a substrate-integrated waveguide (SIW) platform,
aims to enhance frequency bandwidth and maintain a stable high
gain across the X-band. The upper layer of the SIW is etched
with a Vicsek-shaped fractal slot, while two radiating patches
are embedded beneath these slots. The balanced CRLH unit cell
enables continuous beam scanning from backward to forward
directions without any cutoff at broadside. Experimental results
confirm that the antenna achieves a scanning range from —79°
to +81° with a nearly constant gain exceeding 14 dB over the
7.3—13 GHz band. Compared with the previous non-fractal SIW
slot antenna, the proposed design demonstrates a 16.3%
improvement in effective bandwidth and increases the peak gain
from 12.83dB to 14.2dB. The good agreement between
simulation and measurement validates the effectiveness of
integrating Vicsek fractal geometry for improving radiation
performance, gain uniformity, and scanning bandwidth in STW-
based leaky-wave antenna applications.

Keywords: Leaky-wave antenna, Beam scanning, Antenna gain, Composite Right/Left-Handed
Transmission Line (CRLH), Slotted waveguide, Substrate-Integrated Waveguide (SIW).

Highlights

e  Using fractal structure to enhance bandwidth and achieve broader frequency coverage.
e Antenna design based on balanced CRLH-TL for cutoff-free broadside scanning.
e  Maintaining a constant gain across entire frequency band and improving of backward scanning bandwidth.
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1. Introduction

Leaky Wave Antennas (LWAS) are traveling-wave radiators capable of scanning the main beam direction with
frequency variation [1, 2]. Compared with conventional array antennas, they provide high gain, broad bandwidth,
and simple feeding networks, making them suitable for beam-steering and frequency-scanning systems. The
integration of Composite Right/Left-Handed Transmission Lines (CRLH-TLs) has introduced metamaterial-
based LWAs enabling continuous backward-to-forward beam scanning[3]. To realize such functionalities,
Substrate-Integrated Waveguide (SIW) technology offers a low-loss and planar platform that inherits the
advantages of traditional waveguides—such as high-quality factor and excellent isolation—while remaining
compact and compatible with integrated planar circuits [4].

In this study, a new Vicsek fractal slot-based balanced CRLH-SIW LWA is proposed to address these limitations.
The first-order Vicsek geometry enhances current distribution, extends the effective scanning bandwidth by
approximately 16 %, and raises the maximum gain from 12.83 dBto 14.2 dB compared with the previous
design [5].

2. Innovation and contributions

This work is based on the previously balanced CRLH-SIW leaky-wave antenna (LWA) reported in [6]. While the
overall transmission-line configuration remains balanced, the slot geometry in the top metal layer has been
replaced and optimized—from a conventional H-shaped slot to a first-order Vicsek fractal pattern—to achieve
higher efficiency and wider scanning bandwidth. This geometric modification leads to several important
improvements, summarized as follows:

Bandwidth Enhancement:

The adoption of the first-order Vicsek slot increases the effective surface current path and coupling capacitance
between unit cells. As a result, the proposed antenna achieves an approximately 16 % broader scanning bandwidth
with continuous backward-to-forward radiation and no stopband at broadside.

Improved and Stable Gain Performance:

Benefiting from the refined field confinement of the Vicsek geometry within the balanced CRLH-SIW framework,
the maximum gain rises from 12.83 dB to 14.2 dB (= 10.6 % improvement). Additionally, the antenna maintains
gain fluctuations below 3 dB across 7.3—13 GHz, indicating stable radiation efficiency throughout the operating
band.

Smoother and Wider Beam Scanning:

The modified dispersion characteristics of the Vicsek-based unitcell enhance the phase-constant variation,
allowing a more uniform scanning response from the backward to forward regions without broadside distortion
or scanning discontinuity.

3. Materials and Methods

The proposed leaky wave antenna (LWA) is developed using Substrate Integrated Waveguide (SIW) technology
and a balanced Composite Right/Left-Handed Transmission Line (CRLH TL) configuration. The final design is
composed of 15 identical unit cells aligned along the longitudinal axis, forming a periodic balanced structure
responsible for controlled phase progression and continuous radiation.

The slots are etched into the upper ground layer of the SIW, and the rectangular patches are placed beneath the
slots. Metal vias are used to form the lateral walls of the SIWs. For the design of the unit cell with length Puc, two
substrates of 5880 RT Duroid with physical characteristics (er = 2.2 and tand = 0.0009) are used. The total height
of the SIW structure is h1+h2=41 mils, and the rectangular patches are placed within the SIW structures at a height
of hl =31 mils.

4. Results and Discussion

The results that were examined after the simulation are as follows, and we will explain each of them in detail
Dispersion diagram for the Vicsek Fractal Slotted CRLH SIW unit cell.

The dispersion curve of the proposed Vicsek fractal slotted CRLH-SIW unit cell demonstrates a smooth transition
from the left-handed to the right-handed region, confirming the balanced CRLH property. The intersection of the
air line with the dispersion curve occurs at 8.48 GHz, marking the broadside radiation point without any stopband.
The left-handed region extends from 7.3 to 8.48 GHz, while the right-handed region covers 8.48 to 13 GHz.
Compared with the previous H-slot design [5], introducing the Vicsek fractal slot increases the effective series
capacitance CL, lowers the transition frequency, and consequently improves radiation efficiency and gain
stability. The dispersion diagram, extracted from simulated S-parameters, verifies continuous beam scanning
through the entire X-band with high agreement to theoretical CRLH behavior.

Bloch impedance diagram for the Vicsek Fractal Slotted CRLH SIW unit cell.

The Bloch impedance diagram of the proposed Vicsek fractal slotted CRLH-SIW unitcell confirms proper
impedance balance and matching for the full-length leaky-wave antenna. The real part of the Bloch impedance is
averaged across the radiating region to determine the optimal width of the tapered line that transforms a
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50-Q microstrip line into the antenna input. At the balanced frequency (8.48 GHz), the imaginary part of the Bloch
impedance reaches its minimum, indicating excellent matching and complete transition between
LH and RH bands.

Beam scanning versus frequency for Vicsek Fractal Slotted CRLH SIW antenna.

The frequency scanning behavior of the proposed Vicsek fractal slotted CRLH SIW LWA demonstrates
continuous and stable beam steering across the 7.3—13 GHzband. As frequency increases, the main beam
smoothly scans from the backward (—79°) region to the forward (+81°) region, passing through the broadside (0°)
direction without any cut-off or radiation gap. This seamless scanning behavior confirms the
balanced CRLH condition with proper left-handed to right-handed transition. Compared to the previous H-slotted
design [5], the proposed Vicsek fractal slot significantly broadens the effective scanning range and maintains
higher gain uniformity at extreme angles.

5. Conclusion

In this paper, a leaky wave antenna (LWA) employing first-order Vicsek fractal-shaped slots on the upper ground
layer and implemented on a CRLH-based substrate integrated waveguide (SIW) platform has been proposed and
experimentally validated. The design achieves a continuous backward-to-forward beam scanning over the
frequency range of 7.3 GHz to 13 GHz, covering angles from —79° to 81°, without exhibiting any broadside cutoff
at 0°. Throughout the scanning band, the antenna maintains a nearly constant gain above 12 dB, with a maximum
measured gain of 14.2 dB and a gain variation below 3 dB across the X band. These results confirm that the
proposed Vicsek fractal slotted CRLH SIW LWA offers stable and high directive radiation, representing a
practical solution for wide-angle beam scanning applications in modern X-band communication systems.
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Figure 12. Simulated and measured beam scanning versus frequency.
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Figure 8. Simulated and measured radiation efficiency of the proposed antenna versus frequency.
Caon 85 el AV 3900 Lawgie joboas X wily cudlS 13 &b S 50 sleinion o] ainds o35k a5 5,5 oaalive lg3 oo
Sial33l g Viesek awais 5l 50 logitans (2al38l cpl o)l 4295 BB Sgnge £ AY o ,i oosb LIVl Jbsle o
09800 SIW &y 10 K iSUlss § blu,y @il alS corge a5 ol JIS 3 lacdlSs Job o olawe S519iSs
oud gl A S5 5o ciliee (slopilS 58 sl oolgiiy (55T ouds (555 o3lil 5 00l (5l Lol 555 0500 Jlogas
VYGHz U Y/YGHz oS )8 &b sligy ;o ol 95 00l (6,05 05lail 0,00 09 g0 odalice 4 IS )0 S aisS jlan .ol
o iy S)1s 9 ol Lo g0 (cndlS 2 Wl 3 YAB 5l eSS b (ol 65 000 - Sl VYAB Sl i (o085 ooy
Aps o L |y oy Vo /8 Jolee (09ape I VAYAB arin LWV al bl @ cons a5 el X sl ;o VF/VdB
3555 Wb JS S8 CRLH Jobss como 5 oninis Lulid (s)lul ,Sks (6 5050l 5 (o5loancd slo somie 51550
2 iedd Qe SESESE @555 5 Cus i 03 SRl Jdoas (Jsl i po Viesek awaia I Lol o g (a3l oo
o s Sl 03 S SIW (glaolgos 5o 55 bz JBs (Amliél g L, il 28l o ((JUS 8 Gladlls o,

Sl RH W LH azb 5l 138 sogaze 10 0 40 Sllwg (unlS g g 55 e b g5 JuSis



(Bho dugi- g, HLib— ol yledl- g el (JUS Bl BISKE  otis gge 5] Y FY

15.0

125
10.0—-
75-
5.0—-

2.5+

Gain Total [dB]

- I ]

Gain_SimuIatedl
— — Gain_Measured|

[
=N
(3]

it ' 8 ' 9 ' 1I0 ' 111 ‘ 1I2 ’ 13

Frequency [GHz]

(P e 0ad (55S 03Il g o (gl (ol T (tndS oy Jloged A S
Figure 9. Simulated and measured radiation gain versus frequency for the proposed antenna.

Ololes jalaieds olgsds WilS 8w gl Ve UK o il miesd Lol dxio 40 sad ojdle i adadd oy cald] yo
9 B-Plane (y-z) axio 10 ool (5,505l o3 dlo i cniinid gl iy ol 00y sy g alad o (onilS 3 Sl
55,8 5 (Clslyy cg ,0) MFAGHZ L5 )8 o ((obciy gz ,0) V/YGHz L5 3 o H-Plane (X-z) axas ;o
sl 0al o0ls las Ve S o (gl g ,0) V- GHZz
3 JU 5 g 5l 5 ailie dle s oz n o el CRLH Jolas by JolS 3 Sy gy 53, ol
5 039 35 yele b (ol dpgly sl ;o mdats aiior 0ad o) ol B8 ples ;5 098 o RH & LH 4>L |
ceolin (b g ool (65,5 porain Colas camslis oS el saile BL-VOAB | .S (Side Lobes) (s,LS #glaws
SUslyy <Jl> jo (Angular Beamwidth) (glassly aib (sligy a5 asmo oo ylid yuiomen by 2 wewl (Job Jol VO 4]
5 kol pinas adlie Gl 51 SO0 LS, al il Lualyen (W8 les 3 0 GBI L a5 )y (pwse halS
ool Viesek awais ;o il olab el
o,Slos (y0gs dige (sLss 4 cross-polarization (j5g: yuly g co-polarization yog YU «s,loly 5 51 lagingns ;o
UalS 4 gad5e () apd o JELl o iukad g g o 1y (6550 ydn T AT Canl cpl saimalas |y el 3T
co-polar ous oydley oxdald o (Sorie AiS g0 S8 bl )l (S CoblS Sgps g cptia O il 8l ¢ JUS e olals
D23 o inles ) lacgs soled 1o il )8 (Sl (gl golprinn T o Shae 5] pinid Lol a=is 4o cross-polar 4
Vo U5 jo cross-polar g co-polar eixis sbagSl Slgl> 5 Clgles cobcuiy slocags )0 olsids Luils 3 wix ol
cross-polar 4, Cows co-polar ojlusl oy B wloalsaslyl 5 oo oals (5, 505lal g 0ol (gilwand mls ol p
sl S Canl (65531 oyl e 00iS yuad cO-polarization .ol Jass jge iulad Caga Lads o il aigo o Slee soimsylis
aS 09l ol loebl b ol 68 5l o> U ol adlie cpl i8S oo b0 b oS o pieis iodad Coo o S o
5 shol Gus S co-polarization (g jlwdige o S ebas 0gd s il o b Jlasl B zesg g a8 L Lol S
Sgnge 4 CrOss-polarization zalS en 5,05 o il pitee 3, Slos 5 oL s losiiows Ly e ool >,k
Xlgs oo cross-polarization ;yog: YU .oiS so S8 J3105 zalS g ¢ S1pbe slapiman o5 5 <8 iol38l (T 0 0
Ban S cross-polarization jzalS ¢ wlas slos oI5 51 6 ke jo 008 iuhdee sla JLKw o J2las slwl cely
wan y0 a8 Cubls ax g8 b aiS e Sl 1) Oligla B Obiciiy 5 wils )8 aoli8l b Lol 655 sl il (>b (o o
Lol 2l gl s« NICE 3,18 0929 5 S o3l 5 (g5l ol o (SoeS IS bl



VY YYEVEON T T gl foain g ol o Lo /o0 35k Jlo [ogin Ol ploes  cwdige aloxs

7.7GHz 8.48GHz 10GHz
7.812GHz 8.51GHz

10.125GHz = Simulated [7.7GHz]
e Simulated [8.48GHz]
e Simulated [10GHz]
Measured [7.812GHz]
= Measured [8.51GHz]

f==  Measured [10.125GHz]

Curve Info: Backward direction
=== dB10normalize(Gain)
Freq="7.7GHz’ Phi='90deg’
wmmm dB10normalize(Gain)
Freq="7.7GHz’ Phi="0deg’

Gain Plot 7_2

o
1

|
—_
o
L

I
w
o

1

Curve Info: Broadside direction

|
N
o
L

== dB10normalize(Gain)
Freq="8.48GHz’ Phi='90deg’
wmsm dB10normalize(Gain)
Freq='8.48GHz’' Phi='0deg’

Normalized co-polar Rad-Pattern(dB)
|
N
o

=50 ¥ T ¥ T Y T ¥ T T : 1 Gain Plot7_1
-90 -60 -30 0 30 60 90
Tetha [deg]
e Simulated [7.7GHz]
e Simulated [8.48GHZ]
jeme Simulated [10GHZz]
=40 - Measured [7.812GHz]

= = Measured [8.51GHz]
== Measured [10.125GHz]

|
O
o
1

Curve Info: Forward direction

|
(o2}
o
1

== dB10normalize(Gain)
Freq="10GHz’ Phi="90deg’
wmm dB10normalize(Gain)
Freq="10GHz’ Phi="0deg’

Gain Plot 7

-70 4

|
[e]
o
1

Normalized cross-polar Rad-Pattern(dB)
]
[(e}
o

" T 4 T J T ¥ T X T T 1
-90 -60 -30 0 30 60 90 4 J
Tetha [deg] v e |

180

5 Slsly by slocys jo HPlane (x-2) g E-Plane (y-z) Slrao 1o (Conly Caow) 05dlo i oads (gilwdnds oxinid o) e S5
alizes sla wilS 3 sl ool (6 puSo5lal g (g 5lwands golpiion 5T 0al o5dle 5 cross-polar 4 co-polar (. Coonws) (adadd o )h g Sligl>
RH i LH
Figure 10: Normalized simulated radiation gain (right) in the E-Plane (y-z) and H-Plane (x-z) planes, in the backward, broadside, and

forward directions, and the normalized co-polar and cross-polar radiation patterns (left) of the simulated and measured proposed antenna for
different frequencies from LH to RH.

&b o eolgriay oyl cross-polar g co-polar sl gl g oo odnlice aiiaid slogy s slp Ve S5 ,0 a5 4ig5 e
soba Wl bl 4 cons o5 wims o plis 1) g bl ook S Cad 5,05 VW B VY uils
dga> ySilo eboa, cross-polar ¢ co-polar sledalie L S Jyvl & el o el 4Bl Sgy cwgms



(Bho dugi- g, HLib— ol yledl- g el (JUS Bl BISKE  otis gge 5] VFY

onl el 4Bl il VOB 5l i 4 OS] cpl Jad T jo aS Jl 50 g 5,085 VYO B A esgaxe ;0 VA dB
el JLS 3 s Gl bl jo atulemrl slaplas 5 poye gl > 5l ab olaly alS sasmolis ol
Sl i GralS coge (B slaad axl jo floas w595 990 9 CL (s (3 Lal38I L sl 4 5o Viesek awain
2 RH gLH sloasls o 380 Jol cala) 4 pizmen ol 0030,8 TMip LJle iodad 6 )laul g ablie Sles> o
Sl wls )8 o a5 glaigfay wwl 48,5 & q0 cross-polar isljsl a0 LH-RH I35 5 &5 slissl «CRLH Lzl
ol (5 pSojlail ablie addie o -YOAB | oS 5 ollae iodad gz )0 adeid a8 oy iog (Qlgl> axb) YU
3990 MO L= VA Sl atugn Sl (g5 Lais> e solpiins il a8 ams oo Las VY] g 1o T b gl g game 4o
g (il 2o als Sl Lositins Sonte oxal 45 «ewl o0l co/cross polarization Coes 8 /4 YY sqas il 3l 4
L olbls,l g g loly amd i slas )5 ol |, eolotn il da g opl ol (Sl ome IS 50 20 oI5 Lial33l
alox 3l L3 7 s slalisle g 51 ol o o0 (slanslie (solpiios CRLH-SIW (il o Sloe ol byl jalaieay
63,5 bee solS (sl ol )b aaglio Jolis g oo a3,V Jgam o ol jgboay Judos ol oy plowil VY] o o
oS 5 Sl diald 50y ST ¢ cuslS 8 Wb sl s sla ol slows (liglyy jo aiais cobl (5l g9 wiile
dl{b‘;fs Ll )l o Syg0 6[.5;0.\)] ).:L...; L) d.m.JLCLa PR 6..)LW ua.j (514).: OMOQL.M: MLD.A LJ"‘ GJL.: |
0 54 Ls)b..:.l.; )..Ja.; ‘5@[9'- LSL‘M}S’ ) 6°LQ‘M UJ.;T aS ol Oi‘ )’l Q;b- preves; GLQJ,,M so.g.‘ 5 05)Lc | 6.515.[.0.9
Sy sazasylis dlye cpl ams oo dSl)) 09250 slocyil 4 Cas 1) am g BB olasgy 5 Sl aels S0 0S4
OMQQL’L.S C.)Lu Qi‘ Opirad Al )lol) 9 QUoLJ)‘ calize &5““}5" B 4...5)»....\.; Lgl.awﬁ)lf LS‘J? LSQLér"M u...j 631[.)

ol X &b ool yoo ;0 CRLH Jolss <5 9 CL ial3l 50 Viesek dwsios quiitons 156

e sl b dlie ol 4o 00 dalllas SIW-CRLH-TL 5 e Jolaie J1ii zgo 55l auglio ) Joo
Table 1. Comparison Between the SIW-Based Balance CRLH-TL LWA studied in this Paper and Reference Antennas.

Beam at Unit Frequency Band Scanning

References Antenna Type Broadside Cell (GHz) Range Maximum Gain
T.Yangetal. [7] Folded SIW LWA Yes 25 5.1t0 6.9 58° to -65° 35
Dong and Itoh. [4] HM SIW LWA Yes 15 12.8 to 8.6 60° to -70° 10.8
Y.Weitsch et al. [9] LWA Yes 50 3t053 70°to -70° 10.15
Nasimuddin et al. [10] Multilayered STW LWA Yes 15 7.51t0 13 °78°to -66° 10
Karmokar et al. [16] SIW LWA Yes 14 7.6t0 11 45° to -74° 10.6
Zhang et al. [17] SIW LWA Yes 6 13.5to 17.8 30° to -57° 9.15
Wu et al. [18] LWA Yes 20 391t04.9 67° to -61° 10.5
Pravesh Belwal et al. [19] SIW LWA Yes 10 9.5t015.2 30° to -28° 13.8
Nasimuddin et al. [20] Multilayered STW LWA Yes 15 8.25to0 13 66° to -60° 13.1
Cao et al. [21] SIW LWA Yes 12 24 to 27 13°to -17° 13
H. Mashhadi et al. [15] Multilayered STW LWA Yes 15 7.6 to 12.5 80°to -79° 12.83
Proposed Antenna Multilayered SIW Yes 15 7.3to0 13 81° to -79° Max 14.2
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1. Introduction

With increasing energy consumption in power system, the integration of renewable energy sources and the
implementation of demand response programs have become essential. Consequently, economic dispatch (ED)
problems have grown more complex, rendering conventional methods such as Newton and Lambda unsuitable for
solving these problems [1]. Traditional ED methods include linear programming (LP) [2], nonlinear programming
(NLP) [3], and dynamic programming [4]. In addition, heuristic algorithms have been widely utilized for ED
problems. In [5], the Meta-heuristic optimizer was proposed for ED in power grids, considering both operational
and investment costs and Optimal dispatch for transmission expansion planning has been carried out in [6].

2. Innovation and contributions

A refined economic dispatch framework is formulated that integrates renewable energy resources with demand
response programs. A scenario-based weighted objective function is employed to represent both load variations
and renewable generation output. The model further incorporates a metaheuristic optimization algorithm
specifically selected to align with the economic criteria of the dispatch problem.

3. Materials and Methods

The test system used for simulation is a standard 10-unit grid. A single-objective metaheuristic algorithm is
applied to solve the optimization problem. This study adopts a probabilistic, scenario-based framework. To
generate scenarios with distinct weighting coefficients, Monte Carlo Simulation is employed, ensuring closer
alignment of the model with realistic operating conditions.

4. Results and Discussion

The proposed model is evaluated under three operating cases to independently and jointly analyze the effects of
uncertainty, demand response programs and outage programs on system operational costs. Economic dispatch is
performed in four stages. In the first stage, ED is executed without considering either parameter, resulting in
operational costs of 731765 $. In the second stage, DRP alone is not considered and increases operational costs to
751038 $ and reduces the contribution of renewable. In the third stage, ED is performed considering both
parameters, which reduces operational costs to 743461 $. Finally, in the fourth stage, the operation was performed
considering the unsupplied energy and the LPSP reliability constraint. In this situation, the operation costs were
reduced to 740685 $.

5. Conclusion

In this paper, a stochastic model for economic dispatch in power systems with renewable energy resources,
demand response programs and outage programs was proposed. The model was designed as scenario-based, with
each scenario generated through Monte Carlo simulation. A metaheuristic algorithm was employed to solve the
resulting optimization problem. Furthermore, the optimization accuracy was assessed by comparing the obtained
results with those of similar algorithms. The economic dispatch problem was evaluated in four stages. In the first
stage, ED was solved without considering uncertainties, demand response programs and outage. In the second
stage, the demand response program was excluded, resulting in a 2.6% increase in operational costs and a decrease
in the share of renewable resources. In the third stage, both parameters were incorporated into the problem, leading
to an approximately 1% reduction in operational costs attributable to the implementation of the demand response
program. Finally, in the fourth stage, the operation was performed considering the unsupplied energy and the
LPSP reliability constraint. In this situation, by removing a percentage of the load during hours with high
electricity prices and paying the outage penalty, the operation costs were reduced to 1.38%.
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Table 1. Standard benchmark functions

Function Dimensions Domain finin
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Schwefel 2
clv.vzee f)=Y" 1(2, ; ,) 30 [-100 100] 0
Schwefel _
T fu(x) = max, { } 30 [-100 100] 0
.. n 2
Rastrigin fs(x)zzizl[x[ —1000s(27rx[)+10] 30 [-5.125.12] 0
. / 1
Ackley fﬁ(x):—20exp( -0.2 —z X J—exp[ Zilcos(27rx[)j+20+e 30 [-3232] 0
Griewank  f,(x)= 40002, x-TT cos(*= )+1 30 [-600 600] 0
-1
Shekel 5 f(x)=-Y. [(X —a)(X -a,) +c } 4 [010] -10.1532
-1
Shekel 7 fg(x)— l[(X —a,)(X —q, ) +ci] 4 [0 10] -10.4028
Shekel T -1
10 fm(x):—zl_:l[()( - -a,) +c,} 4 [010] -10.5363
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Table 2. Optimization results

JIRTRTT=

8 3

f10

GGO LSA PSO HLSA-PSO

Ave Std Ave Std Ave Std Ave Std

0.000192 3.35¢-05 0.000158 3.27¢-05 0.00016  2.81e-05 0.000133  2.29¢-05
0.001448 2.75e-05 0.001326 3.52E-05 0.001206 2.82e-05 0.00097 2.32e-05
0.000666 2.75e-05 0.00075 2.69¢-05 0.000647 2.76e-05 0.000535  1.92e-05
0.00081 1.63e-05 0.001097 1.79¢-05 0.000843  1.84e-05 0.000811  1.24e-05
0.000386 1.73e-05 0.000443 1.68¢-05 0.00036 1.79¢-05 0.0003 1.17¢-05
0.00041 1.57e-05 0.000396 1.57¢-05 0.000377 1.61e-05 0.000326  1.19¢-05
0.00048 1.55e-05 0.000474 1.58¢-05 0.000368 1.58e-05 0.000355  1.13e-05
-13.7677 0.000177 -14.0066 0.000223 -10.763 0.000188 -9.30455  0.000157
-14.6894 4.30e-05 -13.0061 4.29¢-05 -13.1115  4.67e-05 -9.32704  3.41e-05
-12.7074 0.000163 -12.8983 0.000165 -12.5357  0.000176 -10.2845  0.000145
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Figure 5. The single-line diagram of the power system under study
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Table 3. Cost coefficients of the standard 10-unit power system

unit Gl G2 G3 G4 G5 G6 G7 G8 G9 G10
P(MW) 150 135 70 60 70 50 20 47 20 10
P (MW) 470 470 340 300 240 160 130 120 80 55
MUT (h) 8 8 5 5 6 3 3 1 1 1
MDT (h) 8 8 5 5 6 3 3 1 1 1
Startup cost 9000 10000 1100 1120 1800 340 520 60 60 60
(cold) ($)
Startup cost
(HOT) (8) 4500 5000 550 560 900 170 260 30 30 30
CST (h) 5 5 4 4 4 2 2 0 0 0
Initial status 8 8 -5 -5 -6 -3 -3 -1 -1 -1
a; 000043 000063  0.00039 00007 00008 0.00056 0.00211  0.00480  0.10908  0.00951
b; 21.60 21.05 20.81 2390 2162 17.87 16.51 23.23 19.58 22.54
Cost ¢; 95820 131360 60497 47160 48029 60175  502.70 63940 45560  692.40
d; 450 600 320 260 280 310 300 340 270 380
e; 00410 0.036 0.028 0052 0063  0.048 0.086 0.0820 0.098 0.0943

20 Olgle Ve gobias re yo ol bl ol oud 00,5l ¥ Jgaz o ool aie colpd g sob ac,jo 90 sladasiv
)L»)e[}t:\‘/\‘ 9(11:\& L:).:‘)Jd..o.]am)é C")‘“Md‘)" J}.uj étl.: W‘J.@Jw‘ )So«:'o)y el 00 4..3;).]4:

Ival as as s
ok gl sl il by ¥ Jguor
Table 4. Parameters of the wind farms
Pwr Cov,j Cun,j Vo Vi Ur d
Wind Farm 1 100 300 80 45 5 15 120
Wind Farm 11 100 310 100 45 5 15 150
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Figure 6. Scenarios selected by the MCS method
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Figure 7. Convergence process of optimization algorithms in Section One
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Figure 11. Power generation capacity of units considering uncertainties and excluding the demand response and outage
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Table 6. Operational costs comparison

Section 1 Section 2 Section 3 Section 4
Operational costs ($) 731765 751038 743461 740685
Cost reduction (%) - -2.6 +1 +1.38

S 35 A=V
baadd pae 28,5 L5 0 b g pdhauass molie jga> ;0 )08 piaew (golaidl b iz gl p Bolas Jow dlas ol jo
S Sym g 08 seme gyl golpiiin Jaw aiils oS lie Lbgals 5 5l sl adliy 5o oyl 4 005 sl
ABaa ST O ygeods (6,801 8 00 oSl SO 51 (6 lwaigy Al > (gl aial Sl ¢ S0 (g 5lwad Lo lag Lw
L Jl 0, Sles Cono g S8 Hekaie iy g ol &l 6 1s o o (golaBl Gua b o 5 )85l Judos e B oy )5 sola]
56 @;owb Aol dooahad pac (285 Jai o ety dogjluancd ol ion 5o aww, oldlay o] L &I}'; J=
(s3al> 5 5 (2955wl 5l Hais 0 g ekl pas (3ge3 Ll b pgo idy jo .l plowl golaidl )b (idy ( cbgels o
OS5 09 ok Bolai Couals aaulgas 5ol g 150 adgr alS 5 (g lo o e sbrdis s a0 YIF liEl 5l S s
b o sloapo azs 10 9 00,5 eSS )b 7yl slacele (o (g adgi (0955l aaln o o)l S Lie b pgun
Sl ud 5 oui el (6551 38,5 S 5 b sl pilez GRS s Suled 55 b axlge (o3 ) sgus ialS
(gol> doy > Sl 5 3 YL cwed L Slels (o )b 5l gas e Bis b oddayl il ol o ol slxl LPSP o loebsl
St 0 Sos (golpiinn v ol o isn solod ;o yuizmed 05 oy ialS s )0 VYA e 45 (6,10 10 140 sloas 3o
s azli ole o ‘_,;’;’I Sldlas gl yols Hlias 055 5l e ;931 ple dy s (5,00 120 00 sloasy jo (wls g dlivs J> 0

B8 I s a8 s golaidl L o Sldlae jo 5ol Glaedsl Sl Syl



S8 Sgeme gorpl pl Lo - (g o el o glaamly )b o age sl ) i

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

&=y

F. Marzbani and A. Abdelfatah, “Economic dispatch optimization strategies and problem formulation: A
comprehensive review,” Energies, vol. 17, no. 3, p. 550, 2024, doi: 10.3390/en17030550.

S. Bhavsar et al., “Stochastic economic dispatch of wind power under uncertainty using clustering-based
extreme scenarios,” Electric Power Systems Research, vol. 229, p. 110158, 2024, doi:
10.1016/j.epsr.2024.110158.

M. Dehvan et al., “Economic Dispatch Optimization in Multi-Area Power Distribution Considering Wind
Farms and Hydro Power Plants,” SSRN, 2024, doi: 10.2139/ssrn.4824218.

M.R. Gholami Dehbalaee, G.H. Shaeisi, and M. Valizadeh, “A novel exclusive binary search algorithm to
solve the nonlinear economic dispatch problem,” Journal of Energy Management and Technology, vol. 4,
no. 3, pp. 48-56, 2020, doi: 10.22109/jemt.2020.207784.1207.

B. Postolov and A. Iliev, “New metaheuristic methodology for solving security constrained hydrothermal
unit commitment based on adaptive genetic algorithm,” International Journal of Electrical Power &
Energy Systems, vol. 134, p. 107163, 2022, doi: 10.1016/j.ijepes.2021.107163.

J. Zou, S. Ahmed, and X. A. Sun, "Multistage Stochastic Unit Commitment Using Stochastic Dual
Dynamic Integer Programming," in [EEE Transactions on Power Systems, vol. 34, no. 3, pp. 1814-1823,
May 2019, doi: 10.1109/TPWRS.2018.2880996.

X. Zhang et al., “Short-circuit current constrained unit commitment and transmission switching model for
improving renewable integration: An MILP formulation,” IET Generation, Transmission & Distribution,
vol. 16, no. 9, pp. 1743-1755, 2022, doi: 10.1049/gtd2.12393.

Z XK. Feng et al., “A mixed integer linear programming model for unit commitment of thermal plants with
peak shaving operation aspect in regional power grid lack of flexible hydropower energy,” Energy, vol.
175, pp. 618-629, 2019, doi: 10.1016/j.energy.2019.03.117.

M. Nozarian et al., “Hydro Thermal Unit Commitment involving Demand Response resources: a MILP
formulation,” Electrical Engineering, vol. 105, pp. 175-192, 2023, doi: 10.1007/s00202-022-01651-z.

K. Srikanth et al., “Meta-heuristic framework: quantum inspired binary grey wolf optimizer for unit
commitment problem,” Computers & Electrical Engineering, vol. 70, pp. 243-260, 2018, doi:
10.1016/j.compeleceng.2017.07.023.

S. Reddy K et al., “Binary whale optimization algorithm: a new metaheuristic approach for profit-based
unit commitment problems in competitive electricity markets,” Engineering Optimization, vol. 51, no. 3,
pp- 369-389, 2019, doi: 10.1080/0305215X.2018.1463527.

N.K. Navin and R. Sharma, “A fuzzy reinforcement learning approach to thermal unit commitment
problem,” Neural Computing and Applications, vol. 31, no. 3, pp. 737-750, 2019, doi: 10.1007/S00521-
017-31006-5.

N. V. Panossian, D. McLarty, and M. E. Taylor, “Artificial Neural Network for Unit Commitment on
Networks with Significant Energy Storage,” IEEE Green Technologies Conference (GreenTech), 2019, pp.
1-5, doi: 10.1109/GreenTech.2019.8767137.

N.E. Koltsaklis and A.S. Dagoumas, “Incorporating unit commitment aspects to the European electricity
markets algorithm: An optimization model for the joint clearing of energy and reserve markets,” Applied
energy, vol. 231, pp. 235-258, 2018, doi: 10.1016/j.apenergy.2018.09.098.

E.A. Bakirtzis et al., “Storage management by rolling stochastic unit commitment for high renewable
energy penetration,” Electric Power Systems Research, vol. 158, pp. 240-249, 2018, doi:
10.1016/j.epsr.2017.12.025.


https://doi.org/10.3390/en17030550
https://doi.org/10.1016/j.epsr.2024.110158
https://doi.org/10.1016/j.epsr.2024.110158
https://doi.org/10.22109/jemt.2020.207784.1207
http://dx.doi.org/10.1016/j.ijepes.2021.107163
https://ieeexplore.ieee.org/document/8532315
http://dx.doi.org/10.1109/TPWRS.2018.2880996
https://doi.org/10.1016/j.energy.2019.03.117
http://dx.doi.org/10.1007/s00202-022-01651-z
http://dx.doi.org/10.1016/j.compeleceng.2017.07.023
http://dx.doi.org/10.1080/0305215X.2018.1463527
http://dx.doi.org/10.1080/0305215X.2018.1463527
http://dx.doi.org/10.1080/0305215X.2018.1463527
http://dx.doi.org/10.1109/GreenTech.2019.8767137
https://doi.org/10.1016/j.apenergy.2018.09.098
https://doi.org/10.1016/j.epsr.2017.12.025
https://doi.org/10.1016/j.epsr.2017.12.025

VY-

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

[30]

VEEAWVAINE-E ol fouin g ol o )l [0 3l Jlo [ogim Ol ploee s aloxs

D. Deka and D. Datta, “Optimization of unit commitment problem with ramp-rate constraint and wrap-
around scheduling,” Electric Power Systems Research, vol. 177, p. 105948, 2019, doi:
10.1016/j.epsr.2019.105948.

K. Poncelet ef al., “Unit commitment constraints in long-term planning models: Relevance, pitfalls and the
role of assumptions on flexibility,” Applied Energy, vol. 258, p. 113843, 2020, doi:
10.1016/j.apenergy.2019.113843.

Y. Zhai et al., “A two-layer algorithm based on PSO for solving unit commitment problem,” Soft
Computing, vol. 24, no. 12, pp. 9161-9178, 2020, doi: 10.1007/s00500-019-04445-x.

E. Du et al., “Operation of a high renewable penetrated power system with CSP plants: A look-ahead
stochastic unit commitment model,” IEEE Transactions on Power Systems, vol. 34, no. 1, pp. 140-151,
2018, doi: 10.1109/TPWRS.2018.2866486.

W. van Ackooij, E. C. Finardi, and G. M. Ramalho,“An exact solution method for the hydrothermal unit
commitment under wind power uncertainty with joint probability constraints,” IEEE Transactions on
Power Systems, vol. 33, no. 6, pp. 6487-6500, 2018, doi: 10.1109/TPWRS.2018.2848594.

S. Malekshah et al., “A zonal optimization solution to reliability security constraint unit commitment with
wind uncertainty,” Computers and Electrical Engineering, vol. 99, p. 107750, 2022, doi:
10.1016/j.compeleceng.2022.107750.

M. Najafi, H. Gorjipour, and N. Moaddabi Pirkolachi, “A Single Stage Dynamic Transmission Expansion
Planning Model in the Competitive Market,” Journal of Southern Communication Engineering, vol. 14,
no. 53, pp. 1528, 2024, doi: 10.30495/jce.2022.1961298.1163, [in Persian].

M.Q. Wang et al., “Optimizing probabilistic spinning reserve by an umbrella contingency constrained unit
commitment,” International Journal of Electrical Power & Energy Systems, vol. 109, pp. 187-197, 2019,
doi: 10.1016/j.ijepes.2019.01.034.

Y. Du, Y. Li, C. Duan, H. B. Gooi, and L. Jiang, “An Adjustable Uncertainty Set Constrained Unit
Commitment with Operation Risk Reduced through Demand Response,” IEEE Transactions on Industrial
Informatics, 2020, doi: 10.1109/TI11.2020.2979215.

F. Jabari et al., “Implementation of Demand Response Programs on Unit Commitment Problem, ” in
Demand Response Application in Smart Grids, pp. 37-54, Springer, Cham, 2020, doi: 10.1007/978-3-030-
32104-8 2.

S.P. Roukerd et al., “Uncertainty-based unit commitment and construction in the presence of fast ramp
units and energy storages as flexible resources considering enigmatic demand elasticity,” Journal of Energy
Storage, vol. 29, p. 101290, 2020, doi: 10.1016/j.est.2020.101290.

A. Praktiknjo, “The value of lost load for sectoral load shedding measures: The German case with 51
sectors,” Energy, Energies, vol. 9, p. 116, 2016, doi: 10.3390/en9020116.

A. J. Praktiknjo et al., “Assessing energy supply security: Outage costs in private households, ” Energy
Policy, vol. 39, no. 1, pp. 7825-7833, 2011, doi: 10.1016/j.enpol.2011.09.028.

A. Heydari et al., “Eco-environmental dispatch of power system with high penetration wind farms
considering demand/source side uncertainties,” Electric Power Systems Research, vol. 236, p. 110925,
2024, doi: 10.1016/j.epsr.2024.110925.

K. Nagarajan et al., “Optimizing dynamic economic dispatch through an enhanced Cheetah-inspired
algorithm for integrated renewable energy and demand-side management,” Scientific Reports, vol. 14, no.
1, p. 3091, 2024, doi: 10.1038/s41598-024-53688-8.


https://doi.org/10.1016/j.epsr.2019.105948
https://doi.org/10.1016/j.epsr.2019.105948
https://doi.org/10.1016/j.apenergy.2019.113843
https://doi.org/10.1016/j.apenergy.2019.113843
https://doi.org/10.1007/s00500-019-04445-x
https://doi.org/10.1109/TPWRS.2018.2866486
http://dx.doi.org/10.1109/TPWRS.2018.2848594
http://dx.doi.org/10.1016/j.compeleceng.2022.107750
https://doi.org/10.30495/jce.2022.1961298.1163
https://doi.org/10.30495/jce.2022.1961298.1163
http://dx.doi.org/10.1016/j.ijepes.2019.01.034
http://dx.doi.org/10.1109/TII.2020.2979215
http://dx.doi.org/10.1007/978-3-030-32104-8_2
http://dx.doi.org/10.1007/978-3-030-32104-8_2
https://doi.org/10.1016/j.est.2020.101290
http://dx.doi.org/10.1016/j.compeleceng.2022.107750
https://doi.org/10.1049/stg2.12048
http://dx.doi.org/10.1016/j.compeleceng.2022.107750
http://dx.doi.org/10.1038/s41598-024-53688-8

S8 Sgeme gorpl pl Lo - (g o el o laasly )b i age sl o) "

[31]

[32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

L. Fan, C. Zhao, G. Zhang, and Q. Huang, “Flexibility management in economic dispatch with dynamic
automatic generation control,” IEEE Transaction On Power Systems, vol. 37, no. 2, pp. 876-886, 2020,
doi: 10.1109/TPWRS.2021.3103128.

M. Xu et al., “Bilinear-DRTFT: Uncertainty prediction in electricity load considering multiple demand
responses,” Energy, vol. 309, p. 133067, 2024, doi: 10.1016/j.energy.2024.133067.

M. Ramezani et al., “Uncertainty models for the structural design of floating offshore wind turbines: A
review,” Renewable and Sustainable Energy Reviews, vol. 185, p. 113610, 2023, doi:
10.1016/j.rser.2023.113610.

B. Sukumar et al., “A hybrid BCMPO technique for optimal scheduling of electric vehicle aggregators
under market price uncertainty,” IETE Journal of Research, vol. 70, no. 3, pp. 2974-2988, 2024, doi:
10.1080/03772063.2023.2177756.

L. Wang et al., “Quantification of model uncertainty and variability for landslide displacement prediction
based on Monte Carlo simulation,” Gondwana Research, vol. 123, pp. 27-40, 2023, doi:
10.1016/.gr.2023.03.006.

Y. Zhu, B. Qiao, Y. Dong, B. Qu, and D. Wu, “Multiobjective dynamic economic emission dispatch using
evolutionary algorithm based on decomposition,” IEEJ Trans. Electric. Electron. Eng., vol. 14, pp. 1323—
1333, 2019, doi: 10.1002/tee.22933.

M. Jain et al., “An overview of variants and advancement of PSO algorithm” Applied Sciences, vol. 12, p.
8392,2022, doi: 10.3390/app12178392.

W.M. Hamanah, “A Lightning Search Algorithm for optimal planning of power systems with short/long-
term storage,” Research Article, vol. 12, p. 56726, 2024, doi: 10.101109/ACCESS.20243356726.

T. Lubinski et al., “Optimization applications as quantum performance benchmarks,” ACM Transactions
on Quantum Computing, vol. 5, no. 3, pp. 1-44, 2024, doi: 10.1145/3678184.

E.S.M. El-Kenawy et al., “Greylag goose optimization: nature-inspired optimization algorithm,” Expert
Systems with Applications, vol. 238, p. 122147, 2024, doi: 10.1016/j.eswa.2023.122147.

L. Kumar et al., “Parallel global best-worst particle swarm optimization algorithm for solving optimization
problems,” Applied Soft Computing, vol. 142, p. 110329, 2023, doi: 10.1016/j.as0c.2023.110329.

C. Qu et al., “Learning search algorithm: framework and comprehensive performance for solving
optimization problems,” Artificial Intelligence Review, vol. 57, no. 6, p. 139, 2024, doi: 10.1007/s10462-
024-10767-6.

M. Afroozeh et al., “Apply a mutation in gray wolf optimization algorithm to solve the economic-
environmental dispatch problem of integrated power plants including thermal and wind,” Journal of
Intelligent Procedures in Electrical Technology, vol. 14, no. 56, pp. 59-76, 2024, doi:
10.22108/jipet.2024.139452.2104.

B.N. Alhasnawi ef al., “A novel economic dispatch in the stand-alone system using improved butterfly
optimization algorithm,” Energy Strategy Reviews, vol. 49, p. 101135, 2023, doi:
10.1016/j.esr.2023.101135.

B. Ozkaya et al., “Optimal solution of the combined heat and power economic dispatch problem by
adaptive fitness-distance balance based artificial rabbits optimization algorithm,” Expert Systems with
Applications, vol. 238, p. 122272, 2024, doi: 10.1016/j.eswa.2023.122272.

S. Habib et al., “Economic dispatch optimization considering operation cost and environmental constraints
using the HBMO method,” Energy Reports, vol. 10, pp. 1718-1725, 2023, doi:
10.1016/j.egyr.2023.08.032.


https://doi.org/10.1016/j.energy.2024.133067
https://doi.org/10.1016/j.rser.2023.113610
https://doi.org/10.1016/j.rser.2023.113610
https://doi.org/10.1080/03772063.2023.2177756
https://doi.org/10.1080/03772063.2023.2177756
https://doi.org/10.1016/j.gr.2023.03.006
https://doi.org/10.1016/j.gr.2023.03.006
http://dx.doi.org/10.3390/en17030550
https://doi.org/10.1016/j.energy.2023.127088
https://doi.org/10.3390/w15193417
http://dx.doi.org/10.3390/en17030550
https://doi.org/10.1016/j.eswa.2023.122147
https://doi.org/10.1016/j.asoc.2023.110329
http://dx.doi.org/10.1007/s10462-024-10767-6
http://dx.doi.org/10.1007/s10462-024-10767-6
https://doi.org/10.22108/jipet.2024.139452.2104
https://doi.org/10.1016/j.esr.2023.101135
https://doi.org/10.1016/j.esr.2023.101135
https://doi.org/10.1016/j.eswa.2023.122272
https://doi.org/10.1016/j.egyr.2023.08.032
https://doi.org/10.1016/j.egyr.2023.08.032

nalloi Sotith

Communication

Engineering

Islamic Azad University Bushehr Branch Online ISSN: 2980-9231

Vol. 15, Issue 58, Winter 2026

Contents

Combination of Robust PID and Neuro-Fuzzy Controllers for Multi-Objective Optimization of Anti Lock Braking System............ 1
Rasoul Hosseini; Javad MashayekhiFard; Sepehr Soltani

An Edge-Aware Learning Framework for IoT Malware Classification Using Block-Average-Based Adaptive Dimensionality
REAUCTION.. ...ttt e e e e et e ettt e e ettt e et et e ettt et 24
Shohreh Ajoudanian; Maryam Nooraei Abadeh

Improving Wireless Sensor Network Lifetime Using a Combination of Compact Sensing and Swarm Intelligence for Sleep/Wake
Scheduling and ROULING . ... ... .u ittt ettt ettt ettt ettt e et et e e ea et e e e e e e e e e e e e e e et e e e e e e e e e ea e e e ae nae e e e ene e s enes 47
Mohammad Hassan Katebi Jahromi; Karamolah BagheriFard; Razieh MalekHoseini; Saced Mehrjoo

A Review of Event-Triggered Control of Fractional-Order Multi-Agent SyStems. .........o.oueiiiitititiiiiiniitiiiiieeeeieeeeaeaenn 69
Fatemeh Gholami; Mahnaz Hashemi; Ghazanfar Shahgholian

A Novel Approach to mmWave Transmission in Cooperative Massive MIMO Systems Based on NOMA Technology.............. 96
Pouria Salehi; Naser Parhizgar; Farshad Pesaran

Fractal Slotted Leaky-Wave Antenna Based on SIW and Balanced CRLH Transmission Line with Enhanced Backward Bandwidth
Scanning and Gain in X-Band...........oouiiiiiiiiii et ettt et et e 126
Hossein Mashhadi; Loghman Asadpor; Yashar Zehforoosh; Tohid Sedghi

Optimal Dispatch Program for Thermal Units in Power Systems with High Wind Farm Penetration and Flexible Loads................146
Ali Heydari; Reza Ebrahimi; Mahmood Ghanbari



Communication Engineering

Journal of Southern Communication Engineering
License holder: Islamic Azad University Bushehr Branch

Editor-in-chief: Dr. Mohammad Naser-Moghaddasi  Islamic Azad University Science and Research Branch
Director: Dr. Najmeh Cheraghi Shirazi Islamic Azad University Bushehr Branch
Executive Director:  Dr. Roozbeh Hamzehyan Islamic Azad University Bushehr Branch
Editor: Dr. Abdolrasul Ghasemi Islamic Azad University Bushehr Branch

Editorial Board:

Dr. Mohammad Naser-Moghaddasi Professor Islamic Azad University Science and Research Branch
Dr. Homayoon Oraizi Professor Iran University of Science and Tech.

Dr. Srajoddin katebi Professor Shiraz University

Dr. Ebrahim Abiri Professor Shiraz University of Technology

Dr. Karim Mohammadi Professor Iran University of Science and Tech.

Dr. Abdolreza Nabavi Professor Tarbiat Modares University

Dr. Massoud Dousti Associate Professor  Islamic Azad University Science and Research Branch
Dr. Alireza Behrad Professor Shahed University

Dr. Mohammad Mardaneh Professor Shiraz University of Technology

Dr. Ghazanfar Shahgholian Professor Islamic Azad University Najafabad branch

Dr. Ramezan Ali Sadeghzadeh Sheikhan  Professor K.N. Toosi University of Technology

Dr. Esmaeil Najafiaghdam Professor Sahand University of Technology

Dr. Mojtaba Najafi Associate Professor  Islamic Azad University Bushehr Branch

Dr. Bal Virdee Professor London Metropolitan University

Dr. Mohammad Alibakhshikenari Professor University of Rome ‘‘Tor Vergata’’, Italy

Dr. Hamid Reza Arabnia Professor University of Georgia

Dr. Ali Taimori Research Associate  University of Edinburgh

Address: Iran, Bushehr, Islamic Azad University Bushehr Branch

Tel: (+98) 9107837420 Fax: (+98) 771 5683717
Website: https://jce.bushehr.iau.ir/ elSSN: 2980-9231
Email: jce.iaub@gmail.com — jce@ iaubusher.ac.ir
Indexed by:
()
@kah)(btouglg ° ® S A | DIRECTORY OF
SID Sidisses. | Mmagiran AR AL

A5 S50y SIS b 285

ACADEMIA | (8 GIVILICA | stk Google

| JCE is published according to 87/422092 permission of Islamic Azad University. \



https://doaj.org/toc/2980-9231
https://journals.msrt.ir/home/detail/19301/
https://www.magiran.com/magazine/about/6340
https://www.sid.ir/journal/36252/fa
https://scholar.google.com/citations?hl=en&user=WsPB0QYAAAAJ&view_op=list_works&gmla=AJsN-F5VAjnnV-x8n5ZFZjGOs63pW0zxmJr8S3N-MdgUZSk6fJdJDNcXPsMNko-YBxyQes1cAjyqhCpefd7GOwo7XRTlcdsL6cHyMsSfJZlh5WZeiXfqmCA
https://ecc.isc.ac/showJournal/39867
https://civilica.com/l/21749/
https://independent.academia.edu/communicationjournal

	شناسنامه مجله فارسی2
	58
	JCE-15-58-1-1-23
	چکیده مبسوط-مشایخی
	mashayekhifard-v5

	JCE-15-58-2-24-46
	چکیده مبسوط6-آجودانیان
	Ajodanian-v5

	JCE-15-58-3-47-68
	چکیده مبسوط4-کاتبی
	mh katebi-v5

	JCE-15-58-4-69-95-new
	چکیده مبسوط-هاشمی
	Hashemi-v7

	JCE-15-58-5-96-125
	چکیده مبسوط3-صالحی
	Salehi-new-v5

	JCE-15-58-6-126-145
	چکیده مبسوط-اسدپور5
	mashhadi-asadpor-v8

	JCE-15-58-7-146-171
	چکیده مبسوط4-دکتر ابراهیمی 
	REZA EBRAHIMI-V7

	58en
	شناسنامه مجله انگلیسی 2

