International Journal of Computational and Electronic Aspects in Engineering
Vol. 5, Issue 4, December 2024, pp 154 - 164
https://doi.org/10.26706/ijceae.5.4.20241104

/A

Data Transfer in Smart Grids:

Leveraging MIMO-

OFDM for Enhanced Communication

Aqgeel Luaibi Challoob

INTERNATIONAL JOURNAL
OF COMPUTATIONAL AND
ELECTRONICS ASPECTS IN
ENGINEERING

-
; - ISSN: 2395-4116 (PRINT)

ISSN: 2385-4124 (ONLINE)

A Quarterly Publishing Journal

Article — Peer Reviewed
Received: 10 Sept 2024
Accepted: 25 Nov 2024
Published: 28 Dec 2024

Copyright: © 2024 RAME Publishers
This is an open access article under
the CC BY 4.0 International License.

https://creativecommons.org/licenses

[by/4.0/

Luaibi
Challoob, “Data Transfer in Smart
Grids: Leveraging MIMO-OFDM for

Enhanced

Cite this article: Adgeel

Communication”,
International Journal of
Electronic
RAME
Publishers, vol. 5, issue 4, pp. 154-
164, 2024.

https://doi.org/10.26706/ijceae.5.4.2

0241104

Computational  and

Aspects in  Engineering,

Department of Computer Techniques Engineering, Imam Alkadhim University College (IKU),
Baghdad, 10001, Iraq.

*Correspondence: ageelluaibi@iku.edu.iq

Abstract: The growing complexity of smart grid structures necessitates robust, efficient, and
reliable verbal exchange frameworks to manipulate dynamic and massive-scale statistics exchange.
This research investigates the combination of Multiple Input Multiple Output-Orthogonal
Frequency Division Multiplexing (MIMO-OFDM) technology as a transformative solution for
addressing challenges in statistics transfer within clever grids, consisting of latency, interference,
and bandwidth constraints. Utilizing a simulation-primarily based methodology, this have a look at
evaluates the performance of MIMO-OFDM underneath diverse community situations, comparing
it in opposition to baseline protocols commonly utilized in smart grid communication. Key findings
indicate that MIMO-OFDM drastically complements network throughput via 23.5%, reduces
latency by means of 33.Three%, and minimizes packet loss by way of 61.Eight%, demonstrating
its potential for coping with high-extent and low-latency communication necessities. The results
underscore the scalability and flexibility of MIMO-OFDM, specifically in heterogeneous smart grid
environments, making it a compelling candidate for subsequent-era grid conversation systems. This
research no longer handiest bridges critical gaps in the present literature but also offers actionable
insights for imposing MIMO-OFDM in actual-world clever grids, paving the manner for more
resilient and green power distribution networks. The implications amplify to strength companies,
policymakers, and technologists in search of innovative answers to beautify clever grid
infrastructure.

Keywords: Smart Grids; MIMO-OFDM; Data Transmission; Network Performance;
Communication Networks; Packet Loss Minimization; Simulation-based Methodology; Network
Throughput.

1. Introduction

The speedy evolution of modern-day electricity structures has necessitated the
development of superior communique frameworks to manipulate the increasingly more
dynamic and statistics-intensive nature of smart grids. Smart grids integrate numerous
and disbursed electricity sources with actual-time monitoring, manage, and optimization
competencies, annoying seamless facts switch to ensure efficient and reliable operation.
The reliability of conversation networks within these grids is paramount for critical
responsibilities together with electricity distribution, fault detection, demand reaction, and
gadget balance. Despite advancements in networking technology, current answers
frequently fall quick of addressing the specific challenges posed through clever grids,
which includes high latency, constrained bandwidth, interference, and scalability
problems in heterogeneous environments.

In recent years, the educational network has appreciably explored numerous
conversation technologies for smart grids, together with ZigBee, Wi-Fi, and LTE. While
those technology offer baseline connectivity, they fail to fulfill the stringent requirements
for excessive-speed, low-latency, and interference-resilient facts transmission in
subsequent-technology grids.
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Simultaneously, innovations in wi-fi verbal exchange, mainly Multiple Input Multiple Output (MIMO) and Orthogonal
Frequency Division Multiplexing (OFDM), have proven monstrous capability in enhancing spectral efficiency, reducing
latency, and enhancing records throughput in other domain names, which include 5G networks and IoT systems.
However, the software of MIMO-OFDM within the context of clever grids stays underexplored, leaving a essential gap
within the literature. This study seeks to bridge this hole by investigating the combination of MIMO-OFDM into smart
grid verbal exchange networks and evaluating its performance under actual-global situations.

The goals of this observe are threefold:

1- to develop a conversation framework leveraging MIMO-OFDM tailored to the specific requirements of clever

grids,

2- to conduct a comparative analysis towards traditional communique protocols to quantify upgrades in throughput,

latency, and reliability, and

3- to provide actionable insights into the deployment of MIMO-OFDM in numerous smart grid environments,

inclusive of urban and rural settings.

The reason for this research lies in the want to triumph over continual limitations in contemporary clever grid
communication systems, allowing superior records transfer for greater resilient and efficient electricity networks.

By addressing these goals, this observe contributes to the broader discourse in networking and computer technological
know-how by introducing a scalable, green, and strong communique answer for clever grids. The findings have
implications for academic researchers, enterprise practitioners, and policymakers working to improve smart grid
technology and optimize strength infrastructure. Furthermore, the integration of MIMO-OFDM into clever grids could
catalyze destiny improvements, which includes autonomous grid management and actual-time predictive analytics.

To obtain these goals, the have a look at employs a simulation-primarily based methodology to assess the performance
of MIMO-OFDM under numerous community conditions, which includes varying information quotes, interference
levels, and noise profiles. The shape of this paper is as follows: Section 2 offers a comprehensive overview of the literature
on smart grid communique and MIMO-OFDM technology. Section three outlines the method, such as system design and
simulation parameters. Section four affords and discusses the results, focusing at the comparative performance analysis.
Finally, Section five concludes the observe with key findings, implications, and guidelines for future research instructions.

2. Literature Review

2.1 Introduction to Smart Grid Communication Technologies

The clever grid represents a widespread advancement in electricity machine infrastructure, integrating traditional
power networks with modern-day verbal exchange systems to permit real-time monitoring, manage, and optimization.
Communication technology in clever grids need to deal with the dual demanding situations of scalability and reliability
whilst meeting the stringent requirements of low latency, excessive statistics throughput, and robustness against
interference. This section examines present clever grid verbal exchange technology, their obstacles, and how MIMO-
OFDM can address these challenges.

2.2 Current Communication Technologies in Smart Grids
Several communication technologies have been employed in smart grids, each with unique advantages and challenges:
e ZigBee:
ZigBee is a low-power, short-range communication technology commonly utilized in small-scale applications such
as home energy management systems. Although it is economical and energy-efficient, its restricted range and low
data rates render it unsuitable for extensive smart grid operations. [1], [12]
e Wi-Fiand LTE:
Wireless communique protocols along with Wi-Fi and LTE are popular in urban clever grids due to their moderate
velocity and availability. However, excessive strength intake, susceptibility to interference, and scalability problems
in dense environments restrict their effectiveness. [2], [3], [13]
e  Fiber Optics:
Fiber-optic communique gives remarkable bandwidth and reliability, making it best for backbone networks.
However, the high costs of installation and maintenance render it impractical for large deployment in smart grids, in
particular in rural or remote areas.
e 5G:
Emerging 5G technology promises ultra-low latency and large tool connectivity, making it a robust contender for
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clever grid programs. Nonetheless, coverage boundaries and the excessive costs of deployment pose significant
barriers, particularly in rural areas. [5], [15], [16]
While those technology deal with some of the communique desires of smart grids, none absolutely meet the
simultaneous demands for high throughput, low latency, and interference mitigation throughout various environments.

2.3 Challenges in Smart Grid Communication

Smart grid communique faces numerous vital challenges, which includes:

«  Scalability: The increasing range of interconnected gadgets in smart grids necessitates scalable verbal exchange
answers.

« Interference and Noise: High stages of interference, specifically in urban environments, degrade communication
reliability.

« Latency: Real-time programs require extremely-low latency to make sure well-timed responses for grid stability.

«  Bandwidth Limitations: Handling big volumes of facts correctly stays a persistent trouble.

These challenges underscore the need for superior communique technology like MIMO-OFDM to meet the evolving
demands of smart grids.

2.4 Theoretical Foundations of MIMO-OFDM
MIMO (Multiple Input Multiple Output) and OFDM (Orthogonal Frequency Division Multiplexing) are two

complementary technology which have revolutionized wi-fi communication. [6], [17], [18] [7], [19], [20].

* MIMO Technology:

MIMO utilizes a couple of antennas at each the transmitter and receiver ends to exploit spatial range, thereby improving
facts rates and link reliability. By enabling simultaneous statistics streams, MIMO will increase the overall potential of
communication networks.

» OFDM Technology:

OFDM divides the communique channel into a couple of orthogonal subcarriers, lowering interference and improving
spectral performance. Its ability to mitigate the results of multipath propagation makes it in particular suitable for smart
grid environments, in which signal mirrored image and interference are commonplace.

When mixed, MIMO-OFDM gives a effective solution for addressing the challenges of smart grid communication. The
synergy between MIMOQO's spatial multiplexing and OFDM's spectral efficiency provides a sturdy framework for
achieving high throughput, low latency, and resilience in opposition to interference.

2.5 Comparative Analysis of MIMO-OFDM and Existing Solutions
MIMO-OFDM has been significantly studied inside the context of 4G and 5G networks, demonstrating great
performance improvements over traditional communique protocols. However, its application in clever grids continues
to be in its infancy. Key comparisons include: [8], [9], [21], [22]
*Throughput: MIMO-OFDM continuously outperforms technology like ZigBee and Wi-Fi in phrases of data
throughput, making it ideal for excessive-demand applications in clever grids.
Latency: By leveraging parallel records streams and green spectral utilization, MIMO-OFDM achieves decrease
latency than LTE and other wireless protocols.
«Interference Mitigation: OFDM's inherent resistance to multipath propagation and MIMOQO's spatial diversity reduce
the impact of interference, a crucial gain in dense urban environments.
Despite its blessings, the implementation of MIMO-OFDM in clever grids poses demanding situations, inclusive of
the want for complex sign processing and better deployment costs. Addressing these obstacles calls for similarly
research into fee-effective deployment techniques and optimization strategies.

2.6 Gaps in the Literature
While present research spotlights the potential of MIMO-OFDM in improving conversation performance, significant
gaps stay:
» Lack of Real-World Deployments: Most studies specialize in simulations, with confined actual-international
trying out in smart grid situations.
» Adaptability in Diverse Environments: The overall performance of MIMO-OFDM underneath various conditions,
together with rural grids with sparse connectivity, is underexplored.
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» Integration with Smart Grid Applications: Research on the integration of MIMO-OFDM with specific smart grid
functions, together with fault detection and cargo balancing, is scarce.

2.7 Conclusion

The overview demonstrates that at the same time as traditional communication technologies offer partial solutions,
MIMO-OFDM holds the capacity to address the multifaceted challenges of clever grid communication. By combining
high throughput, low latency, and sturdy interference mitigation, MIMO-OFDM affords a promising basis for next-
technology smart grid networks. However, bridging the identified gaps requires a multidisciplinary approach, integrating
theoretical advancements with realistic deployment techniques.

3. Methodology
3.1 Overview

To evaluate the performance of MIMO-OFDM in clever grid environments, a comprehensive simulation-based method
was adopted. The have a look at focused on assessing key overall performance metrics together with throughput, latency,
and packet loss underneath varying situations representative of actual-world smart grid eventualities. This section outlines
the experimental setup, simulation parameters, and trying out scenarios used to investigate the effectiveness of MIMO-
OFDM in addressing the demanding situations of smart grid verbal exchange.

3.2 Simulation Environment
The simulations have been carried out using MATLAB, a widely used platform for modeling and simulating
communique structures. The following key components had been blanketed in the simulation environment:
*  Transmitter and Receiver Design: Implementation of MIMO-OFDM communique systems with more than one
antennas for both transmission and reception.
* Channel Model: The channel become modeled to consist of city and rural propagation characteristics,
incorporating course loss, multipath fading, and interference.
« Data Traffic Generation: Data streams representative of clever grid packages have been simulated, together with
each periodic monitoring and event-driven verbal exchange.

3.3 Simulation Parameters
To make sure the consequences are consultant of realistic smart grid environments, the following parameters were
used:

Table 1. Simulation parameters
Value/Range
2.4 GHz (unlicensed band)

Parameter
Frequency Band

Number of Antennas (MIMO)

4x4 (transmitter X receiver)

Modulation Scheme

Adaptive QPSK/16-QAM/64-QAM

Subcarriers (OFDM) 128

Bandwidth 20 MHz

Noise Profile Additive White Gaussian Noise (AWGN)
Data Rates 1 Gbps to 10 Gbps

Simulation Duration

100 seconds

These parameters were decided on to mimic conditions typically encountered in smart grid deployments, consisting of

each excessive and coffee site visitors eventualities.

3.4 Performance Metrics

To examine the overall performance of MIMO-OFDM, the following metrics were analyzed:

»  Throughput: The amount of information effectively transmitted according to unit time, measured in Mbps.

« Latency: The time put off experienced throughout records transmission, measured in milliseconds.

» Packet Loss: The percentage of records packets misplaced for the duration of transmission, indicative of

community reliability.
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»  Spectral Efficiency: The statistics charge executed consistent with unit bandwidth, measured in bits/Hz.

3.5 Testing Scenarios
The overall performance of MIMO-OFDM turned into tested under the following eventualities:

3.5.1 Urban Environment

«  Description: High-density network with sizable interference and multipath propagation because of homes and
other obstructions.

«  Obijective: Evaluate the system's capacity to hold high throughput and occasional latency underneath difficult
situations.

3.5.2 Rural Environment

»  Description: Sparse community with fewer nodes and decrease interference however greater distances among
devices.

*  Objective: Assess the scalability and reliability of MIMO-OFDM in long-range communication.

3.5.3 Varying Data Rates

* Description: Data visitors changed into numerous from 1 Gbps to 10 Gbps to simulate one-of-a-kind verbal exchange
needs.

* Objective: Determine the adaptability of MIMO-OFDM beneath various statistics masses.

3.5.4 Interference Modeling

«  Description: Interference degrees had been modeled the usage of real-world noise profiles, such as AWGN and
interference from different conversation gadgets.

»  Obijective: Analyze the device's capability to mitigate interference and maintain sturdy verbal exchange.

3.6 Methodological Steps

The following steps were carried out to behavior the take a look at:

1. System Initialization: Configure the simulation environment with the parameters and eventualities outlined above.

2. Data Transmission: Simulate the transmission of data streams the use of MIMO-OFDM and baseline
communication protocols for evaluation.

3. Performance Measurement: Collect records on throughput, latency, packet loss, and spectral performance under
every state of affairs.

4. Data Analysis: Analyze the consequences to perceive patterns, correlations, and areas of improvement.

5.  Comparison: Compare MIMO-OFDM performance with baseline protocols to assess its effectiveness.

3.7 Tools and Frameworks

The simulations were done the usage of the following gear and frameworks:

*  MATLAB: For implementing MIMO-OFDM fashions and simulating communigue scenarios.

* NS-3 (non-compulsory): Used for validating consequences via community-level simulations.

»  Graphing and Visualization: Matplotlib and Microsoft Excel have been used for growing performance graphs and
reading facts.

4. Results and Discussion

4.1 Overview

This section offers the consequences acquired from the simulations, reading the overall performance of MIMO-OFDM
in assessment to baseline communique protocols in terms of throughput, latency, and packet loss. The dialogue highlights
the importance of MIMO-OFDM's advanced capabilities and their impact on communication overall performance in
smart grid environments. Graphs and tables are supplied to confirm the findings.

158

Int. J. of Computational and Electronic Aspects in Engineering LA_\ RAME rusuistens




Data Transfer in Smart Grids: Leveraging MIMO-OFDM for Enhanced Communication

4.2 Throughput Analysis
Throughput, described as a hit transmission of data over a network, is a important metric for evaluating conversation
performance. The results indicate that MIMO-OFDM outperforms baseline protocols across all examined situations.

Key Observations:

» Urban Environment:

MIMO-OFDM done an average throughput of 1050 Mbps, as compared to 850 Mbps for the baseline protocol,
representing a 23. Five% improvement.

* Rural Environment:

Despite longer distances and decrease interference, MIMO-OFDM maintained constant throughput, demonstrating its
scalability and performance

Graphical Representation:

Throughput vs. Data Rate

Baseline Throughput
1000} —= MIMO-OFDM Throughput

800

600

Throughput (Mbps)

400+

200

2 4 6 8 10
Data Rate (Gbps)

Figure 1. Throughput vs. Data Rate

The graph illustrates that as data charges growth, the overall performance gap between MIMO-OFDM and baseline
protocols widens, in addition emphasizing MIMO-OFDM's efficiency.

4.3 Latency Analysis

Latency is the postpone skilled in the course of data transmission, which is vital for actual-time smart grid packages.
Key Observations:
* Urban Environment:

MIMO-OFDM reduced average latency to ten ms, as compared to 15 ms for the baseline protocol, marking a 33. Three%
development.

* Rural Environment:

MIMO-OFDM exhibited regular latency levels, reinforcing its suitability for each dense and sparse networks.
Graphical Representation:
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Latency vs. Data Rate
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Figure 2. Latency vs. Data Rate

The graph suggests a steady decrease in latency for MIMO-OFDM compared to baseline protocols, specifically at better
facts rates.

4.4 Packet Loss Analysis

Packet loss is a degree of network reliability, with decrease values indicating more dependable communication.
Key Observations:

« Urban Environment:

MIMO-OFDM decreased packet loss to 2.1%, compared to 5.5% for the baseline protocol, reflecting a 61. Eight%
development.

* Rural Environment:

Packet loss remained constantly low for MIMO-OFDM, demonstrating its sturdy overall performance in varying
situations.

Packet Loss vs. Data Rate

Baseline Packet Loss
—m— MIMO-OFDM Packet Loss

Packet Loss (%)

2 4 6 8 10
Data Rate (Gbps)

Figure 3. Packet Loss vs. Data Rate
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The graph underscores MIMO-OFDM's capability to keep low packet loss, even underneath high information rate
eventualities.

4.5 Comparative Performance Table

To summarize the findings, the important thing overall performance metrics are supplied within the table below:

Table 1. Performance metrics

Metric Baseline Protocol MIMO-OFDM Improvement (%)
Throughput (Mbps) 850 1050 235
Latency (ms) 15 10 33.3
Packet Loss (%) 55 2.1 61.8

4.6 Discussion of Results

The outcomes verify that MIMO-OFDM gives good sized overall performance blessings over conventional verbal

exchange protocols, specifically in phrases of throughput, latency, and packet loss. These upgrades are attributed to:

Spatial Multiplexing (MIMO): Enhances statistics switch quotes with the aid of making use of more than one
information streams.

Spectral Efficiency (OFDM): Reduces interference and optimizes bandwidth usage.

Resilience to Noise and Interference: Demonstrated through consistent performance in urban environments with
excessive interference.

Implications for Smart Grids:

Scalability: MIMO-OFDM's ability to address high facts prices makes it ideal for expanding clever grid infrastructure.
Reliability: Low packet loss guarantees reliable communique for essential programs like fault detection and electricity
management.

Versatility: Consistent performance across diverse environments helps its adoption in each city and rural grids.

4.7 Limitations and Future Work

. While the outcomes are promising, numerous limitations warrant in addition investigation:

. Real-World Validation: The simulations provide a managed assessment, but real-world deployments may
come across additional challenges. [10]

. Cost-Effectiveness: The implementation of MIMO-OFDM requires state-of-the-art hardware, necessitating
value-gain analyses.

. Integration with Emerging Technologies: Future work ought to discover integrating MIMO-OFDM with Al-
pushed network optimization and l10T-based totally grid management.
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5. Conclusion

This takes a look at has confirmed the vast capacity of MIMO-OFDM technology in improving statistics switch inside
smart grid verbal exchange networks. Through great simulations, MIMO-OFDM has been shown to outperform baseline
communique protocols in terms of throughput, latency, and packet loss. Specifically, it done a 23. Five% growth in
throughput, a 33.3% discount in latency, and a sixty-one.8% improvement in packet loss reliability, underscoring its
suitability for addressing the specific demanding situations of clever grid environments.

The findings highlight several key blessings of MIMO-OFDM:

High Throughput: The era's spatial multiplexing talents allow for simultaneous records streams, assisting the
excessive information needs of smart grid applications.

Low Latency: Efficient spectral utilization and interference mitigation make contributions to faster records
transmission, important for real-time grid operations. [7], [34]

Robust Reliability: Consistently low packet loss across various eventualities demonstrates its ability to preserve
dependable communique underneath various situations.

The implications of those results are substantial for the future of clever grids. MIMO-OFDM offers a scalable and
versatile answer that could help the growing complexity and records necessities of modern-day energy networks.
Its performance throughout each city and rural environments guarantees wide applicability, making it a promising
candidate for subsequent-generation smart grid communication structures.

5.1 Limitations of the Study

o  While the effects of this examine are encouraging, several obstacles must be recounted:

e Controlled Simulations: The experiments have been carried out in a simulated surroundings, which, whilst
consultant, may not seize all actual-global variables along with hardware constraints, environmental
modifications, and unexpected interference patterns.

e Implementation Costs: The advanced hardware requirements for MIMO-OFDM, together with more than one
antennas and sophisticated signal processing systems, pose capability value demanding situations for big-scale
deployment.

e Integration with Existing Systems: The compatibility of MIMO-OFDM with legacy smart grid infrastructure
calls for similarly exploration to make certain seamless adoption.

5.2 Directions for Future Work

Building on the insights from this research, several avenues for destiny work are proposed:

1. Real-World Deployment: Field trials in various smart grid environments might offer a more comprehensive
validation of the era's overall performance.

2. Al Integration: The use of Al-driven optimization techniques can further beautify the adaptability of MIMO-
OFDM, enabling dynamic useful resource allocation and real-time interference management. [11], [25], [26]

3. Hybrid Solutions: Investigating the integration of MIMO-OFDM with different emerging technologies, which
include 5G, 10T, and blockchain, should free up extra efficiencies and protection blessings for clever grids.

4. Cost Optimization: Research into price-powerful hardware and deployment techniques is important to make
MIMO-OFDM reachable for wide-scale adoption.
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In conclusion, this study establishes MIMO-OFDM as a transformative answer for clever grid communication. By
addressing vital challenges together with scalability, reliability, and efficiency, MIMO-OFDM paves the manner
for more resilient and sustainable power networks. With continued studies and innovation, this technology can play
a pivotal function in advancing clever grid infrastructure to fulfill the demands of a swiftly evolving electricity
landscape.
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