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Highlights

5G technology revolutionizes smart cities by facilitating seamless IoT connectivity, real-time
digital twins, and sophisticated urban applications, tackling network problems such as
network congestion and energy optimization. It improves resource management, public
safety, and the efficiency of urban systems, although it encounters challenges like expensive
infrastructure and restricted signal coverage. Working together with stakeholders is im-
portant to address these challenges and to develop scalable, secure, and sustainable smart
city solutions.

What are the main findings?

e 5G technology provides a seamless integration of IoT devices, live monitoring systems,
and real-time digital twins, revolutionizing smart city frameworks.

o Key urban challenges like network overload, energy efficiency, and data security can
be addressed through 5G, although infrastructure expenses and signal constraints
present difficulties.

What are the implications of the main findings?

o The integration of 5G and real-time digital twins improves urban resource management,
public safety, and overall system efficiency in smart cities.

o To address limitations and to realize scalable, secure, and sustainable smart city solutions
driven by 5G, collaboration among stakeholders is essential.

Abstract: The arrival of 5G technology is transforming the creation of smart cities by
delivering unmatched speed, extremely low latency, and broad device connectivity. These
developments allow for the effortless integration of IoT devices, live monitoring systems,
and cutting-edge urban applications. This paper examines the impact of 5G in tackling
significant urban challenges, including network overload, energy efficacy, and data secu-
rity, while highlighting its revolutionary potential in improving smart city frameworks.
An important emphasis is the fusion of 5G with real-time digital twins, which link physical
and digital realms to enhance urban systems, refine resource management, and strengthen
public safety. Even with its potential, the rollout of 5G encounters challenges such as
expensive infrastructure, significant energy requirements, and limited signal reach. This
research explores the present trends, current applications, and new challenges related to
5G in smart cities, providing insights into its constraints and approaches to address them.
It summarizes the necessity of cooperation among stakeholders to realize 5G’s complete
capabilities and to create scalable, secure, and sustainable solutions for smart cities.
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1. Introduction

As cities continue to grow and urban populations increase, the challenges of managing
resources, infrastructure, and services become more complex. To address these challenges,
many cities are turning to smart solutions consisting of technologies that are designed
to improve how urban environments operate and how people experience them [1,2]. At
the heart of this shift is 5G technology, known for its high speed, low latency, and ability
to support massive numbers of connected devices [3,4]. These features make 5G a key
enabler of real-time communication and intelligent decision-making, with the potential to
transform how cities function [1-4].

Despite its promise, the rollout of smart city systems has not been without its set-
backs. Limitations such as network congestion, inconsistent real-time performance, and
fragmented data systems can hinder the effectiveness of existing infrastructure, preventing
the realization of smart city potentials [5,6]. Urbanization concerns about energy use,
data security, and latency make it even harder to build reliable and scalable solutions. To
overcome these hurdles, creative strategies are needed that fully leverage the advantages
of 5G technology while addressing its inherent limitations [7,8].

This paper explores one such approach that involves the combination of 5G technology
with real-time digital twins. Digital twins are virtual versions of physical systems, allowing
city planners and managers to simulate, monitor, and fine-tune how cities operate. When
powered by 5G, these systems can produce live updates and predictive insights that help
cities to respond quickly and plan more effectively [9-12]. The objective of this paper is to
explore how the integration of 5G technology with real-time digital twins can enhance urban
planning, optimize resource management, and improve public safety within smart cities.

While earlier studies have looked at how 5G supports smart cities in general, this
paper takes a closer look at digital twins, a promising but less explored area. The goal is to
show how 5G’s capabilities can improve the performance of digital twins and, by extension,
the overall efficiency of smart city systems. Beyond examining the advantages, the paper
also addresses key challenges that could hinder its progress. These include technical
barriers, such as network limitations and system integration issues, as well as broader
policy and regulatory concerns. By analyzing these concerns and providing practical
recommendations, the study seeks to contribute toward building smarter cities that are not
only more connected but also more adaptable and sustainable.

The structure of this paper is categorized into six sections. Section 2 provides an
overview of 5G technology and its current applications in smart cities, along with a discus-
sion of its existing limitations. Section 3 outlines the major technical and infrastructural
challenges involved in deploying 5G within urban systems. Section 4 delves into the
integration of 5G with real-time digital twins and the potential impact this synergy may
have on smart city development. Section 5 presents both technological and policy-driven
recommendations to help overcome the identified challenges. Section 6 concludes the paper
with a summary of key insights and suggests directions for future research.

2. Current Trends for 5G in Smart Cities

The integration of 5G technology into urban infrastructure marks a pivotal moment
in the ongoing evolution of smart cities. As cities become more reliant on data-driven
systems to manage resources, mobility, and public services, the high-speed connectivity
and low latency offered by 5G are proving essential. This section provides an overview of
the technological foundations that make 5G suitable for smart city environments, followed
by real-world applications in which 5G is already being deployed to improve efficiency,
safety, and the standard of living. This section also weighs up the limitations and challenges
that come with adopting 5G in urban contexts, such as infrastructure demands, security
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risks, and socioeconomic barriers. Together, these insights offer a well-rounded view of
how 5G is shaping the landscape of modern urban development.

2.1. Technological Overview

5G technology revolutionizes smart cities by offering the strong foundation necessary
for intricate, interconnected systems [11,12]. In comparison with 4G, 5G offers unparalleled
features. Capable of reaching speeds of up to 10 Gbps, which is ten times faster than 4G, it
can facilitate HD video streaming, communication for autonomous vehicles, and smooth
connections for AR and VR applications [13-15]. This speed greatly cuts down on download
and response times, allowing data-heavy urban applications to run more smoothly [11-14].

Another key characteristic of 5G is its extremely minimal latency, with delays being
as low as only 1 millisecond. This timely response is essential for instant-use scenarios
like self-driving vehicles, telemedicine, and emergency assistance, as any slight delays
can significantly affect the outcomes [16,17]. Moreover, 5G can handle a large number
of connected devices, with the capability of supporting up to one million devices within
a square kilometer [13,18]. This feature is crucial for smart cities, as IoT devices such
as sensors, cameras, and connected appliances produce large volumes of data that need
smooth communication and control [19,20].

Figure 1 illustrates the comparison of the performance of different wireless genera-
tions in smart city applications, showing how 5G outperforms previous technologies in
important performance measures [21-27]. The logarithmic scale representation highlights
the exponential enhancements in speed, latency, and device connectivity provided by 5G.

Comparison of Wireless Generations for Smart Cities
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Figure 1. Performance comparison of wireless generations for smart city applications [24,26,27].

The improvements in speed, latency, and device connectivity represented in Figure 1
have direct and transformative implications for smart cities. The remarkable increase
in data transfer speeds with 5G to up to 10 Gbps, means that applications requiring
heavy data usage, such as HD video streaming, remote monitoring, and real-time traffic
management, can run seamlessly [21-24]. This enhanced speed supports critical urban
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functions like autonomous vehicles, which rely on rapid data exchanges for navigation
and safety and facilitates advanced augmented and virtual reality applications that are
becoming increasingly vital for sectors like healthcare and education. With significantly
reduced download and response times, urban services can now respond faster to the needs
of citizens, making smart cities more efficient and responsive.

The performance metrics in Figure 1 also highlight how 5G’s extremely low la-
tency can dramatically benefit time-sensitive applications such as self-driving vehicles,
telemedicine, and emergency services. A reduction in latency from 50 milliseconds with
4G to just 1 millisecond with 5G ensures that actions requiring immediate responses, such
as controlling traffic lights or deploying emergency services, can occur with minimal
delay [21-24]. This is critical in scenarios where a delay of even a fraction of a second
could lead to significant consequences. 5G’s ability to handle up to one million devices
per square kilometer addresses the growing need for connectivity in densely populated
urban environments [25-27]. With the proliferation of IoT devices that range from sensors
that monitor air quality to cameras used for security, 5G can accommodate the dense
data traffic typical in smart cities, ensuring that these systems communicate effectively
without interruption.

The graph in Figure 1 was constructed using estimated data from industry standards,
technical reports, and academic research on wireless communication technologies. The
values for speed, latency, and device density were selected based on general trends observed
in ITU and 3GPP specifications, as well as real-world network performance. The speed
measurements represent the best possible conditions, while the latency values reflect typical
response times in actual networks. The number of devices supported per square kilometer
highlights how each generation has improved in handling network congestion, especially
with 5G’s advancements in massive MIMO and network slicing.

Network slicing, enabled by 5G, introduces a layer of customization to smart city
infrastructure [28,29]. By creating dedicated virtual networks for specific applications
or services, operators can prioritize critical functions like emergency response systems,
ensuring that they receive the necessary bandwidth and low-latency connections for optimal
performance [30,31]. For less urgent tasks, such as entertainment or routine environmental
monitoring, a different network slice can be allocated, allowing for a more efficient use of
available resources. This flexibility helps to maintain a high level of service across all urban
functions, from transportation to public safety, by guaranteeing that essential services
are not impacted by non-essential network traffic [28-31]. 5G’s network slicing ensures
that smart cities remain highly adaptable, scalable, and capable of managing diverse and
evolving demands.

2.2. Existing Applications of 5G in Smart Cities

The arrival of 5G technology has greatly enhanced the functions of smart cities, ush-
ering in a new age of connectivity and innovation in multiple areas [9,32]. Some of the
most revolutionary applications include IoT for urban oversight, intelligent transporta-
tion networks, and public safety frameworks, all of which utilize the low latency, high
speed, and extensive device connectivity provided by 5G [20,32]. Prior to 5G’s deployment,
these applications faced several challenges, such as network congestion, limited device
connectivity, and delays in real-time data transmission [9,32]. In urban IoT networks, for
instance, limited bandwidth and high latency obstructed the timely collection and analysis
of data, decreasing the effectiveness of systems like waste management, environmental
monitoring, and smart traffic control. As cities expand and more devices are connected,
these limitations have become more apparent, causing inefficiencies in resource manage-
ment and emergency response times. 5G directly addresses these limitations by providing
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a high-speed, high-capacity network with ultra-low latency, which is needed for real-time
applications that smart cities rely on [20,32].

IoT for urban monitoring is needed for smart cities to effectively manage resources
and to enhance the quality of life in urban areas. 5G improves loT networks by enabling
a large volume of connected devices with low latency, facilitating real-time data gathering
and analysis throughout different urban systems [18,20,30,31]. For instance, environmental
sensors placed in urban areas can track air quality, noise pollution, and water consumption,
delivering practical information to city officials [33,34]. In the same way, intelligent waste
management solutions utilize loT-connected bins that relay fill levels, improving collection
routes and lowering operational expenses [35,36]. These applications illustrate how 5G
enhances data-driven decision-making, ensuring that urban areas become more sustainable
and enjoyable to live in.

However, current implementations of IoT in smart cities face limitations, such as net-
work interference, inefficient data processing, and inadequate communication between de-
vices in densely populated environments [18,20,30]. Traditional communication networks,
like 4G, struggle with meeting the increasing demand for enhanced device connectivity and
data transmission [22-24]. 5G’s capability of managing millions of connected devices simul-
taneously and of transmitting data with minimal delay significantly improves the reliability
and responsiveness of these systems [34,35]. By eliminating bandwidth bottlenecks and im-
proving real-time processing, 5G promotes a smoother and more efficient functioning of IoT
applications ranging from waste and energy management to environmental monitoring.

Figure 2 depicts how IoT devices are connected in a smart city environment via an
urban sensor network. The illustrated network in Figure 2 is a representation of a wireless
sensor network (WSN) tailored for urban environments, specifically within the context of
smart city infrastructure [32,33,36]. These networks consist of interconnected IoT sensor
nodes that collaborate to monitor, collect, and transmit real-time data such as traffic flow,
air quality, energy consumption, and infrastructure health across various city systems. In a
smart city setting, such networks play a critical role in enabling adaptive services, ensuring
efficient resource usage and supporting data-driven governance. The network shown in
Figure 2 embodies a decentralized and self-organizing architecture typical of WSNs, where
nodes interact without the need for a central controller, mimicking the way IoT devices
naturally integrate into urban ecosystems. Its graph-based representation also reflects
real-world communication patterns among devices, which is essential for modeling and for
improving urban connectivity.

To simulate this network, a computational model was employed using a probabilis-
tic graph-based approach, which mirrors how IoT devices might establish communica-
tion links in practice. The network was generated using a simulation where 20 sensor
nodes were randomly placed within a defined area, with their positions defined within
a two-dimensional area. Each node is assigned to a unique pair of X and Y coordinates to
reflect the varied geographic deployment.

The connectivity between these sensors was established using a fixed probability-based
approach, meaning that each sensor had a 30% chance of being connected to any other
sensor in this case. This is used to reflect the real-world uncertainty and dynamic nature
of wireless links in urban environments, which can be affected by physical obstructions,
interference, or transmission range limitations. The data were stored in an adjacency
matrix, a mathematical structure used to define whether nodes are directly connected. The
matrix was then used to construct an undirected graph representing the communication
network. The visual output not only maps out the spatial layout of the sensor nodes but
also provides an intuitive understanding of how urban IoT systems might self-organize
and maintain real-time communication. IoT devices in a network are effortlessly combined
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to oversee and control urban systems in real time [20,32,33]. This network serves as the
foundation for digital twins, allowing for the virtual duplication of the city’s infrastructure
and dynamics by delivering precise real-time data from physical sensors [32-35]. The
extensive implementation of 5G technology improves this ecosystem by providing ultra-
low-latency and high-speed communication, facilitating rapid data transfer between the
sensors and the analytical systems [33,35]. Collectively, these technologies facilitate a more
intelligent resource distribution, anticipatory maintenance, and enhanced urban living,
emphasizing the collaboration among IoT, digital twins, and 5G in defining the future of
smart cities [32,33,35].

Urban Sensor Network Expansion: 10T Device Connectivity
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Figure 2. 5G IoT device connectivity: urban sensor network expansion [32,33,36].

Before the rollout of 5G, digital twins and real-time data models often encountered
delays and data inconsistencies due to slower network speeds and their limited communi-
cation capacity. This affected the accuracy and timeliness of simulations, making it difficult
to forecast urban dynamics effectively. 5G’s rapid data transfer capabilities ensure the
smooth integration of data from multiple IoT sensors into digital twin models, allowing
for more accurate and timely predictions of urban behavior. The ultra-low latency of 5G
ensures that these predictions can be acted upon almost immediately, enabling smarter
decision-making and improving the standard of living in urban areas.

Real-time environmental monitoring in smart city infrastructure is illustrated in
Figure 3 by a connected network of IoT sensors powered by 5G [33,37-39]. Each node
represents a sensor collecting data concerning air quality, temperature, or traffic informa-
tion [33,37]. The edges indicate strong low-latency 5G links that facilitate uninterrupted
communication [37-39]. Spatial differences in environmental conditions are accentuated by
the heatmap overlay, facilitating dynamic data-driven insights [38,39]. This representation
corresponds with digital twin technology by presenting a virtual model of urban areas,
enabling predictive simulations and effective city governance [9,13,38]. Through the incor-
poration of 5G, the system provides scalable, dependable, and high-velocity data transfer
for the consistent functionality of smart city environments in real-time [33,37-39].
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Real-time Environmental Monitoring Metrics with 5G
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Figure 3. Real-time environmental monitoring metrics with 5G [33,37-39].

Figure 3 was generated through a MATLAB R2024b simulation designed to reflect the
operational realities of a 5G-enabled wireless sensor network in an urban environment.
The network consists of 20 IoT sensor nodes randomly distributed across a 50 x 50 unit
area, representing the spatial unpredictability of sensor deployment in real-world smart
cities. Connections between nodes are established based on a distance threshold, where any
two nodes within 15 units are considered to be directly connected, simulating the reliable
range of 5G communication. This threshold ensures that the network captures the benefits
of 5G’s ultra-reliable and low-latency capabilities, particularly in densely packed urban
zones. The underlying network structure is visualized as an undirected graph using an
adjacency matrix, which monitors all pairwise connections and underpins the visual layout
of the sensor web. The heatmap overlay is based on node positions, reflecting variations in
the environmental data intensity, such as pollution levels or temperature gradients, thereby
transforming static spatial data into an interpretable dynamic metric. This visualization not
only illustrates the physical arrangement and communication paths of the network but also
underlines the system’s potential for supporting real-time, location-aware environmental
analytics, which are essential for smart city decision-making.

Previously, environmental monitoring systems in smart cities faced the challenge of
processing large volumes of data from a variety of sources, leading to delays in reporting
and decision-making. Traditional networks were often unable to support the fast-paced,
real-time demands of environmental monitoring, especially in densely populated areas,
where data traffic is particularly heavy. 5G’s ability to control this surge in data traffic
without delays ensures that environmental conditions can be monitored in real time,
allowing cities to respond faster to pollution spikes, traffic congestion, and other urban
challenges [33,37,38]. This provides city officials with the tools they need to manage
resources more effectively and to respond to environmental concerns more swiftly.

Within the field of smart transportation, 5G is also used to facilitate the development
and implementation of self-driving vehicles and advanced traffic control systems [40—42].
The ultra-reliable low-latency communication (URLLC) aspect of 5G ensures that self-
driving vehicles can share critical information with other vehicles, infrastructure, and
control centers instantly via a reliable communication network [43,44]. This communication
is needed for enhancing safety and improving traffic movement in crowded regions [40,41].
Intelligent traffic systems powered by 5G analyze traffic patterns and dynamically adjust
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signals to alleviate congestion and increase efficiency [40—42]. Cities such as Cape Town,
eThekwini, Tshwane, and Johannesburg in South Africa are also exploring these technolo-
gies and the potential of 5G to transform urban living [45,46]. These smart cities make use
of digital technologies to enhance efficiency, optimize resource usage, and reduce emissions,
aligning with global sustainability goals.

Before the advent of 5G, smart transportation systems encountered difficulties in
handling the vast quantities of data produced by connected vehicles, traffic signals, and
road infrastructure [40—42]. With their limited bandwidth and higher latency, earlier
networks struggled to facilitate instant communication between these systems, leading
to slower response times and less accurate traffic predictions [43,44]. The introduction of
5G addresses these limitations by enabling real-time data exchange between self-driving
vehicles, traffic management systems, and infrastructure [42-44]. This capability enhances
the safety and efficiency of transportation networks, contributing to smoother traffic flow,
reduced congestion, and safer roads.

Figure 4 demonstrates the significant effect of 5G technology in improving traffic
management efficiency at urban intersections of smart cities [40,42,43]. Through ultra-low-
latency communication and elevated data transfer rates, 5G promotes real-time data sharing
among interconnected infrastructure, vehicles, and central traffic control systems [43,44].
This development increases the accuracy of digital twins, which are virtual representa-
tions of urban traffic systems by supplying current data for simulations, forecasts, and
choices [40-42]. The efficiency improvements in Figure 4 emphasize 5G’s importance in
controlling traffic flow, minimizing congestion, and facilitating sustainable urban mobility,
aligning with smart city objectives of boosting operational efficiency and enhancing quality
of life.

100 T
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Figure 4. 5G impact on traffic management efficiency [40,42,43].

The communication latency between self-driving vehicles in Figure 5 showcases im-
provements necessary for efficient and reliable vehicle-to-vehicle (V2V) communication
in smart cities [42,47-49]. Figure 5 was developed using a MATLAB simulation that
models the latency performance of communication links within a network of self-driving
vehicles. In the simulation, each vehicle is assigned a unique identifier, and the com-
munication latency between every pair of vehicles is represented as a symmetric matrix,
where lower values indicate faster, more responsive connections. The matrix is visualized
using a heatmap to intuitively convey the intensity of latency values across the network.
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This visualization not only emphasizes the critical need for low-latency connections in
autonomous vehicle coordination but also reflects real-world complexities where the com-
munication performance may vary between nodes. By capturing these differences, the
figure reinforces the necessity for robust, high-speed, and stable vehicle-to-vehicle (V2V)
communication systems, particularly in dynamic and unpredictable urban environments.
The use of a professional colormap and scaled axes enhances its interpretability. Figure 5
illustrates how 5G technology can significantly reduce communication delays through the
support of a safe and synchronized operation of autonomous systems within smart cities.

V1
V2
V3
\Z
V5

vel |

V7

Receiving Vehicle

\%:]
\%)

V10

Vi V2 V3 V4 V5 V6 V7 V8 V9 V10
Transmitting Vehicle

Figure 5. Self-driving vehicle communication latency improvements [42,47-49].

By leveraging 5G technology, these enhancements facilitate real-time communications
that are needed for coordinating autonomous vehicles [42,47,49]. This corresponds with the
digital twin concept, where digital replicas of urban spaces, such as vehicles, consistently
engage with real-time data to improve decision-making, traffic control, and safety [47,49].
The illustration highlights the importance of sophisticated communication networks in
incorporating autonomous systems within smart city frameworks.

Public safety systems greatly gain from 5G-enabled solutions, which improve their
capacity to handle emergencies and reduce risks [50,51]. 5G enables the implementation
of sophisticated surveillance systems equipped with Al-driven video analysis, which
can identify anomalies or suspicious behaviors instantly [52,53]. Emergency services,
likewise, utilize 5G networks to create dependable communication links, ensuring quicker
response times and coordination during urgent situations [50-52]. Wearable technology
for first responders, like health monitors and location trackers, functions effortlessly on
5G networks, delivering fundamental information during rescue missions [52,53]. These
systems, when integrated together, can enhance the safety and robustness of urban regions,
cultivating a feeling of security among inhabitants.

A 5G-enabled emergency response communication architecture is depicted in Figure 6,
illustrating the seamless connectivity between IoT devices, 5G base stations, and a central
command hub [20,51-53]. Dashed lines represent loT-to-base station communications
for real-time data collection. Solid lines depict base station-to-hub links for centralized
processing and decision-making. To provide visual clarity and contextual relevance, the
background of Figure 6 was constructed using MATLAB to simulate a realistic layout
of a 5G-enabled emergency communication scenario. In this visualization, multiple IoT
devices, each representing various emergency responders and smart sensors, are randomly
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distributed within a defined urban space. These devices are algorithmically connected to
their nearest 5G base stations, which serve as intermediate nodes facilitating high-speed,
low-latency communication. The base stations, in turn, maintain direct links to a centralized
command hub responsible for aggregating and analyzing the incoming data. This spatial
and topological arrangement reflects how such networks would function in real-world
smart city deployments.

5G-Enabled Emergency Response Communication Architecture
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Figure 6. 5G-enabled emergency response communication architecture [20,51-53].

The plotted connections, color-coded nodes, and strategic placement of network com-
ponents aim to capture the architecture’s efficiency and responsiveness in emergency
situations. By portraying the dynamic interplay between sensing, transmission, and cen-
tralized decision-making, Figure 6 underscores the infrastructure’s role in enabling robust
and scalable emergency response systems. This architecture aligns with smart cities” objec-
tives, where digital twins leverage such infrastructure for predictive analysis and efficient
emergency management. The robust integration of IoT and 5G enhances situational aware-
ness and rapid responsiveness, accentuating its potential in advancing urban resilience
and safety [20,51].

The relationship between latency and key Al surveillance performance metrics such as
accuracy and bandwidth utilization are shown in Figure 7. There are critical trade-offs in 5G
network environments [51-53]. As the latency decreases, both the accuracy and bandwidth
utilization improve, demonstrating the potential of 5G to enhance real-time responsiveness
and data efficiency [20,51]. The graph presented in Figure 7 was generated using MATLAB
as part of a study on Al surveillance performance metrics under 5G network conditions.
The data used for its creation were manually defined rather than sourced from an empirical
dataset, with the primary objective of illustrating expected trends in Al-driven systems
operating under varying latency conditions. Specifically, the plotted metrics include ac-
curacy (%) and bandwidth utilization (%), both measured as functions of latency (ms).
The selected values reflect a trend-based approach, where accuracy increases with latency,
potentially due to improved data processing capabilities, while bandwidth utilization also
rises, likely because higher latency conditions allow for greater data transmission. These
trends align with established principles in networked Al systems, where latency often
influences the trade-off between computational performance and resource consumption.
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While the dataset is not derived from real-world measurements, it was intentionally de-
signed to simulate plausible system behavior, making it useful for conceptual analyses.
This approach enables a clear visualization of performance trends, facilitating a deeper
understanding of how Al surveillance systems may interact with 5G network parame-
ters. Real-time Al-driven surveillance systems require high precision and seamless data
exchange to model, monitor, and predict urban dynamics effectively [51,52]. The adoption
of low-latency 5G networks can significantly optimize Al applications, enabling smarter
and more responsive urban infrastructure. By incorporating 5G into these applications,
smart cities can reach an enhanced level of efficiency, sustainability, and safety.
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Figure 7. Al surveillance performance metrics with 5G networks.

2.3. Limitations of Applications of 5G in Smart Cities

Although 5G technology presents exceptional possibilities for the development of
smart cities, its actual application does encounter challenges. A major problem is the ex-
pensive nature of installing the necessary infrastructure [33,54]. Developing the extensive
network of small cell towers needed for 5G’s high-frequency signals demands substantial
financial resources [54,55]. These expenses encompass not just the setup of hardware but
also continuous maintenance and improvements. This presents a hurdle for financially con-
strained municipalities, especially in developing areas, where financing for these initiatives
competes with other urgent urban requirements [33,54,55].

Another drawback is the restricted coverage and reach of 5G signals. In contrast to
earlier generations, 5G networks mainly function on millimeter-wave frequencies, offering
fast data speeds but facing signal losses over long ranges and obstructions such as buildings
and trees [10,15,36]. This constraint is especially challenging in urban areas, where thick
infrastructure may obstruct signals and necessitate extra base stations to guarantee uninter-
rupted connectivity [18,32,38]. In practical terms, this indicates that obtaining dependable
coverage across the entire city can be a challenging and costly endeavor [10,36].

The energy requirements of 5G networks also poses a notable constraint. The greater
concentration of base stations and the elevated power demands for handling substantial
amounts of data can result in increased energy use relative to 4G networks [11,20,56]. This
contradicts the sustainability objectives of smart cities, which seek to minimize environ-
mental effects. In the absence of energy-efficient technologies, the implementation of 5G
may worsen urban energy problems [36,38]. Researchers are investigating options like
renewable energy integration and sophisticated power-saving algorithms; however, their
large-scale implementation is still a work in progress [56,57].

Concerns regarding data privacy and security also limit the extensive use of 5G in
smart city applications. As the number of interconnected devices and systems expands,
smart cities produce vast amounts of sensitive information [15,19,20]. The low latency
and high-speed features of 5G allow for real-time data processing, yet they also widen
the attack surface for cyber criminals [13,14]. Reinforcing data security in a vast and ever-
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changing network landscape necessitates sophisticated encryption techniques and strong
cybersecurity structures, which are costly and technically intricate to deploy [36,51].

The absence of interoperability and standardization among smart city platforms
obstructs the efficient use of 5G. Various vendors and service providers frequently utilize
proprietary technologies, leading to compatibility challenges [13,14]. The combination
of transportation systems with environmental monitoring tools might need substantial
customization because of non-standard communication protocols [19,20]. This lack of
consistency makes it difficult to implement extensive, integrated smart city solutions and
restricts their scalability.

While 5G technology offers significant potential for smart cities, its limitations as sum-
marized in Table 1, contribute to broader challenges in its deployment. These challenges,
discussed in the next section, encompass security concerns, interoperability concerns, and

the complexities of large-scale urban integration.

Table 1. Summary of the limitations in 5G deployment for smart cities and proposed mitigations.

Limitation

Description

Implications

Current Solutions

High Infrastructure

Costs

5G requires dense and
expensive infrastructure.
Ongoing maintenance
is required.

Limits rollout in
low-budget areas.
Delays the full
implementation.

Shared funding and
phased deployment.
Cost-efficient hardware
in development.

Limited Coverage

5G signals are short-range,
blocked easily.
Hard to maintain strong,
city-wide signal.

Requires many base stations
for full city coverage.

Reduces network reliability.

Smart antennas and
hybrid networks.
Al-based
signal optimization.

High Energy Use

More base stations and data
load raise energy demand.
May conflict with green
city goals.

Increases energy costs and
environmental impact.

Limits sustainability.

Energy-saving hardware
and renewable sources.
Sleep modes and smart

grids in testing.

Security and
Privacy Risks

More devices and real-time data
increase cyberattack risks.
Sensitive data need
better protection.

Threatens privacy and safety.

High cost to protect
infrastructure.

Encryption and secure 5G
frameworks.
Blockchain and intrusion
detection tools.

Interoperability
Concerns

Devices and platforms often use
different standards.
Vendors use
proprietary protocols.

Hard to integrate systems.

Increases customization
costs and limits scalability.

Open standards and
unified APIs.
Cross-vendor frameworks
in development.

Regulatory and
Policy Barriers

Deployment restricted by local
rules and spectrum policies.
Health concerns can
cause resistance.

Slows infrastructure rollout.

May block installation of
base stations.

Policy alignment
and reforms.
Awareness campaigns and
safety reviews.

Device Readiness

Older devices lack 5G support.

Few universal device standards.

Costly to upgrade or
replace systems.

Slows smart city integration.

Backward-compatible
upgrades.
Industry push
for standardization.

Digital Divide
and Accessibility

High costs and limited rollout

may exclude low-income areas.

Coverage often favors wealthy
or commercial zones.

Unequal access to smart
city benefits.
Worsens inequality in
tech access.

Subsidies and
inclusive policies.
Community-driven
deployment models.
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3. Emerging Challenges in Smart City Deployments

Building upon the limitations outlined in the previous section, this section explores the
broader emerging challenges that impact the successful deployment of smart city technolo-
gies. The introduction of smart city technologies, although providing revolutionary urban
management solutions, encounters various challenges that need to be resolved for their
successful and extensive implementation. A key concern is scalability, especially in heavily
populated city areas where millions of devices are linked through IoT systems [10,36,51].
With the rise in connected devices, network infrastructure frequently faces challenges
in sustaining reliability and low latency, resulting in bottlenecks that hinder real-time
decision-making abilities [32,33,35,36].

Songdo, South Korea, exemplifies a smart city that has effectively addressed the
scalability challenges linked to IoT networks [58,59]. The city has incorporated millions of
interconnected devices that demand significant network resources to guarantee smooth
communication and instant decision-making capabilities. The infrastructure of Songdo is
built to manage data from multiple sources, including smart buildings, transport networks,
and environmental sensors, utilizing a strong IoT framework [58,59]. An essential approach
for Songdo in addressing scalability challenges is the implementation of a collaborative
communication strategy across business networks [58,59]. Through the implementation of
technologies such as distributed multi-user detection systems, Songdo has greatly improved
its network dependability, minimizing congestion and bottlenecks that frequently arise in
densely populated metropolitan regions. This guarantees that data transition smoothly,
even amidst high-demand intervals. Songdo’s method emphasizes dynamic load balancing,
wherein network resources are smartly allocated according to real-time demand, enabling
the city to sustain low latencies and high availability within its IoT networks [58,59].
These approaches enhance Songdo’s capacity to handle the extensive array of devices and
applications in its smart city environment, showcasing how scalability can be successfully
managed in highly populated urban settings. Thus, ensuring reliable connectivity in
extensive IoT implementations demands significant infrastructure improvements and
resource distribution [33,35,36].

The distribution of 5G infrastructure costs across key urban sectors in urban digital-
twin smart cities is depicted in Figure 8. The Residential sector accounts for the largest
share at 35%, followed by Commercial at 25% and Transport at 15%, reflecting the priority
toward connectivity and digital services. Smaller shares are allocated to Healthcare (10%),
Education (8%), and Public Services (7%), highlighting a balanced investment approach
to enhance urban functionality and smart city objectives. The data used for this visualiza-
tion are based on a reasonable allocation model of approximation rather than real-world
empirical values to highlight key investment areas. If precise cost distributions are re-
quired, further validation using updated industry reports and financial studies would be
necessary. Factors such as population density, demand for connectivity, and sector-specific
digital transformation goals need to be considered for better accuracy [60-62]. Differences
may occur due to regional variations in urban development approaches and changing
rates of technology adoption. Figure 8 provides a conceptual representation of the cost
distribution of 5G infrastructure across various urban sectors within the context of urban
digital twins and smart cities [33,60,63,64]. The purpose of this figure is to illustrate the
relative importance of different sectors in 5G deployment rather than to present an exact
financial breakdown.
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Figure 8. 5G infrastructure cost distribution across urban sectors [33,60,63,64].

Smart city infrastructure, particularly those utilizing 5G networks, require significant
energy to operate base stations, edge computing devices, and user-end equipment [36,55].
As the focus on sustainability increases, it has become essential to attain energy-efficient
network operations [38,51]. Studies indicate that although 5G provides enhanced data
speeds and capacity, its rollout is linked to increased power consumption when compared
with earlier generations [36,54,55].

Dubeai, in the United Arab Emirates, has pioneered efforts to incorporate sustainable
solutions into its 5G network framework, tackling the considerable energy usage linked to
these advanced technologies [65,66]. With the rollout of 5G networks, the need for faster
data speeds and more dependable connectivity increases, leading to a significant increase
in energy requirements [36,54,55]. Dubai, however, has actively begun incorporating
renewable energy sources, including solar energy, into its 5G functions [65,66]. The city has
established a system whereby solar panels energize numerous 5G base stations and edge
computing devices, greatly decreasing the carbon footprint of the infrastructure [65,66].
This combination not only reduces the environmental effects of 5G but also guarantees
a more sustainable and energy-efficient functioning. Dubai has investigated flexible power
distribution systems that modify the energy usage according to the network demand,
lowering energy consumption during times of reduced traffic [65,66]. These initiatives
correspond with Dubai’s larger aim of being among the most sustainable cities worldwide,
while ensuring the high connectivity standards essential for a smart city [65,66]. The city’s
strategy for deploying 5G in an energy-efficient manner serves as a blueprint for other
urban regions aiming to harmonize technological progress with sustainability.

Options like dynamic power distribution and the integration of renewable energy are
under investigation but need additional improvements and broader acceptance [19,51,54].
The energy consumption of 4G and 5G network deployments across various categories in
urban digital-twin smart cities are compared in Figure 9. While 5G offers superior data
speeds and connectivity, its energy demands are higher than those of 4G across residential,
commercial, industrial, and public spaces [10,28,57,67]. This is attributed to the additional
infrastructure required for 5G, such as a larger number of base stations and edge computing
devices [57,67]. The data underscore the importance of energy-efficient solutions, including
dynamic power distribution and renewable energy integration, to mitigate the sustainability
challenges associated with 5G networks.
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Figure 9. Energy consumption comparison: 4G vs. 5G network deployment [10,28,57,67].

Data privacy and security present significant challenges in the operation of smart
cities [37,51]. The widespread deployment of sensors and data-focused applications pro-
duces enormous amounts of confidential information, such as personal, behavioral, and
environmental data. It is vital to collect, store, and process these data securely to uphold
public trust [19,36]. Nonetheless, cyberattacks aimed at IoT devices and essential urban
infrastructure have revealed weaknesses in existing systems [19,36,37]. The development of
strong encryption systems, safe access structures, and unified threat identification processes
is required to reduce these risks [36,37].

Economic and social obstacles add to the challenges of smart city projects. Introducing
5G-supported smart city solutions demands considerable financial investment in infrastruc-
ture, which may be impractical for cities in developing areas. The digital divide worsens
inequalities, since economically disadvantaged groups might have restricted access to
the advantages of smart city technologies. Decision-makers and city planners need to
focus on inclusive strategies that promise fair access and reduce social inequalities. By
prioritizing scalable and energy-saving solutions, improving cybersecurity, and promoting
interoperability, smart cities can address these challenges to realize their complete potential.

4. Integrating 5G with Real-Time Digital Twins

The basic principle of digital twins revolves around generating a dynamic virtual
replica of a physical system, enabling continuous synchronization between the digital
and physical worlds [9-11]. A digital twin is built using data collected from sensors, IoT
devices, and other sources, allowing it to mirror real-world conditions in real time [36,68].
Through the use of advanced analytics, simulations, and artificial intelligence, digital twins
provide significant insights into system behavior, predict future states, and optimize perfor-
mance. This technology has been widely adopted across industries from manufacturing
and healthcare to urban planning, where it enhances decision-making, improves efficiency,
and reduces operational risks [10,11].

The concept of integrating real-time digital twins into smart cities focuses on a vir-
tual depiction of a physical entity that has surfaced as a game-changing instrument for
overseeing intricate systems [9,10]. These digital representations offer an active, real-time
perspective of city infrastructure, enabling urban planners and stakeholders to assess per-
formance, anticipate problems, and model scenarios for informed decision-making [9,67].
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For instance, a digital twin of an urban water distribution system could provide real-time
monitoring of water pressure, consumption, and potential leakages. If a system detects a
decrease in water pressure in a particular district, it can alert operators about possible leaks
and recommend preemptive maintenance actions, thus minimizing downtime and saving
on operational costs.

The efficiency of digital twins relies on the capacity to handle and evaluate large
volumes of real-time information. This is where 5G technology is needed for the supply
of fast, low-latency, and dependable connectivity to facilitate the smooth functioning of
real-time digital twins [10,37,62]. In practice, this means that 5G networks enable faster
data transfer between IoT devices (such as sensors and actuators) and digital twin systems,
which is needed for applications like autonomous traffic management, real-time disaster
response, and energy-grid balancing. For example, 5G enables smart traffic systems that
control traffic signals based on current traffic patterns and sensor inputs possess the
capability to significantly reduce road congestion and travel time during peak hours.

The 5G network architecture for real-time digital twin infrastructure represented in
Figure 10 shows the key components and their interconnections. At the core of this archi-
tecture is the Core Network (blue), which serves as the central hub; this manages the data
traffic and links with the Radio Access Network (RAN) (green) to facilitate wireless commu-
nication [10,60,63]. The Core Network controls essential functions such as authentication,
security, mobility management, and data routing, thus ensuring that different digital twin
applications operate seamlessly across multiple connected devices and services.

Edge Computinb [oT Device
\

Radio Access Network (RAN) loT Device\b

Figure 10. 5G network architecture for real-time digital twin infrastructure [9,10,67].

A fundamental component of this architecture is Edge Computing (red), which is
strategically placed close to IoT devices (cyan) to allow for real-time data processing
with minimal latency. Unlike traditional cloud computing, where all the data are sent to
centralized data centers for processing, edge computing enables computations to occur at
network edges, reducing the time needed for data transmission. This radically improves
response times, making real-time digital twins highly effective for applications that demand
instant decision-making, such as autonomous traffic control, emergency responses, and
smart energy management [10,37,60,63].

In a real-time traffic management system, for instance, sensors embedded in roads and
traffic lights continuously collect data about vehicle density, pedestrian movement, and
environmental conditions. These data are processed at the edge, where Al algorithms can
immediately adjust traffic signals to prioritize emergency vehicles and optimize road usage,
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thereby reducing congestion [9,10,37]. Similarly, in disaster management, edge computing
provides instant flood detection by analyzing water level sensors in real time and sending
alerts to local authorities before major damage can occur.

The network connections in this architecture, as depicted in Figure 10, are categorized
into solid lines and dashed lines to represent the different types of data exchanges. Solid
lines represent the direct connections between the Core Network, RAN, and Edge Comput-
ing, illustrating that the backbone infrastructure of 5G is stable and capable of handling
high-bandwidth and low-latency communication. Dashed lines represent the real-time
data flow from Edge Computing to IoT devices to enable bidirectional communication.
This is critical for applications that require continuous feedback loops, such as predictive
maintenance in smart factories and real-time air-quality monitoring in urban areas.

This 5G-enabled architecture supports real-time data management and processing,
which is a requirement for the efficient operation of digital twins. By harnessing the
advanced capabilities of 5G technology, particularly its three key attributes, which con-
sist of ultra-reliable low-latency communication (URLLC), massive machine-type com-
munication (mMTC), and enhanced mobile broadband (eMBB), smart cities can suc-
cessfully deploy and scale real-time digital twin systems with remarkable accuracy
and responsiveness [9,10,37,62,67].

Ultra-reliable low-latency communication (URLLC) ensures that digital twin applica-
tions requiring instantaneous data transmission, such as autonomous traffic control, remote
healthcare, and industrial automation, can operate with minimal delays [9,62,67]. This is
vital in situations such as connected vehicle networks, where even milliseconds of com-
munication delay between vehicles and traffic management systems can have a significant
impact on road safety and congestion control.

Massive machine-type communication (mMTC) supports the simultaneous connectiv-
ity of billions of IoT devices, such as smart sensors, surveillance cameras, environmental
monitors, and infrastructure-tracking systems [9,67]. In a smart city, this capability enables
large-scale data collection from numerous sources, ensuring that digital twins can compre-
hensively analyze urban conditions, identify anomalies, and optimize city operations in
real time.

Enhanced mobile broadband (eMBB) delivers high-speed, high-bandwidth connec-
tivity, allowing digital twins to process and visualize complex datasets, 3D models, and
high-definition simulations without delays [62,67]. This is especially advantageous for
virtual city planning, augmented reality (AR) applications, and overseeing infrastructure
remotely, enabling urban planners and stakeholders to evaluate possible developments,
model disaster situations, and make informed decisions effectively.

Through the integration of these 5G features, smart cities can effortlessly link, oversee,
and control extensive digital twin ecosystems, enabling proactive choices, better resource
distribution, and strengthened urban resilience in multiple domains like transportation,
energy, public safety, and environmental management [62,67].

One of the key best practices in designing 5G-enabled digital twin architectures is
network slicing, which partitions the 5G Core Network into multiple virtual networks,
each optimized for specific use cases. High-speed, low-latency slices can be allocated to
autonomous vehicle networks, providing real-time navigation and enhanced safety through
the minimization of communication delays [62,67,69,70]. Large IoT segments can aid sensor
networks within the public infrastructure by continuously tracking building integrity, air
quality, and water supply systems to improve urban governance [67,69,70]. High-security
slices or segments may be designated for governmental functions and emergency response
systems, ensuring uninterrupted communication during critical events [62,67,70].
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A highly promising use of this architecture is in smart grids, where digital twins of
power distribution networks assess voltage variations, energy requirements, and equip-
ment efficiency in real time [40,47,62,71]. By integrating 5G with edge computing, utility
providers can detect faults in power lines, predict maintenance needs, and optimize energy
distribution, leading to higher efficiency and reduced downtime. For example, when
a transformer shows initial signs of malfunction, the digital twin can initiate preventive
maintenance, avoiding expensive outages and maintaining a consistent and dependable
electricity supply for consumers.

The 5G network architecture for real-time digital twin infrastructure serves as the
foundation of advanced smart city environments, facilitating improved efficiency, flexibility,
and durability in urban planning and management [9,10,37,62,67]. The integration of
high-speed wireless communication, edge computing, and sophisticated data processing
allows digital twins to actively engage with their physical equivalents, facilitating data-
driven decision-making in diverse industries, including transportation, healthcare, energy,
and security.

A major advantage of integrating 5G with digital twins is its capacity to support expan-
sive IoT ecosystems with high-density connectivity and real-time data processing [37,67].
Modern smart cities rely on a vast network of interconnected sensors, cameras, autonomous
vehicles, and smart grids that continuously generate and exchange data. The ultra-reliable,
low-latency capabilities of 5G ensure that these digital twins receive accurate, real-time
updates, enhancing their ability to simulate, predict, and optimize urban systems effi-
ciently [10,55,71]. For instance, 5G-powered digital twins of traffic systems can dynamically
analyze sensor data from intersections, vehicles, and pedestrian crossings to modify signal
timings, reroute traffic, and prevent congestion in real time [40,47,62,71].

Beyond traffic management, 5G enables edge computing to offload processing tasks
from central servers, reducing delays and improving response times for critical urban
services. This distributed approach is especially beneficial for applications such as disaster
management, where edge-based digital twins of emergency infrastructure can rapidly
identify threats, optimize resource allocation, and trigger automated emergency responses
within seconds [10,71]. One particularly transformative use case is in urban water manage-
ment. A real-time digital twin of a city’s water distribution system can monitor pressure
fluctuations, contamination levels, and leaks, identifying anomalies that may indicate pipe
bursts or contamination risks. When integrated with automated control systems, these
digital twins can isolate affected areas, reroute the water supply, and dispatch maintenance
crews proactively, reducing disruptions and preventing resource wastage [62,67].

The significant reduction in latency achieved by edge computing compared with
traditional cloud-based processing within the context of urban digital twins for smart cities
is illustrated in Figure 11. As shown, edge computing (blue line) results in a lower latency
across various time steps, enhancing the efficiency of real-time data processing. This reduc-
tion in latency is critical for improving the responsiveness and overall performance of smart
city applications, enabling faster decision-making and better urban management [44,69,70].

Another potential application lies in infrastructure upkeep and predictive analy-
sis. By utilizing 5G-powered digital twins, urban areas can consistently track the sta-
tus of roads, bridges, and structures [9,10]. By examining patterns in sensor data, the
digital twin can foresee possible failures, arrange maintenance in advance, and avert
expensive repairs or disastrous incidents [62,67]. This forecasting ability not only pro-
longs the duration of infrastructure but also improves public safety and lowers long-term
operational expenses [36,37,55,71].
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Figure 11. Edge computing latency reduction in urban digital twins [44,69,70].

Despite its vast potential, the widespread adoption of 5G-powered digital twins comes
with significant technical and operational challenges. Deploying high-performance com-
puting resources, secure network infrastructure, and interoperable digital twin frameworks
demands substantial investment [69-71]. Since real-time digital twins rely on sensitive
urban and personal data, ensuring robust cybersecurity measures, encryption protocols,
and compliance with data privacy regulations is crucial. Overcoming these challenges is
essential to unlocking the full potential of digital twins and realizing the vision of truly
intelligent self-optimizing cities [69,70]. By enabling seamless data-driven urban manage-
ment, the synergy between 5G and digital twins is set to redefine the future of smart cities,
enhancing efficiency, sustainability, and quality of life for millions of urban residents.

5. Technological and Policy Recommendations

The effective implementation of 5G in smart cities necessitates a strategic blend of
technological progress and policy measures. Certain measures must be considered to
promote a smooth, safe, and sustainable incorporation of 5G technology into city landscapes.
By addressing key challenges such as infrastructure investment, interoperability, energy
efficiency, cybersecurity, data privacy, and stakeholder collaboration, cities can maximize
the benefits of 5G while minimizing potential risks.

One of the foremost challenges to 5G implementation is the extensive infrastructure
investment required for its deployment. Unlike previous generations of wireless technology,
5G depends on a dense network of small cell towers, fiber-optic cables, and advanced back-
haul connections to deliver ultra-low latency and high-speed data transmission [10,29,51].
These components necessitate significant financial investments from both public and pri-
vate sectors. Without adequate investment, 5G coverage will remain limited to major urban
areas, exacerbating the digital divide and leaving rural and underserved communities
without access to critical smart city services [36,71].

To address this challenge, governments need to establish policies that encourage in-
frastructure sharing among service providers to reduce costs and to accelerate deployment.
Financial incentives such as tax breaks, subsidies, and public—private partnerships can sig-
nificantly contribute to attracting investment in 5G infrastructure. Regulatory frameworks
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should be streamlined to facilitate faster approvals for small-cell deployment in urban
areas, reducing bureaucratic hurdles that often delay implementation.

Interoperability between 5G and existing communication networks is crucial for the
provision of seamless connectivity across different smart city applications. In the absence
of standardization, the merging of 5G with existing systems like 4G LTE, Wi-Fi, and IoT
networks may result in inefficiencies, higher expenses, and fragmented systems [13,14].
The establishment of global and national standards for 5G interoperability can en-
sure that smart city ecosystems function cohesively, allowing diverse technologies to
communicate effectively [32,38].

A communication protocol standardization roadmap is essential for achieving interop-
erability in complex digital ecosystems, particularly within smart cities and urban digital
twins [68,72,73]. By establishing a structured roadmap, stakeholders can systematically
identify gaps in existing standards, test and refine communication frameworks, and im-
plement scalable solutions that support future advancements [68,72,73]. This approach
fosters consistency, reduces fragmentation, and promotes collaboration between industry
players, regulatory bodies, and technology developers, ultimately enabling a more unified
and efficient smart city infrastructure.

The Communication Protocol Standardization Roadmap presented in Figure 12 is
a conceptual framework designed to illustrate the possible progression of communica-
tion protocol standardization within urban digital twins. The roadmap was generated
based on insights from existing research and general projections within the field of smart
cities and communication systems rather than being based on specific empirical data. The
hypothetical roadmap delineates four distinct phases: Exploration (2024), where gaps in
existing standards are identified; Pilot (2026), involving the development and testing of
pilot projects; Implementation (2028), marking the deployment of standardized protocols
across smart city systems; and Optimization (2030), focusing on iterative enhancements
and scalability to adapt to emerging technologies [68,72,73]. Each phase is strategically
aligned to address critical milestones, such as stakeholder collaboration, scalability test-
ing, and interoperability, ensuring a cohesive progression toward achieving a robust and
standardized communication framework [68,73].

Communication Protocol Standardization Roadmap in Urban Digital Twins
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Figure 12. Communication protocol standardization roadmap [68,72,73].
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The high energy consumption of 5G networks poses a significant challenge for
cities striving to meet sustainability goals [10,34,51]. Unlike previous network gener-
ations, 5G requires a greater number of base stations operating at higher frequencies,
leading to increased power consumption. To mitigate the environmental impact of
widespread 5G deployment, smart cities must integrate energy-efficient technologies into
their network infrastructure.

One approach is to leverage renewable energy sources, such as solar and wind power,
to power 5G base stations, decreasing the dependence on fossil fuels. Advancements
in energy-efficient hardware, such as dynamic power-saving mechanisms in network
equipment, can optimize power usage based on real-time demand [36,38]. Another vital
approach is Al-based network optimization, where machine learning algorithms predict
and adjust network loads dynamically to minimize unnecessary energy consumption. By
adopting these strategies, cities can synchronize 5G growth with worldwide sustainability
initiatives, lowering carbon emissions while maintaining high-performance connectivity.

The extensive connectivity enabled by 5G increases the risk of cyber threats that could
compromise essential urban infrastructure. Cyberattacks on 5G networks can disrupt
critical services such as transportation systems, healthcare facilities, and energy grids,
leading to severe societal and economic consequences [33,60]. As smart cities become
increasingly dependent on interconnected devices, robust cybersecurity frameworks must
be implemented to safeguard sensitive data and to ensure system resilience [3,30].

A comprehensive cybersecurity framework for 5G networks integrates firewalls, real-
time threat detection, and end-to-end encryption. Advanced encryption techniques, includ-
ing quantum-safe cryptography, protect data from cyber threats, while Al-driven intrusion
detection systems proactively detect and mitigate security breaches [36,51]. Beyond technol-
ogy, stringent regulatory policies and regular vulnerability assessments ensure compliance
with best practices. Public awareness initiatives further strengthen security by promoting
responsible digital practices among individuals and businesses.

The interconnected framework of cybersecurity risk mitigation strategies in 5G net-
works within urban digital-twin smart cities is depicted in Figure 13. Key nodes, includ-
ing the 5G tower, data center, IoT devices, and urban control center, represent critical
system components that are interconnected through cybersecurity measures [11,74,75].
The dashed lines signify secure communication links, emphasizing the importance of
robust encryption and real-time monitoring. Annotations highlight strategies such as
firewalls, threat detection, and data encryption, which safeguard against vulnerabilities in
the network [76,77]. The layout underscores the centrality of 5G infrastructure in enabling
seamless communication and control in urban digital twins while showcasing the layered
defense mechanisms necessary to protect sensitive data and to ensure system resilience
against cyber threats [75-77].

The proliferation of 5G networks in smart cities that are capable of generating vast
amounts of personal and operational data raises concerns regarding data privacy and
ethical data usage [51,77]. Without clear regulations, there is a risk of unauthorized data
collection, misuse, and potential violations of individual privacy rights.

To address these challenges, policymakers must establish comprehensive data pro-
tection frameworks that define how data are collected, stored, and utilized within smart
city ecosystems [11,75]. Regulations should make provisions for data anonymization, en-
suring that personal information remains secure while still enabling data-driven decision-
making [75,77]. Individuals should have greater control over their data, with mechanisms
such as explicit consent protocols and opt-in policies for data collection.
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Figure 13. Cybersecurity risk mitigation strategies in 5G networks [11,74-76].

Ethical considerations must also be considered, ensuring that 5G-powered smart city
applications align with societal values [11,75,77]. This consists of addressing potential
biases in Al-driven decision-making systems and ensuring transparency in how algorithms
process urban data. By implementing robust data privacy laws, cities can build public trust
in smart city initiatives and encourage the widespread adoption of 5G-enabled services.

The successful rollout of 5G in smart cities requires collaboration between govern-
ments, private sector stakeholders, and research institutions. Public—private partnerships
(PPPs) are essential for addressing financial and technical barriers, enabling quicker and
more efficient deployment of 5G infrastructure [10,68]. Governments can facilitate PPPs by
offering incentive-based collaboration models, where private companies invest in infras-
tructure in exchange for long-term operational benefits. Joint research initiatives between
academia and industry can also drive innovation, leading to the development of novel 5G
applications tailored to urban needs. Cross-sector partnerships can promote shared infras-
tructure models, where multiple network operators utilize the same physical infrastructure,
reducing redundancy and lowering deployment costs [68,75,77]. By fostering an ecosystem
of cooperation, cities can accelerate the transition to 5G while ensuring that technological
advancements benefit all stakeholders.

By tackling crucial technological and policy needs, smart cities can leverage the com-
plete capabilities of 5G to elevate urban life, boost efficiency, and encourage sustainability.
Investments in infrastructure, efforts to promote standardization, energy-saving solutions,
cybersecurity measures, data privacy laws, and strategic collaborations must all function
together to build an inclusive and robust urban ecosystem powered by 5G technology.
By achieving the ideal mix of innovation and governance, urban areas can evolve into
genuinely smart environments that provide fair access to advanced digital services.

6. Conclusions and Future Recommendations

In conclusion, this research has emphasized the essential importance of 5G technology
in facilitating the real-time integration of digital twins in smart cities. Digital twins driven
by the high-speed connectivity and low-latency features of 5G offer an enhanced frame-
work for live urban monitoring, predictive analytics, and effective decision-making. By
aligning virtual models with actual city infrastructure, municipalities can enhance resource
allocation, improve disaster management plans, and boost service delivery. Nonetheless,
achieving a smooth integration involves tackling problems related to data interoperability,
security, and energy efficiency. Consistent advancements in 5G infrastructure, along with
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standardized frameworks for digital twin deployment, will be vital to realizing the full
potential of this technology in urban development.

In comparison with current state-of-the-art smart city implementations, the proposed
integration of 5G with digital twins provides a more dynamic and scalable approach to
urban management. Traditional smart city systems often rely on fragmented IoT net-
works and delayed data processing via centralized cloud infrastructure, which limit their
responsiveness and flexibility. In contrast, the 5G-powered digital twin model enables
near-instantaneous data synchronization and simulation, allowing for real-time monitoring,
predictive maintenance, and rapid decision-making. This marks a significant shift from
reactive to proactive urban governance. The proposed model emphasizes interoperability
and system-wide integration, areas where existing frameworks frequently fall short due to
siloed architectures and non-standardized protocols. Thus, the proposed approach not only
builds on the strengths of existing smart city technologies but also addresses key limitations
through enhanced connectivity and virtual replication.

Beyond digital twin integration, 5G technology offers unparalleled capabilities in
enhancing smart city development. Its ability to support large-scale IoT deployments, facil-
itate real-time communication, and enable edge computing contributes to advancements in
urban infrastructure, public safety, and intelligent transportation systems. The integration
of 5G with innovative technologies, such as digital twins, fosters the development of more
adaptive and responsive urban ecosystems. Real-time data processing and simulations en-
abled by 5G networks allow cities to proactively manage resources, anticipate infrastructure
challenges, and optimize critical services.

Despite these advantages, the deployment and scaling of 5G networks present chal-
lenges, particularly concerning energy efficiency, security, and data privacy. As cities
embrace these technologies, addressing these challenges will be eminent in facilitating the
sustainable and equitable growth of smart cities. There is a need for more comprehensive
policy frameworks that can guide the ethical use of data and regulate the rapid growth of
5G-powered services.

Future research should explore the integration of 5G with emerging technologies
such as artificial intelligence (AI) and machine learning (ML) to enhance the decision-
making capabilities of smart cities. The development of robust standards and guidelines for
data privacy, network security, and cross-sector collaboration is needed for the successful
implementation of 5G-powered smart cities. As these technologies evolve, further studies
on the socioeconomic impacts of 5G deployment will also be necessary to promote fair
access and to prevent widening digital disparities in cities.
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