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Abstract

The introduction of real-time Internet of Things (IoT) applications has introduced unprecedented demands on
communication systems, which require ultra-low latency, high reliability, and massive device connectivity. Fifth-
generation (5G) wireless networks represent a foundational shift in network architecture, offering advanced
capabilities such as ultra-reliable low-latency communication (URLLC), mobile edge computing (MEC), and network
slicing to support time-sensitive IoT services at scale. This review critically examines how these architectural
enhancements enable real-time IoT deployment across domains, with inclusion of autonomous transportation,
industrial automation, remote healthcare, and smart energy systems.

While 5G provides a robust framework, its real-world adoption has faced technical constraints related to
interoperability, spectrum management, energy efficiency, and cybersecurity. The paper synthesizes existing research
on these challenges, and highlight persistent integration gaps and trade-offs that must be navigated to achieve
deterministic performance in complex environments. In response, future research directions are proposed, including
Al-driven orchestration, blockchain-based trust models, and emerging sixth-generation (6G) technologies. This work
provides a comprehensive foundation for scalable, secure, and latency-guaranteed designs of real-time IoT systems in
the 5G era and beyond.

Keyword: 5G Networks; Internet of Things (IoT); Real-Time Systems; Edge Computing; Ultra-Reliable Low-Latency
Communication (URLLC); Network Slicing; Sixth-Generation (6G)

1. Introduction

The Internet of Things (IoT) describes a system of physical objects, which range from industrial sensors to wearable
health monitors, embedded with electronics, software, and connectivity, enabling them to collect, process, and exchange
data over digital networks [1]. These devices increasingly operate not in isolation but as interconnected nodes in
distributed, cyber-physical network. It is especially critical for these kinds of systems to be able to make and enact
decisions rapidly, since mistakes in application fields such as industrial automation, autonomous cars or telemedicine
may lead to serious problems 2].
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Fortunately, the performance issues seen in older mobile networks are being met by 5G wireless networks. The
document introduces the basic service types: enhanced mobile broadband (eMBB), massive machine-type
communications (mMTC) and ultra-reliable low-latency communications (URLLC) [3]. The capabilities are meant to
interact and help each other to drive the flexibility and growth of digital infrastructures. With ultra-fast latency for
processing millions of devices and more support for different sizes of devices than ever before, 5G is the base needed to
include real-time IoT in sensitive environments [4].

The convergence of 5G and IoT is thus central to a new wave of intelligent, adaptive, and decentralized systems. By
leveraging mobile edge computing, software-defined network slicing, and optimized protocol stacks, 5G enables the
dynamic, context-aware behavior expected from real-time IoT applications [5].

1.1. Motivation

With 5G, new network architecture has been developed to help real-time data-dependent applications grow and work
with optimal speed [6]. Yet, using these features for IoT devices that require quick responses has uncovered problems
in their design and operation that have not been addressed enough [7]. To achieve smart mobility, smart manufacturing
and remote medical support using software, networks must behave deterministically, offer very low latency and remain
reliable, things today’s infrastructure does not always provide [8].

The design of network slicing, MEC and URLLC aims to offer strict control over latency, bandwidth and how networks
isolate different types of services [9]. Yet, putting them to use in integration and mixed-vendor settings raises serious
doubts. Part of these issues are power consumption in confined gadgets, enabling through various networking pieces,
handling virtual services throughout their life and detecting risks in networks arranged in different systems [7].

1.2. Objectives

This paper is motivated by the need for a comprehensive and critical review of how 5G’s architectural mechanisms
function not as standalone innovations, but as a cohesive system for enabling real-time IoT. This work aim to identify
the technical bottlenecks, unresolved gaps, and integration challenges that must be addressed to realize scalable, secure,
and latency-guaranteed IoT services over 5G networks [6].

The aim of this paper is to critically examine how the architectural components of fifth-generation (5G) networks
enable, constrain, or reshape the deployment of real-time Internet of Things (IoT) applications. Rather than addressing
individual technologies in isolation, this review evaluates how mechanisms such as ultra-reliable low-latency
communication (URLLC), mobile edge computing (MEC), and network slicing function as an integrated framework to
meet the performance, reliability, and scalability demands of time-sensitive [oT systems.

This work contributes by synthesizing recent advances from both academic research and industry practice to evaluate
the extent to which current 5G architectures align with the operational requirements of real-time IoT. Particular
emphasis is placed on identifying implementation bottlenecks, architectural limitations, and unresolved challenges that
hinder deployment in practical, heterogeneous environments. The analysis further highlights emerging directions for
technical innovation, providing a foundation for future work in designing scalable, secure, and latency-guaranteed IoT
infrastructures over 5G networks.
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Adapted from Capgemini, “A View on 5G NR-IoT Devices: Reference Design Architecture,” 2022 [34].

Figure 1 Architecture of a 5G NR-IoT device, showing middleware frameworks, edge intelligence modules, security
layers, and interoperability support

2. Architectural enhancements in 5g for iot

2.1. Network Slicing

Network slicing is a fundamental enabler within the 5G system architecture that allows a single physical network to be
logically divided into multiple, independently managed virtual networks, each tailored to specific service requirements.
Unlike traditional networks that apply uniform treatment to diverse traffic types, network slicing provides
differentiated resource allocation and quality-of-service guarantees per slice. This is especially significant for real-time
IoT systems, where traffic sensitivity to latency, jitter, and reliability can vary drastically across applications [3], [9].

In mission-critical scenarios, a slice configured for ultra-low-latency and high-reliability communication can be
reserved exclusively for connected vehicles exchanging collision-avoidance data at road intersections. Within the same
physical infrastructure, another slice can concurrently support municipal surveillance systems or public environmental
sensors, which do not require sub-millisecond responsiveness. This level of service differentiation ensures that high-
priority applications remain unaffected by background or delay-tolerant traffic [10].

Network slicing operates at both the core and radio access layers, leveraging software-defined networking and network
function virtualization for dynamic instantiation, scaling, and lifecycle management [3], [11]. The ability to orchestrate
and reconfigure slices in response to service demand is particularly advantageous in large-scale IoT deployments,
where devices may differ in their connectivity profiles and performance constraints. However, the real-world
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realization of network slicing introduces several challenges, including cross-slice isolation, end-to-end service
assurance, and the complexity of coordinating virtual functions across multi-domain environments [12].

2.2. Ultra-Reliable Low-Latency Communication (URLLC)

Ultra-reliable low-latency communication (URLLC) is a cornerstone of the 5G architecture, engineered to support
applications where communication failures or delays are intolerable. It targets use cases that require end-to-end
latencies in the sub-millisecond range and reliability levels exceeding 99.999%, ensuring that mission-critical
operations can proceed without disruption. These guarantees are particularly important in systems where mechanical
or safety-critical actions depend on near-instantaneous data exchange, such as industrial robotic coordination,
autonomous navigation, or remote surgical procedures [13].

To achieve this performance level, URLLC uses several design improvements at the physical and protocol layers. For
this purpose, they employ compact transmission, allow uplink without a grant, use prioritization and have powerful
error correction. Having multiple routes for sending data and multiple antennas is often done to overcome fading and
interference when connecting devices in difficult radio environments. The purpose of these features is to maintain
limited delay and certain behavior when the user is on the go or if the network becomes busy [14].

Although URLLC greatly enlarges possibilities for instant applications over wireless networks, using it means dealing
with certain disadvantages. Restricting how the schedule is built and requiring the system to always be on time reduces
the amount of data that each user can send and cuts the number of users who can use the system at the same time.
Besides, linking URLLC into shared wireless spectrum and common IoT networks requires base station roles to be
carefully coordinated with schedulers and localized computers.

2.3. Mobile Edge Computing (MEC)

Mobile edge computing (MEC) is a major component in the 5G network architecture, designed to mitigate the latency
and bandwidth limitations of centralized cloud systems. In scenarios demanding immediate responsiveness, such as
predictive maintenance in industrial automation or real-time navigation in autonomous vehicles, MEC enables localized
data processing, thereby reducing the reliance on distant cloud servers and minimizing communication delays. This
proximity not only enhances the system's responsiveness but also alleviates the burden on core network infrastructure
by decreasing backhaul traffic [16].

MEC also leverage local environmental data to support context-aware services which enables applications to adapt
dynamically to changing conditions. For instance, in smart city implementations, MEC can process data from various
sensors to optimize traffic flow and manage energy distribution efficiently [17].

However, MEC incorporation into expansive [oT ecosystems has introduced challenges, which include the orchestration
of distributed services, ensuring data consistency across edge nodes, and maintaining robust security protocols to
protect sensitive information processed at the edge.

2.4. Massive MIMO and Beamforming

Massive multiple-input multiple-output (MIMO) and beamforming are integral to the 5G architecture, significantly
enhancing wireless communication's capacity, reliability, and spectral efficiency. Massive MIMO utilizes large antenna
arrays at base stations to serve multiple devices simultaneously through spatial multiplexing, which increases overall
throughput while maintaining stable connectivity [5]. Beamforming complements this by directing concentrated signal
energy toward targeted users or devices, rather than broadcasting uniformly, thus improving signal quality and
reducing interference in multi-user environments [13].

In dense urban or industrial environments, where line-of-sight obstruction, signal fading, and device density pose
substantial challenges, these technologies offer critical support. For instance, in a smart manufacturing facility, massive
MIMO can handle the simultaneous uplink and downlink demands of numerous robotic sensors, while beamforming
ensures deterministic delivery of control signals to actuators operating on sub-second decision cycles [13].

Despite their benefits, these technologies introduce implementation complexities. Massive MIMO systems rely heavily
on accurate and timely channel state information, which becomes difficult to maintain under high mobility or with
limited feedback capacity. Beamforming algorithms require real-time processing and adaptive calibration to cope with
rapidly changing propagation conditions. These technical demands, along with deployment constraints such as antenna
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size and site limitations, must be checked to fully integrate these technologies into large-scale real-time IoT
infrastructures [18].

5G Architectural Features for Real-Time loT URLLC
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Figure 2 5G Architectural Features for Real-Time IoT

3. Real-time iot applications enabled by 5g

3.1. Autonomous Vehicles

Autonomous vehicles require high speed, very little latency and lots of bandwidth to remain safe in the real-time IoT.
To operate effectively, vehicles, roads and surrounding elements must continuously share data with each other through
what is known as V2X communication. Examples include V2V, V2I and V2N technologies, each one made to support
traffic coordination, vehicle movement in intersections and safety alerts [19].

Low latency, strong data rates and stable connections in 5G networks are exactly what V2X needs. Because of these
elements, cars can handle urgent tasks such as moving through merging lanes, joining other vehicles on roads, collecting
sensor information together and taking prompt safety decisions if needed. To make sure safety is maintained, vehicles
must send and receive control and telemetry data in less than a millisecond [20].

To support this, 5G employs ultra-reliable low-latency communication (URLLC), dynamic beamforming, and mobile
edge computing to maintain deterministic links even in high-mobility environments. These techniques enable vehicles
to process information at the edge of the network, reducing reliance on centralized cloud infrastructure and minimizing
latency [20]. Despite these improvements, deployment in heterogeneous traffic environments remains challenged by
factors such as signal degradation during handovers, variable link quality, and the need for precise synchronization
between mobile nodes and roadside infrastructure [21].

3.2. Remote Healthcare and Telesurgery

The integration of 5G technology into healthcare infrastructure has opened new frontiers in the delivery of medical
services, particularly in scenarios where time-sensitive diagnostics and interventions must occur across geographical
distances. Among the most transformative applications is the use of wearable [oT devices for continuous monitoring of
patient vitals. These devices collect and transmit data such as heart rate, blood oxygen levels, and electrocardiographic
signals in real time, enabling early detection of anomalies and facilitating immediate clinical response [19].
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Telesurgery represents a more advanced use case, in which surgical procedures are performed remotely using robotic
systems controlled by specialists at distant locations. The feasibility and safety of such operations depend on the
network's ability to deliver high-throughput, low-latency, and error-resilient communication. Control commands, video
feeds, and haptic feedback must be exchanged between the surgeon and surgical robot with absolute precision and
minimal delay to prevent procedural errors or mechanical misalignment [22].

To meet these demands, 5G offers architectural advantages such as ultra-reliable low-latency communication (URLLC),
edge computing for localized decision-making, and quality-of-service guarantees through network slicing. These
features allow remote medical systems to function with near-real-time responsiveness, even under varying network
conditions. However, challenges persist, particularly in ensuring uninterrupted connectivity during network
congestion, maintaining data privacy in distributed systems, and integrating edge intelligence with hospital
infrastructure. Addressing these issues is essential to enabling the safe and scalable adoption of remote healthcare and
telesurgery across both urban and underserved regions [22].

3.3. Industrial IoT (IIoT)

Industrial IoT environments rely on continuous, low-latency communication between machines, sensors, and control
systems to execute time-sensitive tasks such as robotic motion coordination, process automation, and precision quality
inspection. In these highly dynamic manufacturing settings, 5G provides the wireless infrastructure necessary to meet
stringent demands for deterministic performance and ultra-reliable communication [23]. Unlike traditional wired
architectures, 5G supports flexible deployment and reconfiguration of industrial assets without compromising
responsiveness, an essential requirement for adaptive production lines and just-in-time operations.

One of the most impactful applications of 5G in IloT is predictive maintenance. By leveraging real-time telemetry from
interconnected machines, analytics systems can identify deviations from expected behavior and forecast mechanical
failures before they occur [24]. This predictive capability minimizes unscheduled downtime, optimizes maintenance
schedules, and reduces operational costs. Additionally, 5G’s high connection density enables plant-wide
instrumentation, allowing for granular performance monitoring across thousands of endpoints in large-scale facilities.
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Figure 3 Illustrates how 5G interconnects diverse application verticals under a unified smart infrastructure paradigm
[35]
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However, deploying these systems at scale demands more than raw connectivity. Seamless integration with mobile edge
computing is required to localize analytics and reduce cloud dependency, while network orchestration mechanisms
must prioritize mission-critical traffic to maintain deterministic behavior under varying load conditions. Meeting these
challenges is fundamental to realizing the full promise of Industry 4.0, where intelligent, self-regulating industrial
systems operate with minimal human intervention [25].

3.4. Smart Cities and Energy Grids

The implementation of 5G-enabled IoT infrastructure is central to the advancement of smart cities, where
interconnected systems must operate with precision, adaptability, and low-latency responsiveness. Core urban
functions, such as intelligent traffic signal control, environmental condition monitoring, and dynamic emergency service
routing, depend on seamless communication among distributed sensors, edge nodes, and centralized control platforms.
In these time-sensitive environments, the deterministic communication capabilities of 5G ensure that critical signals
are not delayed or lost during peak network usage [26].

The energy sector presents a parallel application of real-time IoT intelligence, particularly in the context of
decentralized power generation and demand-side management. As smart grids incorporate diverse renewable sources,
real-time load balancing, fault localization, and self-healing mechanisms become essential. 5G enables these capabilities
by supporting high connection densities and ultra-low-latency data exchange between substations, grid-edge
controllers, and consumption endpoints [27]. Edge computing further enhances this framework by enabling local
decision-making, allowing systems to detect anomalies, reroute energy flows, or initiate recovery protocols
autonomously without awaiting cloud-based instructions [28].

Together, 5G and edge-enabled IoT technologies provide the communication foundation for scalable, adaptive, and
resilient infrastructure systems. Their role in smart cities and energy grids is not only to enhance operational efficiency
but also to support long-term sustainability goals by reducing response time, minimizing resource waste, and improving
service continuity in the face of environmental or systemic disruptions [28].

Figure 4 5G-enabled smart city architecture showing the integration of cloud computing, smart buildings,
transportation, healthcare, agriculture, and energy systems [35]
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4. Challenges and Limitations

4.1. Interoperability

One of the primary technical barriers to widespread 5G-enabled IoT adoption lies in ensuring interoperability across
heterogeneous systems. Many current deployments must coexist with legacy infrastructures, including 4G LTE, Wi-Fi,
and non-cellular IoT standards such as Zigbee or LoRaWAN. Backward compatibility introduces limitations in latency,
throughput, and deterministic behaviour, especially problematic for time-sensitive loT applications [28].

Hybrid network environments, where legacy and 5G-enabled devices operate concurrently, often require protocol
translation, middleware orchestration, or hardware gateways. These intermediary layers can introduce additional
delays, reduce reliability, and increase maintenance complexity [27]. Moreover, interoperability challenges extend
beyond physical infrastructure to include data formats, security frameworks, and cloud-edge coordination mechanisms,
making seamless integration across vendors and domains an ongoing concern [27].

Middleware solutions are employed to standardize data formats across different protocols. [oT gateways implement
protocol translation layers, converting data into a unified format before transmitting it to the cloud [28]. Also,
integrating legacy systems with IoT often involves middleware or gateways to facilitate communication between
disparate systems [27].

Furthermore, ensuring seamless connectivity, data exchange, and service discovery across heterogeneous IoT devices
and network components is critical. Interoperability challenges between IoT devices and 5G/6G network components
can arise due to factors such as varying device capabilities, diverse communication protocols, and proprietary
implementations [26].

Achieving interoperability in 5G-enabled IoT systems requires addressing both technical and organizational challenges.
Employing standardized protocols, middleware solutions, and strategic integration techniques are essential step
toward seamless integration across diverse systems and devices [28].

4.2. Energy Efficiency

While 5G technology is engineered to be more energy-efficient per bit transmitted, the exponential increase in
connected devices within dense 0T deployments intensifies power constraints, particularly for edge devices operating
on limited battery resources. Real-time IoT applications, such as continuous monitoring and high-frequency data
transmission, impose significant demands on device energy budgets [29].

To address these challenges, several energy-saving mechanisms are being explored. Techniques like wake-up radios,
power-aware protocol stacks, and optimized sleep cycles aim to reduce unnecessary energy consumption. For instance,
passive wake-up radios can keep devices in a low-power sleep mode, activating them only upon receiving specific
external signals, thereby mitigating idle listening and conserving energy [29].

However, implementing these energy-saving strategies often involves trade-offs. The necessity to maintain low latency
and high reliability can conflict with aggressive energy conservation measures. Balancing persistent connectivity with
energy efficiency remains a core optimization problem in large-scale 5G IoT systems. Moreover, integrating edge
computing with 5G networks offers a pathway to enhance energy efficiency by processing data closer to the source,
reducing the need for long-distance data transmission and thereby conserving energy [30].

4.3. Security and Privacy

The expansion of real-time [oT systems over 5G introduces a substantially larger and more complex attack surface.
Unlike traditional networks, 5G architectures decentralize processing through mobile edge computing and virtualized
functions, creating distributed trust boundaries that are harder to secure. This shift enables ultra-low latency and
localized intelligence but also exposes new vulnerabilities in software-defined infrastructure, where threats can
propagate rapidly across slices or orchestrated services if not properly contained [10], [31].

Mobile edge computing (MEC), for instance, brings compute resources closer to [oT endpoints, reducing latency but also
bypassing centralized security controls traditionally applied at core data centers. Virtualized network functions (VNFs)
and network slicing, essential for isolating critical services, may share physical infrastructure. Without strong isolation
policies and tenant-aware security enforcement, a compromise in one slice could cascade into others, jeopardizing
confidentiality and service integrity [10].
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Traditional security mechanisms such as end-to-end encryption, firewalls, or access control lists remain essential but
are not sufficient in real-time systems where computational overhead must be minimized. For example, implementing
full encryption on lightweight [oT devices may introduce unacceptable processing delays or drain battery resources
rapidly. This creates a trade-off between protection strength and real-time performance, a constraint that must be
addressed through lightweight, hardware-assisted cryptographic methods or context-aware security policies [32].

Privacy concerns also intensify under this model. In smart cities and remote healthcare environments, real-time streams
of highly sensitive data, location, health metrics, and biometric identifiers are transmitted continuously over public and
private 5G channels. Ensuring that such data is anonymized, encrypted, and processed in compliance with local data
protection regulations becomes a critical challenge, particularly when edge nodes process personal data autonomously
[31], [13].

Furthermore, the security posture of 5G-enabled IoT systems depends not just on device-level protection but on the
secure coordination of cloud-edge-device interactions, lifecycle management of credentials, and the trustworthiness of
software updates delivered over-the-air. As attacks grow more sophisticated, adversaries are increasingly targeting
firmware, orchestration layers, or exploiting supply chain vulnerabilities within the [oT ecosystem [31], [32].

To maintain trust, system designers must adopt a layered defense approach, combining identity management,
continuous monitoring, behavioral anomaly detection, and secure boot processes. Given the real-time constraints, these
measures must be engineered for speed, scalability, and minimal disruption to deterministic communication patterns
[32].

4.4. Spectrum and Resource Management

Efficient spectrum utilization remains one of the most pressing challenges in sustaining the performance and scalability
of 5G-enabled real-time IoT systems. Unlike consumer applications that can tolerate variable latency or bandwidth
fluctuations, mission-critical IoT workloads, such as autonomous mobility or industrial automation, require guaranteed
low-latency, high-reliability connections with minimal jitter and loss. In dense urban or industrial settings, where
thousands of devices compete for limited radio resources, achieving these guarantees is technically complex and
operationally fragile [6], [33].

Dynamic spectrum allocation has emerged as a potential mitigation strategy, allowing operators to reassign frequency
bands in response to real-time network conditions. However, this approach relies on highly responsive and predictive
traffic models to avoid performance degradation. Moreover, spectrum fragmentation across licensed, unlicensed, and
shared bands introduces regulatory and interoperability challenges, particularly in cross-border or multi-operator
deployments. These complications are further magnified by the introduction of private 5G networks, which may have
limited access to spectrum and compete with public deployments for interference-free operation [6], [34].

The limitations in licensed spectrum availability also hinder the scalability of ultra-reliable low-latency communication
(URLLC). While 5G is architected to support dedicated slices for latency-sensitive services, the underlying radio
resource management mechanisms must still arbitrate access under physical constraints, particularly during network
congestion or mobility handovers. In scenarios where multiple URLLC and enhanced mobile broadband (eMBB) flows
coexist, interference coordination, scheduling granularity, and beamforming optimization become critical [4], [33].

Beyond spectrum, resource management must account for compute allocation at the edge, queuing delays in multi-
access gateways, and backhaul constraints in cloud coordination. Even with network slicing, maintaining isolation and
quality-of-service across virtualized networks requires end-to-end orchestration that spans the radio, transport, and
application layers. The failure to align these layers results in performance bottlenecks that defeat the promise of real-
time responsiveness [11], [34].

Addressing these limitations demands the adoption of intelligent orchestration frameworks that integrate machine
learning for traffic prediction, cross-layer coordination for latency enforcement, and spectrum-sharing protocols that
can dynamically mediate between competing service classes. Without such advances, the benefits of 5G for real-time
IoT applications may remain constrained to narrowly controlled environments rather than scalable, city-wide or
enterprise-wide deployments [34].
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5. Future research directions

5.1. Al-Enhanced Network Management

As 5G networks evolve to support increasingly heterogeneous and dynamic IoT workloads, static rule-based
management approaches become insufficient. Machine learning (ML) offers a pathway to adaptively optimize resource
allocation, congestion control, and anomaly detection in real time [6]. Intelligent agents embedded within the control
plane can learn traffic patterns, user mobility behaviors, and device profiles to predict demand spikes or failure points
before they occur. This predictive capability enables proactive orchestration, reducing service interruptions and
enhancing QoS assurance under volatile network conditions.

Additionally, reinforcement learning frameworks can be trained to manage radio access parameters, balance edge-
compute workloads, and fine-tune slicing policies based on continuous feedback [34].

5.2. Blockchain Integration

As real-time IoT systems scale across decentralized infrastructures, ensuring data authenticity, synchronization, and
coordination among untrusted entities becomes increasingly critical. Blockchain technologies offer a tamper-resistant
mechanism to validate and log transactions across distributed nodes, making them particularly relevant for time-
sensitive [oT applications where data integrity and non-repudiation are essential [6].

Smart contracts can automate access control policies and enforce security agreements in multi-stakeholder
environments such as smart grids or logistics chains. When combined with edge computing, lightweight consensus
protocols, such as Practical Byzantine Fault Tolerance (PBFT) or DAG-based architectures, may enable near-real-time
validation without incurring the latency typically associated with traditional blockchain frameworks [27].

However, open challenges remain regarding scalability, energy efficiency, and regulatory alignment, especially in
environments with constrained devices and strict timing guarantees. Future research must address how to adapt
blockchain architectures to meet the latency and energy constraints of mission-critical loT workloads without
compromising trust or auditability [6], [27].

5.3. Towards 6G and Beyond

While 5G provides the foundation for real-time IoT systems, its architectural limits become evident in scenarios
demanding ultra-reliable communication, extreme mobility, and large-scale network densification [6]. As a result, sixth-
generation (6G) research is advancing toward novel physical-layer technologies that promise to overcome these
limitations.

Emerging innovations include reconfigurable intelligent surfaces (RIS), terahertz (THz) communication bands, and
integrated sensing-and-communication architectures [28]. Terahertz frequencies unlock ultra-wide bandwidths
suitable for data-intensive IoT tasks but require breakthroughs in antenna miniaturization and line-of-sight
propagation. RIS, on the other hand, enables programmable radio environments where signal reflections can be
adaptively controlled, enhancing coverage, energy efficiency, and link reliability in dynamic environments [28].

These advancements aim to push end-to-end latency toward sub-millisecond targets while embedding ambient
intelligence directly into the radio infrastructure. Yet, realizing 6G’s promise will demand a holistic rethinking of
protocol design, hardware interfaces, and orchestration logic across compute, transport, and application layers. Future
work must address how to co-design these physical-layer innovations with intelligent control systems that maintain
deterministic performance in real-time, mission-critical IoT environments [6].

5.4. Federated and Collaborative IoT Models

In conventional cloud-centric architectures, real-time IoT applications suffer from prohibitive latency, bandwidth
saturation, and growing compliance burdens related to data residency and privacy. Federated learning presents a
compelling alternative by enabling model training directly on distributed IoT endpoints. In this paradigm, data remains
local while only model updates are exchanged, improving both privacy preservation and system responsiveness [25].

Beyond federated learning, collaborative IoT systems emphasize decentralized inference, where edge devices share
local insights, such as sensor readings or environment maps, to arrive at joint decisions without centralized oversight.
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This approach reduces uplink usage and minimizes inference delay in time-sensitive contexts like smart transportation
or emergency response [21].

However, multiple open challenges remain. Model synchronization must be robust to constrained and asymmetric
bandwidth, and systems must remain resilient to adversarial interference and device dropout. Heterogeneity in
hardware capabilities and intermittent connectivity further complicate accuracy retention across training rounds.

6. Conclusion

The integration of real-time Internet of Things (IoT) systems with fifth-generation (5G) wireless networks marks a
pivotal shift in how time-sensitive, data-driven applications are designed and deployed across critical sectors. From
autonomous vehicles to remote healthcare and industrial automation, 5G’s unique combination of ultra-reliable low-
latency communication, massive machine-type connectivity, and mobile edge computing provides the architectural
backbone required to meet the stringent demands of modern IoT ecosystems.

This paper has examined the core architectural enablers of 5G, such as network slicing, URLLC, MEC, and beamforming,
that facilitate deterministic communication in latency-critical environments. It has also reviewed a range of high-impact
use cases where these technologies are being applied, alongside an analysis of the structural limitations that currently
hinder full-scale, dependable adoption. Key challenges include interoperability with legacy systems, energy efficiency
at the device level, spectrum management, and the expanding security surface of distributed architectures.

Looking ahead, future research must address these limitations through cross-domain innovations. This includes the
integration of Al for adaptive network management, blockchain for decentralized trust, and the exploration of 6G
technologies that redefine physical-layer capabilities. Equally important are federated and collaborative models that
preserve privacy and performance without relying on centralized infrastructure. Only through such holistic,
interdisciplinary advancements can the full potential of real-time [oT over next-generation wireless systems be realized
at scale.
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