Journal of Intelligent Edge Devices and 10T Systems
MANIECH Jent =48 Y
Publications Volume 1, Issue 2, May-August 2025

Integration of 5G/6G Communication with Edge Intelligence

Meera Verma?, Jatin Saxena?, Kavya Saini®
Students™?, Professor®
Department of Computer Science Engineering
Vidyasagar College of Engineering, West Bengal

Email: meera.verma@rediffmail.com?!

ABSTRACT
With the rapid evolution of communication networks, 5G and the upcoming 6G
have brought tremendous changes in connectivity capability. However,
traditional centralized processing struggles to meet the increasing demands for
ultra-low latency, real-time intelligence, and efficient resource allocation. Edge
Intelligence (EI), which combines edge computing and artificial intelligence
(Al), is emerging as a key enabler to solve these challenges in modern wireless
systems. This review explores the integration of 5G/6G networks with edge
intelligence, examining current advancements, architectural designs,
challenges, and future research trends. We discuss how EI complements 5G/6G
capabilities, improve Quality of Service (QoS), enhance resource allocation,
and support intelligent network functions. This paper also reviews important El
techniques; key use cases such as autonomous vehicles and smart
manufacturing, and proposes future directions. The objective is to give
researchers and practitioners a clear perspective on how edge intelligence can

unlock the true potential of next-generation communication.
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INTRODUCTION
In recent years, we have witnessed an exponential increase in connected devices and data traffic
due to 10T sensors, smart vehicles, industrial automation, and immersive applications like

Augmented Reality (AR) and Virtual Reality (VR). Traditional centralized cloud computing
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models are no longer sufficient for emerging use cases that demand real-time processing and
ultra-low latency. Furthermore, future applications such as tactile internet, remote surgery, and

collaborative robotics require intelligent decision making close to where data is generated.

5G networks, deployed globally, provide high data rates (up to 20 Gbps), massive connectivity,
and network slicing. These characteristics enable new verticals but still face limitations in
latency and scalability for ultra-critical services. To enhance this, edge computing brings
computation closer to end devices, reducing data traversing through the network. When edge
computing is combined with artificial intelligence (Al) capabilities, we achieve edge
intelligence (EI) — a framework where intelligent processing takes place at edge nodes,

allowing faster responses, optimized resource usage, and localized decision making.

With 6G on the horizon (expected around 2030), researchers are already exploring how to
extend the benefits of 5G and push beyond its limitations. Key visions for 6G include terahertz
communication, integrated sensing and communication, and human-centric services. Edge
intelligence will play an indispensable role in managing these complex networks, automating

operations, and providing adaptive resource orchestration.

This paper reviews how 5G/6G and edge intelligence can be integrated to support future digital
ecosystems. We discuss foundational technologies, system architecture, use cases, challenges,

and future trends.

BACKGROUND AND MOTIVATION

The convergence of next-generation wireless networks with edge intelligence is driven by the
growing demand for real-time, context-aware, and intelligent services. To understand why
edge intelligence has become essential, we first examine the limitations of traditional networks

and the role edge computing plays in modern communication systems.

1. Why 5G/6G Needs Edge Intelligence

5G networks introduced remarkable improvements over previous generations, including higher
data rates (up to 20 Gbps), ultra-reliable low-latency communications (URLLC), massive
machine-type communications (mMTC), and network slicing. Despite these advantages, real-

world deployments reveal several challenges that 5G alone cannot fully resolve:
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a) Latency Requirements:

Certain critical applications, such as autonomous driving, industrial automation, and remote
surgery, demand end-to-end latencies as low as 1 millisecond. Traditional centralized cloud
computing cannot always guarantee this, because data must travel over multiple network hops
to reach remote data centers. Even with fiber backhaul and optimized routing, network

congestion or unexpected delays can break stringent timing requirements.

b) Scalability:

The expected growth of 10T devices—estimated to exceed 50 billion by 2030—presents a
massive data management challenge. Sending all raw data to a central cloud is not only
inefficient but also impractical. This creates bottlenecks in both network bandwidth and cloud

processing, resulting in delayed responses and wasted resources.

c) Context Awareness:

Many intelligent services, like smart traffic systems or personalized AR/VR applications,
require decisions based on local environmental conditions. Centralized cloud systems lack
the necessary context awareness to respond adaptively in real time. Without local processing,

networked devices may make suboptimal decisions or miss critical events altogether.

Edge Intelligence (El) addresses these limitations by embedding learning and inference
capabilities directly within edge nodes. Instead of relying solely on centralized cloud servers,
edge nodes perform data analytics and decision-making close to where data is generated. This

approach offers several benefits:

e Reduced Time to Decision:
By analyzing data locally, edge nodes can make immediate decisions without waiting for cloud
responses. For example, a vehicle can adjust its speed in real time based on sensor input

processed at a nearby edge server.

e Lowered Traffic Load on Backhaul Connections:
Since only processed or summarized information is sent to the cloud, EI reduces the volume of

data transmitted over the network, freeing bandwidth for other critical applications.
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e Enhanced Privacy:
Sensitive data—Ilike medical records or surveillance video—can be processed locally,

minimizing exposure to potential breaches during cloud transmission.

e Enabling Real-Time Responses:
Edge intelligence ensures that applications requiring immediate reactions, such as emergency

alerts or factory automation systems, operate without perceptible delays.

In essence, integrating Al capabilities at the edge transforms the network from a passive data
pipeline into an intelligent, responsive system capable of handling complex, dynamic

scenarios.

2. The Shift from Edge Computing to Edge Intelligence

Edge computing initially focused on moving computation closer to end devices to reduce
latency and improve bandwidth efficiency. Typical tasks included simple preprocessing, data
aggregation, and caching. While this approach improved performance compared to centralized
cloud models, it is insufficient for handling increasingly complex and intelligent

applications.

Edge Intelligence (El) extends traditional edge computing by incorporating Al-driven

decision making directly at edge nodes. This shift provides several advantages:

a) Localized Prediction and Pattern Recognition:
Edge nodes can analyze sensor data to detect trends or anomalies in real time. For instance,
predictive maintenance in smart factories uses El to identify potential machinery failures
before they occur, reducing downtime and operational costs.

b) Real-Time Adaptation Based on Local Data:
Intelligent edge nodes can adjust their behavior dynamically according to the current
context. In a smart city, traffic lights connected to El-enabled edge servers can optimize
green-light timings based on real-time traffic density, without needing instructions from a
central cloud.

c) Distributed Learning Models:
El supports techniques like federated learning and split learning, allowing edge devices

to collaboratively train machine learning models while keeping raw data local. This
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distributed approach ensures scalability and enhances privacy while maintaining high

model accuracy.

By integrating Al into the edge layer, the role of edge nodes evolves from simple data
processors to autonomous intelligent agents capable of making context-aware decisions. This
not only enhances performance but also enables new classes of applications that were

previously infeasible due to latency, bandwidth, or privacy constraints.

ARCHITECTURE OF INTEGRATED 5G/6G WITH EDGE INTELLIGENCE

The integration of 5G/6G communication networks with edge intelligence relies on a
hierarchical and distributed architecture that ensures ultra-low latency, scalability, and
intelligent decision-making at multiple levels. A clear architectural design helps understand

how data flows from devices to the cloud while allowing Al-driven processing at the edge.

1. Three-Layer Model
A widely accepted model for integrated 5G/6G and edge intelligence consists of three primary
layers: the device layer, the edge layer, and the cloud layer. Each layer has specific roles,

responsibilities, and processing capabilities.

Table: 1
Layer Components Functions
Device _ ) ) ] _
0T devices, sensors, mobile terminals | Data sensing, local preprocessing
Layer
Edge servers, base stations, MEC AI/ML processing, caching,
Edge Layer .
servers inference
Cloud Layer Central cloud data centers Large-scale analytics, model training

2. Role of Edge Nodes

Edge nodes play a pivotal role in integrating 5G/6G networks with edge intelligence. Unlike
traditional network nodes that serve mainly as relay points, modern edge nodes are intelligent
processing units capable of performing computation, analysis, and decision-making close to
the data source. This makes them essential for meeting the stringent latency, reliability, and

scalability requirements of next-generation networks.
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Key Components of Edge Nodes

Edge nodes are equipped with several features that enable them to act as local intelligence
centers:

a) Al Inference Engines:

Edge nodes include Al inference engines that allow them to run machine learning or deep
learning models locally. This capability is crucial for real-time decision-making. For example,
in autonomous vehicles, an edge node can process sensor data from multiple cars and detect
obstacles in milliseconds, avoiding collisions without relying on cloud-based processing.

b) Local Data Analytics:

Edge nodes can analyze data streams in real-time, generating insights or summarizing
information for higher-level processing. This reduces the amount of data sent to the cloud and
ensures timely responses. For instance, in a smart factory, vibration or temperature data from
machinery can be analyzed at the edge to predict potential failures, enabling immediate

corrective actions.

c) Decision Mechanisms:

Edge nodes can make autonomous decisions based on local observations and predefined rules.
These decisions may include routing traffic in urban areas, adjusting energy usage in smart
grids, or issuing alerts for safety-critical systems. By handling decisions locally, edge nodes
reduce dependence on centralized systems and mitigate risks associated with network delays

or failures.

d) Lightweight Distributed Machine Learning Models:

Edge nodes often run lightweight versions of Al models optimized for limited computational
resources. Techniques like model pruning, quantization, or knowledge distillation are used to
reduce the size of deep learning models while preserving their accuracy. This enables devices

with constrained hardware (like 10T gateways) to participate in intelligent processing.

KEY TECHNOLOGIES ENABLING INTEGRATION
Integrating 5G/6G networks with edge intelligence requires several enabling technologies
that allow intelligent processing close to the user while maintaining scalability, reliability, and

privacy. These technologies span computing paradigms, distributed learning frameworks, Al-
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driven network management, and predictive content strategies.

1. Mobile Edge Computing (MEC)

Mobile Edge Computing (MEC), also referred to as Multi-access Edge Computing, is a
paradigm that places computing and storage resources closer to end users by deploying
servers at the edge of cellular networks. These servers can reside in small cells, base stations,

or dedicated edge nodes.

Key Advantages of MEC:

e Low Latency: By processing data near the source, MEC avoids the delays caused by
transmitting data to distant cloud data centers. Latencies can drop from tens of milliseconds
to sub-millisecond ranges for critical applications.

e Reduced Backhaul Traffic: Only processed insights or aggregated results need to be
transmitted to the cloud, alleviating network congestion.

e Enhanced Privacy and Security: Sensitive data can be processed locally without leaving
the vicinity of the user.

e Context-Aware Services: MEC servers can leverage local context (e.g., traffic conditions,

user location) to deliver optimized services.

Example Applications:

e Autonomous Vehicles: MEC servers process sensor data from nearby vehicles to detect
collisions or optimize routes in real time.

e AR/VR Gaming: Low-latency edge servers render AR/VR frames locally, reducing lag
and improving user experience.

e Industrial loT: Factory edge servers monitor equipment and provide predictive

maintenance alerts without depending on remote clouds.

2. Distributed Learning Techniques

Centralized Al training can be inefficient and privacy-sensitive, especially with massive
amounts of distributed 10T data. Distributed learning techniques allow models to be trained
collaboratively across multiple edge nodes while keeping raw data local.

a) Federated Learning (FL)

Federated learning enables multiple edge nodes to train a shared model locally and only send
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model updates (weights or gradients) to a central aggregator. The raw data never leaves the

device or edge node, preserving privacy.

Advantages:
e Data Privacy: Sensitive user data remains local.
e Reduced Network Load: Only model updates are sent instead of raw data.

e Scalability: Supports large numbers of distributed devices.

Example: Smart wearable devices can collaboratively learn activity recognition models

without sharing individual users’ personal sensor data.

b) Split Learning (SL)
Split learning divides a neural network between devices and edge nodes. Initial layers are
computed locally on the device, and the intermediate outputs (activations) are sent to the edge

or cloud to complete the forward and backward propagation.

Advantages:
e Computational Efficiency: Devices with limited resources only process initial layers.
e Privacy Preservation: Raw input data is never fully transmitted.

e Collaboration: Edge nodes can aggregate results and train improved models.

Example: In medical imaging, devices process initial image features locally, while the edge

node completes classification, ensuring patient data privacy.

3. Al-Enabled Network Management
5G and 6G networks are highly complex, involving multiple slices, heterogeneous devices, and
dynamic traffic patterns. Al at the edge can automate network management to improve

efficiency and reliability.

Key Applications of Al in Network Management:
a) Traffic Prediction:
Al models predict congestion patterns, helping reroute traffic or allocate resources proactively.

b) Resource Allocation:
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Edge intelligence can dynamically assign computation, storage, and bandwidth based on real-
time demand, reducing underutilization or overload.

c) Network Slicing Orchestration:

Network slices can be automatically adjusted to match service requirements for different
applications, e.g., ultra-reliable slices for industrial automation or high-bandwidth slices for
AR/VR streaming.

d) Fault Detection and Self-Healing:

Al models detect anomalies in edge or network nodes and can trigger automated corrective

actions, such as rerouting traffic or restarting failed nodes.

Example: Telecom operators can deploy Al-driven edge orchestration to dynamically allocate
bandwidth to video streaming users during peak hours, while maintaining low-latency slices

for connected vehicles.

EDGE CACHING AND PREDICTION
Edge caching involves storing frequently accessed content or predicted data at edge
servers close to users. When combined with predictive algorithms, caching can anticipate user

requests and pre-load data, reducing latency and network load.

Key Mechanisms:

e Content Popularity Prediction: Machine learning models analyze historical request
patterns to cache popular content locally.

e User Context Prediction: Models predict what a user may request next based on location,
time, and device usage.

e Proactive Data Delivery: Edge servers can push content to devices before it is requested,

improving QoS for applications requiring instant response.

Example Applications:

e Video Streaming: Frequently watched videos are cached at edge servers near
neighborhoods, minimizing buffering.

e AR Navigation: Maps and visual overlays are preloaded for areas where users are likely

to move.
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e Connected Vehicles: Traffic updates and hazard alerts are cached and delivered

proactively to nearby vehicles.

USE CASES

1. Autonomous Vehicles and V2X

Autonomous vehicles require real-time decision making with strict latency constraints. Edge
intelligence supports:

e Local perception processing

e Vehicle-to-everything (V2X) coordination

¢ Route prediction and dynamic rerouting

2. Smart Manufacturing

In industrial 10T, edge intelligence enables:

e Real-time monitoring of machinery

e Predictive maintenance using local Al analysis

e Safety automation

3. Healthcare and Remote Surgery

For remote healthcare, even milliseconds matter. EI supports:
¢ Real-time vital analysis

e Local image recognition

e |Immediate alerts for abnormalities

4. AR/VR Gaming and Holographic Communication
High data rate and instantaneous response are critical. Edge intelligence helps process graphics

or interaction locally, improving user experience.

BENEFITS OF INTEGRATION

Table: 2

Benefit Explanation

Low Latency Local Al processing reduces travel time for data

Efficient Bandwidth Use Only seismic information is sent to cloud, not all raw data
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Benefit Explanation
Privacy and Security Sensitive processing remains near the source
Context Awareness Easier to adapt to local conditions
Improved QoS Better network responsiveness and reliability

CHALLENGES AND LIMITATIONS

1. Resource Constraints

Edge nodes may not have the same computational power as cloud servers. Running heavy Al
models at the edge requires optimization.

2. Network Heterogeneity

5G and future 6G networks will include diverse devices with various hardware limits, posing
interoperability challenges.

3. Security Risks

Though local processing improves privacy, edge nodes themselves can be attack points if not
secured properly.

4. Model Updates and Synchronization

Distributed learning needs frequent synchronization; communication overhead might negate
latency benefits when not properly managed.

5. Energy Consumption

Running Al tasks at the edge increases energy usage, which is a concern for battery-powered

devices or green deployments.

FUTURE DIRECTIONS

1. 6G and Beyond

6G promises even higher data rates (theoretical terabit per second), integrated sensing, and
network intelligence. Al integrated deeply into communication protocols can enable
self-optimizing networks.

2. TinyML for Edge

Tiny Machine Learning (TinyML) refers to tiny Al models designed for microcontrollers.
These models reduce computation while enabling intelligent edge tasks.

3. Secure Federated Frameworks

Research needs to focus on secure federated learning protocols that reduce communication
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overhead while protecting privacy.

4. Al-Driven Resource Orchestration

Dynamic orchestration of network resources using real-time Al analytics will enhance the
adaptability of both 5G and future 6G networks.

CONCLUSION

The integration of 5G/6G communication with edge intelligence is more than just a technical
evolution — it is a paradigm shift in how networks think, process, and act. By bringing
intelligence closer to where data is generated, edge intelligence addresses many limitations of
centralized architectures and opens doors for real-time, responsive, and context-aware
applications. Although challenges exist, especially in resource limitations and security,
ongoing research and innovations in distributed learning and Al hardware will likely overcome
these barriers. Future exploration towards 6G and advanced Al techniques promises a world

where intelligent networks deliver services in ways once considered impossible.
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