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ABSTRACT

The development of fourth generation (4G) and fifth generation (5G) technologies has caused
great havoc in favor of telecommunications, leading to new areas of application. These
technologies, which provide very high-speed data transfer, expand their range of services
from the user's perspective. It is very important to thoroughly investigate the internal
mechanisms used by current and modern cellular networks, involving the use of signaling
protocols and routing components. Several issues related to the functioning of cellular
networks are the subject of many scientific publications. For that reason, this paper does not
consider this network, with a focus on the routing process as redundant. The subject is
limited to existing cellular systems, which include both fourth and fifth generation
technologies, namely 4G and 5G.

The four key features of this review are the terminological changes that have taken place with
the evolution of telecommunications technologies, as well as routing mechanisms in cellular
networks, next-generation cellular network challenges like vehicle networks, future cellular
networks, network slicing, and multi-access edge computing. We characterized our work by
describing the inconsistencies observed in the literature on cellular systems. Similarly, this
paper identified specific limitations of next-generation cellular systems. In a similar vein, this
paper has characterized the 4G and 5G technologies in next-generation cellular networks.
Recent attempts at changes in routing have addressed problems related to signaling protocol
operations and concerns of future cellular networks. Typically, three criteria are evaluated:
low behavioral cost, lack of network congestion, and appropriate route rate. These aspects are
mainly considered in the first phase of route research, and the search for the optimization
scheme of relevant cellular systems has deepened.

https://doi.org/10.29304/jqcsm.2024.16.41784

1. Introduction to Cellular Networks

Cellular networks are a crucial part of the mobile communication system and have evolved from the first generation
of mobile communication in the 1980s to the fifth-generation service that has been in deployment in varying levels
since 2020 [1]. The third generation started the support of data services and adopted different architectures for the
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support of voice services. Other notable changes in network architecture are the developments from base
transceiver stations to eNBs for LTE and NG-RAN nodes for the 4G technology and the use of mm Waves or Massive
MIMO for the 5G radio technologies. Core networks for previous generations have evolved from GSM, GPRS, and
EDGE from 1992 to 2003 to the 5G Core technology employed today [2]. Two interconnect network domains have
been known to use 4G and 5G radio technologies; these are the Core Network operated by Mobile Network
Operators and the Private Local Area Network operated radio access networks. Technical requirements for all
mobile communications architectures have network requirements alternatives, which include routing and traffic
management [3].

Routing is a crucial and indispensable element within the ever-evolving mobile communication system. In fact, the
utilization of mobile technology is progressively supplanting the usage of alternative media such as local area
networks, wireless fidelity, and various other platforms. Moreover, the surge in data joules stemming from video
streaming, mobile cloud computing, the Internet of Things, mobile computing, and fog services surpassing mere
voice and multimedia applications is undeniably on the rise [4]. Consequently, an inevitable consequence of this
growing trend is an increased demand for data routing services in the foreseeable future. These services possess the
inherent capability to bridge the mobile radio gap, facilitate the effective and efficient transmission of data, optimize
bandwidth allocation, reduce energy consumption during data transport, streamline trunk lines and home Ethernet
junctions, enable effective traffic engineering, enhance wireless communication speed, and ensure unwavering
reliability across networks. Hence, routing stands as a significant challenge in both current and forthcoming mobile
networks [5]. The availability and implementation of diverse routing options and protocols that address mobility
between different wireless domains and facilitate load aggregation around international data egresses serve as
indispensable auxiliaries to the seamless operation of networks. It is unquestionably necessary to highlight that
routing poses tremendous challenges to the progress and advancements of mobile technologies [6]. Therefore, it is
imperative for future services to uphold real-time guarantees, exhibit exceptionally low latency, and consistently
maintain a superior level of quality. Consequently, further extensive industrial research must undoubtedly be
conducted within this domain. By implementing mobile mesh subnets, which constantly carry out comprehensive
measurements, leverage traffic aggregation and response, as well as adaptively adjust operational flows, an assured
Quality-of-Service is meticulously assured [7][8].

This review offers a distinct viewpoint by discussing major contradictions in the existing research on 4G and 5G
routing methods. In contrast to previous research that mainly examines specific parts of routing protocols, this
article offers a thorough categorization of routing methods, including proactive, reactive, and hybrid approaches,
and evaluates how they can be used in both 4G and 5G networks [9]. This review explores advanced discussions like
network slicing, vehicular networks, and multi-access edge computing, going beyond typical discussions. This study
offers a detailed understanding of routing in cellular networks by pinpointing limitations and suggesting
optimization strategies, providing valuable insights for researchers and practitioners seeking to align evolving
technological needs with current routing paradigms.

1.1. Overview of 4G and 5G Technologies

Cellular networks have evolved significantly since the initial introduction of 1G technology in the early 1980s to the
current 5G technology. Specifically, 4G technology was standardized in the early 2010s, with the first deployments
beginning around 2012 and 2013. In terms of capabilities, 4G technology provides average downlink speeds of
several tens of MB and an average latency of less than 50 ms [10]. 5G technology, on the other hand, began being
deployed in 2018 and 2019. In the latest release of the 5G standards, theoretical peak user data rates of 20 GB for
downlink and 10 GB for uplink, as well as a maximum system capacity of 100 TB, are envisioned. For latency, 1 ms
and 4 ms for uplink and downlink, respectively, are expected for Ultra-Reliable and Low-Latency Communications
[10]. Remarkable advances in features such as data rates, latency, and network capacity are some of the key
differentiators between 4G and 5G [11]. In addition, new technologies such as millimeter wave bands, ultra-dense
networks, cloud radio access networks, multi-radio access technology, carrier aggregation systems, enhanced inter-
cell interference coordination schemes, full duplexing, flexible duplexing, multicast communications, device-to-
device communications, non-orthogonal multiple access, edge caching, ultra-massive multiple-input multiple-
output, and search and radar have been integrated to feature 5G [12]. A number of new services and applications
such as autonomous driving, holographic AR/VR, Internet of Things, mobile gaming, and robotics are also being
anticipated to attract and generate a new subscriber base as well as revenue. Such a rich feature set of 5G has
transformed networks into centers of intelligence, control, and service distribution not only for human-to-human
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but also for machine-type communication and machine-type ultra-reliable low-latency communication [13]. This is
particularly due to the advent and extensive integration of the Internet of Things and smart devices. These devices,
in turn, typically communicate machine-type data and traffic using the various Radio Access Networks of the
evolved cellular-based multi-tier networks. The considerable improvement in terms of functionalities and
applications, features, and intelligent components such as advanced routers and switches, network controllers,
software-defined networking, virtualization, Radio Access Networks, quality of service, scalability, security, and so
on, makes the system much more versatile with potential applications, demands, and threats [14]. Unlike the earlier
circuit-switched networks such as the original narrowband Amplitude Modulation and Advanced Mobile Phone
Service, 1G, 2G, 3G, and WiMax, which had little more than a voice application that was circuit-switched in nature,
4G and 5G networks are 100 percent packet-switched [15]. Tournament organizers and their participants will
clearly appreciate this because any voice, data, audio, video, etc., from anywhere in the world, if dropped by the
wired network, will arrive at the tournament venue 100 percent in a packet-switched mode. These functionalities,
however, bring about a series of technology and algorithm-oriented challenges associated with routing the right
data at the right time and destination [16]. These new system features call for intelligent and fast control,
optimization, and the tuning of intelligent and software-defined networking components for an acceptable level of
adaptability and robustness, demands, scalability, quality of service, security, privacy, energy efficiency, and hop
dynamics to ensure various applications and objectives. In comparison to 4G, the additional capabilities offered by
the 5G protocol will only amplify these challenges. In response to these new needs, 4G and 5G mechanisms of
routing as well as routing procedures have been investigated [17].

Although there has been considerable focus on the development of 4G and 5G networks, there is still a shortage of
comparative research that combines routing protocol performance with new challenges like low latency, high
reliability, and extensive device connectivity. This review aims to close this divide by methodically examining the
advantages and disadvantages of current routing techniques in 4G and 5G, as well as investigating their suitability
for new uses such as vehicular networks and edge computing [18]. The emphasis on overall performance and future
flexibility sets this study apart from previous reviews. Fundamentals of Routing in Cellular Networks

Routing is the process of directing data or traffic either in the form of packets or frames between two nodes in
computer networks. In cellular networks, it is the process of directing user traffic between corresponding base
stations or other types of nodes. The basic elements are user equipment (UE), which is connected to the eNodeB
network elements that are connected to each other. The physical network is composed of several eNodeB connected
via the backhaul to form the E-UTRA. The E-UTRA is further connected via the control plane network to the core
networks for further communications [19]. The core network is continuously connected with the operator’s
enterprise networks, and all these networks are managed centrally by the Operation Support System and Business
Support System.

An alternative approach that has been pursued is creating specialized systems that can minimize power, space, and
cost of the nodes. The flexibility of the network system has the capability of making dynamic routing decisions. Most
of these routing decisions are based on available bandwidth, capability of routing nodes, and connections [20].
These dynamic routing decisions are also affected by the topology of the network and the performance of the
network as it keeps on changing due to the failure of the network elements. One of the most important
considerations in designing cellular systems is the routing mechanism [21][22]. Cellular routing decisions are based
on certain defined parameters, network metrics, or a combination of both. Each routing protocol that exists, or
would be, is built on defined network metrics or network parameters or a combination of both. The most famous
parameter considered for the routing strategy in today’s networks is hop count. There are other parameters such as
bandwidth, latency, and throughput that can also be used independently or in combination with other parameters
[23].

The below radar graphic shown in Figure 1 contrasts 4G with 5G technology in terms of latency, bandwidth, routing
flexibility, and other parameters. The graph illustrates how 5G has improved over 4G, highlighting its greater
scalability, edge computing, and network slicing capabilities.
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Fig. 1 - Difference in various metrics between 4G and 5G networks.
1.2. Types of Routing Protocols

In cellular networks, numerous routing protocols may be grouped into several categories. Some of them are
proactive and are characterized by maintaining up-to-date network state information chains due to periodic
exchanging of routing information. However, they are not suitable for operation in highly dynamic networks where
communication links change frequently [24][25]. Another popular and quite opposite type of protocols are reactive
ones. The reactive routing protocol uses a route discovery mechanism to search for a route between the source and
the destination only when it is needed. This mechanism may be time-consuming if no suitable route is found. The
group of the third category consists of hybrid routing protocols, which combine characteristics of the above
categories [26][27]. The routing within heterogeneous networks requires an adaptive method of selecting it.
Adaptive routing ensures that the overall throughput of the network is maximized because the route will be selected
based upon the current congestion of the network [28][29].

Determining the routing protocol is essential to accomplish efficient and scalable network routing. In ad-hoc
networks, the routing techniques and protocols need to cater to the rapidly changing topology of the network. The
amount of traffic broadcast in the network, the ratio of data packets to routing packets, the complexity of the
algorithm, and the amount of storage required by the routing agents at each mobile node are the basic performance
metrics for any routing protocol [30][31]. A route discovery process is also a requirement of such routing
algorithms. The resultant performance of the routing algorithms can be analyzed using simulation. Such simulation
gives the transmission of data between the nodes as well as the cellular data link layer [32][33]. This optimization of
IP routing selection and cellular data link layer transmission is based on criteria such as throughput, delay, and lost
packets. A neural network may also be used for simulating the learned parameter values of handover processes,



Jaafar Sadiq Alrubaye et al, Journal of Al-Qadisiyah for Computer Science and Mathematics Vol.16.(4) 2024,pp.Comp 215-230 5

including the cells encountered and tried. Hybrid [P-based routing protocols work best in networks to make the
network function properly.

2. Routing Challenges in 4G/5G Networks

In the context of 4G/5G networks, routing is very challenging due to a number of technical and operational aspects.
Routing in cellular networks is considered an operation to forward incoming data from the core network to the
target user equipment located within its coverage. Due to the nature of cellular networks, routing must consider
aspects such as user mobility, frequent handover execution, and other environmental conditions that make the
situation dynamic [34][35]. Additionally, latency in the communication system must be minimized to increase the
subscriber's quality of experience. The integration of IoT devices into cellular networks leads to two important
routing complexity impacts: routing entity and routing protocol [36][37]. Firstly, the ability of the routing entity to
manage large-scale routing information. Secondly, fast and efficient routing information dissemination to manage
IoT device traffic. Another impact is on routing protocols, which require a robust routing protocol to manage user
handover between different coverage technologies. In 5G, the need for robust mobility management is increasing
due to the introduction of network slicing [38] [39].

Routing in cellular networks is more challenging than in wired systems due to several reasons: user mobility
between base stations, network coverage, user profiles, etc., leading to the need for robust mobility management
solutions. Additionally, data traffic over a wireless system is more complex than in wired networks. Due to these
factors, obtaining efficient optimization solutions concerning cell routing and scheduling in cellular networks is
necessary for cost-effective or resource-effective goals. The routing cost is directly related to energy consumption,
operational and maintenance costs, and resource efficiency [39]. Routing optimization can help increase cellular
network performance in terms of throughput, latency, and reliability, saving network capacity, prolonging network
lifetime, and reducing network transmission congestion. Furthermore, routing affects the capacity of cellular
systems and the number of devices that connect to the network, impacting the performance of both uplink and
downlink connections [32] [41]. Most importantly, if congestion in the networks from the perspective of routing is
not handled well, the quality of experience for networking subscribers will decrease.

2.1. Mobility Management

User mobility and its management have been identified as the most complex issues in 4G and 5G networks because
of their high-speed mobility and various user movement patterns. Every mobile device in the network operates
under optimal mobility management without interruption of network connection when moving from one network
to another or between different demonstrators. To ensure that the user equipment (UE) receives the same
uninterrupted service quality when the user moves from one network to another or from 4G to 5G or vice versa,
many routing decisions are made at the control plane [42]. However, any routing decision made at the control plane
has a significant impact on the network, which will affect user service reliability and performance. Ideally, each
routing decision should take user mobility into account so that the decision does not degrade the performance of
user services. To enable the handover process while ensuring uninterrupted service quality, the overlapping criteria
between neighboring networks handle user authentication and security, network discovery access setup, quality of
service (QoS), user policy gaps, etc. during the movement. However, existing standards cannot meet these
requirements before UEs are reset after constant changes and cleanup in network transition scenarios [43][44]. In
particular, the time-domain based handover technology was introduced, while ultra-reliable low-latency
communication, direct network access, and spectrum policy were also established. The technology related to other
policy control cannot support policies before connecting to a neighboring network [45][46].

Another aspect of user mobility is that [oT users are expected to affect the density of smartphones, sensors, and
other IoT stakeholders who may move into the current mobile service provider network. In fact, using micricellular
technology, the delay of the user connection in dense areas may be very large, which makes it very difficult to
provide real-time services in those areas [47][48]. In network dense spatiality, the high cost of using a pre-installed
gateway/router to send and receive data or establish a network is another way to securely bridge a large number of
millimeter wave fixed radio nodes or other wireless access nodes in the network. All these indicate the importance
of optimizing the routing operations within 4G and 5G networks to ensure service reliability and robustness for the
user to access the network without changing their device settings while moving inside or outside the network
[49][50].
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3. Routing Optimization Techniques

The cellular environment has become more complicated. The densities of telecommunication networks and the
requirements for data service are growing exponentially. One of the most crucial capabilities is routing efficiency,
which must provide users with a high quality of service through better network synchronization. High QoS
provisioning is indeed an essential issue for the overall network because service should not be interrupted while
subscribers are offered connecting, routing, and identifying paths [51].

There are a variety of techniques and strategies used to enhance routing in cellular networks. First, dynamic routing
algorithms can improve system performance in terms of several attributes like data processing. Second, software-
based approaches are established as significant innovations. They are not only more flexible and efficient but also
provide a new perspective on implementing networks in which performance is crucial. Machine learning methods
are among these techniques, which can solve problems that require logic and special cases. Fine-tuning the machine
learning process and feeding it with specific training data could provide insight into a good method for network
routing and resource allocation that produces the best performance. Although the mentioned strategies are
important, the trade-offs between the complexity of algorithms and information processing needs must be
considered [52].

Another important feature for finding an optimal strategy is its flexibility. To be more specific, real-time
performance monitoring criteria and parameters are crucial because these parameters may change in a real-time
network situation. Priority strategy may require a special approach due to its critical nature. Traffic priority is based
on service quality requirements that can be divided into real-time, minimum constant bit rate, and average accept
rate. Some major techniques have been ready to be practiced in practical network environments. The success of the
transmission control protocol, based on latency and loss, can be used in wireless networks [53][54].

New advanced routing algorithms like Al-driven adaptive routing and Reinforcement Learning-based routing are
starting to tackle the optimization issues in 5G networks [55]. These algorithms adapt routes in real-time network
conditions, guaranteeing low latency and optimal resource use. One example is Al-based routing which can
anticipate traffic jams and redirect traffic beforehand, improving network dependability.

3.1. Load Balancing Strategies

A critical property in a routing optimization process is the ability of a flow to distribute traffic efficiently among
several available paths. Otherwise, network performance is poor due to congestion or inefficient resource
utilization. However, the non-homogeneous distribution of traffic in the network makes this quest far from trivial.
Data offloading is commonly recognized as a load balancing strategy under the objective of efficiently utilizing
network resources, content, and services [61-65]. The offloading mechanisms can take place in various areas of the
network, e.g., flow management between cells, inter-frequency and intra-frequency offloading between connected
and movable Wi-Fi access points, roaming offloading, and HetNet traffic management. On-device offloading function
selects the interface, and hence the access network, based on the QoS requirements and the user preferences.
Integrating user preferences into access network load balancing has also been considered by using e.g. design or a
multi-criteria decision process [56][57].

Artificial intelligence is a promising solution for improving traffic offloading algorithms. Dynamic traffic
management techniques can optimize traffic distribution by handling the change in the pattern of traffic. Load
balancing strategies in cellular networks have evolved concomitantly with the requirements of new generation
networks. As the network evolves, the set of features required to enhance the performance will change, expected to
meet the rapid growth in demand for high data rates and the expected complex HetNet architecture [58][59][60].
This could also trigger the design of a new set of sophisticated features that can further enhance the use of load
balancing strategies for improving the overall network performance and achieving stable and high-performing
networks.

4. Comparison of routing in 4G vs 5G

4.1. Comparison of Network Architectures
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The best way to illustrate the high-level variations in 4G and 5G network architecture is via a block diagram. But
since it might be difficult to create further clarify block diagrams programmatically, this paper offers a condensed a
following chart (Fig 2) that contrasts important architectural elements.

Comparison of Architectural Components in 4G and 5G
3 3 3 3 3 3
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Fig. 2 - comparison of architectural components in 4G and 5G.

The above figure gives facts that can be summarized in the following points:
e Core Network: Service-Based Architecture (SBA) improves it in 5G.
e Base station: Advanced base stations are used by both 4G and 5G, while 5G offers greater functionalities.
e Edge Computing: 5G heavily incorporates edge computing to lower latency.

e Network Slicing: Only available with 5G, network slicing enables several virtual networks on a single
physical infrastructure.

e Virtualization: With 5G, virtualization is more common and allows for more flexible network
administration.

4.2. Use of Routing Protocols

The distribution of the various routing protocols used in 4G and 5G networks may be shown in Fig 3.
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Fig. 3 - various routing protocols used in 4G and 5G networks.
Where:
e Diameter is utilized in 4G for AAA (Accounting, Authorization, and Authentication).
e The 5G introduced the Packet Forwarding Control Protocol (PFCP) for user plane management.
e Both 4G and 5G use GTP (GPRS Tunneling Protocol) to tunnel data.

e Segment Routing over IPv6 (SRv6) is a new technology in 5G that offers more sophisticated routing
features.

e And other protocols consist of more recent protocols that are not clearly classified as well as legacy
protocols.

4.3. Bandwidth vs Latency

The variations in latency and capacity between 4G and 5G networks may be clearly displayed in Fig 4. Where
explanation of the latency and bandwidth between 4G and 5G can be presented that 4G has a larger latency (~30
ms) than 5G (~1 ms), while 5G can deliver up to 1000 Mbps or more, 4G can only offer up to 100 Mbps, in term of
latency and bandwidth, respectively.

4.4. Use of Network Slicing

Network slicing is the technique of dividing a physical network into multiple virtual networks, each tailored to
specific application requirements such as enhanced Mobile Broadband (eMBB), Ultra-Reliable Low-Latency
Communication (URLLC), and massive Machine Type Communication (mMTC). Each slice operates independently to
meet diverse performance criteria [71]. The use of network slicing in different 5G network applications may be
shown in Fig 5.
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Latency and Bandwidth Comparison between 4G and 5G
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Fig. 4 - latency in 4G and 5G Comparative analysis of average latency in 4G and 5G
networks vs Bandwidth, illustrating the significant reduction achieved in 5G, which is
essential for applications requiring ultra-reliable and low-latency communications (URLLC)
[69].

Network Slicing Utilization in 5G Networks
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Fig. 5 - Network slicing utilizations in 5G

The figure shows that the eMBB, emphasizes large data speeds and capacity, Ultra-Reliable Low Latency
Communications, or URLLC, was created for mission-critical applications that need to have the lowest possible
latency, mMTC provides low power consumption support for a large number of linked devices, and Others, Consists
of customized slices for certain applications.
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4.5. Routing Flexibility and Scalability

The following chart (Fig 6) compares the flexibility and scalability of routing in 4G and 5G. In routing flexibility, 4G
has less flexibility than 5G, which allows dynamic and flexible routing systems. And in scalability, 5G allows for more

efficient support of a large number of devices and heavy data traffic.

Routing Flexibility and Scalability in 4G vs 5G

scalability -

Routing Flexibility

5G

2 3
Level (1-5)

Fig. 6 - Routing Flexibility and Scalability in 4G vs 5G.

To illustrate the evolution of routing protocols, this review contrasts traditional methods like GTP (used in 4G) with
newer approaches like SRv6 (adopted in 5G). While GTP provides a robust mechanism for tunnel-based
communication, its limitations in handling dynamic traffic demands and slicing make it less suitable for 5G. In
contrast, SRv6 offers improved scalability, adaptability to slicing, and reduced overhead, representing a significant
leap in routing efficiency. A summary table (Table 1) highlights these differences, features used in 4G/5G that
presents the key differences between 4G and 5G routing methods as well as providing a clear understanding of the
advancements [51][53][54][56][58][59][62][63][69].

Table 1: Key differences between 4G and 5G routing methods.

Feature

4G Networks

5G Networks

Core Architecture

Routing Structure

Signaling Protocols

Network Slicing

Evolved Packet Core (EPC),
centrally managed and IP-based

Centralized, with static path
selection

Diameter Protocol for
authentication, authorization, and
accounting

Not supported; limited to general
routing

Service-Based Architecture (SBA),
service-oriented and modular

Decentralized and dynamic,
enabling flexible and adaptive
routing

Packet Forwarding Control Protocol
(PFCP) for improved efficiency and
lower latency

Supported; allows virtualized
networks with customized routing
per slice
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Latency

Multi-Access Edge Computing

Dynamic Routing

Scalability and Flexibility

Network Congestion Handling

Security Concerns

Applications and Use Cases

Higher latency due to centralized
routing and static path selection

Limited; traffic routed centrally

Minimal; routes are largely static

Less scalable; centralized structure
struggles with large-scale demands

Limited; congestion can lead to
reduced performance

Relatively simpler security model
due to centralized management

General mobile data and voice

Reduced latency with distributed
architecture, MEC, and real-time
dynamic routing

Supported; brings resources closer
to end-users, offloading traffic
locally to reduce latency

Highly dynamic, with real-time
adjustment based on network
conditions

Highly scalable and flexible;
network slicing and SBA support
diverse applications

Effective; dynamic routing and MEC
help balance loads and prevent
congestion

Complex; network slicing and
virtualized services require robust,
slice-specific security management

Supports [oT, autonomous vehicles,

services real-time applications, and high-

speed data services

5. Discussion

There are new challenges in the fourth generation (4G) and fifth generation (5G) of cellular networks that cannot be
properly handled by traditional methods. Conventionally, the connections of cellular networks were made either by
dialing a phone or by confirming that base stations had constant radio frequencies. However, as the community
evolved and technology progressed, connections using an antenna turned into mobile access. The introduction of 4G
networks brought further complexity to mobile access. Contrary to popular belief, the fifth generation (5G) is not
solely about mobile phone technology; it primarily focuses on advancements in Internet access. When discussing 4G,
it is important to acknowledge that it is simply the polysemy of technology commonly referred to as Long-Term
Evolution (LTE). On the other hand, discussing 5G entails delving into new standards and technologies that will
emerge from future releases [63]. With the implementation of 5G, the WiFi network will face numerous demands. In
scenarios where 5G alone may not be able to accommodate these demands, the WiFi network will play a crucial role
in meeting the requirements and providing seamless connectivity. As such, it is imperative to address the potential
challenges and ensure that the WiFi network remains robust and capable of handling the increased load.

To enhance the comparison between 4G and 5G routing, this review incorporates quantitative data on key
performance metrics such as latency, throughput, and energy efficiency. For example, latency in 4G networks
averages around 50 ms, whereas 5G achieves sub-10 ms latency, a critical improvement for applications like URLLC.
Similarly, throughput has increased from 1 Gbps in 4G to over 10 Gbps in 5G, highlighting significant advancements
in data handling capacity [68]. Figure 1 illustrates these metrics for clearer visualization.

This research proves the feasibility of offloading data from the mobile network to an external network. The
requirements arising from 4G for mobile data connection require the development of alternative policies to direct
flows to the mobile network. With the combination of offload policies and context-dependent policies, traffic is
directed to the best network at the right time. Recommending pertinent content targeting particular user classes can
improve performance and balance the load of both networks. An adaptive architecture to the context that combines
the cellular and external networks is proposed for the necessary process where context-dependent routing initiates
the best content offload policy. In a second set of tests, the three options proposed for decision creators were
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examined. The use of decision makers in addressing recommendations is an important contribution since there are
no recognized mechanisms for evaluating recommendation systems. With the combination of offload policies and
context-dependent policies, traffic is directed to the best network at the right time.

6. Future Directions in Routing for 5G Networks

How can Al and machine learning enhance dynamic routing decisions in 5G and beyond? What methodologies can
be developed to optimize energy efficiency in dense 5G environments? Additionally, exploring the integration of 6G
technologies like quantum communications and terahertz frequencies into routing protocols presents promising
avenues for innovation [64,65, 71], the point of representing routing solely at the inter-PGW and inter-CP level will
be too low to provide a sufficient level of adaptability and traffic engineering capable of exploiting the major
features of the new 5G architecture. Therefore, this paper also needs to investigate what happens above the AC level.
[t is likely that for 5G this paper need methods capable of working also above the network/transport layer, reaching
the application layer itself.

In the context of 5G, one might argue that transport and traffic engineering in general could gain from the use of
artificial intelligence to deal with uncertain levels of traffic quality and network conditions, just to mention an
example. How could global traffic engineering be impacted if learning was to be distributed? With rapid
technological advancements, adding support for the new radio access in 4G appears to be a necessary step to
address decreasing performance over time. Positioning is a crucial issue to solve, while the impact of cloud
paradigms and the related virtualization of radio and core networks on the routing plane still needs to be
investigated in depth. It is also important to understand how virtualization, together with other paradigms regarded
as the future of networks, such as software-defined networking, as well as new ways to interact with the core
network, will pave the route of future networking and, in turn, the optimal path that traffic should follow. From a
research perspective, 5G routing would be anticipated to have significant implications for network programmability,
autonomic management, artificial intelligence networking, the Internet of Things, big data and data science, network
optimization, cloud computing, edge and fog computing, and cyber-physical systems. Overall, it appears that
ongoing innovation in software-defined networking and network function virtualization will continue to challenge
the routing function, requiring ever more flexible and adaptable routing that also adapts to the behavior of software
controllers and orchestrators. Future research will have to address this important issue.
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