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Abstract

The 4G LTE (Long Term Evolution) network represents a substantial challenge in wireless communication technology,
providing slightly improved data transfer rates, decreased response time, and heightened connectedness from the 3G
network. Nevertheless, there are significant worries surrounding the cybersecurity of these sophisticated network. The
convergence of people, procedures, and technology to defend business, persons, or networks against digital attacks is
known as cybersecurity. Cybersecurity is essential to protect organizational assets from risks such as but not limited to
personal data breaches, unauthorized access leading to reputational and financial impact (Sandhu 2021). Previously
isolated systems are now interconnected and sharing data. (Moller 2023) states that this connectedness also poses some
inconveniences as well, whenever a device joins the Internet, it becomes publicly discovered. Once these devices are
discovered, they become open to cyberattacks (Singh & Kumar, 2020 and Aphane, 2023). Cybersecurity has become an
essential part of our daily lives due to the increasing frequency and severity of cyberattacks. Cybersecurity consultants
face a significant challenge in measuring the effectiveness of cybersecurity measures in organizations in terms of
performance in the 4G LTE networks. Another challenge could be finding a cybersecurity architecture that is effective
and can fit different situations (Mbelli and Dwolatzky, 2016; Carcary, Doherty & Conway, 2019). The main aim of this
study was to look on cybersecurity and performance issues on the 4G LTE networks, develop a comprehensive
cybersecurity architecture that can be used by cybersecurity consultants when measuring cybersecurity effectiveness,
performances and the solutions in security, privacy and performance. The following section will provide a brief
overview of cybersecurity architectures, then followed by the research methodology utilised in this study. The proposed
cybersecurity architecture presented and followed by the research methodology, summary of the results and
implications of the study.
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1. Introduction

Cybersecurity, a critical feature in today's always-connected digital world, is scrutinized more than ever as we migrate
from 4G Long-Term Evolution (LTE) networks to the future 5G networks [1]. The current article is prompted by an
urgent necessity to study on cybersecurity performance of 4G LTE network. While the benefits of previous networks
before 4G in terms of speed and efficiency are widely known, there still needs to be a more thorough understanding of
how these technologies compare regarding the performance. 4G LTE networks have been around for a while and are
well-known for their weaknesses and defenses. The security procedures of 4G LTE have been thoroughly examined,
resulting in fixes, upgrades, and newer versions of security protocols [2]. Its evolution called 5G, conversely, is based on
a more complicated design that incorporates new technologies such as network slicing, edge computing, and a rise in
connected devices due to the IoT. While these features provide several advantages, they create new layers of possible
vulnerabilities, further complicating the 4G cybersecurity picture. The convergence of various technologies inside the
4G ecosystem necessitates a full review of current security models and the development of new paradigms to handle
these specific issues [3]. Understanding how well 4G networks can survive cyberattacks compared to 3G LTE networks
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is becoming more important as cyber threats become more complex. Will 4G's sophisticated features make it more
resistant to the cybersecurity, or will they provide new entry points for hackers in its performances? Answering these
concerns is crucial for individual users, corporations, and governments banking heavily on cybersecurity and
performance issues in 4G technology to power anything [4]. The 4G wireless technology has recently coined for
improving broadband performance and allowing multimedia programs. Therefore, its architectures and standards have
considerably enhanced to transfer higher data rates than 2G and 3G. Meanwhile, Long-Term Evolution (LTE) has
evolved to become one of the effective technologies that accomplish the 4G wireless performance goals. The authors in
[5] has investigated a new threat known as paging storm attacks, this attack affects the cell’s limitation of LTE adds a
delay in requesting. Paging storm attacks can be launched from a regional botnet to exhaust the limited paging capacity
of cells in a 4G/LTE (Long-Term Evolution) network. As paging storm attacks can delay paging requests and affect the
productivity in video calls and the voice in the calling applications. 4G/LTE is mentioned in [6] as consisting of two main
components which are the E-UTRAN and the EPC, each of these is prone to various types of attacks. Recent studies
shows that 4G/LTE is exposed to many threats or attacks that menace its integrity [7], performance and security issues.
LTE architecture is an open access system that means it can connect to any network at any time. The authors in [8] have
made a survey on threats that put LTE security at risk. Even with the security improvements that have been
implemented onto LTE, there is still vulnerability in integrity, performance and security issues which needs to be
protected.

1.1. Problem Statement

The global transition from 4G LTE to other network technologies like the 5G technology is set to transform various
industries, including healthcare, transportation, industrial automation, and others. While the benefits of data speed,
latency, and device connection are widely recognized, there needs to be a significant gap in the understanding and
appraisal of the cybersecurity consequences of this technological transition. As wireless networks expand, so do the
complications associated with safeguarding these networks and their performances. The cybersecurity world is teeming
with ever changing and more sophisticated threats, and each generation of wireless technology introduces its own set
of difficulties and risks. Because 4G LTE networks have been operational for a long time, their security and performance
have gone through several revisions, assessments, and enhancements. Thus, the problem addressed by this article is to
comprehensively evaluate cybersecurity and performance of 4G LTE network.

2. 4G LTE architecture

An LTE architecture includes the modules needed to install network protocols between base stations and mobile
systems [9]. As presented in Figure 1 above, the 4G LTE system architecture involves three modules: User Equipment
(UE), Evolved Universal Terrestrial Radio Access Network (E-UTRAN), and Evolved Packet Core (EPC). The UE, for
example, laptops or smartphones, can link to the wireless network across the evolved NodeB (eNodeB) using the
EUTRAN base stations [10]. The eNodeB utilizes some access network protocols for exchanging messages with the UE.
The E-UTRAN links to the EPC which is an [P-based infrastructure, while the EPC links to the provider of the wireline IP
network [11]. The 4G LTE network architecture has some enhancements compared to 3G wireless network.
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Figure 1 4G LTE System Architecture
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Firstly, it has two types of network elements (NEs): the eNodeB that is an improved base station and the Access Gateway
(AGW) that integrates all the functions, specifically Mobility Management Entity (MME), needed for the EPC. The MME
can control the UE identification, as well as processing security authentication and mobility. LTE can support a meshed
structure that improves wireless network performance, for example, an eNodeB can connect with several AGWs. On the
hand, as the architecture is compatible with the TCP/IP model, traffic packets at any UE can be handled using the AGW
and eNodeB with different IP-based devices, such as routers. Table 1 presents a summary of the features of the 4G
Technologies.

Table 1 Characteristics of 4G Technologies

Features 4G
Standards Single unified standard, ITU, IMT-Advanced
Data Rates 100Mps

Services Dynamic information access with higher multimedia quality, wearable devices

Technology Unified IP, seamless combination of broad-band, LAN/WAN/PAN, WLAN

Core network | Internet

Multiplexing | CDMA

3. Security Issues In 4G LTE Network

In 4G LTE Network, security issues identified on the layers that are inserted in the 4G LTE network architecture on the
unique identifiers (IDs) for smartphones (i.e., UEs). A temporary unique ID is used on the SIM card which had security
issues until it had to be temporarily placed to prevent attackers from stealing identifiers. Another security issues which
were seen was 4G singling between UE and ME until the technique for improving 4G security was added to protect
singling between the UE and MME [12]. Security mechanisms are utilized to secure the connections between 4G
networks and secure non-4G networks using key management authentication protocols. Although several security
controls are used for 4G/LTE wireless technology, its design, which is based on an open-IP architecture.

As explained in [13], 4G LTE (Long-Term Evolution) is a standard for wireless broadband communication, designed to
provide high-speed data and voice communication. While it offers significant advancements over previous generations,
such as faster speeds and lower latency [14], it also introduces a range of security challenges. The increased complexity
and openness of LTE networks make them susceptible to various threats, necessitating robust security measures to
protect user data and ensure network integrity. Some of the security threats in these networks are described in the sub-
sections below.

3.1. Eavesdropping and Data Interception

One of the primary security concerns in 4G LTE networks is eavesdropping, where attackers intercept communication
between users and the network [15], [16]. Despite encryption mechanisms like IPSec and SSL/TLS being implemented,
vulnerabilities in these protocols or weak configurations can be exploited [17], [18]. Attackers can capture and decrypt
sensitive data, leading to privacy breaches and information theft. Therefore, it is crucial to continually update and
strengthen encryption protocols to counteract evolving eavesdropping techniques [19], [20].

3.2. Man-in-the-Middle Attacks

Man-in-the-Middle (MitM) attacks are another significant threat in LTE networks. In such attacks, an adversary
intercepts and potentially alters communication between two parties without their knowledge [21]. This can be done
by exploiting weaknesses in the network's authentication processes or by using rogue base stations. These attacks
exploit vulnerabilities in the network’s authentication and encryption protocols to eavesdrop on sensitive data, such as
personal information and login credentials [22], [23]. Figure 2 shows a typical MitM in a 4G network.

Although LTE networks use strong encryption and mutual authentication to mitigate such risks, MitM attacks can still
occur if attackers manage to deploy rogue base stations or exploit weaknesses in the key exchange processes. Ensuring
robust encryption standards, continuous monitoring for rogue elements, and implementing advanced authentication
mechanisms are crucial to defending against these sophisticated threats [24], [25]. MitM attacks can lead to
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unauthorized access, data manipulation, and severe breaches in confidentiality and integrity [26]. Implementing mutual
authentication and rigorous validation of network elements can mitigate these risks.
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Figure 2 MitM in 4G network

3.3. Jamming and Denial of Service Attacks

Jamming attacks disrupt network services by overwhelming the communication channels with noise or false signals,
rendering the network unusable for legitimate users [27]. Denial of Service (DoS) attacks flood the network with
excessive traffic, causing service degradation or complete shutdown [28], [29]. Both types of attacks can severely impact
the availability and reliability of LTE networks. As explained in [30], these attacks aim to disrupt communication
services by overwhelming the network with excessive traffic or blocking legitimate signals. Jamming involves
transmitting interference signals that disrupt the communication between user devices and base stations, leading to
degraded service or complete service outages [31]. Figure 3 illustrates a typical jamming attack in 4G networks.
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Figure 3 Jamming attacks in 4G network

DoS attacks target network resources by flooding them with malicious requests, causing congestion and preventing
legitimate users from accessing network services. To combat these threats, strategies such as deploying advanced signal
processing techniques, implementing traffic monitoring and filtering, and ensuring redundancy and load balancing are
essential. Additionally, real-time detection systems that can identify and mitigate jamming and DoS activities are crucial
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for maintaining network reliability and availability [32]. Figure 5 below gives a depiction of a DoS attack in cellular
network.
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Figure 4 DoS attacks

Techniques such as spread spectrum technology and robust intrusion detection systems are essential to detect and
mitigate these threats.

3.4. Rogue Base Stations (IMSI Catchers)

Rogue base stations, such as IMSI catchers or Stingrays, mimic legitimate cell towers to intercept communications,
capture IMSI numbers, and track user locations [33], [34]. These can force devices to downgrade to less secure
networks, increasing vulnerability to attacks. As discussed in [35], rogue base station attacks in 4G LTE networks
involve malicious actors deploying unauthorized base stations that mimic legitimate ones, tricking user devices into
connecting to them [36], [37]. An illustration of IMSI Catchers attack is depicted in Figure 5 below.
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Figure 5 IMSI Catchers attack

Once connected, these rogue base stations can intercept or manipulate communications, potentially capturing sensitive
information [38], injecting malicious content, or redirecting traffic to fraudulent services. These attacks exploit
weaknesses in network authentication and the absence of stringent checks for base station legitimacy. To counteract
this threat, network operators need to implement robust base station authentication protocols, utilize encryption to
protect data transmission, and employ advanced monitoring systems to detect and neutralize unauthorized base
stations quickly.
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3.5. Signaling Storms

Signaling storms in 4G LTE networks refer to scenarios where an excessive number of signaling messages overwhelm
the network's signaling infrastructure, leading to performance degradation and service disruptions [39], [40]. These
attacks flood the network with unnecessary or malicious signaling requests, such as authentication or registration
requests, which can exhaust network resources, cause delays, and even result in system outages. To mitigate the risk of
signaling storms, it is crucial to implement robust traffic management and filtering mechanisms, deploy rate limiting to
control signaling message volumes, and continuously monitor network traffic for unusual patterns that may indicate an
ongoing attack [41]. Additionally, enhancing the network's capacity to handle high signaling loads and ensuring effective
response strategies can help maintain service stability during such attacks [42]. Signaling storms occur when an
overwhelming number of signaling messages are sent to the network, causing congestion and potential service
disruption. These can be triggered intentionally by attackers or accidentally by malfunctioning devices.

3.6. Replay Attacks

Replay attacks in 4G LTE networks involve an attacker capturing valid signaling or data messages and retransmitting
them to the network or another user to impersonate a legitimate entity or disrupt communications [43], [44]. By
replaying previously intercepted messages, attackers can bypass authentication mechanisms, initiate unauthorized
transactions, or inject malicious commands [45]. Although LTE networks use encryption and authentication protocols
to mitigate such risks, vulnerabilities in these processes can still be exploited. To defend against replay attacks,
implementing techniques like timestamping and sequence numbering to ensure the uniqueness of each message, along
with strong encryption and secure key management practices, is essential for maintaining the integrity and security of
network communications [46]. In replay attacks, an attacker captures a legitimate data transmission and retransmits it
to the network. This can be used to gain unauthorized access or disrupt network services by repeating valid
communication sessions.

3.7. LTE Redirection Attacks

Redirection attacks involve redirecting user traffic to malicious networks or websites. By exploiting vulnerabilities in
the redirection mechanisms, attackers can intercept data, inject malicious content, or launch phishing attacks. As
explained in [47], these attacks involve manipulating a user's connection to redirect them from a legitimate service to a
malicious one, often without the user's knowledge. This can be achieved through tactics such as intercepting and
altering signaling messages or exploiting vulnerabilities in the network's routing and authentication processes [48].
Once redirected, users may be exposed to phishing sites, malicious content, or unauthorized data collection. To
counteract redirection attacks, it is crucial to implement robust security measures including secure signaling protocols,
encryption of user data, and rigorous verification processes for network elements and services [49]-[50]. Additionally,
continuous monitoring and anomaly detection can help identify and mitigate suspicious redirection attempts.

3.8. Downgrade Attacks

Downgrade attacks in 4G LTE networks involve forcing a network or device to revert to less secure protocols or weaker
encryption standards, thereby exposing communications to increased risk [51], [52]. As shown in Figure 6, attackers
exploit vulnerabilities in the network's ability to negotiate security settings, manipulating the system to use outdated
or less robust encryption algorithms and protocols that are easier to break [53], [54]. This can lead to compromised
data integrity and confidentiality.
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Figure 6 Downgrade attack
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To mitigate downgrade attacks, it is essential to enforce strict protocol version control and ensure that only the most
secure and up-to-date encryption standards are used. Implementing robust mechanisms for validating and negotiating
security parameters can help prevent attackers from successfully downgrading network security [55]. Downgrade
attacks force devices to switch to older, less secure network protocols (e.g., from 4G to 3G or 2G). These older protocols
may have known vulnerabilities [56] that can be exploited to compromise security and intercept data.

3.9. Spoofing Attacks

Spoofing attacks involve masquerading as a legitimate network entity to deceive users or network components [57].
Attackers can impersonate base stations, user devices, or network elements to intercept communications or manipulate
data. These attacks involve an attacker impersonating a legitimate entity, such as a base station, user device, or network
element, to deceive and exploit other network participants [58], [59]. By mimicking trusted components, attackers can
intercept or manipulate communications, gain unauthorized access to sensitive data, or disrupt network operations
[60], [61]. Spoofing can target various elements, including User Equipment (UE) or evolved Node Bs (eNBs), and often
exploits weaknesses in authentication and verification processes. To defend against spoofing attacks, it is crucial to
implement strong authentication mechanisms [62], such as mutual authentication between devices and network
elements, and to utilize encryption and secure signaling protocols to ensure the integrity and authenticity of
communications.

3.10. IMSI Paging Attacks

IMSI paging attacks exploit the paging mechanism used to locate devices. Attackers can repeatedly trigger paging
requests, causing excessive signaling and potential network congestion, leading to denial of service. As discussed in [63],
IMSI paging attacks in 4G LTE networks involve an attacker exploiting the paging process, where the network attempts
to locate a specific user device using its International Mobile Subscriber Identity (IMSI). An illustration of a typical IMSI
paging procedure is depicted below.
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Figure 7 Paging procedure

In such attacks, the attacker may use a fake IMSI to flood the network with paging requests or use IMSI catchers to
intercept and monitor the paging signals intended for legitimate users [64]- [67]. This can lead to unauthorized tracking
of user locations, interception of communications, or disruption of the paging process. To mitigate IMSI paging attacks,
implementing techniques like IMSI anonymization, paging encryption, and enhanced monitoring of paging traffic for
unusual patterns can help protect user privacy [68] and network integrity.

3.11. RRC (Radio Resource Control) Attacks

Radio Resource Control (RRC) attacks in 4G LTE networks involve exploiting vulnerabilities in the RRC protocol, which
manages the allocation and control of radio resources between user devices and base stations [69]. Attackers may
initiate unauthorized RRC connections, manipulate signaling messages to disrupt resource allocation, or overload the
network with fraudulent requests. Such attacks can degrade network performance, cause service interruptions, or lead
to unauthorized access [70]-[72]. A simplified radio resource management is depicted in Figure 8.
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Figure 8 Radio resource management in 4G networks

To counteract RRC attacks, it is essential to implement robust security measures including authentication and integrity
protection [73] for RRC messages, monitoring for abnormal signaling patterns, and deploying mechanisms to detect and
prevent unauthorized RRC connection attempts. According to [74], RRC attacks target the control plane of the LTE
network, manipulating the RRC signaling messages to disrupt network operations, cause service degradation, or execute
unauthorized actions on user devices.

3.12. Resource Exhaustion Attacks

Resource exhaustion attacks deplete network resources such as bandwidth, processing power, or memory [75]. By
overwhelming the network with requests, attackers can cause service interruptions and degrade performance.
According to [76], resource exhaustion attacks in 4G LTE networks involve deliberately overwhelming network
resources, such as signaling channels, processing capacity, or bandwidth, to degrade service quality or disrupt normal
operations [77], [78]. Attackers achieve this by generating excessive or malformed signaling messages, initiating
numerous connections, or consuming substantial amounts of network bandwidth. This can lead to service degradation,
increased latency [79], and even network outages for legitimate users. To defend against resource exhaustion attacks,
network operators should deploy traffic filtering and rate-limiting mechanisms, implement anomaly detection systems
to identify unusual patterns, and ensure robust capacity planning and resource allocation strategies to maintain
network resilience and service availability.

3.13. Stealth Attacks

Stealth attacks in 4G LTE networks involve malicious activities that are designed to evade detection and remain hidden
while compromising network security [80]. Attackers employing stealth tactics might use sophisticated techniques to
hide their presence, such as blending malicious traffic with legitimate network activity or exploiting subtle
vulnerabilities that go unnoticed by conventional security systems [81], [82]. This can include stealthy data exfiltration,
covert command and control channels, or subtle tampering with signaling messages. To counteract stealth attacks, it is
crucial to implement advanced monitoring and anomaly detection systems that use machine learning and behavioral
analysis to identify subtle deviations from normal network patterns [83], [84]. Additionally, regularly updating security
protocols [85] and performing thorough security audits can help uncover and mitigate these hidden threats. Stealth
attacks aim to avoid detection while compromising network security. These attacks use sophisticated techniques to hide
malicious activities, making it difficult for security systems to identify and respond to threats.

3.14. Rogue Relay Attacks

Rogue relay attacks involve placing a malicious relay device between the user and the network. This device intercepts
and manipulates communication, potentially altering data or injecting malicious content [86]. These attacks involve an
attacker deploying a malicious relay node that intercepts and forwards communications between user devices and
legitimate network components [87], [88]. By positioning themselves between the user and the network, attackers can
eavesdrop on sensitive information, inject malicious data, or disrupt communication flows [89], [90]. This attack
exploits vulnerabilities in the network's trust and authentication mechanisms, potentially compromising data integrity
and user privacy [91]. Figure 9 shows a typical rogue relay attack.
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Figure 9 Rogue relay attacks

To defend against rogue relay attacks, it is essential to enforce strict authentication and encryption for all network
nodes, implement robust anomaly detection systems to identify unauthorized relays, and regularly audit network
elements to ensure they are operating within defined security parameters.

3.15. Timing Attacks

Timing attacks exploit the timing relationships between network events to infer sensitive information. By analyzing
delays and response times, attackers can deduce details about network operations or user activities [92]. According to
[93], timing attacks in 4G LTE networks exploit the predictable timing patterns in network operations to infer sensitive
information or disrupt communication. By analyzing the timing of signaling messages or data transmissions, attackers
can potentially deduce user behavior, network activities, or encryption keys [94], [95]. For instance, variations in
response times or delays can reveal information about the network's internal processes or the presence of specific users
[96]. To mitigate timing attacks, it is crucial to implement countermeasures such as randomizing timing intervals,
introducing artificial delays to obfuscate timing patterns, and employing robust encryption techniques [97] to ensure
that timing information alone cannot compromise data security or user privacy.

3.16. Baseband Attacks

Baseband attacks target the firmware and software that control the radio functions of mobile devices [98]. By exploiting
vulnerabilities in the baseband, attackers can gain control over the device’s communication capabilities and intercept
data. As explained in [99], baseband attacks in 4G LTE networks target the baseband processor, which handles low-level
communication functions between the user device and the network. These attacks exploit vulnerabilities in the
baseband firmware or hardware to gain unauthorized access to sensitive data, intercept communications, or inject
malicious commands [100]-[102]. Baseband attacks can bypass higher-level security mechanisms because they operate
at a lower level in the device’s architecture, making them particularly dangerous and difficult to detect. To mitigate
baseband attacks, it is essential to regularly update baseband firmware with security patches, employ robust security
mechanisms [103] at the hardware level, and implement stringent access controls and monitoring to detect and respond
to unusual baseband activity.

3.17. Authentication Bypass Attacks

Authentication bypass attacks in 4G LTE networks involve exploiting weaknesses in the authentication process to gain
unauthorized access to network resources or services [104]. Attackers may bypass the usual authentication
mechanisms by exploiting vulnerabilities in the authentication protocols or by using techniques like fake base stations
or compromised credentials [105]-[107]. This type of attack can lead to unauthorized access to sensitive user data,
disruption of network services, or further exploitation of the network. Authentication bypass attacks exploit
weaknesses in the authentication mechanisms of LTE networks. Attackers can bypass authentication procedures to gain
unauthorized access to network services and user data [108]. To defend against authentication bypass attacks, it is
critical to implement robust authentication protocols [109], ensure encryption of authentication exchanges, and
continuously monitor for unusual authentication patterns that may indicate attempted bypasses. Additionally, regular
updates and security patches for authentication systems help close potential vulnerabilities that could be exploited.

3.18. Network Slicing Attacks

As shown in Figure 10, network slicing attacks in 4G LTE networks involve exploiting the concept of network slicing,
which allows multiple virtual networks to operate on a single physical infrastructure, each optimized for different
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applications or services [110]. Attackers may target the isolation mechanisms between slices to breach one slice and
gain unauthorized access to resources or data in another slice. Such attacks can disrupt service quality, compromise
sensitive data, or affect the performance of other slices [111]-[113].
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Figure 10 Network slicing

To mitigate network slicing attacks, it is essential to implement stringent isolation and segmentation policies, enforce
robust access controls, and continuously monitor inter-slice communications for anomalies [114]. Additionally,
applying security measures specific to each network slice and ensuring comprehensive end-to-end encryption [115]
can help protect against potential breaches and maintain the integrity of isolated network environments. Network
slicing in LTE allows multiple virtual networks to share the same physical infrastructure. Attacks on network slicing can
compromise isolation between slices, leading to data leakage, resource misallocation, and security breaches.

3.19. Location Tracking

Location tracking in 4G LTE networks involves monitoring and determining the geographical position of user devices
based on network signals, such as those exchanged between user equipment and base stations [116], [117], as shown
in Figure 11. While location tracking can be used for legitimate purposes like providing location-based services, it can
also pose significant privacy risks if misused or if unauthorized parties gain access to this information [118]-[120].
Attackers might exploit vulnerabilities in the location tracking system to track users without their consent or to gather
sensitive location data for malicious purposes. To address these concerns, it is crucial to implement strong privacy
protections [121], such as anonymizing location data and obtaining user consent for location-based services.
Additionally, enhancing security measures around the transmission and storage of location data can help prevent
unauthorized access and ensure that users' location information remains protected. Location tracking attacks exploit
vulnerabilities in LTE protocols to track the physical location of users. By analyzing signaling messages and network
interactions, attackers can monitor user movements and violate privacy.
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3.20. Security in IoT Devices

The proliferation of Internet of Things (IoT) devices connected to 4G LTE networks introduces additional security
challenges. Many IoT devices have limited computational resources and often lack robust security features, making
them easy targets for attackers [122]-[126]. Compromised IoT devices can be used to launch large-scale attacks on the
network. Ensuring secure firmware updates, employing device-level encryption [127], and implementing strict access
controls are essential for securing [oT devices.

3.21. Threats to Core Network Elements

Core network elements such as the Serving Gateway (SGW) and the Packet Data Network Gateway (PGW) are critical
components of the LTE architecture [128]-[132]. Attacks targeting these elements can disrupt the entire network,
leading to service outages and data breaches. Protecting these core elements requires implementing strong
authentication mechanisms [133], securing communication channels, and conducting regular security assessments to
identify and address vulnerabilities.

3.22. Future Directions and Enhancements

As 5G networks are being rolled out, the security of 4G LTE networks remains crucial due to their coexistence and
backward compatibility [134], [135]. Enhancing LTE security involves continuous monitoring, adopting advanced
encryption algorithms, and integrating artificial intelligence for threat detection and response [136]-[138].
Collaboration among industry stakeholders, government agencies, and researchers is essential to develop and
implement comprehensive security frameworks that address both current and emerging threats [139] in 4G LTE
networks.

It is evident that while 4G LTE networks have revolutionized mobile communication, they also present numerous
security challenges that must be addressed to protect users and ensure network reliability. From eavesdropping and
MitM attacks to jamming and signaling storms, the threats are diverse and complex. Implementing robust security
measures, ongoing monitoring, and proactive threat mitigation strategies are essential to safeguarding 4G LTE networks
against these evolving threats. As technology advances, continuous efforts to enhance security protocols and practices
will be critical in maintaining the integrity and trustworthiness of mobile communication networks.

4. Privacy Issues In 4G LTE Network

In this type of network, it has privacy issues on its attacks against the privacy of mobile users’ data attempt to expose
sensitive data/multimedia of users. A man-in-the-middle (MITM) attack is the most serious privacy issues in wireless
networks that depend on a false base station attack when anomalous third-party masquerades its base transceiver
station. For instance, we consider the privacy issue attack in the exploitation of vulnerabilities it creates threats and
thus represents a risk from the point of view of the owner. Conversely, in the security methodology the perception of
risks to assets by the owner leads to the implementation of a set of counter-measures within the telecommunication
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network. The owner wants to minimize risks in privacy and imposes countermeasures that he considers necessary to
protect the asset, as shown in Figure 12. He therefore describes the security and privacy objective.

expiots wanis 10 mnimse 9
creales IMPOsSes A
Owner

Attacker

Figure 12 Relationship between asset, attacker and owner in privacy issue

Privacy issues in 4G networks arise from various vulnerabilities that can expose users' personal information and
communications to unauthorized access. These issues include the risk of interception of data transmissions, location
tracking, and exploitation of weak encryption protocols. Attackers can exploit flaws in the network architecture or use
sophisticated techniques like IMSI catchers (Stingrays) to eavesdrop on calls and messages, capture sensitive data, and
track users' movements. Additionally, the storage and processing of user data by network providers and third parties
pose further risks of data breaches and unauthorized access, raising significant concerns about the protection of user
privacy in 4G networks. Table 2 describes some of the privacy issues surrounding 4G LTE networks.

Table 2 Privacy Issues In 4G LTE Network

Privacy issue

Description

Location Tracking

4G LTE networks constantly exchange information to maintain connectivity, which can be
exploited to track a user’s location [140]-[144]. Techniques like analyzing cell tower
connections and timing advance values enable adversaries to determine a user’s movement
patterns, posing significant privacy risks [145].

IMSI Catching

IMSI catchers or Stingrays mimic legitimate cell towers to intercept IMSI numbers, allowing
attackers to track user devices [146]-[150]. This compromises the anonymity of users [151]
and enables targeted surveillance and monitoring.

Metadata Exposure

Communication metadata, such as call durations, times, and participants, can reveal sensitive
information about user behavior and relationships even if the content of the communication
is encrypted [152]-[157]. This metadata can be collected and analyzed by malicious actors.

Data Retention

Policies

Mobile network operators (MNOs) often retain user data, including communication logs and
location history, for extended periods [158], [159]. This data, if accessed by unauthorized
parties or misused by the operators themselves, can lead to significant privacy violations.

Unauthorized Data
Access

Weak access controls and insufficient encryption of stored data in LTE networks can lead to
unauthorized access by insiders or external attackers [160]-[162]. This compromises user
privacy [163] and exposes sensitive information.

Subscriber Identity
Module (SIM)
Exploits

SIM cards store crucial information used for authentication and communication [163]-[168].
Exploiting vulnerabilities in SIM cards, such as the SIMjacker exploit, allows attackers to
access sensitive data [169] and monitor user activities.
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Rogue Base Stations

Rogue base stations can force devices to downgrade to less secure networks, capturing
communication data and tracking users [170]. These attacks compromise the confidentiality
and integrity of user communications.

User Profiling Data collected from 4G LTE networks can be used to create detailed profiles of users,
including their habits, preferences, and movements [171], [172]. Such profiling can be used
for targeted advertising, social engineering, or even more malicious purposes.

Surveillance and | Law enforcement and intelligence agencies may intercept communications for surveillance

Interception purposes [173]. While legal frameworks exist, unauthorized or excessive surveillance can

infringe on user privacy rights.

Privacy Risks in IoT
Devices

The proliferation of 10T devices connected to LTE networks introduces additional privacy
risks [174]. Many IoT devices collect and transmit personal data, which can be intercepted
[175] or misused if the devices are not adequately secured.

Network Slicing

Network slicing allows for the creation of multiple virtual networks on a single physical
infrastructure [176]. If isolation between slices is not maintained, it can lead to data leakage
and privacy breaches across different slices [177]-[179].

Third-Party Services

Mobile applications and services often rely on third-party providers, which may collect and
process user data [180]. Weak privacy policies or inadequate security measures [181] in
third-party services can result in data breaches and unauthorized access to user information.

Encryption While LTE networks use encryption to protect data, weaknesses in encryption protocols or

Weaknesses improper implementation can leave data vulnerable to interception and decryption by
attackers [182]-[187].

Social Engineering | Attackers can use social engineering techniques to trick users into revealing sensitive

Attacks information, such as login credentials or personal details [188], [189]. This information can

be used to compromise user accounts and privacy.

Cross-Network
Attacks

Interconnected networks, such as those between LTE and older generation networks
(3G/2G), can be exploited to launch cross-network attacks [190]-[192]. Vulnerabilities in the
older networks can be used to compromise the security and privacy [193] of LTE
communications.

Insecure API Access

Application Programming Interfaces (APIs) used by LTE networks and services may have
security weaknesses [194]. Exploiting these APIs can allow attackers to access sensitive data
and perform unauthorized actions, compromising user privacy.

Denial of Service | DoS attacks can disrupt network services, leading to the exposure of user data in transit or

(DoS) Attacks stored in the network [195]-[199]. Service disruptions can also force users to connect to less
secure networks, increasing privacy risks.

Data Aggregation Data collected from various sources within LTE networks can be aggregated to form a

comprehensive profile of users [200], [201]. Unauthorized aggregation and analysis of such
data can result in privacy violations and misuse of personal information.

Over-the-Air (OTA)
Updates

OTA updates to mobile devices and network infrastructure can be intercepted or manipulated
if not properly secured [202]. Compromised updates can introduce malware or alter device
configurations, leading to privacy breaches.

Edge Computing
Privacy Risks

The deployment of edge computing in LTE networks aims to reduce latency by processing
data closer to the source [203], [204]. However, it also introduces privacy risks as sensitive
data is processed and stored at the network edge, potentially exposing it to local threats
[204], [205.

Evidently, the extensive use of 4G LTE networks for communication and data transfer introduces numerous privacy
issues that need to be addressed. From location tracking and IMSI catching to unauthorized data access and profiling,
users face a variety of threats to their personal information. Ensuring robust encryption, secure access controls, and
privacy-conscious data handling practices are essential to protect user privacy in the evolving landscape of mobile
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networks. Continuous vigilance, coupled with advancements in security protocols and user awareness, will be crucial
in mitigating these privacy risks.

5. Performance Issues In 4G Network

This section focuses on performances metrics in a 4G LTE Networks. Therefore, we will focus in the following metrics
in relation to this study: - Throughput, Goodput, Latency, packet delivery ratio and bandwidth utilization.

5.1. Throughput

Throughput in 4G networks refers to the rate at which data is successfully transmitted from one point to another within
the network. It is a critical performance metric that determines the efficiency and speed of data transfer, directly
impacting the user experience in terms of browsing, streaming, and downloading content. High throughput is achieved
through advanced technologies like Orthogonal Frequency Division Multiplexing (OFDM) and Multiple Input Multiple
Output (MIMO), which enhance the capacity and reliability of the network. However, throughput can be affected by
factors such as network congestion, signal interference, and the distance between the user and the cell tower. Ensuring
optimal throughput is essential for meeting the high data demands of modern applications and maintaining the quality
of service in 4G networks. Throughput in the 4G LTE network it drives a test in the data rate (Kbit/s) from the UE to the
eNodeB [206].

5.2. Latency

Latency in 4G networks refers to the time delay between when a data packet is sent and when it is received at its
destination. It is a crucial factor influencing the responsiveness of network-dependent applications, such as online
gaming, video conferencing, and real-time communication services. Lower latency results in faster, more immediate
interactions, enhancing the overall user experience. 4G networks typically aim to achieve latencies in the range of 30 to
50 milliseconds, which is significantly lower than previous generations. However, factors such as network congestion,
signal quality, and the distance between the user and the server can impact latency. Managing and minimizing latency
is essential for ensuring smooth and efficient network performance, particularly for applications requiring real-time
data exchange. Latency is another important performance issue characteristic that is assess. We say latency, is the
amount of time it takes for data to travel from source to destination [207]. Therefore, we can use Milliseconds (ms) to
quantify latency as shown in the figure 2 below. The 4G Mean Latency is 50 Ms.

5.3. Packet delivery Ratio

Packet Delivery Ratio (PDR) in 4G networks is a key performance metric that measures the percentage of data packets
successfully delivered from the source to the destination over the network. A high PDR indicates a reliable and efficient
network, where most packets reach their intended destinations without loss, ensuring high-quality service for
applications like voice calls, video streaming, and online gaming. Conversely, a low PDR can result in poor user
experiences due to packet loss, which can cause interruptions, delays, and degraded quality of service. Factors
influencing PDR include network congestion, signal interference, and the robustness of error correction protocols.
Maintaining a high PDR is essential for the smooth operation of network services and for meeting user expectations in
4G networks. In wireless networks, the packet delivery ratio (PDR) is a metric that indicates the successful delivery of
data packets from the sender to the receiver [208]. It refers to the percentage of packets reaching their intended
destination without errors or loss.

5.4. Bandwidth Utilization

In this section, each generation of wireless cellular technology has introduced increased bandwidth speeds and network
capacity. 4G has speeds of up to 150 Mbit/s download and 50 Mbit/s upload [209]. Figure 13 shows the 4G LTE network
bandwidth utilization. Bandwidth in a computer network sense is, its transmission capacity, which (as it is a function of
the speed of transmission) is usually expressed in bps (bits per second).
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Figure 13 4G LTE Network Bandwidth Utilization

The most common wired bandwidths are 1 Gbps (often called gigabit Ethernet), 10 Mbps (standard Ethernet), and
100 Mbps (fast Ethernet). Wireless is generally slower; 802.11 g supports up to 54 Mbps, for example. Note that these
are maximums and a wired network stands a better chance of providing the full bandwidth due to less interference.

5.5. Goodput

In this section we define goodput, that focuses on solely the useful application layer payload actually delivered across
the network without including protocol overhead, retransmissions and error data. This is a measure of data throughput
from the end-user viewpoint and represents the actual usable data delivered, as shown in Figure 14. Goodput is
generally less than throughput because extra overhead and retransmitted data are not useful for the end user [210]. In
practice, goodput is crucial to evaluate the real network performance. For instance, in high-latency [211] or congested
networks, a considerable amount of the transmitted data is made up of control information, error
correction information. or retransmissions due to loss of packets. These factors may exaggerate the reported
throughput, distorting the network performance picture to a positive light. While the goodput provides a more realistic
perspective by showing how much useful information is being transmitted, through rate.
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Figure 14 Network goodput

Performance issues in 4G networks can arise from various factors, impacting the quality of service and user experience.
These issues include network congestion, which occurs when too many users access the network simultaneously,
leading to slower data speeds and higher latency. Signal interference from physical obstacles, weather conditions, or
electronic devices can degrade signal quality and reduce throughput. Additionally, the distance between users and cell
towers affects signal strength and can cause connectivity problems. Table 3 presents some of the performance
challenges in 4G networks. Other performance challenges include inadequate infrastructure, limited bandwidth, and
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the impact of mobility on handover efficiency between cell towers. Addressing these issues requires continuous
optimization of network resources, deployment of advanced technologies, and investment in infrastructure upgrades
to ensure consistent and reliable performance in 4G networks.

Table 3 Summary of performance issues in LTE networks

Performance issue | Description

Spectrum Scarcity The radio frequency spectrum available for 4G LTE networks is limited, and as demand for
mobile data grows, managing this limited resource becomes increasingly challenging [212]-
[216]. Efficient spectrum allocation and usage are crucial to maintaining network
performance [217] and avoiding congestion.

Interference Interference from other devices, networks, and environmental factors can degrade LTE
Management network performance [218]. [219]. Effective interference management techniques, such as
advanced signal processing and interference coordination, are essential to maintain high-
quality communication.

Latency Reduction While 4G LTE has significantly reduced latency compared to previous generations, achieving
ultra-low latency for real-time applications like gaming and video conferencing remains a
challenge [220]. Continuous optimization of network protocols and infrastructure is needed
to further reduce latency.

Backhaul Capacity The backhaul network, which connects cell towers to the core network, must handle
increasing data traffic. Insufficient backhaul capacity can create bottlenecks, leading to
reduced data rates and higher latency [221]. Upgrading backhaul infrastructure to fiber or
high-capacity wireless links is necessary.

Load Balancing As user demand fluctuates across different cell towers and regions, load balancing is critical
to ensure that network resources are utilized efficiently [222]. Ineffective load balancing can
lead to some cells being overloaded while others are underutilized, degrading overall

performance.
Handover In mobile networks, users frequently move between cell coverage areas, requiring handovers
Optimization from one cell tower to another [223]. Poorly managed handovers can result in dropped calls,

interrupted data sessions, and degraded service quality [224]. Optimizing handover
algorithms is essential to maintain seamless connectivity.

Network Congestion | High traffic volumes, especially during peak times or large events, can lead to network
congestion [225]. Congestion management techniques, such as traffic prioritization and
dynamic resource allocation, are needed to maintain service quality under heavy load
conditions.

Quality of Service | Ensuring consistent QoS for different types of applications (e.g., voice, video, and data) is a
(QoS) Management complex challenge [226]. Implementing effective QoS management strategies, including
traffic shaping and prioritization, is crucial to meet diverse application requirements.

Coverage Gaps Despite widespread LTE deployment, coverage gaps still exist in rural and remote areas, as
well as inside buildings and underground locations [227]. Expanding coverage and improving
indoor penetration through small cells and distributed antenna systems (DAS) can address
these gaps.

Energy Efficiency LTE networks consume significant power, particularly in densely populated areas with high
data demand [228]. Improving energy efficiency [229] through techniques like sleep modes
for base stations and optimizing power usage is important for reducing operational costs and
environmental impact.

User Mobility High-speed user mobility, such as users in cars or trains, poses challenges for maintaining
stable and high-quality connections [230]. Developing advanced mobility management
techniques to handle rapid cell transitions and varying signal conditions is essential for
performance.
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Carrier Aggregation

Carrier aggregation combines multiple frequency bands to increase data rates and capacity.
However, managing multiple carriers introduces complexity in signal processing and
resource allocation, which can impact performance if not handled effectively [231].

Device Diversity

The wide range of devices (smartphones, tablets, [oT devices) with varying capabilities and
performance characteristics can strain the network. Ensuring compatibility and optimal
performance for all device types requires extensive testing and network optimization [232].

Software Upgrades

Frequent software upgrades are needed to address security vulnerabilities, introduce new
features, and improve performance. Managing these upgrades without disrupting service and
ensuring backward compatibility is a continuous challenge [233].

Network Slicing

Implementing network slicing to create virtualized networks for different applications (e.g.,
IoT, emergency services) requires sophisticated orchestration and resource management.
Ineffective slicing can lead to resource contention and degraded performance for critical
services [234].

Security Overheads

Implementing robust security measures [235], such as encryption and authentication,
introduces computational overhead that can impact performance. Balancing security and
performance is crucial to ensure both secure and efficient network operations [236].

Inter-Cell
Interference
Coordination (ICIC)

In dense network deployments, interference between adjacent cells can degrade
performance [237]. Advanced ICIC techniques are needed to mitigate this interference and
optimize spectral efficiency, ensuring high data rates and reduced interference.

Real-Time Analytics

Real-time analytics are essential for monitoring network performance, identifying issues, and

optimizing operations [238]. Implementing and maintaining these analytics systems requires
substantial computational resources and can introduce latency if not optimized.

Scalability As the number of connected devices and data traffic grows, the network must scale
accordingly. Ensuring that the LTE infrastructure can handle increasing load without
compromising performance requires continuous investment and optimization [239].

Network Virtualizing network functions to improve flexibility and efficiency introduces complexity in

Virtualization managing virtual resources. Ensuring that virtualized functions perform at par with

traditional hardware-based solutions is critical to maintaining overall network performance
[240].

In a nutshell, 4G LTE networks face a multitude of performance challenges that require ongoing innovation and
optimization. From managing spectrum scarcity and interference to ensuring seamless handovers and improving
energy efficiency, addressing these issues is essential for delivering high-quality mobile communication services. As
technology evolves and user demand continues to grow, continuous efforts to enhance network performance will
remain a top priority for mobile network operators and industry stakeholders.

6. Discussion

This section discusses solutions for Security issues, performance issues and privacy issues in 4G LTE Networks
technologies.

6.1. Solutions for Security Issues In 4G LTE Networks

The solution to the security issues in this type of network, is that, in order to secure mobile devices that use 4G/LTE
wireless technologies, there should be protection for the connections between the UEs and MMEs and between elements
in the wireline networks and mobile stations. For satisfying these requirements, the 4G/LTE security is significantly
improved by adding the following, advanced key hierarchy, the protracted authentication and key agreement [241], and
the additional interworking security for the NEs. These requirements are classified into key building blocks and LTE
end-to-end security [242], as explained, on the following elements, a unique and temporary UE identity when a UE is
connected with a cell, LTE end-to-end security involves the following elements, Authentication and Key Agreement
(AKA) The foundation of LTE security is authenticating the UEs and wireless networks. This can be accomplished using
the AKA process which asserts that the serving network authenticates the identity of a user and the UE certifies the
network signature. The AKA creates encryption and integrity keys applied for originating various session keys for
ensuring the 4G/LTE security and privacy. Confidentiality and integrity of signaling Security of network access control
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planes is achieved when the RCC and NAS layer signaling is encrypted and integrity protected. Ciphering and integrity
protection of LTE RRC signaling is executed at the packet data convergence protocol (PDCP) layer, whereas the NAS
layer attains the protection by encrypting the NAS-level signaling. This protection cannot be uniquely performed for
each UE connection, but it runs across trusted connections between AGW and eNodeB. User plane confidentiality LTE
has a security feature for user plane via encrypting data/voice between the UE and eNodeB. Encryption is executed at
the IP layer by utilizing [Psec-based tunnels between AGW and eNodeB, but no integrity protection is offered for the
user plane due to performance and efficiency considerations. The PDCP layer is used for enabling encrypting/decrypting
the user plane while transmitting traffic between the eNodeB and UE. Table 4 describes some of techniques for solving

4G network security issues.

Table 4 Solutions for Security Issues In 4G LTE Networks

Security solution

Description

Enhanced Encryption | Implementing strong and up-to-date encryption protocols is critical for securing data

Protocols transmission in 4G LTE networks [243]. Advanced Encryption Standard (AES) and IPsec
can be used to protect data at various layers of the network [244]. Regular updates and
patches are essential to counteract evolving threats and vulnerabilities.

Mutual Authentication | Mutual authentication between devices and the network ensures that both parties verify

Mechanisms each other's identities before establishing a connection [245]-[247]. This prevents

unauthorized access and mitigates man-in-the-middle (MitM) attacks. Public Key
Infrastructure (PKI) and digital certificates can be used to implement robust mutual
authentication.

Intrusion Detection and

Deploying IDPS can help monitor network traffic for suspicious activities and potential

Prevention Systems | security breaches [248]. These systems can detect anomalies, identify known attack

(IDPS) patterns, and automatically respond to threats, enhancing the overall security of the LTE
network.

Secure Firmware | Ensuring that devices and network elements receive secure firmware updates is crucial to

Updates maintaining security [249]. Over-the-air (OTA) updates should be encrypted and signed
to prevent tampering and ensure that only authenticated updates are applied.

Enhanced Key | Effective key management practices, including the secure generation, distribution, and

Management storage of cryptographic keys, are essential for maintaining the integrity of encryption
protocols [250]-[253]. Using hardware security modules (HSMs) can provide an
additional layer of security for key management.

Physical Security of | Protecting the physical infrastructure of LTE networks, including base stations, core

Infrastructure network elements, and data centers, is vital [254]. Implementing physical security

measures such as access controls, surveillance systems, and tamper-evident seals can help
prevent physical attacks and unauthorized access.

Regular Security Audits
and Penetration Testing

Conducting regular security audits and penetration testing helps identify vulnerabilities
and weaknesses in the network [255]. These assessments should be performed by
independent security experts and should cover all aspects of the LTE network, from
infrastructure to protocols and applications.

Network Segmentation

Segregating the network into smaller, isolated segments can limit the spread of an attack
and protect critical network components [256]. Implementing virtual LANs (VLANs) and
using firewalls to control traffic between segments can enhance security and containment.

Advanced Threat
Detection Techniques

Using advanced threat detection techniques such as machine learning and artificial
intelligence can improve the ability to identify and respond to new and sophisticated
attacks [257]. These technologies can analyze vast amounts of data in real time to detect
anomalies and potential threats.

Strong Subscriber
Authentication

Enhancing subscriber authentication methods, such as using two-factor authentication
(2FA) and biometrics, can improve security [258], [259]. These methods provide an
additional layer of protection against unauthorized access and impersonation attacks.
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IMSI Encryption Encrypting the International Mobile Subscriber Identity (IMSI) helps protect users'
privacy and prevent tracking [260]. Temporary Mobile Subscriber Identities (TMSIs) can
be used to periodically change the IMSI, making it harder for attackers to track users over
time.

Secure Boot and | Implementing secure boot processes ensures that devices and network elements only run
Trusted Execution | authenticated software [261]. Trusted Execution Environments (TEEs) provide a secure
Environments (TEEs) area within a device's processor to execute sensitive operations, protecting against
malware and unauthorized access.

Robust Access Control | Defining and enforcing robust access control policies helps ensure that only authorized
Policies personnel and devices can access network resources [262]. Role-based access control
(RBAC) and multi-factor authentication (MFA) can be used to strengthen access controls.

Network Function | Securing virtualized network functions involves ensuring the integrity and isolation of

Virtualization (NFV) | virtual machines and containers [263]. Using secure hypervisors, applying security

Security patches, and implementing micro-segmentation can help protect virtualized
environments.

Base Station | Authenticating base stations to ensure they are legitimate and not rogue devices can

Authentication prevent man-in-the-middle attacks and unauthorized access [264]. Public Key

Infrastructure (PKI) and digital certificates can be used for base station authentication.

End-to-End Encryption | Implementing end-to-end encryption for sensitive data ensures that it remains secure
throughout its journey from the sender to the recipient, even if intercepted [265]. This
provides an additional layer of protection beyond network-level encryption.

Monitoring and Logging | Continuous monitoring and logging of network activities help in detecting and
investigating security incidents [266]. Implementing centralized logging and monitoring
solutions can provide real-time visibility into network operations and potential threats.

Jamming Detection and | Detecting and mitigating jamming attacks involves using techniques such as spread
Mitigation spectrum and frequency hopping [267]. These methods can help avoid interference and
maintain communication even in the presence of jamming attempts.

Rogue Device Detection | Deploying systems to detect and mitigate rogue devices, such as IMSI catchers and rogue
base stations, helps protect user privacy and network integrity [268]. These systems can
identify and isolate malicious devices to prevent them from compromising the network.

Education and | Training network administrators, engineers, and end-users about security best practices
Awareness Programs and emerging threats is essential for maintaining a secure LTE network [269]. Regular
education and awareness programs help ensure that all stakeholders are equipped to
recognize and respond to security challenges.

Based on Table 3 above, it is clear that addressing security issues in 4G LTE networks requires a comprehensive
approach that combines advanced technologies, robust policies, and continuous vigilance. From enhanced encryption
and authentication mechanisms to regular security audits and user education, implementing these solutions can
significantly improve the security posture of LTE networks. As threats continue to evolve, ongoing efforts to enhance
and adapt security measures will be crucial in protecting these critical communication

6.2. Solutions for Privacy Issues in 4G LTE Network

The privacy issues have the solution, called the privacy-preserving authentication and encryption mechanisms have
been widely used to protect wireless networks against the MITM attacks. Integrity attacks against integrity attempt to
modify exchanging data between the 4G access points and mobile users. Cloning attacks based on the MITM [270] and
message modification scenarios are the major integrity attacks that alter mobile user information. Authentication and
privacy preserving mechanisms with hash functions have been broadly used for securing 4G wireless networks against
integrity attacks [271]. Authentication attacks against authentication attempt to disturb the client-to-server and/or
server-to-client authentication process. The password reuse, brute force, password stealing, and dictionary attacks are
popular wireless hacking schemes that interrupt the password-based authentication. In the hacking schemes, an
attacker can pretend to be a legal user and try to log in to a server by guessing various words as a password from a
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dictionary. Encryption and authentication techniques have been utilized for preventing such kind of attacks from 4G
LTE Networks. Some of the methods for privacy preservation in 4G networks are described in Table 5.

Table 5 Solutions for Privacy Issues in 4G LTE Network

Privacy solution

Description

Enhanced Encryption

To protect both data and metadata from interception and analysis, 4G LTE networks should

Data Minimization

for Data and | employ advanced encryption techniques [272]. Using end-to-end encryption ensures that

Metadata only the intended recipients can access the data. Additionally, encrypting metadata, such as
call logs and location information, can prevent unauthorized entities from inferring sensitive
user details.

IMSI Privacy | Protecting the IMSI (International Mobile Subscriber Identity) is crucial for preventing

Protection tracking and unauthorized surveillance. Implementing IMSI pseudonymization, where
temporary identifiers are used instead of permanent IMSIs, can help protect user identities
from being exposed to IMSI catchers and other tracking tools [273].

Secure Subscriber | Enhancing the security of SIM cards with robust encryption and tamper-resistant features

Identity Modules | can help protect the sensitive information they store [274]. Using secure elements and

(SIMs) hardware-based security can prevent exploits like SIM swapping and SIMjacker attacks.

Improved Location | To protect users' location privacy, LTE networks can implement techniques like location

Privacy obfuscation and the use of privacy zones [275]. By providing only the necessary level of
location granularity to applications and services, users' precise locations can be kept private.

Network Slicing | Ensuring strict isolation between different network slices in a virtualized LTE environment

Isolation can prevent data leakage and unauthorized access across slices [276]. Each slice can be
configured with its own security policies and access controls to protect user data and
maintain privacy.

Anonymization and | Applying anonymization techniques to user data before it is stored or processed can help

protect privacy [277], [278]. Additionally, implementing data minimization principles—
collecting only the data that is necessary for a specific purpose—can reduce the risk of
privacy breaches.

Privacy-Respecting

Implementing strict data retention policies that limit the amount of time user data is stored

Data Retention | can help protect privacy [279]. Ensuring that data is securely deleted after its retention
Policies period can prevent unauthorized access and misuse.

User Consent and | Providing users with clear information about how their data is collected, used, and shared,
Transparency along with obtaining their explicit consent, can enhance privacy [280]. Transparency reports

and privacy dashboards can help users understand and manage their data privacy
preferences.

Secure OTA Updates

Ensuring that over-the-air (OTA) updates for mobile devices and network infrastructure are
secure can prevent malicious updates and ensure the integrity of the system [281]. Using
signed updates and secure distribution channels can protect against unauthorized
modifications.

Privacy-Preserving
Analytics

Implementing privacy-preserving techniques in analytics, such as differential privacy, can
allow organizations to gain insights from data without compromising individual user privacy
[282]. These techniques add noise to the data, ensuring that individual user information
cannot be easily extracted.

Robust Access
Control Mechanisms

Enforcing strict access control policies that limit who can access user data is critical for
protecting privacy [283]. Role-based access control (RBAC) and fine-grained permissions
can ensure that only authorized personnel can access sensitive information.

Regular
Audits

Privacy

Conducting regular privacy audits and assessments can help identify potential privacy risks
and ensure compliance with privacy regulations [284]. These audits can evaluate the
effectiveness of privacy measures and recommend improvements.
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Advanced Intrusion | Deploying advanced intrusion detection and prevention systems (IDPS) that use machine
Detection and | learning and behavioral analysis can help detect and respond to privacy threats in real time
Prevention [285]. These systems can identify unusual patterns that may indicate a privacy breach.

Edge Computing | As edge computing becomes more prevalent in LTE networks, implementing strong privacy

Privacy Measures

measures at the edge is crucial [286]. This includes encrypting data processed at edge nodes
and ensuring that edge devices are secure from tampering.

Privacy-Enhanced

Using advanced identity management solutions that support anonymous authentication and

Identity Management | pseudonymous identities can help protect user privacy [287], [288]. These solutions allow
users to authenticate without revealing their real identities.
Privacy by Design Adopting a privacy-by-design approach ensures that privacy considerations are integrated

into the design and development of network infrastructure and applications from the outset
[289]. This proactive strategy helps identify and mitigate privacy risks early.

Privacy-Preserving
IoT Devices

Ensuring that IoT devices connected to LTE networks have robust privacy protections is
crucial [290]. This includes implementing secure communication protocols, encrypting data,

and providing users with control over data collection and sharing.

Based on Table 4, it is evident that addressing privacy issues in 4G LTE networks requires a comprehensive approach
that includes enhancing encryption, protecting user identities, ensuring data minimization, and implementing robust
access controls. By adopting these solutions and continuously monitoring for new privacy threats, mobile network
operators can protect user privacy and maintain the integrity of their services. Collaboration, education, and adherence
to privacy regulations are key components in creating a privacy-respecting mobile communication environment.

6.3. Solutions for Performance Issues

The solution to the performance issues in 4G LTE wireless communication technologies are all carefully examined in
this section based on important factors such data speeds, latency, spectral efficiency, and maximum device connectivity.
Analyzing the potential and capabilities of any wireless technology requires a fundamental understanding of how these
parameters change through generations. Data rates, which are commonly defined in gigabits per second (Gbps), are the
rates at which data may be sent through a network. The maximum possible data rates, which are important
determinants of the network's capability to effectively manage data traffic. The amount of time it takes for data to travel
from its source to its destination is known as latency and is frequently expressed in milliseconds (ms). Lower latency
values suggest quicker data transmission and reaction times, making it a significant aspect, especially for real-time
applications. The delay drastically lowers with advancements in technology [292]. A very low latency of, for instance
0.1 ms is predicted for the 6G other technology, allowing for practically instantaneous data transfer. The quantity of
spectrum efficiency, expressed in bits per hertz (bits/Hz), indicates how well the available spectrum is used for data
transmission [293]. Increased network capacity results from improved spectral efficiency, which suggests that more
data may be delivered within the specified frequency range. In comparison to 4G and 5G, the anticipated 6G technology
is anticipated to achieve a considerable increase in spectral efficiency, suggesting improved spectrum utilization and
data transmission efficiency [294]. Table 6 presents some of the key solutions to performance challenges in LTE
networks.

Table 6 Solutions for Performance Issues

Performance solution Description

Spectrum Management and | Efficiently managing the available spectrum is crucial to enhancing LTE network

Optimization performance. Techniques such as dynamic spectrum sharing and spectrum refarming
can optimize the use of existing frequencies [295]. Deploying new spectrum bands,
including those in the millimeter-wave range, can also help accommodate growing
data demands.

Carrier Aggregation Carrier aggregation combines multiple frequency bands to increase data throughput

and capacity [296]. By utilizing non-contiguous spectrum and aggregating carriers,
networks can offer higher data rates and better service quality [297], especially in
areas with high traffic demand.
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Advanced Antenna | Implementing advanced antenna technologies like Multiple Input Multiple Output

Technologies (MIMO) and beamforming can significantly improve network performance [298].
MIMO uses multiple antennas at both the transmitter and receiver to enhance signal
quality and data rates, while beamforming focuses the signal in specific directions to
reduce interference and increase coverage.

Small Cells and | Deploying small cells (e.g., femtocells, picocells) and integrating them into HetNets can

Heterogeneous Networks | enhance coverage and capacity in densely populated areas [299]. Small cells help

(HetNets) offload traffic from macro cells, reduce congestion, and improve indoor coverage.

Network Slicing Network slicing allows for the creation of multiple virtual networks on a single
physical infrastructure, each optimized for different use cases and performance
requirements [300]. This ensures that resources are allocated efficiently, improving
overall network performance and enabling new services like [oT and critical
communications.

Edge Computing Edge computing reduces latency by processing data closer to the source, rather than
in centralized data centers [301]. This can significantly improve the performance of
latency-sensitive applications like augmented reality, real-time gaming, and
autonomous vehicles.

Enhanced Interference | Advanced interference management techniques, such as Coordinated Multi-Point

Management (CoMP) transmission and reception, can mitigate interference between cells [302].
These techniques involve coordinating transmissions from multiple base stations to
improve signal quality and reduce performance degradation due to interference.

Dynamic Traffic | Implementing dynamic traffic management and Quality of Service (QoS) mechanisms

Management ensures that network resources are allocated efficiently based on real-time demand

[303]. Traffic prioritization, congestion control, and load balancing help maintain high
service quality during peak usage times.

Self-Organizing Networks
(SON)

SON technology enables automated configuration, optimization, and management of
network resources [304]. This reduces the need for manual intervention, improves
network performance, and enhances the user experience by dynamically adapting to
changing conditions.

Upgraded Backhaul | Upgrading the backhaul network to support higher capacities is essential for

Infrastructure maintaining LTE performance [305]. Utilizing fiber optics, microwave links, and other
high-capacity backhaul solutions ensures that the increased traffic from enhanced
access networks [306] can be effectively handled.

Software-Defined SDN and NFV enable flexible and dynamic network management by decoupling

Networking (SDN) and | network functions from hardware [307]. These technologies allow for on-demand

Network Functions | resource allocation, rapid service deployment, and improved scalability, enhancing

Virtualization (NFV)

overall network performance.

Advanced Load Balancing

Implementing advanced load balancing algorithms ensures that traffic is evenly
distributed across network resources [308]. This prevents congestion in high-traffic
areas and ensures optimal utilization of available capacity, improving user experience.

Handover Optimization

Optimizing handover procedures reduces the likelihood of dropped calls and
interrupted data sessions as users move between cells [309]. Techniques such as fast
handover and seamless mobility management ensure continuous connectivity and
improve user satisfaction.

Energy Efficiency | Improving energy efficiency in network infrastructure reduces operational costs and

Improvements environmental impact [310]. Implementing energy-saving techniques, such as
dynamic power management and sleep modes for base stations, helps maintain
performance while reducing energy consumption.

Deployment of Massive | Massive MIMO involves using a large number of antennas at the base station to

MIMO

improve spectral efficiency and capacity [311]. By focusing multiple data streams on
individual users, massive MIMO can significantly enhance network performance in
terms of both coverage and throughput.
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Latency Reduction | Implementing techniques to reduce latency, such as optimized protocol stacks and
Techniques faster processing times, is crucial for applications requiring real-time communication
[312]. Low-latency transmission and reception mechanisms ensure better
performance for critical services.

High-Capacity Core | Upgrading core network infrastructure to support higher data rates and increased
Networks traffic volumes is essential [313]. Implementing high-capacity switches, routers, and
efficient data routing protocols [314] ensures that the core network can handle the
demands of modern LTE services.

Distributed Antenna | DAS improves indoor coverage and capacity by distributing antenna signals
Systems (DAS) throughout buildings and large venues [315]-[318]. This ensures that users
experience consistent service quality even in areas where traditional cell towers
struggle to provide coverage.

User-Centric Network | Designing networks with the user experience in mind ensures that performance

Design improvements align with user needs [319]. User-centric design focuses on optimizing
parameters like signal strength, data rates, and latency based on user behavior and
requirements.

It is clear from Table 5 that tacking performance issues in 4G LTE networks requires a multi-faceted approach that
includes advanced technologies, efficient resource management [320], and continuous optimization. By implementing
these solutions, mobile network operators can enhance network capacity, reduce latency, improve coverage, and ensure
a high-quality user experience. As the demand for mobile data continues to grow, ongoing innovation and investment
in network infrastructure will be essential to meet future performance requirements.

7. Research gaps

On the research gap section, on this type of network, there is these trusted connections through 4G networks in the
existence of eavesdroppers are the issues. Especially, when 4G wireless technology is used in the Internet of Things, it
requires new cryptographic mechanisms that provide protection and integrity for smartphones and computer systems.
Whereby, instead of individual security techniques, a systematic security and privacy protection strategies are required
for 4G/LTE wireless connections while connecting with cloud and edge computing paradigms. This will provide valid
security mechanisms, for example, trust models, device security, and data assurance techniques. This will be a good area
of the future researchers on this issue. Some of the pertinent research gaps are described in Table 7 below.

Table 7 Research gaps

Gap Description

Security gaps

Advanced Persistent | Current defenses against APTs in 4G LTE networks are not fully developed. These
Threats (APTs) sophisticated, long-term attacks require advanced detection and mitigation strategies.

Research Need: Develop methods for early detection and response to APTs that can adapt
to evolving attack strategies.

IoT Security The rapid proliferation of IoT devices connected to LTE networks introduces new
vulnerabilities and attack vectors.

Research Need: Design comprehensive security frameworks for [oT devices that include
secure boot processes, authentication, and communication protocols tailored for LTE

networks.
Al-Driven Security | While Al and machine learning have potential, their application in LTE network security
Solutions is still in nascent stages.

Research Need: Explore and develop Al-driven intrusion detection and response systems
that can adapt to new and sophisticated attack patterns.

Quantum-Resistant The advent of quantum computing poses a future threat to current encryption algorithms.
Security
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Research Need: Research and develop quantum-resistant cryptographic algorithms that
can be implemented in LTE networks to ensure long-term security.

User Authentication Existing user authentication methods may be vulnerable to attacks such as SIM swapping
and phishing.
Research Need: Develop multi-factor and biometric authentication methods that are more
robust against such attacks.

Privacy gaps

Privacy-Preserving Data
Analytics

Techniques to perform data analytics while preserving user privacy are underdeveloped.

Research Need: Develop and refine privacy-preserving data analytics methods, such as
differential privacy and homomorphic encryption, for use in LTE networks.

Location Privacy

Protecting user location information remains a significant challenge.

Research Need: Research methods to obfuscate location data and ensure that location-
based services can function without compromising user privacy.

Identity Management Current identity management systems can expose user identities to tracking and profiling.
Research Need: Develop anonymous and pseudonymous identity management systems
that provide privacy without sacrificing security or usability.

Data Minimization | LTE networks often collect more data than necessary for service provision, increasing

Techniques privacy risks.

Research Need: Research methods for data minimization that ensure only necessary data
is collected and processed, reducing exposure of personal information.

Privacy Impact | Comprehensive frameworks for conducting privacy impact assessments in LTE networks

Assessments are lacking.

Research Need: Develop standardized methods for privacy impact assessments to identify
and mitigate privacy risks associated with new technologies and services.

Performance gaps

Latency Reduction

Current LTE networks still struggle with latency, especially for real-time applications.

Research Need: Research novel techniques and protocols to reduce latency further,
particularly for applications like AR/VR and autonomous vehicles.

Seamless Handover

Ensuring seamless handover between cells, especially in high-mobility scenarios, is
challenging.

Research Need: Investigate and develop improved handover mechanisms that ensure
continuity and reliability of service for users on the move.

Energy Efficiency Energy consumption in LTE networks remains high, particularly with the growing number
of connected devices.
Research Need: Develop energy-efficient algorithms and protocols that can reduce power
consumption without compromising performance.

Network Slicing | Efficiently managing and optimizing network slices in a dynamic and scalable manner is

Optimization not fully addressed.

Research Need: Research advanced algorithms for dynamic resource allocation and
optimization in network slicing to enhance performance.

Interference Mitigation

Interference, especially in densely populated areas, can significantly degrade network
performance.

Research Need: Develop advanced interference mitigation techniques, including enhanced
ICIC (Inter-Cell Interference Coordination) and CoMP (Coordinated Multi-Point)
strategies.
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Based on the discussion above, it is clear that tacklingAddressing these research gaps requires a multidisciplinary
approach, combining advances in cryptography, machine learning, network protocols, and data privacy. Collaborative
efforts between academia, industry, and regulatory bodies are essential to develop robust solutions that ensure the
security, privacy, and performance of 4G LTE networks continue to meet the growing demands and challenges of the
digital age.

8. Future research scopes

Despite a plethora of research and technical studies that have been conducted for securing 4G/LTE wireless networks,
there are several challenges that should be the focus of researchers in future that are discussed below. Designing a
flexible and scalable 4G/LTE architecture that can address security and privacy issues is an arduous task. There are
multiple devices and systems that are usually connected with 4G networks that result in vulnerabilities and loopholes
in networks. Discovering DoS attacks that attempt to violate 4G wireless networks, as hackers frequently establish new
sophisticated variants against eNodeB, UE, and discontinuous reception services. Location tracking denotes tracing the
UE presence in a specific cell(s). While many portable devices could link to a 4G LTE wireless network, ensuring that
location tracks of the devices are not breached is still a challenging issue, due to the considerations of operability and
scalability. The utilization of an effective 4G wireless Software Denied Network (SDN) is a challenge. More specifically,
there are technical gaps in the network scalability, security, and privacy issues with the SDN.

e Advanced Security Mechanisms: Future research in 4G LTE networks will focus on developing advanced security
mechanisms to counteract increasingly sophisticated cyber threats. As cyber-attacks become more complex,
leveraging Al and machine learning for real-time threat detection and response will be crucial. Research will
also delve into quantum-resistant cryptography to prepare for the advent of quantum computing, which
threatens current encryption methods. Moreover, securing the expanding Internet of Things (IoT) landscape
within LTE networks will require comprehensive frameworks that ensure end-to-end security for a diverse
range of connected devices.

e Privacy-Enhancing Technologies: Enhancing user privacy in 4G LTE networks remains a critical research area.
Future work will likely concentrate on developing robust privacy-preserving data analytics techniques, such as
differential privacy and homomorphic encryption, which allow data analysis without compromising individual
privacy. Additionally, innovative identity management solutions that utilize pseudonyms or anonymous
credentials can protect user identities from being tracked or profiled. Research will also focus on methods to
obfuscate location data, ensuring that users can access location-based services without revealing their exact
whereabouts.

e  Performance Optimization and Emerging Technologies: Performance optimization continues to be a significant
area for future research in 4G LTE networks. As the demand for higher data rates and lower latency grows,
researchers will explore advanced techniques like dynamic spectrum sharing, carrier aggregation, and more
efficient use of MIMO and beamforming technologies. The integration of edge computing to reduce latency for
real-time applications and the development of more energy-efficient protocols will also be key areas of focus.
Additionally, the rise of network slicing and its optimization will be critical for supporting diverse use cases and
ensuring efficient resource allocation in increasingly complex network environments. These efforts will ensure
that 4G LTE networks can continue to meet evolving user expectations and technological advancements.

9. Conclusions

The 4G LTE network technology has emerged as one of the networks which has enhanced a broadband performance
and permitting different multimedia applications. The technology has been used for the Internet of Things (IoT) for
connecting to Machine-to-Machine (M2M) systems and devices for instance in the In-Vehicle Multi-Carrier Router. The
security, privacy, and performance of 4G LTE networks are pivotal to maintaining the efficacy and trustworthiness of
mobile communications as we transition to more advanced technologies. This review has highlighted the critical
security vulnerabilities within 4G LTE networks, such as the susceptibility to various cyber-attacks and the need for
advanced encryption and authentication mechanisms. Addressing these issues requires ongoing research into robust
security frameworks, including quantum-resistant cryptography and Al-driven threat detection systems. Privacy
concerns in 4G LTE networks are equally pressing, with significant attention needed to safeguard user data and location
information. Innovations in privacy-preserving technologies, such as differential privacy and secure identity
management, are essential to mitigate risks associated with data collection and processing. Ensuring that privacy-
enhancing measures are integrated into network operations and services will be crucial for maintaining user trust and
regulatory compliance. Performance challenges in 4G LTE networks, including latency, interference, and capacity
constraints, necessitate continuous optimization and the integration of emerging technologies. Future research should
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focus on enhancing network efficiency through advanced techniques like dynamic spectrum management, carrier
aggregation, and edge computing. By addressing these key areas—security, privacy, and performance—4G LTE
networks can be fortified to meet current demands and adapt to future advancements, ensuring a resilient and high-
quality mobile communication infrastructure.
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