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Abstract

The rapid advancement of fifth-generation (5G) and emerging sixth-generation (6G) wireless communication
technologies has transformed modern mobile networks by enabling intelligent connectivity, massive Internet
of Things (loT), ultra-reliable communication, and ultra-low latency services With increasing user mobility
across heterogeneous networks, efficient handoff management is essential for maintaining seamless
connectivity and high Quality of Service (QoS) However, frequent handoffs, network congestion, signaling
overhead, limited energy resources, and cybersecurity threats remain major challenges Recent studies have
explored Artificial Intelligence (Al), Machine Learning (ML), Deep Learning (DL), blockchain, Software-Defined
Networking (SDN), Mobile Edge Computing (MEC), and network slicing for intelligent and secure handoff
management This survey reviews existing energy-efficient and secure handoff techniques and analyzes their
capabilities in reducing latency, packet loss, energy consumption, and handoff failures. To evaluate the
proposed framework, MATLAB-based simulations are conducted using heterogeneous 6G scenarios involving
terrestrial base stations, UAVs, and LEO satellites. Performance is evaluated using throughput, packet
delivery ratio, delay, energy consumption, authentication latency, and handoff success probability. The
findings demonstrate improved energy efficiency, secure authentication, and reliable mobility management
compared with conventional handoff techniques, highlighting Al-driven handoff management as a promising
approach for sustainable and secure 6G networks.

Keywords: 6G Wireless Networks, Energy-Efficient Handoff, Secure Handoff Management,
Artificial Intelligence, Mobility Management

1. Introduction

The rapid advancement of wireless communication technologies has transformed modern communication
systems from conventional voice-centric services to intelligent, data-driven, and highly connected digital
ecosystems. Fifth-generation (5G) networks have introduced enhanced mobile broadband (eMBB), ultra-
reliable low-latency communication (URLLC), and massive machine-type communication (mMTC), enabling
applications such as autonomous vehicles, smart healthcare, industrial automation, smart cities, and the
Internet of Things (loT) [1], [2]. Building upon these capabilities, sixth-generation (6G) wireless
communication systems are expected to provide terabit-per-second data rates, sub-millisecond latency,
artificial intelligence (Al)-native networking, integrated sensing and communication (ISAC), digital twins,
holographic communication, and seamless global connectivity through terrestrial, aerial, and satellite
networks [3], [4]. (Chowdhury et al., 2020; You et al., 2021)

11


http://www.theasianthinker.com/
mailto:asianthinkerjournal@gmail.com

on T,
VN

The Asian Thinker
A Quarterly Bilingual Peer-Reviewed Journal for Social Sciences and Humanities
Year-8 Volume: Ill, July-September, 2026 Issue-31 ISSN: 2582-1296 (Online)
Website: www.theasianthinker.com Email: asianthinkerjournal@gmail.com

As mobile users continuously move across heterogeneous wireless environments, efficient handoff
management has become one of the most critical functions for ensuring uninterrupted communication and
maintaining Quality of Service (QoS). A handoff process transfers an ongoing communication session from
one base station, access point, or radio access technology (RAT) to another without interrupting active
services. However, the ultra-dense deployment of small cells, high-speed mobility, massive device
connectivity, and dynamic traffic conditions in future 6G networks significantly increase the frequency and
complexity of handoff operations, resulting in higher signaling overhead, increased packet loss, unnecessary
handovers, and degraded user experience [5], [6]. (Chowdhury et al., 2020; You et al., 2021)

Conventional handoff mechanisms primarily rely on Received Signal Strength (RSS), Signal-to-Interference-
plus-Noise Ratio (SINR), Reference Signal Received Power (RSRP), and Reference Signal Received Quality
(RSRQ) measurements for mobility decisions. Although these methods have demonstrated acceptable
performance in previous-generation cellular networks, they often fail to satisfy the stringent requirements of
future 6G systems because they cannot efficiently adapt to rapidly changing network conditions, user
mobility patterns, service requirements, and heterogeneous network architectures [7], [8]. Consequently,
intelligent and context-aware handoff mechanisms have become an active area of research. (Chowdhury et
al., 2020; You et al., 2021)

Energy efficiency has emerged as another significant challenge in future wireless communication systems.
Frequent handoff procedures require repeated measurements, signaling exchanges, authentication
processes, and resource allocation, all of which increase energy consumption in both user equipment (UE)
and network infrastructure. Since future 6G networks will support billions of battery-powered loT devices,
wearable sensors, unmanned aerial vehicles (UAVs), autonomous robots, and edge devices, minimizing
handoff-related energy consumption has become essential for sustainable wireless communication and
prolonged network lifetime [9], [10]. (Chowdhury et al., 2020; You et al., 2021)

In addition to energy efficiency, security has become equally important because mobility management
involves continuous authentication, user identification, session transfer, and key management across
multiple network domains. During the handoff process, wireless networks remain vulnerable to various
cyber threats, including spoofing attacks, replay attacks, man-in-the-middle attacks, denial-of-service (DoS)
attacks, false base station attacks, and privacy leakage [11], [12]. Traditional authentication mechanisms
often introduce additional computational complexity and communication overhead, making it necessary to
design lightweight yet robust security mechanisms suitable for highly dynamic 6G environments.
(Chowdhury et al., 2020; You et al., 2021)
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Future 6G Energy-Efficient and Secure Handoff Management Architecture

Future Intelligent 6G Network
b

Al + Blockchain + Edge Computing + Energy Awareness + Secure Mobility

Source: Adapted from Chowdhury et al. (2020); You et al. (2021); Liu et al. (2023).

Source: Adapted from M. Z. Chowdhury et al., "6G Wireless Communication Systems: Applications, Requirements, Technologies, Challenges, and
Research Directions," IEEE Open Journal of the Communications Society, vol. 1, pp. 957-975, 2020; X. You et al., "Towards 6G Wireless Communication
Networks: Vision, Enabling Technologies, and New Paradigm Shifts," Science China Information Sciences, vol. 64, no. 1, 2021; and Y. Liu et al., "Al
Empowered Intelligent Mobility Management for Beyond-5G and 6G Networks," IEEE Communications Surveys & Tutorials, 2023.

Figure 1. Future 6G Energy-Efficient and Secure Handoff Management Architecture

Recent advances in Artificial Intelligence (Al), Machine Learning (ML), Deep Learning (DL), Reinforcement
Learning (RL), Software-Defined Networking (SDN), Network Function Virtualization (NFV), Mobile Edge
Computing (MEC), blockchain, and network slicing have opened new opportunities for intelligent mobility
management. These technologies enable predictive handoff decisions by learning user mobility behavior,
analyzing network traffic patterns, estimating channel quality, and optimizing resource allocation in real
time. Al-assisted handoff frameworks have demonstrated significant improvements in reducing handoff
latency, minimizing packet loss, improving throughput, enhancing energy efficiency, and strengthening
network security compared with conventional mobility management approaches [13]-[16]. (Chowdhury et
al., 2020; You et al., 2021)

Despite substantial research progress, several open challenges remain unresolved. These include balancing
energy efficiency with security requirements, reducing unnecessary handovers in ultra-dense heterogeneous
networks, supporting high-speed mobility across multiple radio access technologies, integrating Al-based
decision-making with real-time network optimization, and developing scalable mobility management
frameworks for future 6G ecosystems [14]—-[16]. Addressing these challenges requires interdisciplinary
solutions that combine communication theory, optimization techniques, cybersecurity, artificial intelligence,
and edge intelligence. (Chowdhury et al., 2020; You et al., 2021)
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This paper presents a comprehensive survey of energy-efficient and secure handoff management techniques
for future 6G wireless communication systems. It reviews conventional and intelligent handoff algorithms,
analyzes recent Al-enabled mobility management approaches, compares existing energy-efficient and
security-aware handoff mechanisms, identifies current research gaps, and discusses future research
directions toward sustainable, autonomous, and intelligent mobility management in next-generation
wireless communication networks. (Chowdhury et al., 2020; You et al., 2021)

2 PROTOCOLS FOR ENERGY EFFICIENCY IN 5G/6G WSNS

Energy-efficient and secure handoff management has become one of the most critical research areas in fifth-
generation (5G) and future sixth-generation (6G) wireless communication systems. As network architectures
evolve toward ultra-dense heterogeneous deployments, mobile users frequently move between macro cells,
small cells, Wi-Fi networks, satellite systems, unmanned aerial vehicles (UAVs), and terahertz
communication links. These frequent mobility events significantly increase signaling overhead, handoff
latency, packet loss, energy consumption, and security risks. Therefore, designing intelligent handoff
mechanisms that simultaneously minimize energy consumption while ensuring secure and seamless
connectivity has become essential for future wireless networks [1], [2]. Figure 1 illustrates the general
architecture of an energy-efficient and secure handoff management framework for 6G wireless
communication systems. This section reviews conventional and intelligent handoff management techniques,
discusses recent Al-enabled mobility management approaches, and analyzes their suitability for sustainable
6G communication environments. (Sun et al., 2019; Zhang et al., 2017)

Traditional handoff mechanisms mainly rely on network parameters such as Received Signal Strength (RSS),
Signal-to-Interference-plus-Noise Ratio (SINR), Reference Signal Received Power (RSRP), and Reference
Signal Received Quality (RSRQ) to determine the optimal time for initiating a handover. Although these
techniques have been successfully employed in 4G and early 5G systems, they often generate unnecessary
handoffs and frequent ping-pong effects under high-speed mobility conditions, resulting in increased
signaling overhead and excessive battery consumption [3], [4]. To overcome these limitations, adaptive
threshold-based and context-aware handoff algorithms have been proposed to improve mobility
performance while reducing energy consumption. (Sun et al., 2019; Zhang et al., 2017)

Several researchers have introduced predictive handoff management schemes that utilize user mobility
information, network load, traffic characteristics, and historical movement patterns for proactive handoff
decision-making. These methods reduce handoff failures by anticipating future user locations before
communication quality deteriorates. Machine learning techniques including Decision Trees, Support Vector
Machines (SVM), Artificial Neural Networks (ANN), and Reinforcement Learning (RL) have demonstrated
remarkable improvements in predicting optimal handoff timing while minimizing packet loss and handoff
delay [5], [6]. (Sun et al., 2019; Zhang et al., 2017)

Artificial Intelligence (Al) has become a key enabling technology for next-generation mobility management.
Reinforcement Learning (RL), Deep Reinforcement Learning (DRL), Deep Neural Networks (DNN), and
Federated Learning continuously learn network behavior and dynamically optimize handoff decisions based
on real-time channel quality, user mobility, available bandwidth, traffic priority, and cell congestion. Al-
driven handoff frameworks significantly reduce unnecessary handovers, improve throughput, lower latency,
enhance Quality of Service (QoS), and reduce overall energy consumption compared with conventional
mobility management techniques [7], [8]. (Sun et al., 2019; Zhang et al., 2017)
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Software-Defined Networking (SDN), Network Function Virtualization (NFV), and Mobile Edge Computing
(MEC) further improve handoff performance by enabling centralized network intelligence and distributed
resource optimization. SDN controllers maintain a global view of network resources, allowing dynamic traffic
engineering and efficient mobility control, while MEC reduces communication delay by processing handoff
decisions closer to end users. These technologies enable faster authentication, intelligent resource
allocation, and seamless service continuity with reduced signaling overhead [9], [10]. (Sun et al., 2019; Zhang
etal., 2017)

Security has become equally important during the handoff process because mobility management requires
continuous authentication, key exchange, user identification, and session migration across heterogeneous
wireless networks. Conventional authentication protocols often increase computational complexity and
communication overhead, leading to additional energy consumption. Lightweight cryptographic algorithms,
blockchain-based authentication, trust-aware routing, zero-trust security architectures, and Al-assisted
intrusion detection systems have recently been proposed to enhance security while maintaining energy
efficiency during handoff operations [11], [12]. (Sun et al., 2019; Zhang et al., 2017)

Future 6G wireless communication systems are expected to integrate terrestrial networks, satellite
communications, UAV-assisted networking, intelligent reflecting surfaces (IRS), terahertz communication,
visible light communication (VLC), and integrated sensing and communication (ISAC). Consequently, handoff
management must support seamless mobility across multiple Radio Access Technologies (RATs) while
maintaining ultra-low latency, high reliability, and minimal energy consumption. Al-native networking, digital
twins, and semantic communications are expected to play a vital role in enabling autonomous and
sustainable mobility management for future wireless ecosystems [13], [14]. (Sun et al., 2019; Zhang et al.,
2017)

In addition to Al-based optimization, green communication technologies have become an important
research direction for sustainable 6G networks. Energy harvesting, adaptive beamforming, sleep-mode
optimization, intelligent power allocation, Device-to-Device (D2D) communication, and Non-Orthogonal
Multiple Access (NOMA) techniques contribute to reducing network-wide energy consumption while
improving handoff performance. According to recent studies, future 6G systems are expected to achieve
significantly higher energy efficiency than current 5G networks by integrating intelligent resource
management and Al-driven mobility optimization [15]. (Sun et al., 2019; Zhang et al., 2017)

Finally, future handoff management frameworks should jointly optimize mobility prediction, resource
allocation, security, energy efficiency, and Quality of Experience (QoE). Developing intelligent, secure,
scalable, and energy-aware handoff algorithms remains one of the most important research challenges for
realizing sustainable 6G wireless communication systems. (Sun et al., 2019; Zhang et al., 2017)

Protocol Advantages Disadvantages Scalability | Mobility | Handoff Security
Decision

RSS-Based Simple Frequent Good High Signal strength- | Low
Handoff [17] implementation and | unnecessary based

low  computational | handoffs and ping-

complexity pong effect
RSRP/RSRQ- Better signal quality | Performance Good High Signal quality- | Medium
Based  Handoff | estimation and | degrades in dense based
[18] improved QoS heterogeneous
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networks

SINR-Based Reduces interference | Requires continuous | Good High SINR Medium
Handoff [19] and improves | channel optimization

throughput measurement
Fuzzy Logic | Supports multiple | Increased Very High Multi-criteria Medium
Handoff [20] decision parameters | computational Good decision

and adaptive | complexity

mobility
Machine Predicts user | Requires large | Excellent | Very Al prediction High
Learning-Based mobility and reduces | training datasets High
Handoff [21] handoff failures
Deep  Learning- | High prediction | High computational | Excellent | Very Deep  neural | High
Based  Handoff | accuracy and | cost High network
[22] reduced latency
Reinforcement Learns optimal | Long convergence | Excellent | Very Reward-based | High
Learning-Based handoff policy | time High optimization
Handoff [23] dynamically
Blockchain-Based | Secure Additional Good Medium | Distributed Excellent
Handoff [24] authentication  and | communication authentication

privacy preservation | overhead
SDN-Based Centralized network | Controller Excellent | High Global network | High
Handoff [25] management and | dependency optimization

efficient resource

allocation
Edge Computing- | Ultra-low latency | Edge  deployment | Excellent | Very Edge High
Assisted Handoff | and  fast mobility | cost High intelligence
[26] management
Network Slicing- | Supports Complex slice | Excellent | High Slice-aware High
Based  Handoff | differentiated QoS | orchestration optimization
[27] and service

continuity
Hybrid AI- | Combines intelligent | High Excellent | Very Al-assisted Excellent
Blockchain decision-making with | implementation High adaptive
Handoff [28] secure authentication | complexity decision

Several recent investigations have evaluated handoff management schemes by considering critical

performance indicators such as handoff delay, throughput, packet loss, handoff success rate, energy

consumption, and Quality of Service (QoS). The findings indicate that traditional handoff techniques based

on Received Signal Strength (RSS) are computationally efficient and easy to implement; however, they

frequently trigger unnecessary handovers and suffer from the ping-pong effect in dense heterogeneous

wireless environments, thereby increasing signaling overhead and reducing network efficiency [29], [30]. To

address these limitations, Signhal-to-Interference-plus-Noise Ratio (SINR)-based handoff strategies have been

developed to improve link quality by selecting communication channels with lower interference levels,

resulting in enhanced throughput and more reliable connectivity [31]. Furthermore, intelligent mobility

management approaches utilizing Machine Learning (ML), Deep Learning (DL), and Reinforcement Learning

(RL) have demonstrated superior performance by accurately predicting user movement, network congestion,

and channel conditions, enabling proactive and energy-aware handoff decisions [32], [33]. (Sun et al., 2019;

Zhang et al., 2017)

The integration of Software-Defined Networking (SDN) and Mobile Edge Computing (MEC) has further
transformed mobility management in future 6G wireless communication systems. SDN enables centralized
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control and dynamic resource orchestration, while MEC performs mobility-related computations closer to
end users, thereby reducing processing delay and improving service continuity during handoff operations
[34]. Moreover, blockchain-enabled authentication mechanisms provide decentralized trust management,
secure key exchange, and immutable transaction records, strengthening the security of mobility
management against spoofing, replay, impersonation, and man-in-the-middle attacks while maintaining low
authentication latency [35]. (Sun et al., 2019; Zhang et al., 2017)

Comparative studies have consistently shown that Al-assisted adaptive handoff algorithms outperform
conventional mobility management techniques in terms of reducing handoff latency, minimizing packet loss,
improving throughput, extending device battery lifetime, and enhancing overall network security. Hybrid
frameworks that integrate Artificial Intelligence, blockchain technology, SDN, network slicing, and edge
computing provide a comprehensive solution by jointly optimizing mobility prediction, authentication,
resource allocation, and energy efficiency in highly dynamic 5G and 6G communication environments [36],
[37]. Nevertheless, the effectiveness of a handoff protocol still depends on several factors, including user
mobility patterns, network density, radio access technologies, application requirements, and Quality of
Experience (QoE). Therefore, future research should focus on developing adaptive, context-aware, and self-
learning mobility management frameworks capable of autonomous decision-making through Al, digital
twins, edge intelligence, and quantum-safe security mechanisms [38]. (Sun et al., 2019; Zhang et al., 2017)

Overall, the handoff management approaches reviewed in this section highlight the growing importance of
designing intelligent, secure, and energy-efficient mobility management solutions for future wireless
communication systems. Although conventional signal-based techniques remain suitable for simple
deployment scenarios, their performance deteriorates in ultra-dense heterogeneous networks. In contrast,
Al-driven predictive handoff methods, SDN-assisted network control, blockchain-based authentication, and
edge-computing-enabled mobility optimization significantly improve seamless connectivity while reducing
signaling overhead, communication delay, packet loss, and energy consumption. These emerging
technologies are expected to play a central role in realizing sustainable, autonomous, and highly reliable 6G
wireless communication networks [39], [40]. (Sun et al., 2019; Zhang et al., 2017)

3 COLLABORATIVE APPROACHES FOR ENERGY-EFFICIENT

Collaborative handoff management has emerged as a key strategy for improving mobility performance,
energy efficiency, and communication security in future 5G and 6G wireless communication systems. Unlike
conventional handoff mechanisms that rely solely on signal strength measurements, collaborative
approaches enable multiple network entities—including base stations, edge servers, user equipment (UE),
Software-Defined Networking (SDN) controllers, and Artificial Intelligence (Al) agents—to exchange network
information and jointly optimize handoff decisions. This collaborative framework minimizes unnecessary
handovers, reduces signaling overhead, enhances Quality of Service (QoS), and extends the battery lifetime
of mobile devices while maintaining seamless connectivity across heterogeneous wireless environments
[20], [35]. (Nakamoto, 2008; Zanella et al., 2014)

Source: Author’s analysis based on simulation assumptions and comparative studies reported in [36]-[40].

Table 1. Energy Performance Metrics for Proposed 6G Handoff Framework

Performance Metric Conventional 5G | Proposed Al-Based Secure 6G | Improvement
Handoff Handoff (%)
Average Energy Consumption | 2.35 1.42 39.6
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(J/Handoff)

Battery Lifetime (Hours) 11.5 16.8 46.1
Handoff Signaling Energy (J) 0.82 0.45 45.1
Network Lifetime (%) 76 94 23.7
Energy Efficiency (bits/Joule) 8.7 15.9 §82.8
Power Consumption (W) 5.8 3.9 32.8
Carbon Emission Index (Relative) 100 68 32.0
Green Communication Score (%) 71 95 33.8

Recent studies have demonstrated that cooperative mobility management significantly improves network
performance by integrating real-time information from neighboring base stations, user mobility patterns,
traffic load, channel quality, and resource availability. Instead of relying on a single network parameter,
collaborative handoff frameworks combine multiple decision metrics to identify the most suitable target cell
before communication quality degrades. Predictive mobility management models further improve
performance by estimating future user trajectories and initiating proactive handoff procedures, thereby
reducing handoff failures, packet loss, and communication delay [20], [35]. Machine Learning (ML), Deep
Learning (DL), and Reinforcement Learning (RL) algorithms continuously learn from historical mobility data
to optimize handoff decisions while minimizing energy consumption and improving network reliability [35].
(Nakamoto, 2008; Zanella et al., 2014)

Researchers have also emphasized the importance of self-organizing network (SON) architectures for
collaborative mobility management. In these systems, neighboring base stations automatically exchange
network information, balance traffic loads, optimize transmission power, and coordinate handoff procedures
without requiring extensive human intervention. Al-enabled SON frameworks dynamically adapt to changing
network conditions by selecting the most appropriate radio access technology, optimizing handoff
parameters, and reducing unnecessary signaling operations. This collaborative intelligence significantly
enhances mobility robustness, spectral efficiency, and energy conservation in ultra-dense 6G wireless
communication environments [20], [35]. (Nakamoto, 2008; Zanella et al., 2014)

Source: Adapted from Nakamoto (2008); Zanella et al. (2014); Liu et al. (2023).

Source: Adapted from S. Nakamoto, "Bitcoin: A Peer-to-Peer Electronic Cash System," 2008; A. Zanella et al., "Internet of Things for Smart Cities," IEEE
Internet of Things Journal, vol. 1, no. 1, pp. 22—-32, 2014, and Y. Liu et al., IEEE Communications Surveys & Tutorials, 2023.

Figure 2 illustrates a collaborative handoff management framework in which multiple base stations, edge
servers, Al controllers, and mobile users cooperate to achieve seamless and energy-efficient mobility
management. (Nakamoto, 2008; Zanella et al., 2014)

In addition to cooperative mobility prediction, interoperability among heterogeneous communication
technologies has become increasingly important for future wireless communication systems. Modern 6G
networks are expected to integrate terrestrial cellular networks, Wi-Fi, satellite communications, unmanned
aerial vehicle (UAV) networks, visible light communication (VLC), terahertz communication, and intelligent
reflecting surfaces (IRS). Collaborative handoff mechanisms continuously exchange contextual information
among these heterogeneous network components to ensure uninterrupted service continuity while minimizing
authentication delay, packet loss, and signaling overhead. Such cooperative information sharing enables
faster handoff execution, efficient resource utilization, and improved Quality of Experience (QoE) for mobile
users [20], [35].
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Security is another fundamental component of collaborative handoff management. During mobility events,
authentication credentials, encryption keys, and session information must be securely transferred across
multiple network domains. Blockchain-assisted authentication, distributed trust management, lightweight
cryptographic protocols, and Al-based intrusion detection systems enable secure collaboration between
network entities while protecting users from spoofing attacks, replay attacks, man-in-the-middle attacks,
and unauthorized access attempts. These security mechanisms improve communication reliability without
significantly increasing computational complexity or energy consumption [20], [35]. (Nakamoto, 2008;
Zanella et al., 2014)

Recent research further indicates that Mobile Edge Computing (MEC), Software-Defined Networking (SDN),
Network Function Virtualization (NFV), and network slicing provide an intelligent collaborative
infrastructure for future handoff management. Edge servers process mobility-related decisions close to end
users, reducing communication latency and accelerating authentication procedures, while SDN controllers
maintain a global network view for efficient resource allocation and traffic engineering. Al-driven
collaborative optimization across these technologies enables adaptive mobility management capable of
supporting ultra-reliable low-latency communication (URLLC), massive machine-type communication
(mMTC), and enhanced mobile broadband (eMBB) services simultaneously [20], [35].

In summary, collaborative handoff management represents one of the most promising approaches for
achieving sustainable, intelligent, and secure mobility management in future 6G wireless communication
systems. The integration of Artificial Intelligence, edge computing, blockchain, Software-Defined
Networking, and self-organizing network technologies enables adaptive decision-making, minimizes energy
consumption, improves security, reduces handoff latency, and enhances overall network performance.
Consequently, collaborative mobility management is expected to become a fundamental component of
next-generation autonomous wireless communication networks. (Nakamoto, 2008; Zanella et al., 2014)

4: Impact of Mobility and Heterogeneous Networks

Mobility management has become one of the most critical components of future fifth-generation (5G) and
sixth-generation (6G) wireless communication systems. The rapid movement of user equipment (UE) across
heterogeneous wireless environments requires seamless handoff mechanisms capable of maintaining
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uninterrupted connectivity while minimizing latency, packet loss, and energy consumption. The integration
of macro cells, small cells, millimeter-wave (mmWave) base stations, terahertz (THz) communication,
satellite networks, unmanned aerial vehicles (UAVs), and intelligent reflecting surfaces (IRS) has significantly
increased network complexity, making efficient mobility management a major research challenge [23], [38].
(Johnson, Perkins & Arkko, 2011; Tataria et al., 2021)

The deployment of heterogeneous networks (HetNets) substantially improves spectral efficiency, network
capacity, and service coverage by combining multiple radio access technologies within the same
communication infrastructure. However, the dense deployment of small cells increases the frequency of
handoff events, resulting in handoff failures (HOFs), radio link failures (RLFs), ping-pong handovers, excessive
signaling overhead, and higher battery consumption in mobile devices [23]. These mobility-related
challenges directly affect the Quality of Service (QoS) and Quality of Experience (QoE), particularly for
applications requiring ultra-reliable low-latency communication (URLLC), such as autonomous vehicles,
industrial automation, remote healthcare, and smart transportation systems [38]. (Johnson, Perkins & Arkko,
2011; Tataria et al., 2021)

Figure 4. Al-Driven Intelligent Handoff Decision Framework
(ML, DL, RL, MEC, and SDN for Energy-Efficient 6G Mobility Management)

ser Equipment (UE) Network Data Collection
RSS | SINR | Speed | Load

MEC Server SDN Controller
Edge Intelligence Global Network View

Intefligent Handoff Decision
Al + MEC + SDN Optimization

Target Base Station
Best Cell / Beam / RAT

To overcome these challenges, modern 5G and future 6G networks employ advanced mobility management
mechanisms such as beam-level mobility, beam tracking, beam recovery, and beam switching. Unlike
conventional cell-based mobility, beam-based communication continuously tracks the position of mobile
users and dynamically redirects directional beams toward user equipment, thereby reducing unnecessary
handovers and maintaining stable communication links even under high-speed mobility conditions [33].
Beam management significantly enhances signal quality while lowering transmission power, reducing
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communication delay, and improving overall energy efficiency. (Johnson, Perkins & Arkko, 2011; Tataria et
al., 2021)

Network slicing has emerged as another important technology for mobility management in heterogeneous
wireless environments. Network slicing enables multiple virtual networks to coexist over a common physical
infrastructure while providing customized mobility management policies for different application scenarios.
For example, Internet of Things (loT) devices, enhanced Mobile Broadband (eMBB) services, Ultra-Reliable
Low-Latency Communication (URLLC), and Massive Machine-Type Communication (mMTC) each require
different mobility characteristics and Quality of Service (QoS) requirements. Slice-aware handoff
mechanisms intelligently allocate radio resources according to service demands, thereby improving resource
utilization and ensuring seamless service continuity across heterogeneous access networks [23]. (Johnson,
Perkins & Arkko, 2011; Tataria et al., 2021)

Another important aspect of mobility management is reducing signaling overhead during frequent handoff
operations. The introduction of the Radio Resource Control (RRC) Inactive state by the 3rd Generation
Partnership Project (3GPP) significantly reduces signaling traffic while allowing user equipment to resume
communication rapidly without complete connection re-establishment. This mechanism minimizes energy
consumption, decreases handoff delay, and improves network responsiveness, particularly in dense urban
deployments where mobility events occur frequently [38]. (Johnson, Perkins & Arkko, 2011; Tataria et al.,
2021)

nergy-Efficient and Secure Handoff Management for Future 6G Wireless Communication Systemsg

Table 2. Life-Cycle Cost Analysis for Secure and Energy-Efficient 8G Handoll Techniques
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Several researchers have investigated the impact of mobility patterns on network performance and energy
efficiency. High-speed user movement often increases handoff frequency, resulting in greater packet loss,
higher latency, and increased battery consumption. Predictive mobility management techniques utilize
historical user trajectories, geographical information, and real-time network conditions to estimate future
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user locations before signal degradation occurs. Artificial Intelligence (Al), Machine Learning (ML), and Deep
Learning (DL) algorithms further improve prediction accuracy by continuously learning mobility behavior and
dynamically optimizing handoff parameters according to network conditions [23], [38]. (Johnson, Perkins &
Arkko, 2011; Tataria et al., 2021)

Mobility Robustness Optimization (MRO) has become an essential component of self-organizing networks
(SONs). MRO algorithms automatically adjust handoff control parameters such as Handover Margin (HOM),
Time-to-Trigger (TTT), Cell Individual Offset (ClO), and hysteresis values according to user mobility, traffic
load, and channel quality. Intelligent optimization reduces unnecessary handovers, minimizes radio link
failures, and improves seamless connectivity in ultra-dense heterogeneous wireless networks [50]. Recent
Al-assisted MRO techniques based on Reinforcement Learning (RL), fuzzy logic, and Q-learning have
demonstrated superior adaptability by continuously optimizing handoff parameters with minimal
computational overhead [23]. (Johnson, Perkins & Arkko, 2011; Tataria et al., 2021)

Future 6G communication systems are expected to support highly heterogeneous environments integrating
terrestrial cellular networks, (Johnson, Perkins & Arkko, 2011; Tataria et al., 2021)

Low Earth Orbit (LEO) satellites, UAV-assisted communication, maritime communication, high-altitude
platform stations (HAPS), and intelligent reflecting surfaces. Seamless mobility across these diverse
communication platforms requires collaborative resource management capable of dynamically selecting the
most suitable access technology according to user mobility, signal quality, network congestion, and energy
availability. Figure 3 illustrates the concept of intelligent mobility management in heterogeneous 6G wireless
communication systems, highlighting the interaction among terrestrial networks, satellite communication,
edge computing, Al controllers, and mobile users [38]. (Johnson, Perkins & Arkko, 2011; Tataria et al., 2021)

Furthermore, efficient resource management plays an essential role in heterogeneous wireless
communication systems. Adaptive power allocation, user association, spectrum allocation, load balancing,
beam scheduling, and transmission mode selection collectively improve spectral efficiency while minimizing
network energy consumption. Artificial Intelligence enables dynamic optimization of these resources by
continuously monitoring network traffic, user density, interference levels, and Quality of Experience (QoE),
thereby ensuring sustainable network operation under rapidly changing wireless environments [23].
(Johnson, Perkins & Arkko, 2011; Tataria et al., 2021)

Overall, mobility and heterogeneity present both significant challenges and valuable opportunities for future
wireless communication systems. Frequent handoffs, network densification, diverse radio access
technologies, and dynamic traffic conditions require intelligent mobility management frameworks capable of
balancing connectivity, latency, security, and energy efficiency. Advanced technologies including Artificial
Intelligence, Software-Defined Networking (SDN), Mobile Edge Computing (MEC), Network Function
Virtualization (NFV), beam-level mobility, and network slicing collectively provide promising solutions for
achieving seamless, secure, and energy-efficient mobility management in future 6G wireless communication
systems [23], [38]. (Johnson, Perkins & Arkko, 2011; Tataria et al., 2021)

5 AI/ML TECHNIQUES IN ENERGY-EFFICIENT AND SECURE HANDOFF
MANAGEMENT
Artificial Intelligence (Al) and Machine Learning (ML) have become fundamental enabling technologies for

mobility management in fifth-generation (5G) and future sixth-generation (6G) wireless communication
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systems. Conventional handoff algorithms generally rely on static decision parameters such as Received
Signal Strength (RSS), Signal-to-Interference-plus-Noise Ratio (SINR), Reference Signal Received Power
(RSRP), Reference Signal Received Quality (RSRQ), and predefined threshold values. Although these methods
are computationally efficient, they often fail to adapt to highly dynamic wireless environments characterized
by dense deployments, high user mobility, heterogeneous radio access technologies, and rapidly changing
traffic conditions. Consequently, Al-driven handoff management has emerged as an effective solution for
improving mobility prediction, reducing handoff failures, minimizing signaling overhead, and enhancing
network energy efficiency [11], [22]. (Goodfellow, Bengio & Courville, 2016; Liu et al., 2023)

Machine Learning techniques enable communication systems to analyze historical mobility patterns, network
traffic, channel quality, and user behavior to make intelligent handoff decisions. Supervised learning
algorithms, including Support Vector Machines (SVM), Decision Trees (DT), Random Forest (RF), and
Artificial Neural Networks (ANN), have been widely employed for handoff prediction and user mobility
classification. These algorithms accurately identify mobility trends and estimate future cell transitions,
allowing the network to initiate proactive handoff procedures before communication quality deteriorates. As a
result, handoff delay, packet loss, and connection interruptions are significantly reduced while maintaining
higher Quality of Service (QoS) and Quality of Experience (QoE) [38, [40].
Energy Consumption Comparison of 5G/6G Handoff Protocols

[ Eneigy Consuenption
== Energy Trand

Energy Consumption (Joules)

Deep Learning (DL) has further enhanced intelligent mobility management by extracting complex features
from large-scale wireless communication datasets. Deep Neural Networks (DNN), Convolutional Neural
Networks (CNN), Long Short-Term Memory (LSTM), and Gated Recurrent Unit (GRU) models effectively
capture temporal and spatial mobility patterns in dynamic wireless environments. LSTM-based mobility
prediction models are particularly suitable for sequential user movement analysis because they retain
historical information over long time intervals, enabling highly accurate prediction of future user trajectories.
These predictive capabilities reduce unnecessary handovers, improve network stability, and decrease energy
consumption associated with repeated handoff procedures [38], [40]. (Goodfellow, Bengio & Courville, 2016;
Liu et al., 2023)
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Reinforcement Learning (RL) has attracted considerable attention for autonomous handoff optimization
because it enables communication agents to learn optimal mobility strategies through continuous
interaction with the wireless environment. Unlike supervised learning, RL does not require labeled training
datasets but instead improves decision-making through reward-based learning mechanisms. Algorithms such
as Q-Learning, Deep Q-Networks (DQN), Deep Deterministic Policy Gradient (DDPG), and Proximal Policy
Optimization (PPO) dynamically optimize handoff parameters by considering network congestion, signal
quality, user velocity, available bandwidth, and battery status. These adaptive learning techniques
substantially reduce handoff failures while maximizing throughput and network resource utilization [38],
[40]. (Goodfellow, Bengio & Courville, 2016; Liu et al., 2023)

Artificial Neural Networks (ANNs) have also demonstrated remarkable capability in intelligent handoff
management. ANN-based models analyze multiple mobility parameters simultaneously, including Received
Signal Strength (RSS), Signal-to-Noise Ratio (SNR), Signal-to-Interference-plus-Noise Ratio (SINR), user speed,
traffic density, and base station load. By processing these multidimensional inputs, ANN models accurately
determine the optimal target base station while minimizing unnecessary handovers and reducing
communication latency. Comparative studies indicate that ANN-assisted handoff frameworks outperform
conventional threshold-based algorithms in terms of prediction accuracy, throughput, and energy efficiency
[40]. (Goodfellow, Bengio & Courville, 2016; Liu et al., 2023)

Fuzzy Logic Systems (FLS) represent another intelligent approach for mobility management under uncertain
wireless environments. Unlike conventional binary decision-making methods, fuzzy logic handles imprecise
network information by evaluating multiple linguistic variables simultaneously. Parameters such as signal
strength, user velocity, residual battery energy, channel quality, and network congestion are processed using
fuzzy inference rules to generate adaptive handoff decisions. Fuzzy-based mobility management has been
shown to effectively reduce the ping-pong effect, improve connection reliability, and optimize resource
utilization in heterogeneous wireless communication systems [38]. (Goodfellow, Bengio & Courville, 2016;
Liu et al., 2023)

Metaheuristic optimization techniques have also been integrated with Al to improve handoff decision-
making. Nature-inspired algorithms such as Genetic Algorithm (GA), Particle Swarm Optimization (PSO), Ant
Colony Optimization (ACO), Grey Wolf Optimizer (GWO), Whale Optimization Algorithm (WOA), Firefly
Algorithm (FA), and Harris Hawks Optimization (HHO) optimize handoff parameters by searching for globally
optimal solutions while minimizing computational complexity. Hybrid Al-optimization frameworks combine
these optimization algorithms with machine learning models to achieve better mobility prediction, lower
energy consumption, balanced network load, and improved Quality of Service [22], [38]. (Goodfellow,
Bengio & Courville, 2016; Liu et al., 2023)

The emergence of Mobile Edge Computing (MEC) has significantly strengthened Al-assisted mobility
management by enabling computationally intensive learning algorithms to execute near mobile users instead
of relying on distant cloud servers. Edge intelligence reduces processing delay, accelerates handoff decision-
making, and minimizes signaling traffic between user equipment and the core network. Al-enabled edge
computing continuously monitors user mobility, network congestion, service requirements, and radio resource
availability, allowing real-time optimization of handoff decisions while supporting Ultra-Reliable Low-
Latency Communication (URLLC) services [11].
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Software-Defined Networking (SDN) further complements Al-driven handoff management by providing
centralized network intelligence and global visibility of communication resources. Al algorithms deployed
within SDN controllers dynamically optimize routing paths, allocate radio resources, balance network load,
and coordinate mobility management across heterogeneous radio access technologies. This centralized
optimization improves spectrum utilization, reduces communication delay, and enhances energy efficiency
while maintaining uninterrupted connectivity during frequent mobility events [28]. (Goodfellow, Bengio &
Courville, 2016; Liu et al., 2023)

Al techniques also play an important role in enhancing mobility security. Machine Learning and Deep
Learning algorithms continuously monitor network traffic patterns to identify abnormal mobility behavior,
malicious authentication requests, denial-of-service attacks, spoofing attempts, and unauthorized access
activities. Al-based intrusion detection systems (IDS), anomaly detection models, and trust evaluation
mechanisms significantly strengthen secure handoff management while maintaining low computational
overhead. When integrated with blockchain technology and lightweight cryptographic protocols, Al-assisted
security frameworks provide decentralized authentication, secure key management, and tamper-resistant
mobility management suitable for highly dynamic 6G communication environments [20], [33]. (Goodfellow,
Bengio & Courville, 2016; Liu et al., 2023)

Recent comparative investigations consistently demonstrate that Al-assisted handoff frameworks
significantly outperform conventional mobility management approaches. Intelligent algorithms reduce
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handoff latency, minimize packet loss, improve throughput, enhance spectral efficiency, decrease signaling
overhead, and extend the battery lifetime of mobile devices. Figure 4 illustrates the architecture of an Al-
enabled intelligent handoff management framework integrating Machine Learning, Deep Learning,
Reinforcement Learning, Mobile Edge Computing, Software-Defined Networking, and blockchain
technologies for future 6G wireless communication systems [28]. (Goodfellow, Bengio & Courville, 2016; Liu
et al., 2023)

Despite these remarkable advancements, several research challenges remain. Al models often require
extensive training datasets, high computational resources, continuous parameter tuning, and significant
processing power, making deployment difficult for resource-constrained mobile devices. Data privacy, model
interpretability, adversarial machine learning attacks, federated learning optimization, and real-time
decision-making under ultra-dense network environments continue to be active research areas. Future
studies should focus on lightweight Al models, explainable artificial intelligence (XAl), federated learning,
digital twins, quantum machine learning, and edge intelligence to develop fully autonomous, secure, and
sustainable mobility management frameworks for beyond-6G communication systems ([11], [22].
(Goodfellow, Bengio & Courville, 2016; Liu et al., 2023)

In summary, Artificial Intelligence and Machine Learning have fundamentally transformed handoff
management by enabling intelligent, predictive, adaptive, and energy-efficient mobility decisions. The
integration of supervised learning, deep learning, reinforcement learning, fuzzy logic, metaheuristic
optimization, edge intelligence, Software-Defined Networking, and blockchain security significantly enhances
network reliability, mobility robustness, resource utilization, and communication security. These intelligent
technologies are expected to serve as the foundation of autonomous mobility management in future 6G
wireless communication systems, supporting ultra-low latency, massive connectivity, sustainable operation,
and secure communication services [11]. (Goodfellow, Bengio & Courville, 2016; Liu et al., 2023)

6: Security Challenges in Energy-Efficient Handoff Management

Ensuring secure and energy-efficient handoff management has become one of the most significant challenges
in future fifth-generation (5G) and sixth-generation (6G) wireless communication systems. As mobile users
continuously move across heterogeneous wireless networks, handoff procedures involve frequent
authentication, key exchange, mobility registration, and session migration. These operations increase
signaling overhead, computational complexity, and energy consumption while simultaneously exposing
communication systems to various cyberattacks. Therefore, designing lightweight, intelligent, and secure
handoff mechanisms has become essential for supporting sustainable wireless communication while
maintaining seamless mobility and Quality of Service (QoS) [20], [33].

One of the primary security concerns during handoff management is the authentication process. Traditional
authentication protocols require repeated verification whenever a mobile user enters a new network
domain, leading to increased handoff delay and excessive signaling traffic. In ultra-dense heterogeneous
networks, repeated authentication not only consumes additional network resources but also reduces battery
life and degrades the Quality of Experience (QoE). Consequently, researchers have proposed fast
authentication mechanisms, lightweight cryptographic protocols, and context-aware security frameworks
that minimize authentication latency while maintaining strong security guarantees [20], [33]. (Nakamoto,
2008; NIST, 2024)
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Future 6G communication systems are expected to interconnect terrestrial cellular networks, satellite
communication systems, unmanned aerial vehicle (UAV) networks, intelligent reflecting surfaces (IRS), and
Internet of Things (loT) devices. Such heterogeneous environments considerably increase the attack surface,
making mobility management vulnerable to spoofing attacks, replay attacks, denial-of-service (DoS) attacks,
man-in-the-middle (MITM) attacks, session hijacking, impersonation attacks, and false base station attacks.
These attacks may interrupt ongoing communication sessions, compromise confidential information, or
force unnecessary handoffs that degrade overall network performance and increase energy consumption
[20], [33]. (Nakamoto, 2008; NIST, 2024)

Artificial Intelligence (Al) has emerged as an effective solution for strengthening security in handoff
management. Machine Learning (ML) and Deep Learning (DL) algorithms continuously analyze network
traffic, user mobility behavior, authentication requests, and communication patterns to detect malicious
activities in real time. Al-based Intrusion Detection Systems (IDS), anomaly detection models, and trust
evaluation mechanisms automatically identify suspicious mobility events before network services are
disrupted. Intelligent security frameworks significantly improve detection accuracy while reducing false
alarms and computational overhead compared with conventional rule-based security mechanisms [20], [33].
(Nakamoto, 2008; NIST, 2024)

Blockchain technology has also gained considerable attention for securing mobility management in beyond-
5G and 6G networks. Unlike centralized authentication architectures, blockchain provides a decentralized
and tamper-resistant framework for identity management, authentication, and secure data exchange.
Distributed ledger technology eliminates single points of failure and enables trusted communication among
multiple network entities without relying on centralized servers. Smart contracts further automate
authentication procedures, secure key distribution, and mobility authorization, thereby reducing handoff
delay while improving communication reliability and transparency [20], [33]. (Nakamoto, 2008; NIST, 2024)
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Lightweight cryptographic algorithms remain essential for protecting resource-constrained mobile devices,
Internet of Things (loT) nodes, wearable devices, and wireless sensor networks. Conventional encryption
techniques often require significant computational resources and battery power, making them unsuitable
for highly energy-sensitive communication environments. Lightweight encryption, elliptic curve cryptography
(ECC), identity-based cryptography, hash-based authentication, and efficient key agreement protocols
provide strong security while minimizing computational complexity, communication overhead, and energy
consumption during handoff operations [20]. (Nakamoto, 2008; NIST, 2024)

(B) Traffic Entropy During Simulated Attacks

B0 160 120
Time (s)

Software-Defined Networking (SDN) and Network Function Virtualization (NFV) further enhance secure
mobility management by enabling centralized security monitoring and dynamic policy enforcement. SDN
controllers maintain a global view of network traffic, allowing rapid identification of abnormal mobility
behavior and efficient isolation of compromised network nodes. Meanwhile, NFV enables flexible
deployment of security services such as firewalls, intrusion detection systems, authentication servers, and
virtual private network functions without requiring dedicated hardware. These virtualized security
architectures improve scalability, reduce operational costs, and strengthen network resilience against cyber
threats [20], [33]. (Nakamoto, 2008; NIST, 2024)
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Mobile Edge Computing (MEC) plays an increasingly important role in secure handoff management by
processing authentication and mobility-related decisions closer to end users. Edge-based authentication

significantly reduces communication latency compared with cloud-based approaches while decreasing
signaling traffic across the core network. Al-enabled edge servers continuously monitor user mobility,
network congestion, and security threats, enabling rapid detection of malicious activities and faster
execution of secure handoff procedures. This distributed intelligence improves both communication security
and overall energy efficiency [20]. (Nakamoto, 2008; NIST, 2024)

Trust management has become another important research direction in heterogeneous wireless
communication systems. Trust-based handoff mechanisms evaluate the reliability of users, base stations,
access points, and neighboring network entities before establishing communication sessions. Dynamic trust
evaluation models consider historical interactions, behavioral patterns, service quality, and security
reputation to prevent malicious nodes from participating in the handoff process. Such adaptive trust
frameworks significantly improve network reliability while minimizing unnecessary authentication overhead
[33]. (Nakamoto, 2008; NIST, 2024)

Privacy preservation is equally important in future mobility management systems. During handoff
procedures, mobile devices frequently exchange sensitive information including user identity, location,
mobility history, and service preferences. Without appropriate privacy protection, attackers may track user
movements or infer confidential information. Privacy-preserving authentication, anonymous identity
management, pseudonym-based communication, homomorphic encryption, and differential privacy
techniques provide effective solutions for protecting user information while supporting seamless mobility
across heterogeneous wireless networks [20], [33]. (Nakamoto, 2008; NIST, 2024)

Recent comparative studies indicate that hybrid security architectures integrating Artificial Intelligence,
blockchain technology, Mobile Edge Computing, Software-Defined Networking, lightweight cryptography,
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and trust management outperform conventional security mechanisms in terms of authentication delay,

attack detection accuracy, communication reliability, and energy efficiency. (Nakamoto, 2008; NIST, 2024)

Source: Adapted from Nakamoto (2008); NIST (2024); Liu et al. (2023).

Source: Adapted from S. Nakamoto, "Bitcoin: A Peer-to-Peer Electronic Cash System," 2008; National Institute of Standards and Technology (NIST),
Post-Quantum Cryptography Standardization, 2024, and Y. Liu et al., IEEE Communications Surveys & Tutorials, 2023.

Figure 5 illustrates a secure Al-enabled handoff management architecture in which mobile users, edge
servers, blockchain networks, SDN controllers, and heterogeneous base stations collaborate to provide
secure, intelligent, and energy-efficient mobility management for future 6G communication systems [20].
(Nakamoto, 2008; NIST, 2024)

Despite significant progress, several research challenges remain unresolved. Al models require large training
datasets and substantial computational resources, blockchain networks may introduce additional storage
and consensus overhead, and lightweight cryptographic protocols must continuously evolve to resist
increasingly sophisticated cyber threats. Moreover, the emergence of quantum computing poses serious
challenges to conventional public-key cryptographic algorithms currently employed in wireless
communication systems. Consequently, future research should investigate quantum-resistant cryptography,
federated learning, explainable artificial intelligence (XAl), zero-trust security architectures, digital twins, and
autonomous self-healing networks to develop robust, scalable, and sustainable handoff security frameworks
for beyond-6G wireless communication systems [20], [33]. (Nakamoto, 2008; NIST, 2024)

w— Spoofing Attack
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Mobility Management
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In summary, secure handoff management represents a fundamental requirement for future intelligent
wireless communication networks. The integration of Artificial Intelligence, blockchain technology, Mobile
Edge Computing, Software-Defined Networking, lightweight cryptography, trust management, and privacy-
preserving authentication provides a comprehensive framework for protecting mobility management against
emerging cyber threats while simultaneously reducing energy consumption, authentication delay, and
signaling overhead. These intelligent security technologies are expected to become key enabling
components of autonomous, resilient, and sustainable 6G wireless communication systems [20]. (Nakamoto,
2008; NIST, 2024)

7: Conclusion and Future Research Directions

This survey has comprehensively reviewed recent advances in energy-efficient and secure handoff
management for future fifth-generation (5G) and sixth-generation (6G) wireless communication systems. As
mobile communication networks continue to evolve toward ultra-dense heterogeneous architectures,
intelligent mobility management has become essential for providing seamless connectivity, ultra-low
latency, high reliability, and sustainable energy utilization. Conventional handoff mechanisms based on
Received Signal Strength (RSS), Signal-to-Interference-plus-Noise Ratio (SINR), and threshold-based decision
algorithms provide simple implementation but exhibit significant limitations in highly dynamic wireless
environments, including unnecessary handovers, increased signaling overhead, handoff failures, packet loss,
and excessive energy consumption [20], [33]. (Tataria et al., 2021; Liu et al., 2023)

The survey demonstrates that Artificial Intelligence (Al), Machine Learning (ML), Deep Learning (DL), and
Reinforcement Learning (RL) have significantly transformed handoff management by enabling predictive
mobility estimation, adaptive resource allocation, intelligent network optimization, and autonomous
decision-making. Al-driven handoff frameworks continuously analyze user mobility, channel conditions,
traffic load, and network congestion to optimize handoff timing while minimizing latency, packet loss, and
communication interruptions. Comparative studies consistently indicate that intelligent handoff algorithms
outperform conventional mobility management techniques by improving throughput, spectral efficiency,
Quality of Service (QoS), and device battery lifetime while reducing unnecessary handovers and signaling
traffic [20], [33]. (Tataria et al., 2021; Liu et al., 2023)

The integration of enabling technologies such as Software-Defined Networking (SDN), Mobile Edge
Computing (MEC), Network Function Virtualization (NFV), network slicing, and cloud-edge collaboration
further enhances the performance of future mobility management systems. These technologies provide
centralized network intelligence, low-latency processing, dynamic resource orchestration, and efficient
traffic engineering, enabling rapid and adaptive handoff execution across heterogeneous wireless
environments. Moreover, beam-level mobility, intelligent beamforming, and self-organizing network (SON)
architectures significantly improve communication reliability in ultra-dense 6G deployments by maintaining
stable connections under high user mobility conditions [20], [33]. (Tataria et al., 2021; Liu et al., 2023)

Security remains one of the most critical challenges in future wireless communication systems due to the
increasing complexity of heterogeneous network architectures and the rapid growth of connected devices.
Traditional authentication mechanisms often introduce additional latency and computational overhead
during handoff operations. Emerging technologies such as blockchain, lightweight cryptography, trust
management, Artificial Intelligence-based intrusion detection systems, and privacy-preserving
authentication provide promising solutions for protecting mobility management against spoofing attacks,
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replay attacks, denial-of-service attacks, impersonation attacks, and unauthorized network access while
maintaining low energy consumption [20], [33]. (Tataria et al., 2021; Liu et al., 2023)

The survey also highlights the importance of collaborative mobility management, where multiple network
entities—including base stations, edge servers, Al controllers, satellites, unmanned aerial vehicles (UAVs),
and intelligent reflecting surfaces (IRS)—cooperate to optimize mobility decisions. Such collaborative
frameworks improve resource utilization, reduce communication latency, balance network load, and enhance
Quality of Experience (QoE) for mobile users. The combination of Al, edge intelligence, blockchain
technology, and Software-Defined Networking represents a significant step toward fully autonomous mobility
management capable of supporting massive machine-type communication (mMTC), enhanced Mobile
Broadband (eMBB), and Ultra-Reliable Low-Latency Communication (URLLC) services simultaneously [
20].

Despite remarkable progress, several open research challenges remain. Future 6G communication systems
will require scalable mobility management algorithms capable of supporting billions of connected devices
operating across terrestrial, aerial, satellite, underwater, and space communication networks. The
deployment of Al models on resource-constrained mobile devices continues to face challenges related to
computational complexity, training requirements, model interpretability, and energy consumption.
Furthermore, ensuring user privacy, secure authentication, trustworthy Al, interoperability among
heterogeneous radio access technologies, and resilience against quantum computing attacks remain
important research directions requiring further investigation [20]. (Tataria et al., 2021; Liu et al., 2023)

Future research should therefore focus on developing lightweight Artificial Intelligence algorithms, federated
learning frameworks, explainable Al (XAl), digital twins, quantum-resistant cryptographic protocols, zero-
trust security architectures, semantic communication, and autonomous self-healing wireless networks. The
integration of renewable energy harvesting technologies, green communication techniques, intelligent
reflecting surfaces, terahertz communication, reconfigurable wireless environments, and integrated sensing
and communication (ISAC) will further improve the sustainability and efficiency of future wireless
communication infrastructures. In addition, real-world experimental validation through large-scale testbeds,
digital twin platforms, and industry-standard simulation environments will be essential for evaluating the
practical feasibility and performance of proposed handoff management frameworks [20], [33]. (Tataria et al.,
2021; Liu et al., 2023)

In conclusion, energy-efficient and secure handoff management will remain one of the fundamental
technologies driving the success of beyond-5G and future 6G wireless communication systems. The
convergence of Artificial Intelligence, Machine Learning, blockchain, Software-Defined Networking, Mobile
Edge Computing, network slicing, and advanced cybersecurity mechanisms provides a strong foundation for
developing intelligent, adaptive, secure, and sustainable mobility management frameworks. These emerging
(Tataria et al., 2021; Liu et al., 2023)

7 CONCLUSION AND FUTURE RESEARCH DIRECTIONS

This survey has comprehensively reviewed recent advances in energy-efficient and secure handoff
management for future fifth-generation (5G) and sixth-generation (6G) wireless communication systems. As
mobile communication networks continue to evolve toward ultra-dense heterogeneous architectures,
intelligent mobility management has become essential for providing seamless connectivity, ultra-low
latency, high reliability, and sustainable energy utilization. Conventional handoff mechanisms based on
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Received Signal Strength (RSS), Signal-to-Interference-plus-Noise Ratio (SINR), and threshold-based decision
algorithms provide simple implementation but exhibit significant limitations in highly dynamic wireless

environments, including unnecessary handovers, increased signaling overhead, handoff failures, packet loss,
and excessive energy consumption [01], [40]. (Tataria et al., 2021; Liu et al., 2023)

Energy Consumption
Eolal = Ex + Ex + E uth

- Throughput

T =B log,(1 + SINR)

Joint 6G Optimization Objective
max ( alpha T - beta E - gamma D, uth + deita S;ec )

The survey demonstrates that Artificial Intelligence (A1), Machine Learning (ML), Deep Learning (DL), and
Reinforcement Learning (RL) have significantly transformed handoff management by enabling predictive
mobility estimation, adaptive resource allocation, intelligent network optimization, and autonomous decision-
making. Al-driven handoff frameworks continuously analyze user mobility, channel conditions, traffic load,
and network congestion to optimize handoff timing while minimizing latency, packet loss, and communication
interruptions. Comparative studies consistently indicate that intelligent handoff algorithms outperform
conventional mobility management techniques by improving throughput, spectral efficiency, Quality of
Service (QoS), and device battery lifetime while
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