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Preface

The development of sixth-generation (6G) communication technology 
marks a transformative shift in wireless networks, promising ultra-high 
speeds, low latency, and seamless connectivity for a wide range of applica-
tions, including the Internet of Things (IoT), smart cities, artificial intelli-
gence (AI), and blockchain-based architectures. While these advancements 
unlock unparalleled opportunities, they also introduce new security threats 
and privacy challenges that must be addressed to ensure safe, reliable, and 
resilient communication infrastructure. This book, Security and Privacy in 
6G Communication Technology, brings together contributions from lead-
ing researchers and industry experts, providing a comprehensive over-
view of security challenges, privacy risks, and innovative solutions in 6G 
networks. Through 14 chapters, this book presents in-depth discussions 
on key security frameworks, advanced cryptographic techniques, privacy- 
preserving architectures, and future research directions to establish secure 
and privacy-compliant 6G ecosystems.

Chapter 1: A Comprehensive Study of Security and Privacy Issues of 6G 
Wireless Communications Networks
This chapter lays the groundwork by exploring the fundamental security 
and privacy challenges in 6G networks. With massive IoT integration, 
AI-driven automation, and ultra-low latency services, new vulnerabilities 
emerge in data transmission, identity authentication, and network integ-
rity. The chapter highlights cryptographic solutions, identity management 
protocols, and AI-powered security strategies to address these risks .

Chapter 2: Key Security Issues and Solutions in 6G Communications
Chapter 2 provides a detailed examination of cyber threats, unauthorized 
access, and data breaches in 6G networks. It discusses quantum-resistant 
encryption, blockchain-based authentication, and AI-driven intrusion  
detection as effective countermeasures. The chapter also evaluates how 
these solutions can ensure the performance, scalability, and reliability of 
6G networks .
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Chapter 3: Strategies for Ensuring Security and Privacy in 6G Networks
This chapter presents advanced privacy-preserving strategies for 6G, includ-
ing zero-trust security models, decentralized identity management, and 
AI-enhanced cybersecurity measures. It emphasizes federated learning as a 
key technique to balance data privacy and network efficiency, ensuring that 
user data remains protected 

Chapter 4: Enhancing Security and Privacy Frameworks in 6G Networks
Focusing on existing security frameworks, this chapter analyzes their appli-
cability in 6G networks. It introduces post-quantum cryptographic tech-
niques and distributed ledger technology (DLT) as solutions to overcome 
the limitations of traditional security models. Additionally, the chapter 
explores next-generation encryption to protect sensitive communications .

Chapter 5: Adaptive Security Protocols for Dynamic 6G Environments
This chapter presents adaptive security protocols designed to dynamically 
respond to evolving cyber threats in 6G networks. AI-driven threat detec-
tion, real-time authentication mechanisms, and automated anomaly detec-
tion are discussed as methods to build a self-healing and resilient security 
infrastructure .

Chapter 6: BFL-IoV: Blockchain and Federated Learning for Secure 6G 
IoV Networks
Blockchain and federated learning (FL) play a crucial role in securing the 
Internet of Vehicles (IoV) in 6G networks. This chapter discusses how 
decentralized consensus mechanisms enhance security, whereas FL allows 
privacy-preserving AI models for secure, real-time decision-making in 
smart transportation and critical infrastructures .

Chapter 7: Leveraging Machine Learning for Enhanced 6G Security
Machine learning (ML) is an essential tool for automated cybersecurity in 6G 
networks. This chapter explores how ML can be used to identify network anom-
alies, predict cyber threats, and enhance encryption techniques. It also discusses 
AI-powered fraud detection and intelligent access control mechanisms .

Chapter 8: Applications of Machine Learning in Strengthening 6G 
Security
Building on the previous discussion, this chapter investigates how AI is 
applied in real-time threat analysis, autonomous security monitoring, and 
predictive cybersecurity. AI-driven encryption methods and intelligent 
security automation ensure that 6G networks remain protected against 
rapidly evolving cyberattacks .
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Preface xix

Chapter 9: Edge Computing and Privacy Challenges in 6G Networks
Edge computing facilitates low-latency applications in 6G, but it intro-
duces new security concerns. This chapter examines decentralized data 
processing vulnerabilities, including unauthorized access, AI-based cyber-
attacks, and data breaches. It proposes privacy-preserving techniques such 
as secure multi-party computation and homomorphic encryption .

Chapter 10: Resilient Security Architectures for 6G-Enabled Smart 
Cities
Smart cities rely on 6G to enable real-time automation, AI-driven gover-
nance, and IoT integration, but cybersecurity remains a major concern. 
This chapter explores four key security architectures—AI-powered secu-
rity, quantum-resistant security, blockchain-based security, and adaptive 
security—to protect smart urban environments from cyber threats .

Chapter 11: Innovative Solutions for User Privacy in 6G Networks
User privacy is a critical concern in hyper-connected 6G environments. 
This chapter presents decentralized identity management, differential 
privacy techniques, and regulatory frameworks for enhancing user data 
protection. It highlights how privacy laws must evolve to support next- 
generation wireless communication .

Chapter 12: Analytic Study on Existing Communication Technologies 
for Smart Grid: Beyond the 5G and Extension Toward 6G
Chapter 12 focuses on 6G-enabled smart grids, discussing how ultra-fast 
and intelligent communication can optimize energy management, real-
time automation, and distributed power systems. It highlights security 
challenges in smart grids and proposes AI-driven security mechanisms to 
safeguard critical infrastructure .

Chapter 13: Power-Efficient Techniques for Sustainable 6G Networks
This chapter evaluates the integration of AI-driven security frameworks in 
6G networks. It discusses intelligent threat detection models, self-adaptive  
security mechanisms, and AI-powered encryption protocols to create 
autonomous cybersecurity solutions that protect 6G communications from 
advanced persistent threats .

Chapter 14: Cybersecurity in 6G: Challenges and Future Directions
The final chapter provides an overview of cybersecurity challenges in 
6G, including AI-driven cyber threats, quantum-based attacks, and IoT 
security vulnerabilities. It introduces zero-trust architectures, secure 
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xx Preface

multi-party computation, and blockchain-based authentication as key 
approaches to strengthening 6G network resilience. The chapter concludes 
with future research directions, outlining the need for next-generation 
security paradigms.

By presenting cutting-edge discussions on security and privacy chal-
lenges in 6G networks, this book serves as an essential resource for 
researchers, industry professionals, and policymakers. The contributions 
from esteemed authors provide practical insights and solutions to establish 
a secure, resilient, and privacy-compliant 6G ecosystem. As 6G networks 
continue to evolve, security research must advance proactively to antici-
pate and mitigate cyber threats. It is our hope that this book inspires fur-
ther innovations in 6G security, ensuring that future wireless technologies 
remain trustworthy, efficient, and secure.

Mandeep Singh
Editor

Security and Privacy in 6G Communication Technology
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Abstract
Due to the rapid growth of smart Internet-of-Things devices or internet-based 
applications and high-speed networks, the fifth-generation (5G) communications 
network will roll out from twhe market in future, and the sixth-generation (6G) 
communications network will completely replace the 5G networks with their 
advanced features. The 6G network is faster and more reliable than 5G networks 
in terms of their advanced features like high data speed (1 terabit per second), low 
latency time, capability to handle large networks, advanced security features for 
data transmission, and minimized energy consumption. Security and privacy of 
networks is the primary concern of any communication network. The book chap-
ter aims to present a comprehensive study of the future evolution of 6G network 
with their key features, applications, challenges, security issues, and requirements 
to establish 6G wireless communications. Research more focuses on the study of 
the security and critical privacy issues associated with 6G technologies. Overall, 
this paper provides useful information for industries and academic researchers 
and discusses the potential for opening up new research directions related to the 
security of 6G networks.
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2 Security and Privacy in 6G Communication Technology

1.1 Introduction

The growth rate of mobile volume data has increased rapidly in the last 
recent years due to increasing large number of mobile users, internet sub-
scribers, connective devices, M2M (machine-to-machine) connections, 
etc. It is also expected that the volume of data will increase with a high 
growth rate in the coming years. According to a statistics report of the 
International Telecommunication Union, it is expected that mobile traf-
fic data will reach up to 607 and 5,016 exabytes per month at the end of 
the year 2025 and 2030, respectively. Furthermore, it is also expected that 
70% of the world population access mobile internet services by 2025, and, 
if we are talking about the Asia Pacific Region, then it will reach up to 
13.5 billion devices. Nowadays, wireless broadband has become a very 
emerging and demanded technology in the field of communication, and 
its applications are used in various areas such as transportation, healthcare 
systems, infrastructure development, home internet, and military applica-
tions, performing better results. Although presently most industries and 
academics are using 5G wireless technology for commercial purposes for 
data transmission, 5G technology has several drawbacks. A very big chal-
lenge for telecommunication industries with 5G communication is the 
handling of massive internet traffic data in terms of reliability of data and 
latency time, providing better efficient energy and intelligence, and man-
aging the security and privacy aspect of data. Managing of increasing data 
growth rate with low latency time is a big challenge for the existing 5G data 
communication systems. For example, the delay of air interface in haptic 
internet- based telemedicine is 1 ms in 5G networks, but it requires a delay 
of less than 0.1 milliseconds (ms). For better management of all the above 
issues, there is a need for a new advanced communication technology that 
overcomes the all these issues [1, 2]. A new advanced 6G communication 
technology was introduced that not only overcomes the problems of 5G 
but also provides a high-speed wireless communications network along 
with ultra-high reliability and low latency time. The 6G network was intro-
duced by China Global and Huawei Technologies in November 2021 and 
launched a satellite for 6G communications, but it is estimated to be used 
publicly worldwide by the end of the year 2030. This chapter is divided into 
five subsections. The first section contains a detailed description ofthe intro-
duction part. The second section explains the historic evolution of all com-
munication generations starting from 1G networks to present 5G networks 
along with their key features. The third section focuses on the complete 
study of 6G communication networks with their applications, benefits, 
and drawbacks and about the challenges in establishing 6G networks.  
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The fourth section of the book chapter consists of the information about 
the all security metrics or measures that are in all communication genera-
tions, and it also focuses on four important key security features that need 
to be focused on for tomorrow’s 6G networks. The last section of the book 
chapter concludes with the conclusion of the chapter.

1.1.1 History of Wireless Communication

In the last few years, remarkable advancements have been made in the field 
of mobile communication in term of communication and information 
transfer. In the early days, mobile phones were limited in size, and their 
data speed was very less as compared to today’s high-speed smartphones. 
Mobile networks are processing huge improvements with time in the field 
of telecommunication through different journeys starting from 1G (first- 
generation wireless network) to 6G (sixth-generation wireless network). 
The capability areas of wireless communication systems are also expanding 
with time. Each generation of mobile networks performed a significant 
milestone in the development of mobile communications [3]. The outline 
of all five generations of mobile networks along with their features is given 
in Figure 1.1, and the complete description is discussed below.

1G (First-Generation Mobile Networks): 1G network was based on an ana-
log technology system and was initially introduced by Japan in 1979 and, 
later on, in 1980, used by other countries of the world. The 1G mobile 
networks used the frequency-division duplexing (FDD) method for 
radio-frequency transfer between transmitter and receiver. In 1G mobile 
communication, users can communicate with each other through phone 

1G 2G 3G 4G 5G 6G

Analog Voice Digital Message Mobile Data Mobile Broadbond New Radio New Technology 

1980 1990 2000 2009 2019 2030

Mobile voice

communication

(AMPS, NMT,

TACS) 

Efficient voice to

reach billions

(DAMPS, GSM,

CDMA) 

Focus shifts to

mobile data

(HAPA+/WCDMA,

EV-DO) 

Internet Data

expansion (LTE,

LTE-A, Gigabit

LTE) 

Unified

connectivity

(Wireless edge,

5G new radio) 

New combination

of requirement

(eMBB, uRLLC,

mMTC)

Figure 1.1 Generation evolution of communication networks from 1G to 6G.
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calls only, but the drawback of this approach is that it is not applicable to 
receiving or sending text messages to other users. The distance coverage 
area of 1G technology was also very small, even though a large numbers of 
cell towers were required for signal transfer, and that was the reason why a 
large number of signal tower were installed around the country for signal 
transfer. 1G mobile network communication has no facility for roaming 
support among different operators, users can only transfer signals within 
a specified range of tower. The quality of sound was also not good, it pro-
vides less security and privacy, and information was easily hacked due to 
low encryption techniques. Data transfer speed of 6G communication was 
very less and varies in range of up to 2.4 kbps only [4, 5].

2G (Second-Generation Mobile Networks): 2G mobile communication 
networks was used digital cellular networks for data transfer among mobile 
users and were launched in the year 1991 in Finland. It was operated on 
GSM (Global System for Mobile Communication) methodology and oper-
ates on frequency bands of ranges varying from 900 MHz to1800 MHz. A 2G 
generation network provides a high data rate speed and large coverage area 
as compared to a 1G network. It also supported both voice and SMS com-
munication for data transfer and transfer data with a data speed of 64 kbps.

3G (Third-Generation Mobile Networks): 3G communication networks pro-
vided high data transfer speed as compared to 1G and 2G communication 
networks with data speed of 144 Kbps to 2Mbps. 3G communication networks 
were well suitable for audio, video, and web-based applications. Three types of 
mobile access techniques (code division, wide band division, and wide band 
code division multiple access) were used for communication in 3G technology.

4G (Fourth-Generation Networks): 4G network was launched in 2009, and 
it provided large bandwidth, high security, and fast internet access service 
as compared to 3G technology and other previous generation technology. 
4G is 10 times faster than in speed as compared to 3G technology with 
consist of 100 Mbps data transfer speed. 4G technology, based on Long-
Term Evolution (LTE) technique, that enables voice calls, mobile data, and 
text messages on a 4G mobile phone.

5G (Fifth-Generation Network): 5G is the latest iteration of cellular tech-
nology and the successor of 4G. It provides faster downloading and upload-
ing data speed as compared to 4G and 3G. It establishes the more reliable 
and efficient connection among mobile users. 4G network is  also capa-
ble to connect a  number of devices at the same time with the network. 
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Downloading speed of 4G lies in between range of 10 and 20 Gbps, and it 
is 100 times faster in speed as compared to 4G network [6, 7].

1.1.2 Overview of 6G Networks

Even though 5G technology has not been implemented fully throughout 
the world, limitations of 5G networks motivate researchers, to begin new 
advanced research in the field of communication-related to 6G networks. 
In this regard, the first 6G world’s summit was organized in Finland in 
March 2019, and top communication experts of the world drafted together 
a first 6G network white paper. From this summit, the 6G network was 
unofficially born, and several countries of the world have announced to 
build their research projects in the field of the 6G network. For example, 
China started their research of 6G in the year 2018 and launched a satellite 
along with Huawei to test terahertz (THz) signal transmission in the year 
2020, and they are expected or planned to use 6G technology commer-
cially in their country up to 2030.

1.1.2.1 Advancement in 6G Technology

Now, 5G network is widely used in most countries of the world, and it 
creates a road map for designing future generations of a new advanced 6G 
mobile communication network. After comparing and analyzing previous 
generations, it has been clear that, with the introduction of the new 
technology, the network speed and coverage area also increased gradu-
ally. The main target of the 6G network is to cover a large global area and 
provide fast network services to users with the inclusion of artificial intel-
ligence (AI) applications. Although it is in its initial stages and may be 
use commercially in 2030 worldwide, it is estimated by researchers that 
6G technology will become the backbone of communication technology. 
As compared to existing 5G technology, 6G provides large capacity, high 
data rates, high security, and privacy, and, probably, the quality of net-
work will increase with decrease latency time. 6G will be operated with 
a transmission range of speed between 1 and 10 terabit per second (Tbps). 
The frequency of the proposed technology will be higher from all existing 
communication generations, and the latency range lies from 10 to 100 ms. 
The connectivity density and traffic capacity range from 10 devices/km2 
to Gb/s/m2, respectively. The energy efficiency of the spectrum will also 
increase exponentially in comparison to the 5G network, and, on the other 
hand, 6G holds unlimited capacity of wireless connection [13, 14].
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1.1.2.2 Importance of Developing 6G Technology

As discussed above, the density of traffic data of mobile users is increas-
ing rapidly due to the increasing size of mobile users. The importance of 
6G technology also increases due to its high bandwidth speed. Due to the 
increasing of large number of devices, more numbers of sensors, wearable 
devices, and integrated headsets are required to manage the communica-
tion system and existing generations suffer problems of high mobility.

The USA also started their 6G research in the year 2018 with the Federal 
Communications Commission and established a Next G Alliance with top 
brand companies including Apple, Google, and AT&T in the year 2020 to 
open up a higher frequency spectrum for experimental use. South Korea has 
signed an Memorandum of Understanding (MOU) with LG, Samsung, and 
SK Telecom companies and plans to invest $11.7 billion to build 6G technol-
ogy [8, 9]. They are planning to use the 6G network commercially in their 
country up to 2026 three years before China. Japan also started their research 
in 6G technology in the year 2020 and is planning to launch next-generation 
6G mobile data technology by 2030. Finland’s Nokia leading its research into 
Hexa-X 6G in 2020 and the University of Oulu devoting $300 million to 
Finland for the 6G program. Germany also launched a 6G research project 
for the Next Generation Mobile Networks in 2020. University of Surrey of UK 
established a 6G Innovation Centre in collaboration with Russia’s Skolkovo 
Institute of Science and Technology in the year 2020 and has announced to 
creation of a device that helps to develop 6G system components. The 6G 
mobile network is currently being developed for wireless communications 
based on cellular technology, and it is the successor to 5G technology. Most 
people think that 6G networks should only the faster version or update ver-
sion of a 5G network at a higher speed only, but it also improves and extends 
the 5G technology in all aspects such as unlimited coverage area, high data 
transfer speed (1,000 times faster than 5G), and lower latency time. In recent 
years, 6G technology has become the new revolutionary generation in the 
area of mobile communication due to its prominent features like provid-
ing higher bandwidth and reliability, better QoS and coverage, low latency 
and power consumption, and better privacy and security. 6G technology 
has several key features over currently used 5G technology. 6G focuses on 
transmitting data at ultra-high frequencies ranging from hundreds of giga-
hertz (GHz) or THz, and it is very high in speed as compared to 5G tech-
nology that supports frequencies ranging up to 100 GHz theoretically but 
practically utilized frequencies ranging up to 39 GHz. Another important 
feature of 6G technology is improving the efficiency of the free spectrum. 
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In 5G technology, transmission or reception of data transfer permits at the 
same time on a specific frequency and uses two-way communication for 
data transfer and divides their frequency streams with the help of the FDD 
technique. 6G advanced approach uses sophisticated mathematics to trans-
mit and receive data on the same frequency simultaneously and also helps 
for boosting the efficiency of the current spectrum. 5G networks are based 
on a hub-and-spoke architecture, and end-user (phones) devices connect to 
anchor nodes (cell towers) that are connected to a backbone. 6G might use 
every machine as an amplifier for one another’s data and allow each device 
to expand coverage in addition to using it. It also added new dimensions 
to AI and brought new strength and vitality into the next-generation com-
munication. The use of AI with 5G features transforms the paradigm shift 
into an intelligent network. 6G communication is also expanded by applying 
artificial intelligence to various other new technologies and helps to enhance 
spectral efficiency like visible light communication (VLC), index modula-
tion, intelligent reflecting surface, and sub-THz and THz with a frequency 
range of 100 GHz to 3 THz [10–12]. A futuristic vision of the 6G network is 
specified in Table 1.1. The management of large infrastructure is also becom-
ing very difficult for existing communication technology. The 6G technology 
has the capability to manage a large volume of data provides seamless and 
high-quality communication and will solve all these issues with a global cov-
erage area as compared to existing generations. The existing communication 
generations are also insufficient for indoor communication, and reachability 
to rural and undeveloped regions is very low in the existing generation; on 
the other hand, the reachability of 6G network can be more effective in rural 
and undeveloped areas. Now, every sector is using the smart technology for 
developing for example smart building construction, automation of smart 
factories, and production, making smart healthcare and transport system, 
for smart surveillance, agriculture, etc. The 6G technology can play a vital 
role for development of all above abovementioned fields with its advanced 
features of high data speed bandwidth, high reliability, low latency time, 
etc. With the introduction 6G technology in the communication field, it is 
expected that many Internet of Things (IoT)–based devices use internet facil-
ities and that helps to make human daily life more comfortable and easy. 6G 
technology will provide more substantial support to IoT devices by provid-
ing IoT-based houses, vehicles, and industries. 6G also plays a very effective 
part in improving the healthcare sector and facilitate the smart healthcare 
services [15–17]. The defense sector can also take advantage from new- 
generation technology to fulfill the UAVs requirement of high data speed.
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1.1.3 Features of 6G Networks

• Use of new broad-spectrum bands that range up to THz.
• Very high or maximum data transfer rate of 1 Tbps. Speed 

and data rate experienced by a single user to speed of 1 Gbps, 
but, in the case of 5G technology, single user can achieved 
100-Mbps data speed and maximum data transfer rate of 20 
Gbps. 6G provides more than double the spectral efficiency 
of 5G networks. It is expected that the reliability of 6G net-
works is up to 99.99999%.

• 6G wireless networks provide ultra-low latency of less than 
0.1 ms for real-time applications and improve the efficiency 
and performance of communication networks. The current 
5G technology also lowers the latency time but just equal to 
0.1 ms. The decreased latency time helps in providing bet-
ter emergency responses, in remote surgical procedures and 
also in automation of industry.

• 6G will more focuses on M2M connections. In the existing 
technology, 4G and 5G networks are capable of support-
ing or handling 100,000 and one million devices per square 
kilometer, respectively, and perform efficiently, and, on the 
other hand, advanced 6G technology will manage or support 
10 million linked devices per square kilometer [18].

• 6G networks require an extensive radio-frequency range, and to 
manage it need a very energy-efficient chip to meet the require-
ment for high bandwidth. A very big challenge for researchers 
is to optimize power consumption on that foundational chip so 
that it can perform better energy-efficiently in these frequency 
ranges [19].

• 6G technology provides high privacy and security as com-
pared to previous-generation networks.

• 6G networks provide better network reliability than 5G net-
works, and the reliability of networks might be enhanced by 
simultaneous transmission and device-to-device connectivity. 
A 6G network will be better in network penetration and stabil-
ity than a 5G network. As we discussed above, 6G networks use 
M2M connections that help in increasing network dependabil-
ity and also decreasing error rates [20].

• The 6G networks will be available to cloud and can be access 
privately and publicly on cloud.
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• 6G technology uses more features of AI and machine learning 
(ML) for optimal connectivity and allows AI/ML to determine 
the optimal method of communication between two endpoints.

• 6G technology jitter time is very less and equal to 1 ms. The 
advanced feature of high bandwidth speed and low latency 
time of 6G network reduces the jitter time of real-time videos.

• The processing delay in 6G network is less than or equal to 10 ns.

A tabular representation of the features of the 6G network is described 
in Table 1.1.

Table 1.1 Key features of 6G networks.

Requirements 6G services

Service Types MBRLLC/mURLLC/HCS/MPS

Devices Types Smart implants/Sensors/XR and BCI 
devices/DLT devices

Jitter 1 micro second

Individual data rate 100 Gbps

Latency 0.1 ms

Mobility Up to 1000 Km/h

Reliability Up to 99.99999%

Frequency Sub-THz band, non-RF, Optical, VLC etc.

Multiplexing Smart OFDM plus IM

Power consumption Ultra Low

Processing delay <= 10 ns

Security and Privacy Very high

Wireless power transfer/
wireless charging

Support (BS to devices power transfer)

Autonomous V2X Fully
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1.1.4 Applications of 6G Networks

6G technology holds a large number of innovative applications due to its 
advanced features in various areas of communication. All advanced fea-
tures of 6G technology will make it next future-generation technology 
in the field of mobile communication [21, 22]. Some important futuristic 
and specific industrial applications of 6G technology are discussed below:

• Immersive Extended Reality: 6G network provides 
high-quality bandwidth and ultra-low latency time for aug-
mented, virtual, and mixed reality. These advanced features 
of 6G technology help in the uprising of the gaming indus-
try, education sector, training, entertainment, and health-
care industry and provide a seamless experience with high 
data bandwidth to virtual reality/augmented reality.

• Holographic Communication: New technology provides 
advanced holographic communication and facilitates the 3D 
realistic representation of individual objects. This technol-
ogy helps to make teleconferencing and telepresence more 
easy and interactive.

• Autonomous Self-Driving Vehicles: 6G can also play a very 
vital role in enhancing working structure of autonomous 
vehicles and help to make transport and communication 
management system more efficient and safer. It can manage 
the real-time exchange of data and vehicle-to-vehicle com-
munication and also identify the real-time position of vehi-
cles efficiently. 6G can also help in enhancing the required 
infrastructure connectivity of autonomous vehicles for com-
munication. The advanced feature of high bandwidth speed 
and low latency speed helps to establish real-time communi-
cation between other vehicles and self-driving cars.

• Smart Cities: 6G applications play a very crucial role in effi-
cient and sustainable smart development of city, including 
intelligent traffic management, smart water management, 
smart shopping, smart infrastructure development, envi-
ronmental monitoring, smart energy optimization, and 
public safety. It collects and analysis real-time data and make 
appropriate decision with time for betterment result. Some 
advanced applications of smart cities help in the improve-
ment of other services also [23, 24].
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• Remote Healthcare: Due to the high-reliability and ultra-low 
latency features of 6G networks, a new revolution has arisen 
in the healthcare industry due to remote healthcare services. 
Now, many healthcare services are taking the advantages of 
the existing remote healthcare communication technolo-
gies like in remote surgeries, remote monitoring of patients, 
real-time telemedicine, and wearable of health monitor-
ing devices. 6G enables doctors to perform better result as 
compared to 5G technology for real-time remote surgery 
with high-definition video. The high bandwidth speed fea-
tures of 6G technology also play very crucial and helpful 
role for doctors to operate patient remotely. Sometimes, in 
rural areas, due to large distances, it is very difficult to pro-
vide good facilities to patients on time and in this situation 
remote healthcare plays a very vital role [25].

• Industrial Automation: 6G will enable or fulfill the commu-
nication needs of next-generation Industry 4.0. With the 
help of 6G applications, machine and devices can commu-
nicate to each other at real time. It can be very helpful for 
managing and keeping watch on real-time processes like in 
manufacturing control, robotics, supply chain management 
system, marketing, sales, and also in predictive maintenance. 
This smart control can help in increasing the production and 
efficiency of products.

• Internet of Things: Efficiency of IoT-based devices highly 
depends upon their connectivity. Nowadays, most electronic 
devices are designed on IoT-based technology, and 6G can 
provide high support for the connectivity of these devices; it 
can enable or handle seamless integration of the billions of 
IoT devices, smart agriculture, enabling smart homes, smart 
energy grids, and efficient asset tracking and management 
[26].

• High-Definition Multimedia: Advanced feature of ultra-high 
data rates of 6G can help in streaming of high-definition and 
3D multimedia. It can enable streaming of high-quality vid-
eos, ultra-high-definition television, exciting gaming expe-
riences, and high-fidelity audio streaming.

• Environmental Monitoring: 6G can also be useful for mon-
itoring advanced environmental systems by addressing the 
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climate change and sustainability challenges. It can be help-
ful in air quality monitoring, improving water quality, iden-
tifying weather patterns, management of natural resources, 
informed decision-making, etc.

• Emergency and Disaster Management: 6G can also enhance 
the emergency and disaster management capabilities by pro-
viding real-time communication, real-time situation aware-
ness, and their coordination. It can also support making 
more efficient disaster response and early warning systems. 
It can also be helpful during emergencies to manage the 
monitoring of remote critical infrastructure.

• Remote Monitoring and Sensing: New-generation tech-
nology provides features of remote monitoring and sens-
ing of various specified fields such as agriculture precision, 
monitor of infrastructure, remote healthcare monitoring, 
environmental monitoring, weather forecasting, disaster 
management, and smart traffic management systems. This 
can be achieved by deployment of various sensors, intelli-
gent drones, and deployment of efficient satellites for collec-
tion of real-time data. Through which we can make timely 
and accurate decisions based on sensor data of a specific 
field and take appropriate action [27].

• Education: 6G can be used for a new revolution in the edu-
cation sector. Students and teacher can connect to each 
other virtually without need of any physical media and can 
share the useful resource to each other also. As we all seen in 
during COVID-19, online classes help students to interact 
with their teachers, 6G high bandwidth speed can also be 
very fruitful for students.

• High-Fidelity Mobile Entertainment: 6G technology also 
provides high-fidelity of streaming and creates a new enter-
tainment experience. This also helps in the seamless stream-
ing of large-size interactive videos (size up to 8K), advanced 
mobile real-time gaming, and virtual concerts and making 
multimedia applications more interactive [28, 29].

A pictorial representation of futuristic and specific industrial applica-
tions of 6G technology is given in Figure 1.2.
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Figure 1.2 The futuristic and specific industrial applications of 6G technology.

1.1.5 Disadvantages of 6G Networks

Every technology has its advantages and disadvantages. Although the new 
era of mobile communication technology is the 6G networks, as mentioned 
above, 6G technology has advance key features as compared to other previ-
ous generation technology in term of high data rate speed and low latency 
time, but it requires more energy that increases energy cost for the user. 
The establishing, managing, maintaining, and building costs of 6G net-
work are very high, and its cost is also varying from country and region-
wise [30, 31]. Some disadvantages of 6G technology are discussed below:

• High Establishment Cost: The establishment of 6G network 
nationwide will require significantly more development and 
infrastructure cost that includes cost of deployment of new 
towers and antennas, and caballing of fiber optic. This higher 
price cost may directly or indirectly be collected from con-
sumers for accessing services of 6G network and devices.

• High Energy Consumption: The higher bandwidth speed of 
6G requires more energy consumption for translation of data.  
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This impacts on our environment and needs for a sustain-
able solution to reduce power of network.

• Health Concerns: While, after implementation, we can reach 
on final conclusion, some concerns are arising, due to use of 
higher radio frequencies in 6G networks that are associated 
directly with human health, and probability of health risks 
may be increased. Further research and transparent results 
will address these concerns deeply.

• Ethical Considerations: It is necessary to carefully con-
sider the all ethical implications of 6G technology before it 
is applicable to worldwide. Privacy, security, and misuse of 
data must be the primary concern of any communication 
technology, and all three issues must be addressed before 
the deployment of 6G technology. The new advanced 6G 
advanced technology has to ensure to provide an efficient 
and safer environment to customers.

• Uncertainties and Delays: 6G technology is not fully imple-
mented yet and it is still there under the development phase as 
subject to change, and its final phase is completed after imple-
mentations. There might be several unforeseen challenges and 
delays have to manage before 6G reaches to its final phase.

1.1.6 Challenges of 6G Networks

Due to the advanced features of high-speed data of 6G networks, all tele-
com industrial partners are planning to establish new future-generation 
networks (6G networks). The 6G will be the new era of future communi-
cation networks. Even though there are a large number of features of 6G 
technology, there are some challenges to establishing 6G networks, and 
some are discussed below:

• Remote Areas Accessibility of Network: According to the 
survey, three billion people in the world still do not have 
access to internet services, especially in remote areas. This 
failure is due to the high deployment cost of base stations 
and caballing of fiber optics, and, sometimes, geographi-
cal conditions also affect the failure of services. To achieve 
100% coverage worldwide, it needs to deploy a space net-
work, which is a necessary requirement of 6G technology. 
This fully developed space network covers and spreads the 
network signals to all corners and can be easily accessed by 
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remote areas. One hundred percent reachability and cover-
age of the network to all is a big challenge for 6G networks.

• THz Communication: The 6G network provides high band-
width frequency speed in THz frequency that varies in 
between the frequency range of 100 GHz to 10 THz. Such 
types of high bandwidth have not been used before in any 
communication networks, and it is estimated that high THz 
frequency has to face some problems like higher network 
deployment cost and challenges of covering large areas.

• Perception and Location: Presently, mobile users used radio 
spectrum for telecommunication. But in new advanced 6G 
era, the radio spectrum is not used in telecommunication for 
mobile operators. The 6G technology sensors are deployed to 
sense location of the mobile user. These sensors help to custom-
ers to access the communication services. It is tough for com-
panies to cover a large area by deploying several sensors [32]. 

• Best use of Spectrum: The big drawback of current existing 
communication technology is the unused of radio spectrum. 
Even though countries manage their radio spectrum by 
properly distributing and authorizing spectrum, still, there 
is a lot of waste of spectrum. The new 6G technology used 
the dynamic spectrum approach for sharing the technology. 
Advancements in AI, IoT devices, blockchain, and some other 
relevant technologies such as mobile wireless technology are 
helping in controlling, distributing, and managing spectrum 
more effectively and intelligently with high flexibility. The full 
use of spectrum is also a big challenge for 6G technology.

• AI Network: Now, AI-based applications are used in various 
fields like identification of AI images, voice recognition, edu-
cation, the healthcare industry, and wireless communication. 
Low network latency and high reliability are highly required 
components of wireless communication for better develop-
ment of network services. A significant challenge in managing 
the network key performance indicators (KPI) process is from 
existing operations that help in assessing the health and per-
formance of the network. These issues are resolved by induc-
tion of AI into given network and help in facilitating intelligent 
automation of network and transformation. This will require 
a massive amount of data and need for a computing resources 
that exert demand at maximum for AI. Therefore, new 6G era 
needs more interaction between networks and AI.
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• Network Security: Network security plays a very crucial role 
in the era of any communication technology. The 5G tech-
nology consist of various key features like low latency time, 
high reliability, large bandwidth speed, and high network 
security. Introducing new 6G era technology, advanced 
post-quantum cryptography, and quantum key distribution 
technologies will be applied to the network to ensure abso-
lute network security. Network security is also a very big 
challenge for 6G technology.

• Flexibility, Redundancy, and Self-Healing Capability: 
Nowadays, all industries are using the diverse applications 
of 5G for the smooth running of their day-to-day working. 
The industry is using 5G/6G technology for their digital 
operation and manufacturing. It also helps in handling of 
administration work also that requires a high level of net-
work reliability and stability. The main role of the telecom 
industry is to develop a redundant, flexible, and self-healing 
network that helps in providing stable and efficient network 
services during network breakdown.

• Low-Carbon Transformation: Low-carbon emission is the 
main objective and essential trend for ICT industry. Due to 
increases in network bandwidth, it requires more energy and 
resource consumption. A big challenge for network opera-
tors is to deploy a low-carbon and energy-saving network 
that is highly responsible for performing social duties. In 
the future, a big challenge to develop an intelligent network 
enabled with AI that is capable or helping network operators 
with energy saving.

1.2 Security Evolution of Communication Networks

This is the main section of a book chapter, which focuses on security threats 
and privacy concerns of different cellular network generations. The exist-
ing mobile generation techniques have encountered with many challeng-
ing security concerns such as involvements of eavesdropping and physical 
attackers, some encryption issues, and many authentication problems. The 
threat of landscape increased along with more complex and competent 
attackers. 1G (first-generation) network used analog modulation techniques 
for data transfer and delivery of voice communications services. 1G gener-
ation has also several security problems such as problems of handover and 
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guarantee of no security. In addition to this, 1G network do not ensure any 
assurance of secure or private transmission of data. Unauthorized user can 
easily attack on network and access the data easily. 2G (second-generation)  
mobile generation uses digital modulation techniques for data transfer. 
Time division multiple access (TDMA) technique is used for transferring 
both voice as well as short message, and the GSM technique is used to pro-
vide authentication, personal security protection, privacy to data, and also 
transmission protection services. 2G is used for authentication of autho-
rized users. The advanced encryption algorithm is used for the protection 
signaling, and user data and SIM function are used to create encryption 
keys. Unfortunately, although several security advancements are applied to 
the existing generation, still, there are a number of vulnerabilities available 
in the security of 2G networks. The authentication of one-way security is 
a big issue in 2G, and users will be easily authenticated by the network 
but cannot authenticate against of network [19]. An unauthorized station 
can easily steal a user’s personal information. As we know, the 3G net-
work came into the existence year 2000 and is generally used for increasing 
data speed of transmission up to a range of 2 Mbps and used to provide 
internet facility to user. The real-time streaming of data in (TV streaming, 
video streaming, and internet browsing) is easily accessible in the 3G net-
work as compared to the previous generation of mobile communication. As 
compared to 2G technology, 3G technology uses the two-way technique of 
authentication for data transfer and provides a more secure network than 
2G networks. The 3D generation system controlled the complete security 
system of both the air interface and user authentication system. Air inter-
face security systems provide users a reliable and secure communications 
over wireless links with the help of a two-way technique to authenticate 
both users and receiving and sending networks on both sides. The main 
security issues with 3G technology are internet protocol threats and, some-
times, communication channel attacks between the home networks and 
end devices also affect 3G technology. Some common wireless communi-
cation threats are integrity threats, unauthorized access of data, Denial-of-
Service (DoS) attacks, and access to unauthorized service. The introduction 
of 4G networks offered a new revolution in the field of communication 
with a high download transmission speed of up to 1 Gbit per second and 
an upload communication speed of 500 Mbit per second. 4G networks as 
compared to the previous generation provided high spectrum efficiency 
and low latency, capable of handling complex problems easily such as HD 
TV and DVB. 4G technology contains IP core secure networks, backbone 
and access networks, and strong diversity of intelligent mobile users. 4G 
communication network has several security threats related to wireless 
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radio communication, tampering problems, eavesdropping, viruses, oper-
ating system attacks, threats of data alteration, and issues with network 
authentication. Users have the freedom to directly interact with mobile 
terminals and, because of that, create more security problems than previ-
ous existing radio station.

The 4G network also faces MAC layer weaknesses like reply and eaves-
dropping attacks. 4G systems have common security issues with data integ-
rity, problems with access of unauthorized users, and tracking of location. 
5G network approaches is more commercialize than other mobile network 
due to growing capacity of handling large size of devices and providing 
high quality of services to all devices of network. To understand security 
or privacy issues of mobile networks, there is a need to first understand 
the network architecture of 5G network. The network architecture of 5G 
network consists of three component networks access, backhaul, and core 
networks. In first component, network access has security issue with the 
handover between different devices and technologies and that increases 
the more probability of threats. The second component, backhaul net-
works, lies between core and networks access components and connected 
with the help of microwave connections, satellite links, wireless channels, 
and traditional lines. This network has minimum device connection, and, 
because of that, there are privacy and security problems than other compo-
nents. The main security issues with the core network are conveyed due to 
the moving of the backhaul network. High data transfer rates create secu-
rity problems for traffic probability attacks of Denial-of-Service (DoS), and 
two approaches are generally developed to manage those issues. The first 
approach permits communication among many devices with the help of 
lightweight and management of key authentication. The second approach 
focuses on device grouping through grouping-based methods, and privacy 
and security issues in 5G will create undoubtedly problems in field of mobile 
in coming years and that must be addressed and resolved timely. 5G network 
becomes more dynamic due to the cloud, SDN (Software-define-networking), 
and NFV (Network Functions Virtualization) technologies and, as a result, 
causes many threats and weaknesses in the network. Managing signal load 
by increasing more new devices and services is challenging job for new 6G 
applications. The 6G network capacity area is larger than 5G network han-
dling more number of devices and requirement of high security network to 
handle the high data transfer network. The latency effect caused by secu-
rity processes also needs to be addressed, and effective security approaches 
require high services to ensure good services and for continuity and avail-
ability of resources [33, 34]. Figure 1.3 summarizes the complete evolution 
and security related issues from 1G to upcoming new 6G generation.
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1.3 Privacy and Security Issues with 6G Networks

As we all know, the new era of mobile communication is the 6G network, and it 
transforms our daily digital life by adding with high unprecedented data speed 
and fast connectivity. 6G network provides a more open network to users as 
compared to the previous generation network. As we know, size of data is also 
increasing rapidly and very difficult to manage or handle such a large volume 
size of data. Surveillance of networks and unauthorized access of data from 
outsiders is also a major concern for researchers. Security and privacy of data 
is a very big challenge for researchers. The existing security methods like fire-
walls and IPsec are not good tool for protecting such large network from out-
sider in 6G network. The advanced 6G security protocols must be strongly 
encryption method that consistently monitors of network to handle user pri-
vacy by cyber threats. The 6G security protocol works on concept of zero-trust 
architecture (ZTA) for security of their network. The zero-trust (ZT) security 
level emphasizes on the protection of the network system from everything, 
uses the concept of ZT, and enables the relationships among entities of the net-
work, rules of access, and all protocol processes. Therefore, ZTA is the best tool 
for security architecture of 6G, and, up to certain extent, security requirements 
are easily managed by using the ZT concept. Privacy is also a major concern 
for 6G security [35]. Privacy protection is a basic key feature for evaluating the 
performance requirements of any wireless communication networks.
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Figure 1.3 The security evolution of mobile communications from 1G to the predicted 

future 6G.
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1.3.1 Privacy Challenges in 6G Networks

The three main key challenges associated with privacy of the 6G network 
are discussed below:

a) A large number of data exchanges of small chunks in the 
6G network may impose a high impact on the privacy of 
people, and, sometimes, it attracts the more extensive atten-
tion of governmental and other good business entities. If the 
accessibility and collectability of data in the 6G era become 
easy, then it will have a significant impact on protecting user 
privacy information.

b) When intelligence is forwarding toward the new edge of 
smart networks, more demanded or sophisticated applica-
tions will be run on our mobile handset that is causing a 
high probability of threat attacks. However, the privacy pro-
tection incorporating approaches in resource-constrained 
devices are highly challenging job.

c) Maintaining a high balance between user privacy and per-
formance services is highly notable. Identification and find-
ing the information of the location of mobile users need 
more careful consideration for accessing the right accurate 
data from the owner, and this also helps in the supervision 
and regulations of data and privacy protection.

1.3.2 Security Challenges in 6G Networks

Some common security challenges that have to be faced with 6G networks 
in our digital daily lives are discussed below:

AI and ML (AIML): AIML is the backbone of 6G network, and, due to 
increasing network complexity aggressively, the advancement in AI 
and big data related to 6G networks permits a new future generation of 
smart wireless applications and services. These services are furnishing 
the diverse communication requirements and structure of networks. The 
complexity helps to make the systems more fruitful and susceptible toward 
cyber-attacks. Sometimes, internal errors in AI algorithms also create a 
very critical issue that causes system failure and disrupts network opera-
tions. The concern is not limited to just external attacks but, sometimes, 
internal errors present in AI algorithms that can cause of system failures 
and disrupt working of network operations.
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Data Privacy and Security: Increasing the volume size of data in the 6G 
network helps to facilitate faster communications among mobile users 
but also maximizes or increases the risk of managing large-volume data. 
Security and privacy of given data become a major concern for research-
ers of large-size data and the need for a strong or more powerful security 
protocol for advanced encryption. These advance and powerful encryp-
tion techniques and security protocol protect the network by the attack of 
unauthorized user and save the access or leakage of data from unautho-
rized users. 

6G technology has the ability for analyzing and process data with high 
speed, but surveillance of unauthorized access of data is also a major con-
cern for 6G technology. In 6G technology, doors are opened for all, 
and a more sophisticated surveillance is required. These advanced tech-
niques can lead to unauthorized accessing or monitoring of data and also 
raise all serious concern about privacy of data. Safeguarding against unau-
thorized intrusions can be helpful to protect right of individual and help in 
maintaining trust and belief in 6G networks.

Autonomous Technology: 6G technology strengthens capacity of the 
autonomous systems and in drone systems, and self-driven vehicles pre-
dict their decisions that are based on previous dataset or autonomous sys-
tem. The security of all these autonomous systems is also a very serious 
concern for 6G technology. Hacking or malfunctioning risk also increases 
and needs to take serious safety measures that are necessary requirement 
for managing these autonomous systems.

IoT Security Challenges: Nowadays, mostly electronic devices are smart 
devices that are based on IoT technology. These all devices are connected 
with each other through internet and the growth rate or expansion of IoT-
based connected devices increases the vulnerability toward cyber threats. 
Every individual connected device that behaves as an entry level for entry 
of cyber-attacks and for managing of large devices requires a comprehen-
sive security strategy. This advanced security approach helps to manage 
IoT-based ecosystem to prevent from unauthorized access of data and 
also secure our network.

Spectrum Expansion: 6G network spectrum includes a wide range of 
spectrum with a range of millimeter-wave with THz and optical fiber 
communications. Even though the wide range of 6G network spectrum 
has several benefits, still, it has also opened up new routes for misuse of 
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spectrum and interference by unauthorized access. Needs to require robust 
security protocols and also strong regulatory measures have to be taken for 
managing that help to avoid the exploitation of spectrum resources and 
networks.

ERLLC Service Challenges: Achieving or enhancing a ultra-low latency 
time requires a high-security protocol for Enhanced Ultra-Reliable and 
Low Latency Communication (ERLLC) services for the safeguarding ser-
vice and also resource availability over the generation of interconnected 
devices in era of Internet-of-Everything (IoE) era. Without appropriate 
security measures, the mobility and nature of the interconnection of IoE 
devices could be easily exploited from attackers and compromise the net-
work integrity and also disrupt all critical services.

1.4 Proposed Security Solution for 6G Networks

1.4.1 Distributed and Scalable AI/ML Security

As we know, the 6G network is an autonomous network that will perform 
its all network operations by itself without involvement of human inter-
action such as configuration, monitoring, healing, and optimization of 
networks. The induction of AI/ML techniques plays very crucial role part 
in field of wireless communication especially in security and privacy of 6G 
networks. AI/ML techniques can be very fruitful for controlling, manag-
ing, analyzing, and accessing large-scale distributed and generated data in 
6G networks. The distributed AI/ML applied in different phases for provid-
ing advantages to cybersecurity protection in 6G in terms of high accuracy, 
network autonomy, and predictive security analytics. Still, several difficult 
challenges in using AIML for cybersecurity aspect are as follows:

Trustworthiness: The relevancy of AI/ML in future-generation networks 
depends upon the trustworthiness of AI/ML components. It is one of the 
most important issues for the existence of AI/ML in 6G Technology. To 
achieve this purpose, some trusted tools are applied to check the trustwor-
thiness such as formal verification techniques and computing enablers.

Visibility: Monitoring and visibility is very crucial for controlling and 
accountability of a network. AI/ML tools need to keep more visibility on 
distributed and scaled distributed data.
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AI Ethics and Liability: The integration of AI/ML applications in 6G secu-
rity provides fairness and ethical security protection solutions to all users 
at the same time. If functioning of security systems is failed due to any 
reasons, then AI/ML applications provided liability to system.

Scalability and Feasibility: In a distributed scaled network, transmission 
of data should be more secure and also preserve privacy. Scalability and 
feasibility are the big challenges for AI/ML security functions for the com-
munication, computation, and storage of resources.

Privacy in AI/ML: The different ML techniques are used for the privacy 
of data in AI/ML like deep learning, neural networks, and various super-
vised learning classification algorithms. These all are used to provide the 
privacy protection for data protection, image, location identification, and 
also communication of devices.

1.4.2 Distributed Ledger Technology (DLT)

From last few years, blockchain approaches have achieved highest atten-
tion in field of mobile telecommunication sector. DLT technology has sev-
eral advantages in field of 6G networks, and it is applied in various services 
of 6G networks. Some of them are nonrepudiation, immutability, disin-
termediation, provenance proof, integrity of network, and pseudonymity. 
DLT has features for protection of the integrity of data of AI-based sys-
tem through immutable records. It also builds a trust among different dis-
tributed stakeholders, by establishing a confidence in AI-driven systems 
or in multi-domain-based environments. This trust also helps to users to 
adopt autonomy with confidence. The drawback of 6G and AI networks is 
the security management of systems, and it is very difficult to prevent the 
method of failure of AI-dependable systems. Therefore, for prevention of 
failure of 6G networks, more needed focus on the liability and responsibil-
ity of the network and trust with liability are ensured delivery of E2E ser-
vices in 6G networks. DLT technology can also be used for securing VNF 
management and slice brokering for automatic SLA security solutions, for 
scalable the IoT management PKI, secure roaming services, and offloading 
handling. Blockchain technology also plays a very key role in the privacy 
preservation of 6G systems, and common communication channels permit 
network users to identify pseudo names in place of their direct individual 
identification or about location information.
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1.4.3 Quantum Security

Quantum computing aims to apply 6G communication technology for the 
prevention, security vulnerabilities mitigation, and detection. In future, 
this new computing communication network can be a novel research 
approach that tries to find the possibilities for replacing these quantum 
channels along with a noiseless classical channel, and these communi-
cation channels can achieve very high-reliability features in 6G. Along 
with very high advancements in the area of quantum computing, it is 
observed that quantum- based safe cryptography may be inculcated 
in the world of post-quantum-based technology. The second approach is 
applied for solving discrete logarithmic problems that can be capable of 
solving the current asymmetric cryptography in a given polynomial time 
with the help of induction of high quantum algorithms. Quantum comput-
ing may intrinsically provide information about the nature of a quantum, 
about its absolute randomness and all complete security concerns that all 
are required to improve the quality of transmission. The post-quantum 
integration cryptography approach uses security at the physical layer that 
ensures complete link security of 6G networks. A new novel approach of 
the research era may be open new ideas for researchers from the induc-
tion of ML-based techniques for cyber-security and along with encryption 
methods of quantum for establishing communication links or connec-
tions in 6G networks. Quantum ML methods may help in increasing 
the security level and privacy in the field of communication technology 
along with quantum techniques improvement in both solving supervised 
problems of classification and unsupervised learning tasks of clustering. 
We have several 6G areas or applications, where a very high probability of 
applying quantum security approaches or methods. For example, several 
application areas such as ocean and satellite communication, terrestrial 
networks, and THz network communications systems are some common 
potentials areas where we can apply quantum communication methods in 
wireless communication. Quantum key distribution is an example where 
quantum mechanics is successfully applied to establish secrecy between 
legitimate parties.

1.4.4 Physical Layer Security (PLS)

PLS is the primary security concern for each layer of a network. It is jointly 
used with all layers and implements redundant protection. PLS methods will 
provide a new adaptive layer additionally to 6G communication for protection 
and enables new technologies for example THz technology communication.  
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THz communication is a key feature of its range in between 1 GHz and 
10 THz for 6G networks. At such frequency level, the probability of signal 
transmission will increases that permits to allow unauthorized users access 
to be entered into same legitimate user narrow path for intercepting signals 
and this process offers strong security level at the physical layer. Sometimes, 
it has been also observed that an eavesdropper also can intercept the sig-
nals, in the transmissions line-of-sight by putting an object at desired path 
of data transmission and scattering radiation frequency toward him. The 
countermeasure of the above eavesdropping method, a backscatter char-
acterizing channel, was introduced to detect some parts of eavesdroppers. 
In THz communications, intruders can easily access and understand the 
malicious behavior of data transmission exposure, but the new PLS pro-
vides secure solutions for THz transmissions, for example, material elec-
tromagnetic signatures can be used for authentication of THz frequencies 
at the physical layer. Another example is the VLC technology that attracts 
high interest such as large data rates, available big spectrum, and inherent 
security against robustness interference, etc., as compared with high radio- 
frequency communications. VLC also offers high-security protection as a 
comparison to RF systems with their advanced communication features. 
Light wave cannot pass or penetrate through the walls. They are very vul-
nerable also for eavesdropping on the unauthorized access of nodes that 
are located in area of transmitter coverage. Confidentiality of VLC systems 
is a very crucial issue for the practical designing of VLC methods, where 
PLS methods can be very helpful in providing an interesting solution for 
concerned problems and for this instance. Joint VLC and ML capabilities 
of accurate localization can be used for detection of anomaly.

1.5 Conclusion

With almost in coming years, the network research phase of the 5G net-
work is coming to an end and probably soon be deployed from the mar-
ket. Now, 6G network research has become the main agenda of research 
for many researchers. Undoubtedly, 6G network advanced services will 
bring communication networks to a very higher level as compared to the 
existing previous generations. In this chapter, we conducted the detailed 
description of all features, applications, benefits, and drawbacks of 6G net-
works. The book chapter also concludes the all security and privacy issues 
that are related to 6G networks. First, we discussed an overview of the 
evolution of communication networks from 1G to 5G networks and also 
explain the importance of 6G networks in field of mobile communication 
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transmission. We also examined the four important key areas that are 
uncovered during security issues and these all are needs to focus on tomor-
row’s related 6G network technologies. We hope that this detailed discus-
sion will help in people’s interest toward security of 6G networks and 
help in further research.
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Abstract
The transition to 6G networks promises an unexpected growth in terms of speed, 
connectivity, and support for real-time, data-intensive applications across sec-
tors. These advancements bring a new set of security concerns that go beyond 
those of previous generations. In this review work, we include the evolving land-
scape of 6G communication systems, focusing on both traditional security issues 
and advanced challenges introduced by emerging technologies such as artificial 
intelligence, federated learning, and quantum computing. To address these com-
plexities, we propose a threat model taxonomy and categorize mitigation strat-
egies into three primary areas: cryptographic techniques, entity-based security, 
and intrusion detection systems. Within this framework, we also classify various 
authentication methods essential for securing 6G networks including  handover 
verification, shared and physical layer authentication, and token-based and 
multi-factor verification. It concluded with potential research directions to meet 
the dynamic security requirements of 6G networks, aiming to support a secure, 
resilient, and scalable communication environment for future applications.

Keywords: 6G technology, security measures, threat models, artificial 
intelligence, federated learning

2.1 Introduction

The Sixth Era (6G) adaptable organization correspondence is ready to 
change universal availability inside the following couple of many years or 
potentially even sooner. In contrast to the Fifth Generation (5G), 6G aims 

*Corresponding author: krupaligosai17@gmail.com

本书版权归John Wiley & Sons Inc.所有

mailto:krupaligosai17@gmail.com


30 Security and Privacy in 6G Communication Technology

to achieve gigabit-per-second bit rates, provide extended bandwidth, and 
significantly reduce latency. This development is necessary for the Web of 
Things (WoT) to indulge what is in store landscape of billions of consistent 
devices. 6G innovation will utilize both “balance” and “imbalance” to drive 
efficiency and viability in savvy Internet-of-Things (IoT) frameworks. By 
integrating evenness into remote advancements, network clients will actu-
ally want to normally switch between different specialist organizations and 
advancements, bringing about predictable nature of administration [qual-
ity of service (QoS)], quick 3D handovers, and backing for mental systems 
administration and summed up transparency. Future applications like com-
pletely immersive virtual reality, real-time analytics powered by AI, and vast 
IoT ecosystems in smart cities, healthcare, transportation, and other fields 
will be made possible by this evolution. To protect the integrity, safety, and 
privacy of this hyperconnected society, a complex array of security issues 
must be resolved in addition to the revolutionary potential of 6G. Because 6G 
networks depend on cutting-edge technology like artificial intelligence (AI), 
edge computing, and quantum communication, they present new security 
challenges as they develop. 6G network increased attack surface creates new 
opportunities for cyberthreats, such as quantum decryption, Distributed 
Denial of Service (DDoS), and eavesdropping. This risk comprises user 
information, interfere with essential services, and erode confidence in 6G.

As shown in Figure 2.1, in generation of networks, it possible to com-
mercialization of 6G that is projected to begin around 2032, and this 
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multi- dimensional expansion will introduce serious cybersecurity intimi-
dations linked to secrecy, respectability, and accessibility [Confidentiality, 
integrity, and availability (CIA)], known as the CIA ternion. Furthermore, 
the IP-based network development of 6G will include customary suscep-
tibilities that need the progression of cutting-edge safety models [1]. The 
possibility of 3D handover will empower gadgets to keep with associated 
across different groups, which will be defenseless against issues like pan-
tomime, snooping, Circulated Refusal of Administration (DDoS) assaults, 
Man-in-the-Center (MitM) assaults, disavowal, and replay assaults. 
Ensuring minimal latency and seamless bandwidth will be challenging 
when integrating protected and privacy-preserving architectures. Thus, 
creating a robust, universal level well-being planning for QoS in 6G net-
works will be critical for the systematic emergence of this new communi-
cation era.

2.1.1 Security Considerations for 6G Communication

6G, the next generation mobile network, is anticipated to offer amenities 
with high data rates, increased capacity, and low latency, as well as handle a 
substantially higher number of coupled devices. The fast progression of 6G 
communication systems presents a number of security issues that need to be 
resolved to guarantee their dependability, security, and confidentiality [2].

Important security factors consist of the following:

• Increased Attack Surface: The number of devices that are 
linked has reached billions, which means that there are 
exponentially more opportunities for hostile actors to get 
in. Numerous device kinds, each with unique vulnerabil-
ities, are included in this expanded attack surface, includ-
ing smartphones, IoT devices, sensors, and autonomous 
systems.

• Data Privacy: In order to preserve user privacy and adhere 
to data protection laws, enhanced capabilities for data col-
lecting and processing need for strict controls.

• Advanced Attacks: As a result of technological break-
throughs like AI and quantum computing, cyber-attacks are 
becoming more sophisticated.

• Protection of Vital Infrastructure: Because 6G networks 
will support vital infrastructure, ensuring their security 
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is essential to averting interruptions that might have far- 
reaching effects.

• Authentication and Access Control: To prevent unwanted 
usage and security breaches, it is essential to provide safe 
network access using strong authentication techniques and 
access control systems.

2.1.2 Survey Objectives

The primary objectives of this survey are as follows:

• To give a wide-ranging outline of the arising 6G correspon-
dence worldview, focusing on its advantages over 5G.

• To inspect both conventional and creative security ideas 
pertinent to 6G.

• To establish a taxonomy of 6G-specific threat models with 
a focus on essential security standards: privacy, integrity, 
accessibility, validation, and access control (CIA3).

• To analyze and classify a variety of methods for dealing with 
threats, plus cryptographic Intrusion Detection Systems 
(IDSs), entity attributes, and methods.

• To investigate a wide variety of authentication methods that 
are suitable for 6G environments.

• To propose future examination headings to address develop-
ing security challenges in 6G communication.

2.1.3 Overview of 6G Communication Paradigm

2.1.3.1 Evolution from 5G to 6G

The evolution from 5G to 6G represents a substantial leap in mobile net-
work technology, categorized by the following:

• Higher Data Rates: 6G aims to attain data rates in the range 
of several gigabits per second, far surpassing the capabilities 
of 5G.

• Ultra-Low Latency: The reduction in latency will support 
real-time applications and services, enhancing user experi-
ence and enabling new use cases.
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• Enhanced Connectivity: 6G will support a larger number 
of connected devices, driving the development of the IoT 
ecosystem.

• Advanced Applications: The progress will facilitate the 
development of advanced applications such as holographic 
communication, tactile internet, and immersive virtual real-
ity experiences [3].

2.1.3.2 Key Features of 6G Networks

• High Capacity and Speed: Increased bandwidth and data 
rates to support high-demand bids and facilities.

• Super Dependable Low-Inactivity Correspondence: Basic for 
applications requiring quick criticism and high unwavering 
quality, like independent vehicles and distant medical procedure.

• Huge Machine-Type Communication: Enabling the link-
ing of a vast amount of IoT devices, supporting smart cities, 
industrial automation, and more.

• AI-Driven Network Management: Leveraging AI for  efficient 
network management, optimization, and security threat 
detection.

• Energy Efficiency: Emphasis on reducing the energy con-
sumption of network infrastructure to support sustainable 
development goals.

2.1.4 Emerging Technologies in 6G

The 6G will be heavily inclined by a number of emerging technologies. 
Mode of communication:

• Artificial Intelligence (AI): AI resolves production an ener-
getic role in the operation of networks, advancement execu-
tion, and improving security through cutting edge danger 
location and mitigation methods.

• Quantum Registering: Quantum processing offers the possi-
bility to reform information handling capacities and acquaint 
quantum-safe cryptographic techniques with improve safety.

• Federated Learning (FL): This innovation empowers decen-
tralized AI, training models across multiple devices without 
sharing raw data, preserving data privacy data, which is nec-
essary for 6G networks that are private and secure [4].
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2.2 Security Challenges for 6G Communications

2.2.1 Security Implications

Immense Connectivity and Increased Data Rates: It is anticipated that 6G 
networks will support a huge number of connected devices and provide 
extremely high data speeds of up to several gigabits per second. Networks 
are now more exposed to cyberattacks because of the larger attack surface 
created by this notable increase in connectivity. Solid safety efforts are fun-
damental to shielding the huge capacities of information being sent and 
forestalling unlawful admittance to private information.

2.2.2 AI and Machine Learning Integration: Security Concerns

The aptitude and improvement of 6G organizations rely strongly upon 
man-made intelligence (computer-based intelligence) and AI (ML), which 
upgrade execution and open up new help open doors. In any case, their 
management makes extra security weaknesses. Cyberattacks like mal-
ware distribution, phishing, and network intrusion could be automated 
and made more effective with AI-powered attacks. Choices that are made 
erroneously can result from adversarial attacks that use false information 
to influence AI models. Using robust training datasets, ongoing monitor-
ing, and techniques for anomaly detection, it is essential to secure AI algo-
rithms in order to combat these risks and maintain network integrity. AI’s 
remarkable elements and great capacities have prompted its far and wide 
use in remote and versatile systems administration. The vast amounts of 
information produced by numerous WoT devices can be harnessed by AI 
techniques to citation valuable insights, thereby enhancing network operations 
and presentation. As of late, combined learning (CL) or FL has arisen as another 
computer-based intelligence worldview that powers on-gadget treatment power 
and improves client data protection. The basic idea is to train a common model 
together with other devices. The gadgets train nearby models, but they only 
portion informs with a federal server rather than the raw data [5].

There are three forms of FL: horizontal, vertical, and federated transfer 
learning. Throughout the current years, different man-made intelligence 
procedures have been utilized to address various complications in remote 
organizations. The significance of AI and FL increases as 6G is anticipated 
to be based on AI/ML. To defeat the restrictions of concentrated AI, for 
example, security fears and significant correspondence above, FL is getting 
momentum as a feasible dispersed AI arrangement, empowering the vision 
of “universal AI” in 6G interchanges. FL offers various advantages for 6G, 
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including correspondence effective circulated AI, supporting for hetero-
geneous information from different gadgets and administrations coming 
about in non-indistinguishably distributed (non-IID) datasets and security 
assurance by keeping information neighborhood and empowering enor-
mous scope organization.

2.2.3 Network Slicing: Isolation and Security Issues

One of the foremost elements of 6G is network cutting, which allows you to 
make various virtual organizations on a private actual foundation that are 
custom fitted to explicit use cases and needs. Because of this ability, service 
providers can dynamically allocate resources and optimize performance for 
a wide range of applications, significantly increasing the network’s adaptabil-
ity and efficiency. In any case, it, moreover, presents huge security moves 
that ought to be addressed to ensure the protected and strong action of these 
virtual associations. One of the most important security concerns with net-
work slicing is maintaining proper isolation between slices. An assailant who 
accesses one cut might move straight and compromise different cuts, bring-
ing about broad security breaks without sufficient detachment. Strenuous 
access control measures are necessary to ensure that each cut functions inde-
pendently. These demands enforce stringent regulations regarding who has 
access to each slice and what they can do with it. Continuous monitoring 
mechanisms are also required to quickly identify and respond to security 
threats. By planning the diverse security capabilities across different cuts, 
computerized security organization can aid danger the board and allevia-
tion. This includes incorporating advanced security actions and protocols 
that are able to adapt to the potent concept of organization cutting. With 
esteems to controlling the security of each cut, devices like virtual organiza-
tion capabilities (VNFs) are totally essential. These conventions work with 
secure correspondence between different organization parts, guaranteeing 
that information stays safeguarded as it travels through the organization [6].

2.2.4 Security Implications with Ultra-Low Latency

A sign of 6G is extremely low levels of inactivity, permitting continuous appli-
cations like autonomous vehicles, distant medical procedures, and expanded 
reality. Executing specific safety efforts, which ordinarily bring about delays, is 
troublesome in light of the fact that this requires exceptionally elevated direct-
ing and fundamentally decreased handling times. To protect these time-sen-
sitive applications from likely threats, it is essential to modify the requirement 
for trifling inactivity and implement stringent security protocols. Fast and 
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successful validation components like lightweight cryptographic conventions 
and pre-shared keys are fundamental to accomplishing speedy confirmation 
without compromising security. Furthermore, security examination driven 
by AI and constant checking can recognize and answer dangers progres-
sively, guaranteeing that security is maintained without influencing execution. 
To promptly answer dangers and recognize peculiarities, these frameworks 
should have the option to handle a lot of data at a rapid [7].

2.2.5 Terahertz Communications

The Terahertz (THz) recurrence range, crossing from 0.1 to 10 THz, blends 
the properties of optical and microwave groups to help super high broad-
cast rates, powerful enemy of obstruction abilities, and consistent reconcil-
iation of detecting and correspondence capabilities.

Initially, THz communications aim to meet system demands for broad-
cast speeds in the direction of terabits per second, representing a significant 
advancement over existing methods. This technology promises numerous 
applications, including minor communications, latent holographic com-
munications, high-speed and high-capacity data transfers, and short-range 
broadcasts. Additionally, THz communications can facilitate high-precision 
positioning and high-resolution sensing applications. THz communications, 
for instance, are susceptible to narrow beam eavesdropping, necessitating 
novel defenses against such threats. In the context of 6G, ensuring that THz 
communications are secure and efficient remains an important area of ongo-
ing research and development.

2.2.6 Unique Security Concerns

The interesting highlights of 6G, like 3D network, incorporated detecting, 
and high-level UIs, present explicit security concerns. New difficulties arise 
when trying to ensure safe communication in three-dimensional space, 
including aerial and submerged environments. Militainment needs secure 
handover systems and hearty 3D encryption measures. Security as gad-
gets cross different organization zones and circumstances becoming more 
intricate, necessitating real-time threat detection, dynamic encryption tech-
niques, andadaptive authentication to guarantee safe and smooth commu-
nication across diverse 6G environments. The coordination of recognizing 
capacities with correspondence abilities can make new vectors for snooping 
and data catch endeavor, lacking broad security frameworks to address likely 
shortcomings. The development of detailed security protocols to protect 
these unique elements necessitates a thorough understanding of the interac-
tion between correspondence and detecting advancements.

本书版权归John Wiley & Sons Inc.所有



Security Issues and Solutions in 6G 37

2.2.7 Integration of Internet of Things and Edge Devices

With 6G, it will be much modest to participate edge devices and the IoT, 
making it possible to process data dispersed and make decisions in real 
time. In any case, the trouble of preservation that these frameworks pro-
duce is because of their dispersed nature. Executing vigorous safety efforts 
is difficult because of the way that edge gadgets much of the time have 
limited assets. Lightweight cryptography provides effective security solu-
tions that are essential for protecting resource-constrained devices without 
overburdening their limited capabilities. Ensuring secure correspondence, 
data uprightness, and contraption approval in a decentralized IoT environ-
ment is essential to hinder unapproved access and data breaks. The vari-
ety and dynamic nature of IoT deployments necessitate that these security 
measures be scalable and adaptable for their effectiveness.

In 6G networks, the extensive network of IoT and edge devices has 
increased privacy issues over user data. From location monitoring in smart 
city apps to health data on wearables, these gadgets gather and send huge 
amount of sensitive and personal data. The following are some of the main 
privacy issues with user data in relation to IoT and edge devices in 6G 
networks:

• Massive data collection
• Unauthorized access and data security
• Data ownership and user control
• Data processing at the edge

These are the main issues in a fully connected 6G era, anticipating these 
privacy concerns will be crucial to building confidence and guaranteeing 
user security [8].

2.2.8 Expanded Attack Surface and Privacy Concerns

Due to the wide-ranging connectivity and advanced capabilities of 6G, 
there are more opportunities for malicious actors to exploit vulnerabilities, 
which results in an expanded attack surface. This improved connectivity 
raises significant secrecy concerns as an increasing amount of personal 
information is collected and processed. In 6G networks, user privacy must 
be protected by management through strict security actions like informa-
tion anonymization, secure information stockpiling, and client consent. 
Differential protection and secure multi-party calculation are two strategies 
that can assist with defending client information while likewise working 
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with valuable information investigation. These measures must be planned 
to handle the continued evolution of connectivity in order to guarantee 
privacy protection in 6G networks despite the increasing volumes of data 
and difficulty of the systems.

2.2.9 User Data and Anonymity

Protection of client information and keeping up with privacy develop in 
significance with 6G’s superior information assortment abilities. Security 
risks can be reduced by limiting the storage of sensitive data and collect-
ing only the necessary information to provide specific types of assistance. 
Gap protection strategies license helpful information examination while 
saving the security of individual client information. Ensuring that clients 
are clearly informed about data collection practices and obtaining their 
explicit consent is essential for maintaining trust and transparency. Secure 
information sharing and information minimization, for example, can help 
uphold client confidentiality and protect complex data from unauthorized 
access. These measures must be robust and transparent in order to adhere 
to shifting privacy regulations and maintain user confidence [9].

2.2.10 Quantum Computing Threats

The roles that quantum systems play in networking and communication 
can be broken down into two broad categories: quantum computing and 
quantum communication. Quantum correspondence, as made sense of by 
Gisin et al., [21] includes moving a quantum state from a shipper to a bene-
ficiary, authorizing errands that are either unimaginable or wasteful utiliz-
ing traditional methods. Quantum key conveyance (QKC), quantum-safe 
straight correspondence, quantum secret distribution, quantum instant 
transportation, and the production of a quantum system by quantum 
channels, memory, and servers are among the many interesting utilization 
of quantum correspondence. One of the most encouraging utilizations of 
quantum correspondence is quantum key dissemination (QKD), where 
cryptographic keys are safely circulated. Procedures involving quantum 
entrapment for QKD are known as snare-based QKD. Because any distur-
bance to the quantum state can be recognized by looking at the relation-
ships between the imparting substances, these methods can easily identify 
any man-in-the-middle attacks. Quantum correspondence is expected to 
assume a serious part in getting 6G correspondences. The non-cloning theo-
rem, quantum entanglement, superposition, and non- locality foundational 
principles provide strong security measures. Quantum correspondence is 
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expected to help cutting edge administrations, for example, holographic 
telepresence, material web, cerebrum PC interfaces, and incredibly gigan-
tic and insightful interchanges. Among these, QKD conventions have 
shown the most progression, with various common-sense implementa-
tions exhibiting their possible appropriateness in 6G organizations. Extra 
animating procedure of quantum correspondence is secure significant dis-
tance correspondence, which lines up with the imagined focal point of 6G 
on significant distance and high-versatility interchanges (HVIs). Because 
dealing with extremely long-distance communications requires this focus 
on HVI, the secure distribution of information over vast distances is espe-
cially important for 6G networks [10, 11].

2.3 Legacy Security Concepts in 6G

2.3.1 Confidentiality, Integrity, and Availability

Confidentiality, integrity, and availability (CIA) are foundational values 
in network security, often referred to as the CIA triad. These principles 
remain crucial in the context of 6G communications.

Confidentiality: It is ensuring that only approved parties have access to 
complex information in 6G networks. Advanced encryption techniques 
will be required to safeguard data both at rest and in transit in light of 
the anticipated proliferation of devices and data. As quantum computing 
capabilities advance, the need for encryption algorithms that are resistant 
to quantum fluctuations will grow.
Integrity: Shielding information from unapproved alteration or obliteration is 
one method for guaranteeing information trustworthiness. In 6G associations, 
the test will be to stay aware of data trustworthiness across an astoundingly 
extraordinary and scattered environment. Blockchain and hash-based mes-
sage confirmation codes (HMACs) are two techniques that can be utilized to 
ensure that information does not change during transmission or capacity.
Availability: Availability guarantees that approved gatherings can get to 
and use network administrations upon demand. To forestall and relieve 
disavowal of-administration assaults, the super dependable low-dormancy 
correspondence in 6G will require hearty safety efforts. In 6G conditions, 
network overt repetitiveness, adaptation to non-critical failure, and mod-
ern danger identification frameworks will be fundamental for keeping up 
with high accessibility [12].
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2.3.2 Authentication

Authentication is the method involved with collateral the character of a 
client or gadget prior to giving access to network assets. In 6G, confirma-
tion components should advance to deal with the expanded number and 
diversity of connected devices’ difficulty.

• Multi-Factor Authentication (MFA): To improve security, 
6G networks will implement MFA, which combines differ-
ent types of validation, for example, something you know 
(secret key), something you take (security token), and some-
thing you are (biometric check).

• Physical Layer Authentication: This method influences 
unique characteristics of the physical communication chan-
nel to authenticate devices. Techniques such as channel state 
information (CSI) and radio-frequency fingerprinting can 
provide an additional layer of security at the physical layer.

• Quantum Authentication: Quantum-based authentication 
methods will provide vigorous protection against eavesdrop-
ping and replay attacks as quantum technologies advance. 
QKD and quantum advanced marks are cases of innovations 
that can be utilized to upgrade verification security in 6G 
organizations.

2.3.3 Access Control

Access control mechanisms ensure that only authorized users and devices 
can access specific network resources. In 6G networks, these mechanisms 
need to be more dynamic and context-aware to handle the diverse and 
highly mobile environment.

• Portion-Based Contact Control: It allocates access approvals 
built on the parts of users inside an organization. This method 
simplifies management and safeguards that user have the 
appropriate level of access based on their responsibilities.

• Attribute-Based Access Control: It reflects various potentials 
(e.g., user characteristics, supply type, and environmental 
conditions) to make access decisions. This tactic provides 
greater flexibility and fine-grained control, which is essential 
in the active and heterogeneous 6G ecosystem.
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• Context-Aware Access Control: In 6G, context-aware access 
control systems will operate real-time context info (such as 
location, time, and user conduct) to make more informed 
and adaptive access control decisions. This ensures that 
access plans can dynamically adjust to varying circum-
stances and potential threats [13].

2.4 6G Security Innovations

2.4.1 AI Integration

Computerized reasoning (man-made intelligence) will undertake a funda-
mental part in refining the security of 6G organizations. With the immoral 
flood of information and the intricacy of organization traffic, customary 
security instruments might miss the mark. AI can assistance via robotizing 
danger recognition and reaction, decreasing an opportunity to recognize 
and relieve security breaks. The vast amounts of network data that machine 
learning algorithms can analyze can be used to find anomalies, such as 
unusual behavior patterns that could indicate a cyberattack. Moreover, 
simulated intelligence can be utilized to anticipate potential security dan-
gers in view of verifiable information, empowering proactive safety efforts. 
For example, simulated intelligence-driven security frameworks can nat-
urally regulate to new dangers by uplifting their calculations, making 6G 
organizations stronger against advancing digital dangers [14].

Let us take one real-time scenario where AI-driven threat detection and 
mitigation in a 6G smart city have been deployed which handles massive 
IoT connections while ensuring data security and privacy. That is imple-
mented using AI-powered anomaly detection and threat prediction using 
advanced machine learning algorithms for behavioral analysis and real-
time detection. Also, edge AI provides distributed security which local-
ized response mechanisms and privacy preservation. Moreover, intelligent 
access control and authentication for continuous biometric authentication 
using AI play crucial role to deal with this type of sensitive data. Most 
interesting AI integration in quantum-resistant cryptography to enhance 
encryption and prediction of quantum attacks.
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2.4.2 Quantum Computing Impact

Quantum computation [7] presents the two open doors and complications 
for 6G security. On one hand, quantum PCs have the conceivable to pause 
customary encryption calculations, posing a serious danger to information 
classification. This requires the improvement of quantum-safe cryptographic 
techniques to safeguard 6G interchanges. To defend against quantum attacks, 
research is existence done on post-quantum cryptography, which includes 
algorithms like lattice-based, hash-based, and code-based cryptography. 
Then again, quantum advances, moreover, offer new security arrangements. 
QKC can give practically strong encryption by utilizing the morals of quan-
tum mechanics to safely share encoding keys. The non-cloning hypothesis of 
quantum mechanics guarantees that any endeavor to catch the keys will be 
perceptible, consequently giving a remarkable degree of care.

2.4.3 Federated Learning Role

FL is arising as a vital part of 6G security, especially with esteems to informa-
tion protection and decentralized network conditions. FL improves secrecy by 
allowing multiple devices to train machine learning models together without 
sharing their raw data. This decentralized methodology is especially useful for 
IoT gadgets and edge calculation circumstances in 6G organizations, where 
info is numerous times touchy and conveyed across various gadgets. Keeping 
the information nearby and just sharing model updates cut the gamble of infor-
mation breaks and defend consistence with information assurance guidelines. 
Additionally, FL can use a variety of datasets from a variety of sources to improve 
the robustness of AI models, resulting in security mechanisms that are more 
universally valid and resilient. By aggregating real-time insights from multiple 
devices, FL in 6G can also aid in the speedy detection of security threats, allow-
ing for quicker and more coordinated responses to cyberattacks [15].

Case Study: Enhancing Security in a 6G Smart Healthcare Network With 
Federated Learning
Millions of linked devices, including wearable health monitors, hospital 
equipment, and patient smartphones, create and exchange sensitive data 
in real time inside a 6G-enabled smart healthcare network. However, the 
tremendous amount of sensitivity health data introduces unique secu-
rity challenges that include data privacy risks, potential unauthorized 
access, and the threat of cyber-attacks. By using a decentralized approach 
to machine learning, FL enables edge devices to train models locally and 
share only encrypted model updates with a central server, reducing the 
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need for raw data to leave devices. By facilitating real-time, decentralized 
threat detection, the use of FL with a 6G network enhances security and 
data privacy and also improves patient data confidentiality while ensuring 
dependable, low-latency connectivity by significantly reducing the danger 
of data disclosure and centralized vulnerabilities. Furthermore, the net-
work’s capacity to recognize unexpected type of cyberthreats was enhanced 
by the collaborative intelligence from several devices [16].

2.5 Threat Models in 6G Communication

The record wide-ranging threat model for 6G communication is provided 
in this section. As we can see in Figure 2.2, a 6G threat model where we 
find more than 32 attacks on 6G mobile network communication security 
was inspected in relation to authentication and privacy-preserving strate-
gies. Numerous separate standards still exist in the literature to produce a 
classification of the threat model due to the symmetrical conduct of remote 
organization dangers. Threats to 6G mobile networks [9] were broken 
down into five categories by our survey.

The danger model is a lengthy CIA group of three that incorporates 
dangers connected with secrecy, respectability, accessibility, validation, 
and access control (CIA3). Understanding and solving 6G’s security issues 
are essential as the technology develops to accommodate high-speed data, 
massive IoT networks, and advanced real-time applications.
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Figure 2.2 6G threat model [10].
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In 6G networks, threat modeling assists identifying, presenting and 
mitigating security threats before they have an influence on the network’s 
availability, confidentiality, and integrity. In Figure 2.3, real-time scenario 
of 6G threat model plays very crucial role to breach security of networks, 
and most frequent threats are as follows:

⮚ Eavesdropping: Unauthorized user acquiring data communi-
cations is known as eavesdropping. It is a significant danger of 
interception due to the massive growth in data traffic and linked 
devices. Attackers may get confidential user or device data by 
intercepting conversations across the 6G networks mostly for 
mitigating this type of attacks by using end-to-end encryp-
tion with quantum-resistant protocols, frequency-hopping  
techniques, and deploying secure device authentication.

⮚ DDoS Attacks: This attack causes excessive traffic levels to 
overwhelm network infrastructure, making it unavailable to 
authorized users. It can affect both the infrastructure and end-
points of a 6G network with billions of linked devices, impact-
ing with crucial services. Some of the mitigation techniques like 
network segmentation, AI-based anomaly detection and traffic 
load balancing can help to secure network from DDoS attacks.

EAVESDROPPING 6G NETWORK 

SERVERS EAVESDROPPING 
DDOS ATTACKS

ON SERVERS 

QUANTUM THREATS

IN 6G NETWORKS 

AUTONOMOUS

VEHICLES 

QUANTUM

COMPUTER

QUANTUM ATTACK 

SECURITY 

DDOS ATTACK IN

6G NETWORK 

Figure 2.3 Scenario of 6G threat model.

本书版权归John Wiley & Sons Inc.所有



Security Issues and Solutions in 6G 45

⮚ Quantum Threats: Sensitive information might be exposed 
if hackers used quantum attacks to decode data sent via 6G 
networks. Using quantum-resistant cryptography, regularly 
updating encryption protocols, and making quantum-safe 
standards will help to mitigate such attacks.

⮚ Man-in-the-Middle (MitM) Attacks: An attacker can inter-
cept, change, or inject data undetected by placing themselves 
between two communicating devices in a MitM attack. This 
kind of attack could comprise real-time applications in 6G, 
such as telemedicine or autonomous driving [17].

2.5.1 Threat-Countering Techniques in 6G Communication

The procedures for countering pressures to validation moreover and pro-
tection saving frameworks for 6G versatile organizations are the main topic 
of this section. Three categories exist for these countermeasures: intrusion 
detection, entity attributes, and cryptography. Additionally, our classifica-
tion offers a comparative summary of the current defenses.

2.5.1.1 Cryptographic Methods

Both traditional and non-conventional methods of safeguarding new 
mobile communication scenarios require the use of cryptographic algo-
rithms. Cryptography uses both symmetric and asymmetric principles. In 
6G networks, base stations and access points are identified using a variety of 
techniques based on public key infrastructure. Such method is the Paillier 
cryptosystem, which combines key generation, encryption, and decryption; 
however, more research works are necessary to identify any flaws related to 
quantum computing. For 6G IoT networks, group signature schemes—in 
particular, short group Rivest-Shamir-Adleman (RSA)-based signatures—
are being studied. However, quantum computing attacks pose a threat to 
the implementation of RSA in low-processing sensor communication. With 
Cybertwin architecture developing as a significant 6G feature, combining 
network assistance, behavior recording, caching, and security, symmetric 
key-based techniques are also essential [18]. 

2.5.1.2 Quantum-Resistant Cryptography

Traditional cryptography techniques might become outdated as quantum 
computing develops. Quantum-resistant or the creation of the objective of 
post-quantum cryptography is to create algorithms that are hardy to attacks 
from quantum computers. Quantum computers, as opposed to conventional 
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computers, employ quantum bits, or qubits, to do complicated computations 
at previously unheard-of rates, perhaps cracking popular encryption systems 
like RSA and ECC (Elliptic Curve Cryptography). To guarantee the secu-
rity of next communication systems, researchers are currently investigating 
a number of quantum-resistant cryptographic techniques. Some of the likely 
approaches incorporate multivariate polynomial cryptography, hash-based 
cryptography, code-based cryptography, and web-based cryptography. 
This technique relies on precise puzzles that quantum computers remain 
believed to have difficulty solving. Lattice-based cryptography is the con-
struction of cryptographic primitives depending on the hardness of lattice 
problems, including the knowledge with errors issue and the direct vector 
issue. Strong security guarantees efficient key-generating and encryption/
decryption techniques abound in lattice-based systems. Digital signatures 
are produced in hash-based cryptographic systems via hash functions. Using 
cryptographic hash systems are collision-resistant, and they are regarded as 
safe against quantum assaults. So, it becomes more crucial for 6G networks 
because the use of quantum computers in the future may make traditional 
cryptography techniques obsolete, which would present serious security 
threats. Let us investigate its significance for 6G, weigh its benefits and draw-
backs, and contrast it with more conventional cryptographic techniques. As 
you can see in Table 2.1, we identify how quantum-resistant cryptography 
differs from traditional cryptography.

Importance of Quantum-Resistant Cryptography for 6G
Critical infrastructure, autonomous systems, and extremely sensitive user 
data are among the immense amounts of connection and data that 6G net-
works are expected to manage. It is crucial because of the following reasons:

• Protection Against Quantum Attacks: 6G networks will 
carry sensitive and crucial information that must be pro-
tected against the risk posed by quantum computing.

• Protection of Critical Infrastructure: Smart energy grids, 
autonomous vehicles, and smart cities will depend on 6G 
network.

• Long-Term Data Security: It ensures that data remains 
secure even as quantum computing becomes more accessible.

2.5.1.3 Homomorphic Encryption

Preserving data privacy and security, homomorphic encryption lets cal-
culations on encrypted data happen without decryption needed. In cloud 
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computing and data analytics, where private data has to stay under protec-
tion throughout processing, this is very helpful. The primary advantage of 
homomorphic encryption is that it can operate on ciphertexts, ensuring 
data secrecy even in situations of compromise. Integration of homomorphic 
encryption into 6G has the potential to improve security, foster user confi-
dence, and assurance privacy, despite the fact that further research is manda-
tory to address its current computational issues. 

2.5.1.4 Entity Attributes

In 6G communication, entity attribute-based countermeasures encompass 
together standard and non-conventional methods. Although context-aware 
security systems are the best for handling networks, they have issues with 

Table 2.1 Quantum-resistant cryptography vs. traditional cryptography.

Key aspects Traditional cryptography

Quantum-resistant 

cryptography

Security basis It is based on factoring and 
discrete algorithms.

It is based on lattice 
problems and hash 
functions.

Size Moderate key size Mostly larger key size

Quantum 

vulnerability

Vulnerable to quantum 
algorithms

Designed to be resistant 
to quantum attacks

Requirements of 

computation 

Efficient on classical 
devices

Complex structure and 
higher computations 

Advantages • Security against classical 
attacks

• Standardization
• Interoperability
• Scalable key sizes

• Resilience against 
quantum algorithms

• Versatility
• Longevity
• Compatibility

Limitations • Increasing key size 
reduces efficiency

• Performance limitations 
with asymmetric 
encryption

• Potentially vulnerable 
to advances in attack 
techniques

• Increased key size 
and processing 
requirements

• Lack of standardization
• Performance trade-offs
• Implementation 

complexity
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interference and regressive compatibility. Although it has scalability issues, 
SDN technology delivers intelligent interference mitigation and DDoS detec-
tion. Also helpful for QR-based authentication techniques is the susceptibil-
ity to certain assaults such as QR phishing. Still, in its early stages, quantum 
communication, specifically, quantum key distribution, needs further study 
beyond simulations. While GPS spoofing and regulatory concerns exist, 
three-dimensional location-based resource management for unmanned aerial 
vehicle (UAV) networks and privacy in vehicular networks are crucial.

2.5.1.5 Biometric Authentication

Using special biological features such fingerprints, face recognition, iris 
scans, and speech patterns, biometric authentication checks identities. By 
utilizing difficult to copy or stealable elements, this approach improves 
security. Biometric authentication can assist applications including mobile 
payments, access control, and personalized services by offering flawless 
and safe access to services and devices in the framework of 6G networks.

2.5.1.6 Device Fingerprinting

Device fingerprinting uses hardware configurations, software versions, and 
network behaviors—unique traits to identify machines. This is a passive 
continuous kind of authentication as it is not depended on user involve-
ment. Device fingerprinting in 6G networks guarantees that only identified 
devices access important resources and services, hence improving secu-
rity. For security access control, anomaly detection, and fraud prevention, 
device fingerprinting is invaluable. Still, it also begs privacy issues and may 
be avoided by advanced attackers. Development of more robust finger-
printing methods and resolving privacy concerns by anonymizing and safe 
data management methods drives most of the research.

2.5.1.7 Intrusion Detection Systems (IDSs)

For 6G networks, researchers have proposed several threat detection strat-
egies. Simplified threat matrices facilitate effective detection, but they need 
maintenance agreements to prevent incompatibilities. The Non-Orthogonal 
Multiple Access (NOMA) sparse signature matrix serves as a detection sys-
tem, although it is only compatible with wireless networks and might not 
work with non-NOMA IoT devices. Although a better Low-Energy Adaptive 
Clustering Hierarchy (LEACH) technique improves flooding attack detec-
tion, it still requires more attack coverage. While authentication based on CSI 
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can help identify intrusions, it has compatibility and performance problems. 
Secure intrusion detection and mitigations are using AI and ML methods 
more, and deep learning is showing promise for intelligent threat detection. 
6G networks with cognitive radio support provide automatic security mea-
sures, although evaluating secrecy performance presents difficulties. In 6G, 
safe ecosystems and dependable service delegation are made possible by 
SDN-enabled blockchain resource allocation and secure data aggregation. 
IDS implementation is optimized by virtual representations, such as digital 
twins. To guarantee efficacy and compatibility in a variety of network con-
texts, more investigation is needed.

2.6 Authentication Techniques in 6G Communication

2.6.1 Handover Authentication

As shown in Figure 2.4, cellular data traffic has increased due to the prolifera-
tion of mobile devices and network innovations, underscoring the importance 
of safe and smooth mobility during handovers. Handover authentication pro-
tocols are difficult to design because of their low computing power and open 
wireless networks. In next-generation networks, such as terrestrial satellites, 
handover authentication is essential for security and mobility. Multi-domain 
scenarios provide issues for handover authentication in 6G networks. While 
a suggested architecture lowers overheads and delays, it ignores inter-layer 
management and higher-layer constellations. For safe delivery, blockchain 
and lightweight cryptography are taken into consideration, with mobile edge 
computing cutting latency. The diverse environment of 6G, including cars, 

Mobile Path

Satellite

Mobile Path

Figure 2.4 Handover authentication.
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drones, and UAVs, makes handover management more difficult. Poor prop-
agation, fading, and shadowing are difficulties, particularly when using milli-
metre waves. It is suggested to use a multi-connectivity architecture to increase  
coverage and changeover efficiency [19].

2.6.2 Mutual Authentication

In resource-constrained IoT devices, mutual authentication and key agree-
ment depend heavily on lightweight cryptographic methods. It was suggested 
to use an arbitrary HMAC and ECC-based Device-to-Device (D2D) mutual 
authentication technique, which offers far less complexity and latency while 
thwarting many assaults. Similarly, a reciprocal authentication approach 
based on MAC addresses and fingerprints was suggested, demonstrating 
enhanced validation of trust. Mutual authentication is also used by Maritime 
Transport Systems to safeguard vessel location data. Although Secure Hash 
Algorithm 1(SHA-1) offers a multi-server design that lowers latency, it still 
leaves open the possibility of dictionary and brute force assaults. Batch 
authentication meets the demands of mutual authentication and anonymity 
in 6G-enabled vehicle networks. Bilinear pairing was proposed as a safe and 
anonymous mutual authentication technique, although it poses data privacy 
problems owing to possible trust authority breaches.

2.6.3 Physical Layer

The physical communication layer is usually not the first layer at which 
authentication measures are applied. On the other hand, it has become more 
popular because of its low bandwidth dependence and resistance to inter-
ference. Waveforms are subjected to a covert modulation using this tech-
nique. Improved authentication and interference resistance in time-varying 
circumstances have been suggested via spread spectrum-based secret mod-
ulation and adaptive machine learning algorithms. By taking use of chan-
nel features and randomization in wireless connection parameters, physical 
layer security techniques—like Multiple Input Multiple Output (MIMO) 
technology—offer lower complexity and lower latency.

2.6.4 Deniable Authentication

Particularly in wireless networks, pre-sharing system limitations prior to 
security verification in communication exposes susceptible device features 
and may result in security issues. By skipping the “Encryption-then-MAC” 
paradigm, deniable authentication (DA) protocols enable the sender to 
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refuse the validation procedure to any third party. Entities are prohibited 
from beginning MAC-based authentication via these protocols. For Wi-Fi 
authentication, a source-hiding system with hash functions that project 
has been proposed that rejects third-party links and therefore ensures 
security. MANETs, or mobile ad hoc networks, are fundamental to con-
temporary communication. Network heterogeneity is addressed using an 
identity-based DA protocol for MANETs, validated using a random oracle 
model. There is not much research that specifically covers DA deployment, 
problems, and solutions in 6G networks.

2.6.5 Token-Based Authentication

With token-based authentication over 6G network, each user or device 
receives a digital “token” from a reliable source after establishing its iden-
tity. This token provides safe access to additional network resources by 
functioning as a temporary pass. The primary advantage is that devices 
save time and improve security by not having to transmit usernames and 
passwords repeatedly. For example, smart factory using a 6G network for 
token-based authentication where each robot and machinery has a unique 
function led to secure and smooth every work that benefit to speedup 
manufacturing process along with safety and scalability.

2.6.6 Authentication Using Certificates

Authentication using certificate systems, which are widespread in con-
temporary applications and smart infrastructures, combine a number of 
cryptographic algorithms and handshaking protocols. A suggested certifi-
cate authentication technique based on lightweight cryptography provides 
untraced ability and anonymity while fending against assaults like replay, 
DoS, MitM, and impersonation. Certificate-based authentication has been 
deemed unsuitable for next-generation networks, but, with enhancements 
like as handshake delegation, pre-validation, and session resumption, 
it is now more feasible for IoTs with limited resources. Certificate-based 
authentication, in contrast to attribute-based methods like biometrics or 
OTPs, concentrates on MitM attacks in wireless network communication. 
It offers solutions with distinct credentials based on public keys.

2.6.7 Key Agreement–Based Validation

The foundation of most authentication techniques is key agreement, which 
is necessary for privacy-protected authentication between users, sensors, 
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and gateways. It boosts several security mechanisms that rely on cryp-
tographic algorithms. Key agreement procedures, on the other hand, could 
be squeezed by vulnerabilities like procedure signature, replay, key reuse, 
and deniability moderating, important conciliation, server belief concerns, 
and identity handling. A significant trial exists in establishing a secret key 
contract across unauthenticated public channels where outbreaks can rap-
idly multiply. For instance, misusing biometric credentials might result in 
serious privacy abuse, and the healthcare system finds it difficult to safeguard 
session keys between medical servers and patients.

2.6.8 Multi-Factor Authentication

It ensures that only authorized users or devices can access specific net-
work resources. Strong security is essential for 6G networks because they 
are faster, link more devices, and handle large amounts of sensitive data. 
It makes security better by widening the range of keys and protecting 
them from brute force attacks and occupied third-party parameters. Extra 
components utilized by MFA incorporate programming tokens, shrewd 
adaptable applications, outsider declarations, SMS- and email-based one-
time passwords, USB-based tokens, brilliant cards, PINs, RFID, actual 
keys, and area-based methods. In particular, technological advancements 
have enabled the expansion of biometric credentials for MFA to include 
DNA specifications, iris or retinal scans, voice validation, hand math, face 
acknowledgment, and ear cartilage calculation. Cross-confirmation selec-
tions for MFA can be followed down in various organizations. The absolute 
most common assaults against MFA incorporate opposite animal power, 
phishing, stick phishing, certification stuffing, MitM, and key lumber-
jacks. MFA is turning out to be progressively suggested for circumstances 
including tremendous, dissimilar, and 6G-empowered correspondence. 
Blockchain-based verification for heterogeneous gadgets gives joint con-
firmation and access control, in spite of issues with versatility, key admin-
istration, and agreement above. Structured security rules that adhere to the 
CIA trinity are provided by next-generation cloud computing architectures 
through the use of MFA. AI approaches are increasingly being used for 
event-based authentication in MFA across dispersed edge and cloud nodes 
with less reliance on humans. MFA in 6G will make our connected world 
more secure, helping to protect everything from personal devices to smart 
systems [20].
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2.7 Future Directions

Following a thorough review of the existing state of research in the field of 
protected 6G networks, we judgmentally identified prospective directions 
for the upcoming 6G communication examination that will demand atten-
tion from both academia and industry.

2.7.1 Improving AI Security in 6G and Developing  
Quantum-Safe Protocols

In 6G networks, AI is progressively vital for activities like security mon-
itoring and network optimization. Subsidiary calculations against ill- 
disposed assaults and guaranteeing safe model training are fundamen-
tal parts of the further development of man-made intelligence security. 
Strategies like unified learning can be explored to safeguard security. Also, 
homomorphic encryption can be used to manipulate encoded data without 
revealing crucial information. Focusing on quantum-safe cryptographic 
protocols as quantum computing continues to evolve, which implement 
post- quantum cryptography algorithms like lattice-based and hash-based 
encryption methods, these are considered resilient against quantum decryp-
tion capabilities.

2.7.2 Advancing Federated Learning for Privacy-Preserving 
Security

FL is vital for cooperative model training in decentralized settings while 
preservation data privacy. Upgrading protection techniques, for exam-
ple, differential security and safe total ought to be the focal point of future 
examination. In 6G networks, FL must be altered to accommodate various 
devices and dynamic learning environments to develop adaptive FL frame-
works. Incorporating secure aggregation protocols to further reinforce pri-
vacy by applying model updates are aggregated in a way that prevents the 
disclosure of personal device information. AI governance framework that 
monitors and controls model behavior across the network can help main-
tain compliance.
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2.8 Conclusion

The significant developments and difficulties in the field of 6G network 
security have been brought to light by this review. We examined many 
authentication methods, highlighting their advantages and disadvantages 
for next-generation networks, such as token-based, certificate-based, and 
physical layer security. It has been determined that DA protocols, mutual 
authentication systems, and lightweight cryptographic solutions are nec-
essary for safe communication in IoT devices with limited resources. 
Additionally, integrating blockchain technology with AI has the potential 
to improve security, but it also brings new difficulties that must be resolved. 
Compact security systems will be predictable for the execution of 6G orga-
nizations to oblige its extremely exclusive and different climate. Future 
quantum threats should be addressed by creating quantum-safe protocols. 
While federated learning advances are crucial for maintaining security in 
decentralized networks. To deal with the huge number of connected gad-
gets, new verification strategies should be made, and interruption discov-
ery frameworks should be enhanced to deal with the developing intricacy 
of cyberattacks. Through these drives, 6G organizations will actually need 
to offer quick, trustworthy, and secure network for different purposes, 
including driverless vehicles and shrewd urban communities.
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Abstract
The emergence of 6G communication technology brings revolutionary improve-
ments in connectivity and data exchange. However, it introduces significant 
security and privacy challenges. This chapter explores critical issues related to 
preserving security and privacy in 6G networks and discusses potential solutions 
to address these challenges. As 6G networks support an unprecedented number 
of connected devices and applications, robust protection against threats becomes 
essential. Additionally, safeguarding user data is paramount. The chapter high-
lights key challenges, including securing massive volumes of data, protecting 
against sophisticated cyber threats, and managing privacy in an increasingly 
interconnected environment. It reviews newer technologies and approaches for 
enhancing security, such as innovative encryption techniques, novel trust mod-
els, and privacy-enhancing technologies. The chapter also examines how regula-
tory and standards frameworks influence the design and operation of secure and  
privacy-resilient 6G systems. Through case studies and analysis of current research, 
it provides practical insights into effective strategies for mitigating risks and ensur-
ing compliance. By addressing these critical issues, the chapter offers actionable 
recommendations for stakeholders, including network operators, policymakers, 
and technology developers. Its ultimate goal is to enable the development of secure 
and privacy-preserving 6G networks that meet the evolving demands of future 
communication landscapes.
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3.1 Introduction

The sixth generation of the communication technology, referred to as 6G, 
is going to revolutionise how humans interact with digital and physical 
environments. So, 61G takes the benefits of what 5G has offered. As of now, 
still in its early days of development 6G will surely provide much greater 
data rates than 5G. It would also ensure ultra-low latency and will connect 
hundreds or thousands of devices such as [1]. The pundits foresee the 6G 
to work within the terahertz spectrum. This implies that the speed at which 
data would be transferred is several times greater than in 5G. The peak may 
go as high as 1 terabit per second. Besides the remarkable improvement 
in speed, 6G will also enable a range of support for increasingly complex 
and dynamic applications compared to its predecessors. For instance, this 
could include completely autonomous systems, holographic communica-
tions, and immersive virtual reality [2].

If anything, the difference in scope and capability is perhaps one of the 
greatest distinctions between 5G and 6G. While 5G essentially upgraded 
mobile broadband, 6G will take connectivity to the extreme by integrating 
artificial intelligence (AI) and machine learning (ML) into its core [3]. This 
will allow for more intelligent and adaptive network management. Systems 
would, therefore, predict and react to new conditions in real time. Also, 
6G will be energy efficient. It will allow for the friendly green communica-
tions system to emerge. This will be through the harvesting of energy and 
IoT zero-energy devices [4]. The applications of 6G are revolutionary. New 
improvements in the sectors of health, transportation, and entertainment 
will benefit industries. In healthcare, 6G would facilitate remote surgeries 
with ultra-low latency and high precision. In transport, autonomous vehi-
cles would rely on real-time, high-speed data exchange between vehicles and 
infrastructures [5]. Beyond this, the 6G is most likely to fuel the evolution of 
smart cities. In such cities, the interrelated devices and sensors would imme-
diately communicate each other, optimizing energy consumption, strength-
ening public safety, and streamlining urban mobility. Taken as a whole, the 
move from 5G to 6G is completely one gigantic leap in communication tech-
nology. A huge deal of promise bears out to reshape industries and daily life.

With the emergence of 6G networks, security and privacy are more 
required. Sufficient secure data management is also needed for huge 
amounts of data generated from 6G networks to prevent cyber threats. 
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The enhanced data traffic, along with the hyper-connectivity nature of 
6G, leaves an expansive attack surface that can expose networks to a high 
cyberattacks risk level [6]. Moreover, integrating AI and ML into network 
management will introduce new vulnerabilities. The attackers will use the 
weaknesses of AI algorithms to break network integrity [7]. Thus, there is a 
need to strengthen security frameworks to prevent data breaches and other 
malicious activities in 6G. This is also one of the significant issues of 6G: 
huge volumes of data to be transmitted and stored are challenging in terms 
of security management. Data breaches, unauthorized accesses, as well as 
corruption of data are on the risk with devices as well as sensors collect-
ing as well as transmitting real-time data. Furthermore, the high veloc-
ity of data transmissions and a large number of devices connected, much 
more so with Internet of Things (IoT), make it challenging to monitor 
and ensure the security of these data flows [8]. Advanced encryption and 
security mechanisms will also be required with the application of 6G edge 
computing. This is because, in edge computing, data processing is decen-
tralized and done closer to the source. In this scenario, sensitive informa-
tion needs to be shielded from possible threats. For instance, privacy will 
be a major challenge in the 6G network [3].

Privacy in such a network as 6G will be difficult to protect because, with 
this technology, comprehensive monitoring and tracking of user activi-
ties will be possible. Some of the primary technologies of 6G applications 
include AI, augmented reality (AR), and virtual reality (VR). These tech-
nologies would work correctly by accessing enormous volumes of personal 
data. Related data collection, storage, and usage risks will be higher [9]. 
Protecting user privacy is necessary for the trust of users in 6G technolo-
gies. Users should feel that data is treated appropriately so that it reflects 
the privacy of its owners as well as follows the laws regarding it. Issues of 
security and privacy related to 6G will have an incredibly strong-reaching 
effect on every user, business entity, and government in the world. The fac-
tors above are likely to affect individual users, businesses, and governments 
according to how strong the security and privacy will be. Individual users 
will experience personal data theft, financial loss, or identity fraud resulting 
from a breach of security or privacy. Compromised security may also result 
in the loss of sensitive information and intangible theft of intellectual prop-
erty that would hurt business reputations. In regard to national security, 
governments may experience threats in the sensitive sectors like energy, 
healthcare, or defense. Most importantly, considering the advancement in 
6G, there is a need for collaboration among the stakeholders involved with 
each other. They must engage in developing and implementing integrated 
security and privacy measures to effectively deal with these challenges.
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3.2 Security Challenges in 6G Networks

3.2.1 The Expanding Threat Landscape

As 6G networks evolve, they expand the threat landscape from the prolif-
eration of connected devices. IoT, autonomous systems, and other smart 
devices are likely to mushroom exponentially with 6G deployments. This 
will exponentially increase the possible means through which hackers 
could get into the system [2]. This massive connectivity will involve bil-
lions of devices-from personal gadgets to smart infrastructure and indus-
trial systems. It will be impossible to protect all endpoints. The difficulty in 
security management over this broad range of devices will pose its biggest 
challenge. Many of these devices will have limited computing powers and 
storage [6]. Due to this, the adversaries will even exploit vulnerabilities in 
less secure devices to launch attacks on the broader network.

AI-powered cyberattacks shall, in all likelihood, be one of the most evolved 
threats in the era of 6G. Because AI forms the core in 6G, both in its man-
agement of networks as well as in its cyber defense, the attacker too is likely 
to utilize AI. It will enable them to automate and perfect their attacks. For 
instance, AI-based malware shall be able to learn its environment and adapt 
behaviour in such a manner that avoids detection systems [7]. In this regard, 
quantum computing is a huge threat to any sort of traditional cryptographic 
methods. Quantum algorithms will break encrypted schemes that are in use 
at present to secure the networked communication. This means that import-
ant information may become susceptible to intercepts [9]. Therefore, the 6G 
technology will require new methods of encryption that are not susceptible 
to attacks from a quantum-powered computer.

3.2.2 Securing Massive Data Volumes 

The capability of the 6G network to transfer massive amounts of data at 
unprecedented speed raises crucial issues related to the security of the data. 
Increasingly, with lots of devices generating numerous data in real time, it 
makes things tougher for integrity, confidentiality, and availability. Data integ-
rity is ascertained such that it ensures no alteration and corruption have been 
carried out on the information. Data confidentiality ensures that sensitive infor-
mation has not leaked to unauthorized parties. Availability ensures that data 
becomes accessible at the time of need [10]. However, these goals are hard to be 
achieved without new solutions in security, especially due to an immense vol-
ume of data to be managed by 6G networks. The nature that 6G communication 
environments will entail also worsens data security due to high speed involved 

本书版权归John Wiley & Sons Inc.所有



Ensuring Security and Privacy in 6G 61

in transmission. A more limited time frame exists for being able to detect and 
mitigate attacks when data is transmitted at faster speed. This increases the pos-
sibility of data breaches and loss [8]. The attackers can avail themselves of this 
environment by intercepting data in transit for unauthorized access to sensitive 
information. Moreover, there are more exposed areas in applying edge comput-
ing. In the case of edge computing, computation is not concentrated on one site 
but rather distributed to a place significantly closer to the sources of the data. 
Because edge devices are not as strong as central data centers, it has been an 
entry point wherein attackers may compromise the data being processed [3].

3.2.3 Challenges in Network Infrastructure

Networks in 6G are expected to rely hugely on very advanced network 
infrastructure technologies such as virtualization and software-defined net-
working. The technologies are very effective, very flexible, and scalable but 
introduce new security challenges: virtualization means multiple virtual net-
works could run on the same piece of physical infrastructure. It seems to raise 
concerns that may make isolation between networks an issue. Vulnerability 
exists in one virtual network to potentially breach others using the same 
physical infrastructure [7]. The software defined networking (SDN) splits 
the control plane from the data plane, and the main attacks target the central-
ized controllers. In case the attacker gains control over the SDN controller, 
they will find it possible to manipulate the network traffic. There is a pos-
sible disruption of services in the entire network as a result of the breaches 
[6]. Among many important features of 6G, network slicing builds multiple 
virtual networks over the same physical infrastructure. Different slices are 
custom-created with regard to some specific use cases [5].

Network slicing can provide efficient resource allocation and performance 
enhancement but introduces new attack vectors. Malicious actors can lever-
age the weaknesses in the architecture of network slicing. This can facilitate 
unauthorized access to pieces that might compromise sensitive data and criti-
cal services. Another basic element of the 6G infrastructure is edge computing, 
which is equally exposed. Although the edge computing approach minimizes 
latency and increases performance by processing data nearer to the user, it 
extends the attack surface as data is diffused across many edge devices [8].

3.2.4 Securing AI-Driven Systems

AI in 6G networks will provide a better management of the networks rel-
ative to automation, efficiency, and adaptability. However, it increases crit-
ical security issues. Thus, AI-driven systems are supposed to significantly 
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contribute to the optimal performance of networks with respect to threat 
detection and resource management, but security is a big concern. They are 
vulnerable to adversarial attacks and manipulations [7]. Adversarial attacks 
would comprise providing AI systems with incorrect or malicious inputs. 
This would cause the AI system to produce bad judgments or even classify 
items wrongly. A different scenario might see attackers manipulate the data 
being used by AI systems in an effort to try and identify threats. This means 
that there might be false positives or negatives that compromise network 
security [9]. Further, the ML models propelling AI in 6G networks are not 
impenetrable. The attackers can target such models using techniques like 
model inversion. The technique could potentially allow for an inference 
of the sensitive information from the model itself [6]. In model poisoning 
attacks, malicious data is injected into the dataset used to train the model. 
This could potentially degrade the AI model performance and improper 
network management decisions [7]. That is, such systems integrated within 
the very fabric of 6G will need to be secured against such attacks. After all, a 
network cannot afford to compromise on integrity and reliability.

3.3 Privacy Preservation in 6G Networks

3.3.1 Privacy Challenges in Hyper-Connected Ecosystems

Hyper-connected ecosystems are sure to go extremely well with 6G net-
works. This would exponentially generate and collect data. The hyper- 
connected landscape does pose great privacy issues. It means mil-
lions of devices, platforms, and tools will collect, track, and store sensitive 
and personal data. The rampant use of IoT devices, wearable technologies, 
and smart systems makes it easier for user profiles. The Information and 
Communication Technology in use can track behaviour, preferences, and 
activities [6]. User privacy is similarly threatened in the same environment. 
Data collection practice has no transparency at many times. It becomes hard 
for individuals to know how their data is used, shared, or monetized. One 
significant privacy issue in these hyper-connected spaces is the inability to 
obtain adequate informed user consent. Traditional consensus mechanisms 
for acquiring consent, for example, through opt-in agreements, are not suit-
able for the 6G context. Data harvesting is ubiquitous, and users might not 
have an idea of the magnitudes at which their data is being harvested [11].

The pervasive nature of 6G networks along with the complexity of data 
flow makes the management of user consent and control very cumbersome. 
In many scenarios, it will be impossible to manage user control over the 
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information flow; thus, it results in the loss of autonomy over personal infor-
mation. In this respect, there is an increased need for mechanisms that are 
more sophisticated and allow users to regain control over their information. 
This is putting the requirements where there must be a mechanism whereby 
users can opt out of certain data collection processes without losing access to 
basic services. A further consideration needs to include the likelihood of data 
misuse and exploitation within the hyper-connected space. In networks for 
6G, real-time exchange of data shall be possible from multiple devices on mul-
tiple platforms. Because of this, the chances of unauthorized access, breaches, 
and even profiling increase. Because attackers usually search for vulnerabilities 
in such systems to acquire unauthorized access to such sensitive information, 
privacy breach would be a concern alongside with the potential harm it may 
inflict on its users [3]. Moreover, even the vague regulations and standards 
used toward data privacy in 6G networks further complicate user privacy pro-
tection efforts. The different understandings of privacy by various stakeholders 
may also prevent the practice of protecting users’ privacy.

3.3.2 Privacy in Massive IoT and Sensor Networks

6G networks will undoubtedly be large IoT devices and sensor networks. 
These technologies are part of how data is collected and processed in real 
time. They enjoy many benefits in terms of automation and efficiency but 
with a lot of risks on the side of privacy because of the volumes of data 
to generate. In fact, data leakage is a huge concern in IoT environments. 
Sensors may obtain some personal information that will be intercepted by 
malicious actors or misused for their gains. Examples can be smart home 
devices, health monitors, and wearable technologies. Its use can help infer 
lots of sensitive information about the individual, like daily routines, health 
status, or locations [8].

Re-identification is another critical danger in large IoT and sensor net-
works. Even when data is anonymized or pseudonymized, it can be still 
possible to identify individuals by adversaries. This is possible through 
correlations of multiple datasets [12]. This is especially dangerous in those 
environments where data from different sources are merged in order to 
be analyzed, such as smart cities or healthcare applications. The resultant 
power to track and re-identify individuals based on their data raises seri-
ous concerns for privacy as it might lead toward unwanted surveillance 
and profiling. Real-time data processing and privacy are great challenges 
for 6G networks, especially for IoT devices. Many IoT applications, like 
autonomous vehicles, industrial automation, and smart grids, strictly 
require real-time data processing for their proper operation.
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In principle, it becomes difficult to maintain privacy with guaranteed speed 
efficiency of the systems. Most of the IoT devices may not possess the com-
putational resources for accommodating conventional encryption techniques. 
Complex privacy-preserving techniques may become performance bottle-
necks for the system [6]. So, new innovations in protecting privacy of IoT net-
works are required in high demand. The lightweight encryption techniques 
and decentralized architectures for privacy preserving fall in this category.

3.3.3 Managing Privacy in AI-Powered Applications

AI-based applications feature to be significantly informed by 6G networks. 
They will power services including smart cities, personalized healthcare, and 
predictive analytics. However, with the integration of AI, come some huge 
issues of privacy. These systems are dependent on big data in propounding 
their predictions and decisions. In healthcare, personalized services, and other 
sectors, AI models use some sensitive personal information. It gives personal-
ized recommendations but raises problems of privacy if handled inappropri-
ately [13]. For example, confidential medical information can be leaked due 
to data breaches or inappropriate use of algorithms applied in AI. Users may 
also be against their personal preferences being publicized. AI-based services 
are vulnerable to risks in terms of privacy because of the increasing call for 
access to large volumes of data. Such data often originates from several sources. 
The more data rich an AI model is, the greater performance it is able to pro-
vide. However, this process involves a higher possibility of privacy violation. 
For instance, a smart city environment reads data from surveillance cameras, 
sensors, and user devices to optimize traffic flow, energy consumption, and 
security measures through AI systems. However, this much collection of data 
may involve unwanted surveillance. But users will not know that their activity 
is being tracked and monitored [9]. To mitigate the risks, therefore, privacy- 
preserving AI techniques must be designed and implemented in 6G networks.

Federated learning is one such solution that has been employed to take care 
of the increased concerns of privacy in AI-based applications. Traditional 
ML models depend on centralized data, but AI models called federated 
learning are trained on decentralized data sources. This is a method that 
keeps the data to local devices, meaning there is less of an exposure risk 
[12]. It ensures that delicate information about the user never gets to the 
server. The updates on the model alone are shared with the central server. 
Federated learning can, therefore, benefit sectors most by healthcare, where 
patient data is very sensitive. Privacy must be the number one thing to con-
sider. It must be implemented, like federated learning, with other privacy- 
enhancing techniques in 6G networks that will strike a balance between 
data-driven insights and protecting user privacy.
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3.4 Emerging Technologies for Enhancing Security  
and Privacy in 6G

3.4.1 Next-Generation Encryption Techniques

With the development of 6G communication technology, new chal-
lenges and problems for security arise. 6G promises ultra-low latency, 
high-speed data transmission rates, as well as very high rise in num-
ber of connected devices. In this highly interconnected world, classical 
techniques of encryption may not suffice. Therefore, next-generation 
encryption methods are critical to ensure secure communication in 6G 
networks. Quantum-resistant cryptography is another promising develop-
ment. Quantum-resistant cryptography is designed to stand against attacks 
from a quantum computer. Quantum computers are based on the princi-
ples of quantum mechanics. Quantum computers can also solve certain 
problems at least speedier than classical computers. This is a big threat 
for the currently used encryption algorithms. Algorithms, which rely on 
factoring large numbers or solving discrete logarithms, are vulnerable to 
this attack. For example, Shor’s algorithm, a quantum algorithm, can break 
such encryption techniques [8]. This is the reason why quantum-resistant 
cryptographic algorithms are being developed.

Lattice-based cryptography, hash-based cryptography, among others, 
are what are being highlighted. These are believed to be quantum attack- 
resistant as well as not susceptible to classical attacks. This will ensure 
long-term security when maturity of quantum computing becomes a 
reality. The other important area of next-generation encryption is light-
weight encryption. It is highly critical for IoT devices and other resource- 
constrained devices that will proliferate in 6G networks. One limitation 
of the above-mentioned devices is their device capacity. They often come 
with limited processing power and memory. Moreover, many have a lim-
ited battery life. This will essentially make traditional encryption methods 
inefficient or even impractical. Lightweight cryptography uses minimal 
computational resources and still ensures security. It is of essence for 
constrained- capacity devices. PRESENT, LED, and SIMON are some of the 
lightweight cryptography algorithms. They are less demanding in terms of 
energy and memory but strong enough to provide security. Lightweight 
cryptography algorithms support secure communication in IoT ecosys-
tems without draining device resources [14]. With an increase in IoT 
dependency by 6G networks, essential data integrity and confidentiality 
will depend much on lightweight encryption techniques.
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3.4.2 Decentralized Trust Models

Centralized trust models, as the scale and complexity of 6G networks 
begin to rise, may likely become a bottleneck in security. In contrast, there 
is steadily growing interest in decentralized trust models. Blockchain and 
Distributed Ledger Technologies (DLTs) are being examined. Of these, 
blockchain-based security solutions appear promising for managing trust 
and ensuring secure transactions in 6G networks. Blockchain is a decen-
tralized, tamperproof ledger in which network participants can hold 
secure, clear-cut, and transparent transactions without a central authority. 
This occurs via consensus mechanisms. The consensus mechanisms vali-
date and verify transactions across the network [15].

In 6G, blockchain would allow for secure data exchange. It would also 
mean proper control of access and that network infrastructure integrity 
had been properly safeguarded. For example, blockchain can facilitate safe 
communication between IoT devices. Here, the above-sensitive informa-
tion will be accessed only by authorized devices. Moreover, blockchain is 
natively tamper-proof, which means it provides immunity to attacks that 
modify data or even destroy it. DLTs also introduce new opportunities for 
authentication and trust management within 6G networks. The DLT works 
similarly to blockchain but differs in consensus and even in storage.

DLTs will be helpful in decentralizing identity management in 6G envi-
ronments. This means that the users will have sovereignty of personal data 
without having to necessarily rely on a central authority for trust. This 
strategy is helpful for privacy preservation. The users will be able to dis-
close selectively based on need without trusting a single entity with their 
data [7]. Thirdly, DLTs enhance the security of network infrastructures. 
DLTs provide a decentralized and secure mechanism for the verification of 
device identities, the management of network resources, and the reduction 
of threats associated with centralized server’s attacks.

3.4.3 Privacy-Enhancing Technologies (PETs)

Another key aspect of safeguarding user privacy in 6G networks is the 
privacy-enhancing technologies (PETs) apart from encryption and decen-
tralized trust models. PETs would enable data processing that does not 
cause harm to privacy and, hence, is an absolute requirement in high- 
volume data collection and analysis scenarios. One of the potential PETs 
is homomorphic encryption. Homomorphic encryption allows computa-
tion on any ciphertext and produces an encrypted result without revealing 

本书版权归John Wiley & Sons Inc.所有



Ensuring Security and Privacy in 6G 67

what it originally hides. Such a characteristic is particularly well-suited in 
untrusted environments, like cloud computing.

Homomorphic encryption ensures the execution of all computations 
on sensitive data without deducing its secrecy. This is also the case when 
the environment is compromised [16]. It is envisioned at the 6G era 
to generate and process huge amounts of data in real time. Hence, the 
homomorphic encryption helps in preserving user privacy and enables 
big-data-driven services such as AI-based predictions and personalized 
recommendations. Another PET that is of utmost importance is secure 
multi-party computation. Secure multiparty computation (SMPC) refers 
to the development of technology that allows several parties to perform 
a collective function computation on inputs held private by each party. 
It would be particularly relevant in collaborative environments, like 
smart cities or healthcare systems. It involves bringing data from mul-
tiple sources for the purpose of analysis and, at the same time, protect-
ing individual privacy. SMPC ensures that sensitive information remains 
confidential while being calculated and thus minimizing the leakage of 
data [6].

Another key PET in protecting user privacy in 6G networks includes 
differential privacy. Differential privacy determines whether the output of 
a computation does not say too much about an individual’s data, even if a 
number of queries are made. Adding controlled noise to the data makes 
differential privacy achievable. This will prevent one from easily identify-
ing specific individuals [17]. In the realm of 6G, differential privacy can 
be applied for the analysis of large-scale data. It supports the idea 
that insight can be extracted from the data without compromising 
individual privacy. This is especially beneficial in AI-driven appli-
cations, such as personalized healthcare or managing a smart city, 
where sensitive information needs to be made available for effective 
decision-making.

3.5 Regulatory Frameworks and Standards for 6G 
Security and Privacy

3.5.1 Overview of Existing Regulations

Therefore, security and privacy-related regulations must evolve with new 
challenges of the 6G generation. Table 3.1 highlights the current regula-
tory frameworks’ relevance and limitations concerning the security and 
privacy challenges in 6G networks.
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Thus, the current data privacy and security guidelines as established by 
the General Data Protection Regulation (GDPR) and the Health Insurance 
Portability and Accountability Act (HIPAA) will be very useful for incom-
ing regulations to govern digital and healthcare systems. These rules ensure 
that personal data is kept safe and that sensitive information is private, at the 
same time ensuring that users granting access to their data have indeed con-
sented to its processing [18]. The GDPR is one of the landmark regulations 
for the European Union, putting down strict guidelines related to data pro-
tection. Organizations must handle personal data responsibly and full trans-
parency. It establishes principles of data minimization, data accuracy, and 
accountabilities, making it highly relevant to any network, including future 
6G systems. On the same front, HIPAA in the U.S. enforces the management 
of confidential health information. It ensures that medical care providers and 
connected organizations keep personal patient data confidential and safe [19].  

Table 3.1 Comparison of existing security and privacy regulations (GDPR and 
HIPAA) in the context of 6G networks.

Regulation Key aspects

Relevance to 6G 

networks Limitations in 6G context

General Data 

Protection 

Regulation 

(GDPR) (EU)

- Ensures personal data 

protection and user 

consent

- Enforces data 

minimization, 

accuracy, and 

accountability

- Requires transparency 

in data handling

- Provides a foundational 

framework for data 

security in 6G

- Emphasizes user 

control over data, 

relevant for hyper-

connected networks

- May not fully address 

AI-driven real-time data 

processing

- Struggles with cross-border 

regulatory challenges in 

global 6G networks

- Limited provisions for large-

scale IoT and autonomous 

systems

Health Insurance 

Portability and 

Accountability 

Act (HIPAA) 

(U.S.)

- Protects confidential 

health information

- Ensures healthcare 

organizations handle 

patient data securely

- Imposes penalties for 

data breaches

- Important for 

healthcare applications 

in 6G, such as 

telemedicine and 

remote monitoring

- Supports encryption 

and security protocols

- Not designed for massive 

real-time data transmission 

in 6G

- Limited scope in handling 

AI-based predictive 

healthcare analytics

6G-specific 

regulatory 

needs

- Addresses ubiquitous 

data collection and 

hyper-connectivity

- Focuses on mass IoT 

de-anonymization 

concerns

- Introduces cross-

border compliance 

mechanisms

- Ensures compliance 

with new security 

threats

- Accounts for AI-driven 

data processing and 

automation

- Requires new legal 

frameworks that evolve 

with emerging technologies

- Must balance innovation 

with privacy protection

本书版权归John Wiley & Sons Inc.所有



Ensuring Security and Privacy in 6G 69

These existing frameworks form a basis for issues on security and privacy, 
but these have limitations as new technologies such as 6G come into the 
country, introducing new complexities to the technological sectors.

Vast volumes of data generation, real-time processing, and hyper- 
connectivity will characterize 6G networks. All these aspects present chal-
lenges that current regulations may not be able to adequately cater for. A 
consideration of the scale of data collection in 6G environments elucidates 
gaps in current frameworks. Data will be transmitted among billions of 
devices, including those in IoT ecosystems and autonomous systems. The 
current laws may not fully consider ubiquitous data collection or even 
more the AI-driven services that will be part of the envisioned 6G net-
works. There is a need for the consideration of new legal standards regard-
ing issues of mass IoT de-anonymization, real-time processing that impacts 
privacy, and regulatory compliance without borders [13].

3.5.2 New Standards for 6G Security and Privacy

New standards and regulatory frameworks, therefore, ought to be envis-
aged in a quest to accommodate the unprecedented advancements and 
complexities of 6G networks. Table 3.2 highlights the key regulatory bod-
ies, principles, and technologies essential for ensuring security and pri-
vacy in 6G networks, emphasizing global standards, encryption, AI-driven 
security, and privacy-preserving frameworks.

International regulatory bodies, such as the International Tele-
communication Union (ITU) and the Institute of Electrical and Electronics 
Engineers (IEEE), therefore, have foundational roles to play in extrapolat-
ing global standards based upon these unique security and privacy issues 
of 6G. It will be guided toward creating protocols, policies, and technical 
standards that can help guide the fair implementation of emerging technol-
ogies. ITU is the organization that regulates telecommunication standards 
worldwide, and, because of this, it must steer and nudge the policies in mat-
ters concerning regulations of 6G. In terms of interest areas for ITU in this 
respect, some of these will be after cross-boundary data transfer policies, 
interoperability, and guidelines on protecting user privacy in ultra-dense 
and hyper-connected networks [20]. The IEEE can be of great contribu-
tion toward the establishment of security frameworks of 6G architecture. 
It entails protocols on quantum-safe encryption and secures network slic-
ing. These endeavors will surely help counter the threats to data breaches, 
cyberattacks, and privacy violations based on AI-driven applications.
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In this regard, the regulatory frameworks must follow the privacy by 
design and security by design principles to keep in line with the emerging 
technologies. It refers to including necessary security and privacy safeguards 
during the development of a 6G system, which implies earlier adaptation in it.  

Table 3.2 Emerging regulatory frameworks for 6G security and privacy.

Regulatory body/

concept

Role in 6G security 

and privacy Key considerations

International 

Telecommunication 

Union (ITU)

Regulates global 

telecommunication 

standards, including 

6G security and 

privacy policies

- Cross-border data transfer 

policies

- Interoperability guidelines

- Protection of user privacy in 

ultra-dense networks

Institute of Electrical 

and Electronics 

Engineers (IEEE)

Develops security 

frameworks and 

technical protocols 

for 6G architecture

- Quantum-safe encryption

- Secure network slicing

- AI-driven security applications

Privacy by design Integrates privacy 

safeguards at the 

initial stages of 6G 

development

- Proactive data protection

- Minimization of data 

collection risks

- Secure system architecture

Security by design Embeds security 

features within 

the 6G network 

infrastructure

- Threat mitigation in real time

- Secure authentication 

protocols

- AI-driven threat detection

Quantum-resistant 

cryptography

Protects data from 

quantum computing-

based cyber threats

- Strong encryption techniques

- Secure key exchange 

mechanisms

Privacy-preserving AI Ensures AI-driven 

services do not 

compromise user 

privacy

- Differential privacy techniques.

- Homomorphic encryption for 

secure data processing.

Federated learning Trains AI models 

without sharing raw 

data, enhancing 

privacy

- Decentralized AI training

- Reduces risk of data breaches

- Enables compliance with data 

protection laws

Government 

and industry 

collaboration

Develops adaptive 

regulations 

responsive to 6G 

advancements

- Industry-driven policy updates

- Public-private partnerships for 

cybersecurity

- Dynamic compliance strategies
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Security paradigms such as quantum-resistant cryptography and privacy- 
preserving AI algorithms must also be included in new regulation. 
Governments and regulatory bodies should interact with industry stake-
holders to make adaptive frameworks that are responsive to the changing 
ecosystem of 6G [3]. In addition, these kinds of privacy-preserving tech-
nologies such as differential privacy and homomorphic encryption should 
be further translated into regulations to be standardized in the 6G network. 
Similarly, the technique termed as federated learning where AI models can 
be trained without sharing raw data should also attract equal attention from 
regulation, considering it can ensure that privacy preservation occurs.

3.5.3 Compliance and Accountability in 6G Networks

Scaling the 6G networks around the world would itself be some kind of 
great challenge in the area of security and privacy compliance. In such 
complex systems, strategies for regulatory compliance need to be robust 
as well as scalable. Some promising approaches can include automation of 
checks powered by AI for ensuring compliance. AI systems can monitor 
the behaviour of the network in real time and flag a potential breach of 
security protocols or privacy breach. This could mean embedding com-
pliance directly into the network fabric, which ensures a constant level 
of vigilance as data moves through 6G networks [21]. Transparency will 
also form the foundation of accountability in 6G networks. Users need 
to be in their right to know how their data is being used, processed, and 
shared. Regulations must ensure that service providers create accessible 
and understandable privacy policies. As is evident in the above, the possi-
ble role of empowering users would be as follows. The users must be given 
more control over their data. Some such control would include making it 
easy to be able to opt out from data collection or to a privacy setting. This 
tends to promote user trust concerning a service provider. In some other 
contexts, governments will make data portability obligations, which allow 
users to have their data transferred securely between two or more different 
kinds of service providers.

The role of user empowerment within 6G networks cannot be underval-
ued. As network infrastructure becomes increasingly decentralized, users 
should be given higher control over personal information; such solutions 
as self-sovereign identity frameworks will help this happen. It involves 
management of a user’s digital identity by users themselves without central 
authorities. There is a potential for enabling users to have access to data with 
the possibility of having a higher degree of control through the application 
of blockchain technology as an accountable, decentralized mechanism for 
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identity management of users. It will provide tamper-proof records of data 
transactions and access permissions. Finally, multi-stakeholder collabora-
tion will be vital to foster compliance in 6G environments. Governments, 
private industries, and international organizations must work together to 
build up a unified regulatory framework which delivers security and pri-
vacy. Continuous updates on regulations, which are sustained by the latest 
technological breakthroughs and case studies in real-life applications, will 
ensure the integrity of the networks of 6G.

3.6 Case Studies: Addressing Security and Privacy  
in 6G Networks

3.6.1 Case Study 1: Securing IoT Devices in a 6G Network

IoT devices are envisioned to be part of 6G networks, and, within them, 
billions of connected devices that, with them, require advanced security 
mechanisms. These billions of IoT devices create a large attack surface 
that hinders the objective of data confidentiality, integrity, and availabil-
ity across the network. Securing resource-constrained devices is one of 
the biggest hurdles in advancing technology. Such devices are vulnera-
ble to attacks because they have relatively low computational capabilities 
and memory storage. The threat of malware attacks, data breaches, and 
man-in-the-middle attacks is exploited because these devices are insecure 
[22]. Among several exemplars of going about this is pilot works, such as 
IoT-enhanced 6G smart grid systems. In those pilot projects, security is 
introduced with lightweight encryption algorithms designed for the IoT 
devices, guaranteeing integrity maintained without the strain of excessive 
consumption on device resources [23]. Another solution introduced to the 
IoT devices is the use of multi-factor authentication. Multi-factor authen-
tication will prevent unauthorized access from biometric, password, and 
location-based verification processes.

The most important output of all these has been the success in minimiz-
ing the distributed denial-of-service attacks, which were a serious threat to 
IoT systems. Incorporating AI-based threats of detection mechanisms into 
6G networks can monitor activities in real time and thus detect abnormal 
activity, which would allow one to diagnose and neutralize attacks before 
they compromise the network [9]. Best practices from these pilot projects 
highlight edge computing in securing IoT devices. Edge computing lets 
process data at the edge which decreases latency and increases security by 
the reduced need to send and receive sensitive data across networks.
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3.6.2 Case Study 2: Privacy Preservation in AI-Driven Smart 
Cities

AI-driven smart cities are becoming a reality with the advent of 6G, which 
will enable the real-time processing of vast amounts of data from various 
sources, including surveillance systems, sensors, and citizen interactions. 
However, what seems to be the biggest concern in AI-led city infrastruc-
ture and services management is privacy over personal data collection and 
processing. It adopted the implementation of PETs in a pilot project in 
Barcelona, protecting the privacy of citizens while optimizing services. 
The PETs involved differential privacy and federated learning. Differential 
privacy ensures that personal data is anonymized before it is shared or 
analyzed. This allows for insights to be drawn without exposing identi-
ties. Federated learning enables AI models to be trained locally on devices. 
This approach avoids centralization of sensitive data, thus minimizing the 
threat of data breach [24].

The other major challenge when deploying these technologies was bal-
ancing between how granular data needed to ensure efficient AI decision- 
making and the level of privacy demanded by the respective regulation of 
data protection, such as GDPR. The Barcelona pilot project succeeded in 
showing how privacy-preserving AI enhances the management of a city 
without violating individualized personal privacy. For example, movement 
data was anonymized to make the public transport system more efficient. 
This increased the efficiency of the system with respect to privacy on the 
part of the users. The case study also puts forward the argument that pri-
vacy matters should always be brought into the design of smart city tech-
nologies at the very beginning [3].

3.6.3 Case Study 3: Blockchain-Based Security Solutions in 6G

Blockchain technology has been offered as promising solution to address 
security issues in 6G networks. Blockchain offers authentication and data 
integrity and will allow greater decentralization to enhance network secu-
rity. It is, therefore, best suited for environments with highly complex 
stakeholders and devices in distributed scenarios. In the nascent stages 
of its deployment, blockchain has been applied to secure IoT ecosystems 
and 6G-enabled supply chain networks. One of the most studied cases 
dealt with is the deployment of blockchain-based security systems within 
a 6G smart logistics network. The system used DLTs to determine iden-
tity and verify data transactions within the network. Using blockchain’s 
immutable ledger, each transaction could be traced through timestamps 
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and recording-meaning alterations or tampering of data could not be per-
formed. In addition, the automation of security-related operations, such 
as authentication of IoT devices before they were allowed to communicate 
data over the network, was realized using smart contracts.

The most significant lesson learned from this deployment was that 
blockchain-based security systems are scalable and resilient in 6G complex 
environments. It provided the integrity of data together with a reduction 
in the needs for trusted central authorities, which are usually a single point 
of failure in a traditional network [25]. However, lessons learned from 
this project showed that it is essential to handle the high computational 
and energy costs related to blockchain. This motivates the development 
of lightweight versions of blockchain, which are referred to as blockchain 
for IoT or BIoT. Those variants aim to address some of the distinctive 
demands for 6G networks wherein efficiency and scalability become the 
ultimate concerns.

3.7 Future Directions and Opportunities

3.7.1 Emerging Threats and Security Challenges in 6G

As 6G technology becomes more advanced, the cybersecurity threat envi-
ronment will be relatively challenging for the next-generation networks. 
The most common issue there will be that 6G networks need to be future-
proofed against the ever-evolving and highly sophisticated cyber threats. 
For the first time, 6G will allow large-scale integration of IoT, autono-
mous systems, and AI-driven applications. This is going to highly expand 
the potential attack surface [4]. More and more devices connected to the 
network open up new vulnerabilities to be leveraged by the adversary. 
These new vulnerabilities will be zero-day attacks, breaches of data, and 
ransomware.

As quantum computing continues to grow, another characteristic of the 
threat landscape is the growth of quantum computing. Quantum comput-
ing is quite a double-edged sword with regard to encryption and potential 
threats [26]. On the positive side, quantum computing promises to enable 
the development of quantum-resistant cryptographic algorithms, thereby 
enhancing data protection in 6G networks. There is a need for post- 
quantum encryption methods in the face of threats from adversaries who 
may use their quantum computers to break classical encryption schemes. 
Conversely, the very quantum computing capability may allow decryp-
tion of sensitive data through attacks. This will severely put information 
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confidentiality at risk. More research and development in quantum- 
resistant encryption and advanced cybersecurity frameworks will mitigate 
the risks alone. Those frameworks, by necessity, must be strong enough to 
be immune to the power of quantum computers. Integration of AI-based 
threat detection systems will also play a pivotal role. Such a system of mon-
itoring and mitigation of real-time cyberattacks will decrease the impact of 
such threats on 6G networks.

3.7.2 Innovations in Privacy-Preserving Technologies

One of the core concerns that privacy will face in the future as 6G emerges 
is the amount of personal and sensitive data handled by networks. Besides 
typical approaches, emerging approaches to achieve existing concerns in 
privacy-preserving technologies are required. For instance, differential pri-
vacy is promising to anonymize data while retaining utility for analysis. 
This approach already has potential in smart cities, healthcare, and even 
AI-driven service-oriented applications [24]. Another emerging tech-
nology relating to privacy is homomorphic encryption. Homomorphic 
encryption will let computations be carried out on the encrypted data 
itself, rather than requiring first decryption, thus ensuring sensitive infor-
mation is kept private throughout the data processing cycle. This inno-
vation indeed proves worthwhile especially in sectors such as healthcare 
and finance where privacy and security have to be paramount. Another is 
federated learning, which allows AI models to be trained on decentralized 
data. This approach is sure to maintain personal information with the user 
and contribute toward the development of global AI models [27].

PETs are one of the directions that future 6G privacy technologies are tak-
ing. PETs are now creating robust user data protections. With these PETs, 
new research and development opportunities lie in enhancing efficiency, 
scalability, and usability. Solutions in these areas must be developed further 
and deployed with the collaborations of governments, industries, and aca-
demic institutions. Privacy by design means that developers in this instance 
create systems not as afterthoughts but with embedded protections [28].

3.7.3 Collaborative Approaches to Security and Privacy in 6G

Considering that the networks of 6G are complex and interdependent, 
the issue of security and privacy requires collaboration. The coopera-
tion between the sectors, including public and private, academia, and 
the regulatory body, during the 6G era, would thus be important. This 
collaboration is what will help make networks resilient and secure [7]. 
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Collaborative efforts will also allow the actual development of common 
security standards and best practices. Common intelligence in terms of 
emergence or development of new threats also holds great importance. 
A good example of this collaboration is the establishment of public-pri-
vate partnerships. Such partnerships can design security solutions for 
various industries. They pool their resources and expertise to design 
flexible cybersecurity frameworks that are powerful against new threats.

Academic bodies can add value by researching emerging security technol-
ogies. They can experiment with and validate novel solutions in real-world 
environments. In order to achieve resilience, 6G networks will need to be 
developed to be inter-operable across borders, and international standards 
for security and privacy will be foundational in this way [3]. Standards devel-
oped by organizations such as the ITU and the IEEE will ensure consistency 
on a global scale. It will address cross-border data flows along with differ-
ences in jurisdiction over data protection laws. Cross-industry collaboration 
may also be applied for the design of automated security solutions. The solu-
tions come with AI and ML that is used to scan the networks in real-time so 
as to design a response to threats. They can reduce the time taken to respond 
to attacks, prevent breaches, and ensure strict adherence to privacy regu-
lation compliance. Many stakeholders, including governments and private 
industry players will eventually allow for an all-rounded approach to cyber-
security governance on 6G networks [4].

3.8 Conclusion

Security and privacy exploration in 6G networks expose an area; both 
greater challenges are set and more solutions are expected. In the direc-
tion of promising unparalleled connectivity and data exchange, the tech-
nological development of 6G exacerbates manifold complexities related to 
security and privacy. These major challenges include the increased threat 
landscape due to proliferated IoT devices and sophistication of cyber-
attacks. The problem also presents other broad challenges in securing 
massive volumes of data and addressing vulnerabilities inherent in the 
network infrastructure, particularly considering the introduction of vir-
tualization and AI. Technologies required for the mitigation of threats 
arising from these challenges include strong privacy preserving technolo-
gies, homomorphic encryption and differential privacy as well as AI-based 
threat detection and quantum-resistant cryptography. These need to be 
approached holistically to be dealt with well. This will involve integrating 
next-generation encryption techniques, decentralized trust models such 
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as blockchain, and PETs. Regulatory frameworks must further be adapted 
based on the very rapid trends of 6G technology, ensuring security and 
privacy together [7].

There are a number of actionable measures to take for network opera-
tors, policymakers, and technology developers.

• Network operators would have to invest in advanced security 
infrastructure. They should also adopt AI-driven monitor-
ing systems to improve detection and response capabilities 
with threats.

• Policymakers will have to cooperate with international bod-
ies. They must revise and formulate regulatory standards as 
per their exclusive needs in 6G networks.

• Technology developers will have to look at innovative solu-
tions: quantum-resistant algorithms and privacy-preserving 
technologies among others to give their systems the most 
future-proof characteristics.

• Innovation should be continuous, and research is going to 
be continuous. Policy changes will have to be made accord-
ing to the changing challenges 6G networks bring forth.

• Stakeholders need to develop a resilient 6G ecosystem by 
promoting collaboration and staying ahead of emerging 
threats. This ecosystem shall ensure and protect user data 
while delivering the transformative capability of next- 
generation connectivity [24, 26].
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Abstract
The 5G network age is still a way off, and, because of its limits, we need to start look-
ing into sixth-generation (6G) networks right once. Therefore, we have produced a 
chapter on the current scenario of 6G security and privacy in order to compile and 
reinforce this basic research as a platform for further studies. This chapter gives an 
overview of basic networking techniques and how they affect the present 6G net-
working developments. We have discussed four main areas of 6G communication 
networks: three-dimensional (3D) intercoms, real-time intelligent edge computing, 
distributed artificial intelligence, and intelligent radio. We also cover some excit-
ing new developments in each of these areas, including security concerns. Novel 
technology, an explosion of available user information, and a variety of threats in a 
space-air-ground integrated network environment are the challenges faced by 6G 
mobile networks. For the time being, 6G security and privacy concerns are still 
mostly theoretical and challenging. Informatics has advanced, changing our per-
ception of accessibility and data processing to provide solutions. The survey starts 
with an overview of past networking technologies and their influence on the cur-
rent developments in 6G networking. Next, we explore four critical components 
of 6G networks—real-time intelligent edge computing, distributed artificial intelli-
gence, intelligent radio, and 3D intercoms—along with several innovative technol-
ogies emerging in each field and the associated security and privacy concerns. The 
survey wraps up with an analysis of the possible applications for 6G. To strengthen 
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and establish this foundational research as a groundwork for future studies, we have 
developed a survey regarding the current state of 6G security and privacy.

Keywords: 3D intercoms, 5G network, 6G network, distributed AI, network 
generations, privacy, security

4.1 Introduction

A communication network refers to a system of interconnected devices 
and nodes that enable the exchange of data, voice, video, or other forms of 
information over various distances. Communication networks are essen-
tial for modern telecommunications, supporting services like the internet, 
telephone systems, and broadcasting. Here is an overview of communi-
cation networks, and their key components are discussed. The advent of 
sixth-generation (6G) communication networks marks a transformative 
era in global connectivity, promising unprecedented advancements in data 
speed, ultra-low latency, massive device connectivity, and intelligent auto-
mation. As the successor to 5G, 6G aims to integrate cutting-edge technol-
ogies such as artificial intelligence (AI), Internet of Things (IoT), pervasive 
sensing, and quantum computing to enable futuristic applications, includ-
ing autonomous systems, immersive augmented reality, and smart cities. 
However, these technological leaps introduce significant challenges in 
maintaining robust security and safeguarding user privacy. The complexity 
of 6G networks, driven by their decentralized architectures, heterogeneous 
devices, and dynamic operational scenarios, expands the attack surface, 
exposing the ecosystem to new vulnerabilities. Furthermore, the integra-
tion of AI and machine learning (ML), while enhancing adaptability, poses 
risks such as adversarial attacks and data breaches. Similarly, the vast vol-
umes of sensitive data generated in real-time by interconnected devices 
intensify privacy concerns, making the development of effective frame-
works imperative.

This chapter explores the challenges associated with enhancing security 
and privacy in 6G networks and proposes solutions to address these issues. 
From leveraging AI-driven threat detection and post-quantum cryptogra-
phy to implementing privacy-preserving techniques and zero-trust archi-
tectures, the discussion highlights the need for innovative and adaptive 
frameworks to ensure a secure 6G future. By addressing these challenges, 
we can build trust and resilience in a network that forms the backbone of 
tomorrow’s digital society.
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The rapid evolution of wireless communication technologies has brought 
humanity to the brink of the 6G of mobile networks, which promises to rev-
olutionize connectivity and enable unprecedented applications. Building 
upon the foundations of 5G, 6G networks aim to deliver ultra-high-speed 
communication, latency on the order of microseconds, and seamless inte-
gration of billions of devices through the Internet of Everything (IoE). The 
envisioned applications of 6G include fully autonomous transportation 
systems, holographic telepresence, advanced smart cities, precision health-
care, and pervasive computing environments. These transformative capa-
bilities, however, come with significant challenges in ensuring the security 
and privacy of users and systems. Unlike earlier generations, 6G networks 
are expected to feature highly decentralized and intelligent architectures, 
characterized by edge computing, AI-driven decision-making, and ultra-
dense device deployment. This decentralization, while necessary for 
achieving performance goals, creates a vast and complex attack surface. 
The combination of massive machine-type communication, ultra-reliable 
low-latency communication, and enhanced mobile broadband (eMBB) 
adds layers of complexity to network management, making traditional 
security frameworks insufficient for addressing emerging threats.

Moreover, 6G’s reliance on advanced technologies such as quantum 
computing, blockchain, and reconfigurable intelligent surfaces (RISs) 
introduces novel risks. For instance, quantum computers have the potential 
to break traditional encryption mechanisms, whereas blockchain-based 
systems could be susceptible to new types of attacks targeting consensus 
protocols. The increased connectivity of devices and the data-intensive 
nature of 6G networks further exacerbate privacy concerns, particularly 
regarding data ownership, sharing, and protection. In response to these 
challenges, the development of robust security and privacy frameworks 
for 6G is critical. Solutions must account for the unique features of 6G, 
including its reliance on AI for network orchestration, its integration with 
emerging technologies, and its unprecedented data-generation capabilities. 
AI-driven threat detection and response mechanisms, post-quantum cryp-
tography, privacy-preserving data analytics, and zero-trust security archi-
tectures are among the promising approaches to securing 6G networks.

This chapter examines the multifaceted challenges of ensuring secu-
rity and privacy in 6G communication networks and explores innovative 
solutions to address these issues. By delving into these aspects, the chapter 
aims to provide insights into designing a resilient 6G ecosystem that safe-
guards the integrity, confidentiality, and availability of data and services 
while fostering trust in the networks that will underpin the future of digital 
innovation.
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The advent of 6G communication networks marks a paradigm shift in 
wireless technologies, promising to redefine how we interact with the dig-
ital world. As a successor to 5G, 6G aims to achieve unprecedented per-
formance metrics such as terabits-per-second data rates, sub-millisecond 
latency, and seamless connectivity across terrestrial, aerial, and satellite 
networks. These advancements will facilitate revolutionary applications, 
including holographic communication, digital twins, autonomous sys-
tems, and ultra-smart cities. However, the integration of these capabilities 
comes with heightened challenges, particularly in ensuring the security 
and privacy of the networks and their users. Unlike previous generations, 
6G networks will feature decentralized, intelligent, and dynamic architec-
tures. Core technologies driving this evolution include AI, ML, quantum 
computing, blockchain, and RISs. While these innovations enable 6G to 
meet the demands of ultra-reliable and low-latency communication, mas-
sive device interconnectivity, and immersive user experiences, they also 
create novel vulnerabilities. For instance, the incorporation of AI and ML 
exposes networks to adversarial attacks, whereas the potential of quantum 
computing raises questions about the long-term viability of traditional 
cryptographic algorithms.

The increasing reliance on ultra-dense and interconnected devices 
heightens the complexity of safeguarding sensitive data. Privacy concerns 
are amplified by the vast amounts of data generated, transmitted, and ana-
lyzed in real time, often crossing geographical and regulatory boundaries. 
Existing security frameworks, designed for earlier generations of net-
works, fall short of addressing the dynamic and multidimensional threats 
posed by 6G environments. Addressing these issues requires a holistic 
approach to security and privacy that integrates cutting-edge technol-
ogies and innovative methodologies. Solutions must be tailored to 6G’s 
unique characteristics, such as its reliance on AI for autonomous decision- 
making, its embrace of decentralized architectures, and its dependence on 
data-intensive applications. Promising strategies include the adoption of 
post-quantum cryptography, federated learning for privacy-preserving AI, 
zero-trust security models, and blockchain-based authentication mech-
anisms. Additionally, ethical considerations and regulatory frameworks 
must evolve to align with the technological complexities of 6G systems.

This chapter delves into the critical challenges and emerging solutions 
for enhancing security and privacy frameworks in 6G communication 
networks. It begins by exploring the transformative capabilities of 6G and 
the unique security and privacy risks that it introduces. Subsequently, it 
examines state-of-the-art solutions, focusing on their applicability to 6G’s 
diverse use cases. By addressing these themes, the chapter aims to provide 
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a comprehensive understanding of how to build secure, resilient, and 
trustworthy 6G networks capable of supporting the next wave of digital 
innovation.

4.1.1 Challenges in Communication Networks

1) Scalability
 As the number of connected devices grows, networks need 

to scale efficiently without compromising performance.
2) Security
 Communication networks are vulnerable to cyberattacks such 

as hacking, Distributed Denial of Service attack (DDoS), and 
data breaches. Implementing encryption and secure protocols 
is critical.

3) Latency and Bandwidth
 Reducing latency (delay in data transmission) and increas-

ing bandwidth (amount of data transmitted) are essential for 
real-time applications like video streaming and gaming.

4) Interoperability
 Ensuring that devices and systems from different manufac-

turers or platforms can work seamlessly together is crucial, 
especially with the rise of IoT and smart devices.

4.2 AI-Enabled 6G Networks

1) Privacy and Security
By employing ML models to identify patterns suggestive of cyberattacks, 
AI-driven systems are able to continually monitor 6G networks for indi-
cations of unusual behavior or security breaches. AI will improve security 
measures in real time by recognizing and eliminating threats more quickly 
than with conventional techniques. Adaptive Encryption: AI will be utilized 
to create security methods that adjust based on the kind of data being sent. 
For example, depending on real-time evaluations of possible risks, extremely 
sensitive data would immediately be encrypted with greater security.

2) Managing Massive Connectivity
As IoT devices proliferate, 6G will need AI to effectively manage enor-
mous numbers of linked devices. AI will assist by ensuring that resources 
are deployed efficiently and prioritizing devices based on consumption 
patterns.

本书版权归John Wiley & Sons Inc.所有



86 Security and Privacy in 6G Communication Technology

3) Assurance of Quality of Service
AI is able to predict traffic volumes in various areas, which enables the 
network to pre-allocate resources to ensure optimal performance during 
periods of heavy usage [9].

4) Advanced Applications of AI
AI will be crucial for handling the massive amount of data in holographic 
communications requirements of holographic communications, ensuring 
smooth transmission and minimal delays. AI-Driven Digital Twins: 6G 
networks will utilize digital twin technology, where AI creates real-time 
virtual models of physical objects or environments. This will enable remote 
monitoring, diagnostics, and even control of physical systems in fields like 
manufacturing, healthcare, and smart cities [10].

5) Context-Aware Networking
Personalized User Experience: AI can analyze the context in which a user 
is interacting with the network (e.g., location, device type, and application) 
and dynamically adjust the network settings to enhance the user experi-
ence. This could mean boosting bandwidth for immersive VR or lowering 
latency for real-time gaming.

The network energy efficiency for 6G must grow 10-fold over 5G and 100-
fold over 4G [11]. It is anticipated to enable transmissions at extremely low 
power for devices with limited resources. At 1,000 km/h, swift movement will 
be possible thanks to sophisticated and proactive mobility management tech-
nology. The delay outcome of security procedures will be assessed in order to 
ensure that Extremely Reliable and Low Latency Communications (ERLLC) 
receives high-quality service. In a same vein, high standards necessitate 
extremely effective security solutions that ensure the availability of resources 
and services. The new security solutions utilizing distributed intelligent AI and 
ML include challenging to implement and run because of the IoE. Determining 
an essential component involves knowing how to provide additional security 
enablers to devices with constrained resources, as shown in Figure 4.1 [12].

This chapter highlights a thorough survey on privacy and 6G network 
security concerns. We provide a quick overview security evolution the first 
five generations of mobile radio technology, from 1G to 5G, with an empha-
sis security flaws identified current answers. The security of 6G issues several 
important domains looked into. Research also outlines the security needs and 
challenges for 6G technology and applications. Next, we suggest fixes for the 
new 6G apps. This research examines one of the earliest investigations that 
encompasses a comprehensive assessment for the prospective security solu-
tions related to 6G new technology [13, 14] as shown in Figure 4.2. There are 
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currently no standard features or requirements for the 6G network, just a 
multitude of options. Rather, it ought to offer complete coverage of the sub-
merged area. Additionally, far greater AI capabilities should be available on 
the 6G network. Indeed, a lot of academics believe that the 6G network needs 
to be “AI-empowered,” which means that AI will be both its main feature and 
its engine [2]. Its architecture should not be limited to using AI, like the 5G 
network does. The fully integrated use of presently developing AI in the 6G 
network is expected instruments and networking features. Furthermore, risk 
mitigation needs to be an essential component of the design, given the recent 
rise in relevance of privacy and network security issues [3].

These four domains comprise the most potent portion of the 6G research 
that is currently underway, which is why we selected them as our primary 
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Figure 4.1 Applications of AI-enabled 6G network.
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emphasis [4]. They also face the greatest privacy and security risks shown 
in Figure 4.3. As a result, the following may be used to sum up this survey’s 
primary contributions:

a. A list and examples of the primary privacy and security risks 
for 6G networks are provided.

b. The list of the most promising technologies for 6G networks 
is followed by a detailed investigation of the security and pri-
vacy concerns associated with these technologies.

c. New privacy and security issues unique to 6G networks are 
outlined and discussed.

Based on the above discussion, the following topics will be covered in 
the remaining sections of this chapter.

 i. Outlining the most popular 6G technologies and investi-
gating each one’s unique security requirements.

 ii. Investigating the requirements for 6G applications and 
services.

 iii. Describe the security flaws in 6G apps and offer potential 
solutions.
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4.3 Features and Drawbacks of 1G to 5G

1) 1G
 The “G” in 1G is used for “generation,” and it refers to the gen-

eration of wireless mobile telecommunications technology 
[15]. Designed primarily for phone services, the 1G network 
was initially put to use analogy transmissions send data lacks 
any authorized wireless standards [5]. Intense handoffs as well 
as inadequate and no security and privacy guarantees are the 
negative effects of this, as shown in Figure 4.4.

2) 2G
 Making the Global system for mobile communications  (GSM) 

aims to provide a system that is as safe as a Public Switched 
Telephone Network. 1) Privacy, 2) verification, 3) security of 
signals, and 4) protection of user information are some of its 
security and privacy offerings [8]. Anonymity is attained by 
using fictitious identifiers, making it challenging to determine 
the user’s true identity. When the device is first turned on, 
though, the actual identity must be utilized; otherwise, a tempo-
rary identification is generated [6]. Network operators mostly 
employ authentication. Furthermore, end-to-end encryption is 
not used. Adversaries have a chance to launch an attack because 
just wireless channel is encrypted remains unencrypted [11].

3) 3G
 The 2G technologies provide the foundation of the 3G system’s 

security. Furthermore, the Third-Generation Partnership 
Project offers a comprehensive security framework con-
trolling access, which consists of two components [7].
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4) 4G
 As 4G users become increasingly adept at interacting with 

one other and as executors of all wireless protocols, threats 
become more widespread [16]. Furthermore, more malicious 
software may be executed on mobile terminals as process-
ing and storage capacity increase, possibly leading to greater 
harm. Common examples include malware, hardware plat-
form interference, and weaknesses in operating systems.

5) 5G
 Other devices, such as IoT equipment, could potentially be 

able to connect to the network in addition to smartphones 
[17, 18]. The network design of 5G networks, in particular 
its three tiers (access networks, backhaul networks, and core 
networks), may offer the most effective classification system 
for security and privacy issues [19].

4.4 Important Domains for 6G Networks

Numerous 5G network components and some network layer applications have 
already been built on AI [26]. Consequently, distributed AI and intelligent 
radio are unsupported as they are fully dependent on AI. Furthermore, latency 
makes it impossible to respond to emergency circumstances in “real-time,” 
even in 5G networks that have already embraced real-time intelligent edge 
technologies like automobile networks [20, 21]. Additionally, 5G coverage is 
now restricted to the planet; at some three-dimensional (3D) intercom levels, 
communication in space or underwater is not feasible as shown in Table 4.1.

1) Real-Time Intelligent Edge
Real-time intelligence and extremely low network latency are required 
[22]. This is especially valid for networks of vehicles. Although autono-
mous driving is currently possible with the 5G network, and some of 
these capabilities are even being used by AI-powered cloud services, it is 
not possible to support network entities that possess self-awareness, self- 
adaptation, or prediction [28]. It is thus necessary to create a new network 
that is capable of doing these tasks [26]. Furthermore, vehicle-to-vehicle 
communications will benefit greatly from the usage of several emerging 
technologies, such as VideoLAN Client  (VLC) [29]. A vehicle network 
should include both the physical and network environments, according to 
Tang et al. [30], because doing so may help lessen the threat provided by 
malicious automobiles. Group dynamics within parked automobiles need 
to be considered as well [23].
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2) Distributed Artificial Intelligence
Beyond its handling as personal data, the shared data serves as a training 
set in this way. Correct implementation of this strategy may potentially 
enhance the network’s security and privacy. Distributed AI security con-
cerns have already been noted in some cases [43]. A malevolent user may, 
for instance, update a contaminated model to contaminate the training 

Table 4.1 A summary of key areas related to 6G.

Key areas Summary Characteristics Relation to 6G

Real-time 
intelligent 
edge

Real-time intelligent 
edge technology 
might make it easier 
for autonomous 
vehicles to react 
quickly to new 
situations [25].

Real-time 
response

Capability of 
control

Distributed 
artificial 
intelligence

A sizable decentralized 
system with 
distributed artificial 
intelligence should 
be able to make 
intelligent decisions 
at many levels [27].

Make 
intelligent 
decision

Decision-making 
capacity

Intelligent 
radio

Within an intelligent 
radio system, 
hardware information 
may be used by 
receiver algorithms 
to dynamically 
configure and update 
themselves.

Self-adaptive Be responsible for 
communication

3D intercoms Services might be offered 
via 3D intercoms 
according to the needs 
of the moment and 
place. In addition to 
ground level, coverage 
extends to space and 
underwater levels [36, 
38].

Full 3D cover Be responsible for 
coverage
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model as a whole. Device security is another area with some concerns [32]. 
Furthermore, to guarantee data integrity, ML models should be enhanced 
[33], and enhancements to complete communication and control security 
are desirable [31]. Some distributed ledger technology (DLT) authentica-
tion problems should be resolved by blockchain-like techniques [34], but 
further research is required to enable machine-learning models to antici-
pate impending assaults [35].

3) Radio with Intelligence
Transceiver algorithms and devices were built in tandem hardware attri-
bute networks, such that the number of antennae and the computation of 
decoders have been essentially unchanged [2]. But with to recent advance-
ments in circuits and antennas, it is now feasible to isolate intelligent 
radio might function as a single system. According to Yang et al. [1], it is 
conceivable to exploit numerous high-frequency bands and dynamically 
employ different frequencies by combining software-defined radio with 
networking approaches. This would enable support for intelligent radio. 
An interface language and operating system have been presented by Huang 
et al. [2]. It is based on hardware data and AI techniques that allow for 
the reconfigurability of transceiver algorithms. Additionally, it has been 
suggested that intelligent radio assistance needs to meet a number of cri-
teria. For instance, the frequency band should adjust to the hardware and 
surroundings [56].

4) Multimedia intercoms
Planning, analyzing, and optimizing networks skills in 6G networks 
will need to be upgraded from two dimensions to three in comparison 
to earlier network generations [37]. Therefore, in order to accommodate 
satellites, unmanned aerial vehicles, and underwater communications, 
6G networks need to be able to enable communications in 3D space. 
For instance, because the fixed equipment connected to 4G and 5G net-
works cannot be moved, unmanned aerial vehicle (UAV)  network setup 
and reaction during an emergency in a remote location are more eco-
nomical than utilizing these networks [40]. Because satellites must oper-
ate in controlled frequency bands, terahertz (THz) bands are now being 
researched and tested at the space level [39]. Given its appropriateness 
for long-distance communication, communication and quantum com-
munication might be used in this situation [29]. The Space-Terrestrial 
Integrated Network, as proposed by Yao et al. [41], is a system that com-
bines mobile wireless networking, the internet, and satellite commu-
nications. Because of the complexity of the underwater environment,  
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there is ongoing debate on whether 6G networks might function under-
water in terms of coverage. Grimmett [44], on the other hand, is leading 
the conversation on a few security concerns related to the methods used 
for transmission in wireless acoustic communication networks underwa-
ter. Therefore, further security concerns will undoubtedly surface in the 
future [42].

4.5 Contributions and Issues of Key Technologies 
with the Main 6G Technologies

Some important technologies are already showing to be secure and effec-
tive transmission services, high dependability, and low latency to 6G net-
works. But as was previously indicated in the part above, the majority of 
these technologies also bring with them new security and privacy risks. In 
this part, we talk about this that summarized in Table 4.2.

1) Terahertz (THz) Communication
High Data Rates: 6G will utilize THz frequencies (0.1–10 THz), enabling 
data rates up to 1 Tbps, far exceeding those of 5G. THz communication 
opens up enormous bandwidth for applications like immersive virtual 
reality (VR), holographic communication, and high-resolution imaging. 
The use of THz waves will enable extremely low-latency communication 
over short distances, essential for real-time applications like autonomous 
vehicles and AR. THz waves face significant propagation loss, meaning 
they cannot travel far or penetrate obstacles like walls, requiring a dense 
infrastructure of small cells. Power consumption and material limitations 
make it difficult to develop effective THz transceivers and antennas. The 
electronics of today are not entirely THz frequency optimized.

2) Machine Learning (ML) and Artificial Intelligence (AI)
Network Automation: AI will make it possible for networks to self-optimize 
(SON), allowing for automatic real-time modifications to traffic, resource 
allocation, and energy consumption. Predictive analytics powered by AI 
will improve spectrum management by cutting down on interference, opti-
mizing bandwidth, and enhancing user experience. Real-time cyber threat 
detection and mitigation by AI-driven technologies enhances the 6G eco-
system’s overall security. The integration of AI with 6G networks will sig-
nificantly increase system complexity, making system management and 
troubleshooting more difficult. Using AI to make crucial network choices 
brings challenges regarding reliability, transparency, and accountability.
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Table 4.2 Contribution and issues of key technologies with the main 6G 
technologies.

Key technology Ref.

Security and 

privacy issues Key technology contribution

AI [33] Access control Detailed control procedures

[37] Malicious behavior Seek for irregularities in the network 

and issue timely alerts

[45] Authentication A technique for unsupervised learning 

that might be applied to the 

authentication procedure to improve 

the physical layers’ security

[46] Communication A machine learning–based antenna 

design that might be used to PHY 

layer communication to stop data 

leaks

Molecular 

communication

[47] Encryption Quantum encryption techniques and 

machine learning

[48] Malicious behavior An enemy interfering with molecular 

communication or its mechanisms

[49] Encryption A coding system that could improve 

data transmission security

[50] Authentication Provide guidance for creating new 

methods of authentication

Quantum 

communication

[47] Encryption Protection mechanisms for quantum 

encryption keys

Blockchain [52] Authentication A fresh conceptual framework for 

authorizing mobile services

[53] Access control A technique to enhance access 

procedures

[54] Communication Hashing power is used to verify 

transactions.

VLC [57] Communication A safe procedure that is applicable to 

communication.

[58] Malicious behavior Cooperating snoopers can make 

security less effective.
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3) Reconfigurable Intelligent Surfaces (RISs)
Improved Signal Propagation: RISs are capable of modifying electromag-
netic waves to increase the intensity and quality of the signal, particularly 
in places with inadequate coverage. By focusing and rerouting wireless sig-
nals, these surfaces eliminate the need for base stations that consume a lot 
of electricity. Integrated risk information system (IRIS), especially in urban 
settings, can assist reduce signal obstructions by reflecting and improv-
ing signal routes. It will be costly and logistically difficult to deploy RIS 
widely throughout buildings and infrastructure. Accurate alignment with 
signal routes and network optimization are essential to RIS performance, 
although these requirements may be challenging to uphold in practical 
settings. In places with a high population density and a large number of 
reflecting surfaces, improperly designed RIS may cause interference.

4) Quantum Communication and Computing
Virtually Unbreakable Encryption: With quantum cryptography, import-
ant communications on 6G networks might be protected from untrace-
able encryption. The processing power needed for intricate data analysis, 
optimization, and AI-driven applications might be significantly increased 
by quantum computing. Network Synchronization: By enabling incredi-
bly accurate temporal synchronization throughout the network, quantum 
approaches may enhance cooperation between dispersed systems. The 
current scalability of quantum communication technologies is limited by 
their early development and need for extremely regulated conditions. The 
construction of quantum communication infrastructure is an expensive 
endeavor, as the technology is intricate and needs continuous research and 
development. There are compatibility issues when integrating quantum 
communication with conventional networking technology.

5) Non-Terrestrial Networks (NTNs) and Satellite Integration
Global Coverage: Remoting and underserved areas will be covered by 
satellite- based 6G networks, guaranteeing ubiquitous access even in rural 
areas and across seas. In times of emergency or natural catastrophe when 
terrestrial networks may collapse, NTNs provide resilience. NTNs will 
improve connectivity for use cases involving high mobility, such high-
speed rail, aircraft, and maritime transportation.

6) Distributed ledger technologies (DLTs) and blockchain
Automated Contracts: Blockchain-driven smart contracts may make it 
possible for 6G networks to conduct safe, effective, and automated service- 
level agreements and transactions. Scalability is a problem for current 
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blockchain technology, especially when dealing with high transaction 
volumes or real-time data transfers. Because blockchain technology is 
decentralized, governments and other organizations may find it difficult to 
monitor and regulate blockchain-enabled systems.

Numerous cutting-edge technologies will be included into 6G networks, 
each of which will add to previously unheard-of levels of intelligence, 
speed, and connectedness. Although these technologies have great poten-
tial, they also present a number of difficult scalability, security, cost, and 
complexity issues. It will take ongoing study, technological advancement, 
and cooperation between governmental, corporate, and academic entities 
to overcome these problems. The next wave of digital revolution and the 
realization of 6G’s full potential depend on the successful adoption of these 
crucial technologies, as shown in Figure 4.5.
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Figure 4.5 Key technologies in 6G mobile networks.
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4.6 Upcoming Research Issues in 6G Technologies

Network technology is always changing, resulting in new and interesting 
applications. Even though 6G networks will still use several applications 
from previous network generations, the technology covered in Section 4.5 
has a bright future. We will discuss these possible developments as well as 
the challenges that scientists are currently working to solve in this section 
as shown in Figure 4.6.

1) Applications of multisensory XR
However, Dang et al. [37] emphasize that greater focus has to be placed 
on the security, privacy, and secrecy of eMBB. Likewise, a 3D model of 
privacy risks in extended reality (XR) apps is described by Yamakami et al. 
[50] as a guide for the problems that need to be investigated by researchers. 
Additionally, Pilz et al. [1] point out that, in order to safeguard internal 
security, multisensory XR apps might regulate the verticals themselves.
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Figure 4.6 Upcoming issues in 6G technologies.
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2) Autonomous Systems and Connected Robots
“Industry4.0,” which refers to lowering human intervention in industrial 
processes through the use of automated control systems, is a concept dis-
cussed by Strianti et al. [34]. Additionally, these writers envisioned an auto-
mated factory that could manage a complete system’s resource control, 
computations, caching, and communications automatically. The automated 
factory in this scenario is a fully autonomous system, equipped not just with 
actuators and mobile inspectors, but also with cloud services, databases, 
and UAV networks. These two applications’ security and privacy concerns 
are covered separately below. But these systems are equally subject to some 
assaults. Li et al. [52] point out that UAV network management and control 
is done by software-defined networking (SDN) controllers are simple targets. 
A Tiro opponent may employ the WIFI-based attack. According to Fotouhi 
et al. [51], autonomous drone systems are susceptible to Denial of Service 
attack (DoS) assaults, spoofing attacks, hijacking attacks, and eavesdropping 
attacks. Consequently, relevant security safeguards must be in place.

3) Wireless Brain-Computer Connections
Over the course of two decades of study and development, wireless 
brain-computer interface (BCI), while not a new idea, has improved. The 
core idea of wireless BCI is the creation of a connection between the brain 
and an apparatus. The device might be inside, like the visual cortex, or 
external, like an artificial leg. This technique typically consists of four 
stages: signal capture, feature translation, feature extraction, and feedback. 
Until recently, helping the disabled utilize assistive technology was the 
main purpose of wireless brain stimulation (BCI) in the medical industry. 
However, Chen and colleagues [55] represented a new method for BCI in 
2015 developed to use brain impulses to accelerate spelling.

4) Blockchain Technology and Distributed Ledgers
Blockchain technology is expected to be utilized for spectrum and data 
sharing, greatly boosting the security of 6G networks, as it exchanges data 
with all relevant stakeholders [24]. Some of these problems are still quite 
dangerous, though. Three categories of malevolent behavior attacks are 
listed by Nguyen et al. [58]: double-spending, transaction privacy leak-
age, and most vulnerability attacks. Additionally, they suggest a number of 
blockchain-based fixes, including incentive schemes and encryption algo-
rithms, to address these problems in 6G networks.
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4.7 Solutions of 6G Technological Issues

6G technology, expected to succeed 5G around 2030, presents numerous 
technological challenges. However, researchers and industries are actively 
working on solutions to address these issues. Below are some of the key 
challenges and their potential solutions:

1) Energy Efficiency
High-frequency 6G networks may require more power to operate, lead-
ing to greater energy consumption. Which improves battery technology 
and the creation of transmission protocols and hardware that use less 
energy. Techniques like energy harvesting from the environment (solar, 
motion, etc.) and AI-driven power management can help reduce power 
consumption.

2) Hardware Limitations
6G will rely on advanced hardware, such as THz transceivers, that currently 
face technological limitations. Materials science research is being done to 
create new semiconductors and components based on nanotechnology that 
can withstand extremely high frequencies with little power loss. Photonic 
devices are also being explored to improve data transmission efficiency.

3) Latency and Reliability
High reliability is required for critical applications like autonomous vehi-
cles and remote surgeries. Use of edge, utilizing edge computing reduces 
latency by processing data closer to the source. To cut down on latency, AI 
and ML can further optimize data routing.

4) Security and Privacy
With more connected devices and higher data transmission rates, 6G net-
works will be more vulnerable to cyberattacks. Integration of quantum 
cryptography for unbreakable encryption, AI-based anomaly detection 
for real-time threat identification, and decentralized security models like 
blockchain to ensure data integrity.

5) Cost of Infrastructure
The deployment of 6G infrastructure, particularly in rural and underserved 
areas, can be prohibitively expensive. Using a network sharing approach 
in which several operators share a single piece of infrastructure. Satellite-
based networks and integration of NTNs can also help extend coverage to 
remote areas.
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6) Interoperability with Legacy Networks
6G will need to co-exist with 4G and 5G networks during the transition 
period. Network architecture that is backwards compatible and allows for 
smooth transitions between various network generations. SDN and network 
function virtualization (NFV) can facilitate easier integration across network 
types.

7) Sustainability and Environmental Impact
The environmental footprint of 6G infrastructure could be significant due 
to energy usage and materials. 6G networks will be powered by renewable 
energy sources, energy efficiency, and the use of sustainable materials in 
hardware manufacturing. Governments and industries may also work on 
carbon offset initiatives for 6G deployments.

8) Device Connectivity Density
Challenge: 6G networks will need to support a massive number of con-
nected devices, far more than 5G.
Solution: Advanced multiple access techniques, such as Non-Orthogonal 
Multiple Access, can improve connectivity by enabling more devices to 
share the same resources. Intelligent beamforming and multiple-input, 
multiple-output antennas will enhance connection reliability and density.

By addressing these technological issues, 6G has the potential to revolu-
tionize industries, enable new services like holographic communications, 
and support highly connected environments.

4.8 Conclusion

As 5G network development nears completion and is ready for deploy-
ment, researchers are starting to concentrate more on 6G networks. The 
6G network will undoubtedly function better than earlier versions. As 6G 
technology evolves, it promises unprecedented advancements in commu-
nication speed, latency, and connectivity, opening doors to transformative 
applications such as holographic communication, immersive virtual envi-
ronments, and autonomous systems. However, these benefits come with 
significant security and technological challenges. Security remains a crit-
ical concern, as 6G networks will introduce more devices, increased data 
traffic, and greater reliance on wireless communications. Emerging threats, 
such as advanced cyberattacks, data breaches, and privacy invasions, 
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will require robust security solutions, including quantum cryptography, 
AI-driven threat detection, and blockchain for decentralized security.

Challenges like spectrum management, energy efficiency, and infra-
structure costs must be addressed to ensure seamless global deployment. 
Solutions such as advanced spectrum sharing, energy-efficient designs, and 
edge computing will help mitigate these challenges. Additionally, interopera-
bility with legacy networks will be crucial during the transition period to 6G, 
requiring a balanced approach to innovation and backward compatibility. In 
summary, although 6G holds tremendous potential, overcoming its security 
risks and technological hurdles will be essential to unlocking its full capabil-
ities. Collaboration among governments, industry leaders, and researchers 
will be key in building a secure, efficient, and inclusive 6G future.
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Abstract
This paper focuses on adaptive security protocols to secure sixth-generation (6G) 
networks and explains how the current and potential progressions may overcome 
unique challenges for securing the new next-generation technology. In its ability 
to offer unprecedented connectivity, speed, and integration with technologies such 
as artificial intelligence (AI), Internet of Things, and edge computing, 6G calls for 
more complex and dynamic environments than those traditionally dealt with by 
security models. It deals with proactive resilience at every level of 6G in terms of 
scale and complexity, designed by AI-driven threat detection, quantum-resistant 
encryption, and decentralized architectures. Multidimensional issues that include 
multi-layered security, context-aware protocols, and zero-trust models create pro-
tection against advanced cyberattacks as a comprehensive system and highlight 
the ethical and privacy considerations of monitoring data for automation in adap-
tive security architecture. It demands greater research and international standard-
ization. In fact, it points out the need for adaptive security to offer a basis of a 
secure, resilient, and privacy-aware platform for 6G. Real-time threat anticipation 
as well as autonomous response capability in adaptive security will be the key for 
securing future digital landscapes.
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5.1 Introduction

In many ways, it is incredible that the journey from third generation (3G) to 
sixth generation (6G) has been due to the acceleration of connectivity, speed, 
and capabilities transforming communication and interaction with digital 
technology.

Third generation (3G): The 3G technology was released in the early 
2000s. It gave mobile internet access at much higher speed than the pre-
ceding generations, which made it possible to use essential data services 
like web browsing and multimedia applications on mobile devices. It sup-
ported speed up to 2 Mbps, and email, simple streaming, and web brows-
ing were achievable [1]. Fourth generation (4G): Building on 3G, 4G was 
introduced around 2010 and increased data speed significantly, reaching 
up to 100 Mbps for mobile use and even faster in stationary conditions. 4G 
brought in the era of high-definition video streaming, advanced mobile 
applications, and low-latency communication, which made innovations 
like mobile HD video calls and cloud-based services possible. Fifth gen-
eration (5G): Currently, 5G is revolutionizing connectivity with ultra-low 
latency as low as 1 ms up to 10 Gbps and supporting massive Internet-
of-Things (IoT) connectivity [2, 3]. This generation introduced network 
slicing, massive Multiple Input Multiple Output (MIMO), and edge com-
puting, supporting high-demand applications such as autonomous vehi-
cles, smart cities, and augmented reality/virtual reality (AR/VR). Finally, 
the 6G, set to be reached in the 2030s, is going to provide speed in the 
100 Gbps to 1 Tbps, latency microsecond range, with virtually instanta-
neous communication [4]. It shall extend beyond the capabilities of 5G IoT 
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Figure 5.1 Journey of network evolution from 3G to 5G (1990–2024).
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and reach breakthroughs in artificial intelligence (AI)–driven networks, 
quantum communication, and real-time holographic applications (Figure 
5.1). It is a form of evolution that enables fully immersive extended reality, 
remote surgery, and interconnected, self-optimizing innovation ecosys-
tems on a scale previously not possible, thus achieving unparalleled con-
nectivity and digital integration in everyday life.

5.1.1 Emerging Security Challenges in 6G Technology

It represents transformative change in terms of the speed of such networks, 
connectivity, and technology integration into these 6G networks that make 
the security dynamic in nature and challenging (Figure 5.2). In this net-
work, the handling of a huge amount of data can be done online, which 
can be transmitted through a rate up to 1 Tbps [5]. Seamless streaming 
of big data generates effective working in each sector. However, that also 
comes with vulnerability issues with respect to more mature cyber threats 
such as Distributed Denial of Service (DDoS) attacks, which overwhelm 
the network defenses with amounts of data of a different paradigm [6]. 
Furthermore, 6G will bring forth and support a never-seen-before density 
of connected entities such as IoT, sensor devices, and edge-based devices, 
creating a tremendous attack surface [7]. Even small vulnerabilities in 
these devices can compromise entire networks, especially in critical sectors 
such as healthcare, transportation, and smart cities, whose overall security 
depends on securing all devices across different kinds of environments.

AI will comprise a substantial part of 6G networks, thereby offering 
for intelligent management, predictive maintenance, and security moni-
toring. However, the increased reliance on AI brings in security risks that 
come with AI [8]. For example, an adverse attack can cause much damage 
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Figure 5.2 Emerging challenges in 6G technology.
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if AI models embedded into network management are compromised. 
Such adverse attacks either cheat AI algorithms or data through poisoning 
attacks. Moreover, 6G will use edge computing in an effort to minimize 
latency, which is important for applications such as autonomous driving 
and remote surgery. The diffusion of processing power across devices used 
for edge computing increases the number of potential entry points for 
attacks, thus requiring stronger security controls to protect data integrity 
and prevent unauthorized access in these decentralized locations.

As the abilities of quantum computing advance, the new 6G networks 
should be prepared for such possible threats to traditional encryption, 
and, thus, the development of quantum-resistant security frameworks will 
become inevitable. This, aside from new privacy concerns that rise with 
the increased data for services like immersive AR and human–machine 
interactions, points out the need for good techniques of encryption and 
anonymization of data. Needless to say, all of this creates a huge need to 
implement adaptive, multi-layered security frameworks within the net-
work of 6G while utilizing zero-trust architecture to continuously verify 
the user identity and permissions with the aid of AI-based threat detection 
to respond to evolving risks [9]. A proactive resilient approach to security 
in the current landscape will ensure 6G networks are safe and trusted.

5.1.2 Need for Adaptive Security

In the dynamic environment of 6G networks, with its vast scale, velocity, 
and complexity, such traditional static security protocols are very inade-
quate. Static protocols simply rely on predefined rules or signatures, which 
cannot stay abreast of the state-of-the-art sophistication of current cyber 
threats or respond well to the unique demands made by 6G in terms of 
high-speed as well as highly connected ecological demands [10]. As 6G 
integrates emerging technologies such as AI, IoT, and edge computing, 
it sees a significantly larger and constantly evolving attack surface where 
threats could arise in real time and change accordingly. This, therefore, 
poses an urgent need for adaptive security—a very fluid approach that 
would continuously be modified and strengthened to meet the most cur-
rent threat landscape. Adaptive security uses AI and machine learning 
(ML) to identify anomalies, predict attacks, and respond proactively to 
emerging threats rather than relying on fixed defenses that sophisticated 
attackers can easily bypass. It is a method that helps the network remain 
resilient with regard to new attack vectors that arise and changes in behav-
ior from devices, user patterns, and data flows, which maintain a robust 
security posture despite unpredictable cyber risks.
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5.2 Overview of Security Challenges in 6G

6G networks introduce new security challenges, such as the massive prolif-
eration of IoT devices, AI-based threats, and vulnerabilities caused by edge 
computing. Advanced adaptive security controls are, therefore, needed to 
protect complex, distributed attack surfaces [11, 12].

5.2.1 New Attack Vectors

The advent of 6G brings in new attack surfaces, increasing security challenges 
and requiring new protective strategies. With the massive proliferation of IoT 
devices, billions of sensors, smart appliances, and wearable devices would be 
connected through 6G networks, and any of them could be a pathway for 
cyber threats [13]. This highly dense network will open further possibilities 
of coordinated attacks wherein even one compromised IoT device can cause 
a cascade effect of vulnerabilities across interconnected systems. Moreover, 
the large-scale adoption of AI and ML in 6G networks is a double-edged 
sword as it enhances automated defenses; on the other hand, these can also 
be weaponized by the attackers. The adversary AI and data poisoning attacks 
can manipulate or mislead the critical ML models in the network security. 
In addition, decentralizing the processing using edge computing, which is a 
core aspect of 6G, aims to reduce latency [14, 15]. But such exposure of data 
outside the central security controls can be intercepted, tampered with, or 
accessed illegally for each node whether it is a smart city sensor, an autono-
mous vehicle, or a healthcare device. These emerging attack vectors indicate 
the need for an adaptive and holistic security framework that addresses the 
distributed as well as intelligent nature of 6G networks [16].

5.2.2 Privacy and Confidentiality

On the other hand, millions of IoT connections with all-time data exchange 
will throw significant concerns in 6G networks about user confidentiality and 
data confidentiality. That is, 6G networks will process unimaginably huge 
amounts of sensitive data coming from billions of devices in their lifetimes—
smart homes and wearable health monitors. Such data typically comprise of 
confidential personal and location-based details, which can easily be inter-
cepted, accessed without the authorized permission, or abused if not suitably 
safeguarded in 6G networks. The need to process data closer to the user in 6G 
due to real-time analytics, AI, and edge computing is going to expose more data 
to potential breaches [17]. With constant connectivity that maintains the flow 
of data across various devices, applications, and networks, it becomes tougher 
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to guarantee information is end-to-end secured [18]. Networks need to use 
advanced encryption methods, anonymize data, and impose strict access con-
trols on user data. Transparency in policies about collection and usage of data 
and mechanisms for informed consent by users would, therefore, be crucial in 
this very connected ecosystem for generating trust and ensuring privacy [19].

5.2.3 Latency and Real-Time Processing

The most distinctive feature of 6G is low latency, being in the millisecond 
or almost instantaneous transmission times [20]. The 6G will, therefore, 
contribute to real-time processing-based application areas, such as vehi-
cles, surgery, and the immersive experiences of AR and VR. Any delay, 
even small delay, will, thus, mean the serious failure and, hence, harm the 
safety effectiveness as well as user experiences [21]. This aspect calls upon 
the requirement of the tough yet agile security of the 6G that does not 
increase delays in processing malice and malicious actions at the process-
ing level. Old security protocols that are so time-consuming may stall data 
flow, which cannot be tolerated for latency-sensitive applications. For this, 
6G security has to depend on lightweight encryption methods, decentral-
ized threat detection, and AI-based real-time anomaly detection. Adaptive 
and proactive security approaches like behavior-based threat detection at 
the edge will be able to ensure high security with speed without any com-
promise but balance protection and performance in such a way that 6G 
provides low-latency experiences that are both secure and seamless.

5.3 Core Concepts in Adaptive Security Protocols

Adaptive security protocols are dynamic systems that detect, respond, and 
evolve in real-time to emerging threats. Not like traditional security protocols 
with predefined rules, adaptive security uses real-time threat intelligence to 
adjust defences about new vulnerabilities and attack patterns. This approach 
relies on analytics, ML, and behavioral monitoring to identify anomalies 
and potential threats as they occur. Such protocols have been designed in 
the direction to respond appropriately and effectively toward sophisticated 
attacks and threats. Adaptive security anticipates the future threats, learns 
with every interaction, develops defenses, and keeps evolving to ensure resil-
ience of the network [22]. Therefore, even before these threats can degrade 
the integrity of the network, adaptive security could counter the threats 
ahead. Thus, it is well suitable for this 6G complex, high-speed environment, 
beyond the reach of such outdated and static defenses [23].
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The future of threat detection would likely rely on ML, where the appli-
cation of the ML algorithms to security will enable adaptive systems that 
look at network patterns and behavior, detect anomalies, and even predict 
when potential threats are likely to arise. These algorithms have to learn 
normal network behavior patterns, varying from device, user, and applica-
tion contexts. This baseline can then be used to detect the deviations, for 
example, uncharacteristic data transfers, logins from unknown places, or 
irregular device activities that may indicate a possible threat. The biggest 
advantage when ML is used in the detection of threats is its ability to detect 
subtle patterns, which might be evaded by traditional security systems. For 
example, it can detect multi-stage attacks, where the attacker may infiltrate 
a system over time, showing low activity to avoid being noticed. ML can 
alert the security systems to this gradual yet unusual behavior early in the 
process so that the security systems can respond before an attack gets too 
far along. Further, ML algorithms use predictive analytics to analyze the 
chances of future attacks by current data. These models of ML can iden-
tify directions that potential vulnerabilities may take. By analyzing trends in 
attempted intrusions or suspicious activities, the system can report areas of 
the network that are potentially at risk, enabling proactive threat mitigation. In 
predictive terms, this gives a chance for adaptive security systems to pre-empt, 
therefore making them stronger in the sense of countering emerging new 
threats that pop up now and then. Generally, learning, adapting, and predict-
ing features of ML capabilities found it to make the network secure for 6G [24].

5.3.1 Multi-Layered Security

In 6G networks, a multi-layered security approach is essential due to the 
interconnected and distributed nature of devices, applications, and net-
works. With billions of endpoints, a single layer of security is insufficient 
to protect the vast and complex 6G ecosystem. Instead, a layered approach 
provides comprehensive coverage by addressing security at multiple levels: 
endpoints, networks, and applications [25].

A) Endpoint Security (Devices, Sensors): In a 6G network, billions of 
endpoints—including IoT devices, sensors, and personal devices—are 
constantly exchanging data. These endpoints are often vulnerable to tam-
pering, malware, and unauthorized access, especially if they lack sufficient 
built-in security [26]. Endpoint security ensures that each device is pro-
tected, typically through device authentication, firmware updates, and 
secure configurations, to prevent compromised devices from becoming 
entry points for cyber threats.
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B) Network-Level Security (Authentication and Data Encryption): 
Network-level security is the foundation for secure communication across 
the 6G infrastructure. Authentication protocols ensure that only autho-
rized devices and users can access network resources, preventing unautho-
rized entry [27]. Data encryption protects the integrity and confidentiality 
of data as it travels across the network, safeguarding it from interception 
or tampering by malicious actors [28]. In a 6G environment, where data 
flows constantly and at high speed, robust network-level security is vital for 
maintaining secure, uninterrupted connectivity.

C) Application-Layer Security: Applications in 6G networks manage 
sensitive data and provide critical functions, especially with the rise of 
smart cities, autonomous systems, and health monitoring applications. 
Application-layer security protects data at its highest level, securing access 
to applications through methods like multi-factor authentication, role-
based access control, and data privacy protocols [23]. This layer ensures 
that sensitive information remains confidential within the application, 
protecting it from unauthorized access or data leaks.

By implementing security at each of these layers, 6G networks can create 
a comprehensive, resilient defense against cyber threats. A multi- layered 
approach ensures that even if one layer is compromised, other layers con-
tinue to protect the network, reducing the risk of a widespread breach and 
maintaining robust security across all points of data exchange [26].

5.3.2 Proactive Defense Mechanisms

Consequently, proactive defense mechanisms are paramount when combating 
the rapidly evolving cyber threats in 6G networks. Predictive analytics, as well as 
automated response mechanisms, form the bedrock of this adaptive proactive 
strategy [29]. Predictive analytics analyze historical and real-time data to iden-
tify trends and patterns and early indicators that can be associated with new 
or emerging threats. The data is now processed via ML algorithms and thus 
enables predictive models to estimate probabilities of a particular attack vec-
tor: maybe unauthorized access attempts or possibly data exfiltration [26]. This 
permits security teams to prepare themselves and harden their defenses against 
possible threats even before such threats are fully manifested in the complex 6G 
landscape characterized by high speed of data and wide connectivity [30].

This completes the circle of responses in the sense that how responses 
can be offered immediately. Automated responses have provided instant 
reactions to emerging threats when such behaviors are identified-login 
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abnormalities, data transfer spikes, or network activities going beyond 
the standard patterns [31]. This may be done by cutting off infected 
devices, cutting off suspected IP addresses or restricting access to sensitive 
resources with minimal scope and impact such that this attack can occur. 
The integration of predictive analytics into automated response functions 
can be used in order to construct a proactive defence in 6G with the min-
imized vulnerabilities and high-speed responses, thus becoming a much 
more feasible proposition at the demand for high-speed high connectiv-
ity [32]. This adaptive proactive approach enhances network resilience by 
preventing damage before a particular attack is executed, thereby giving a 
stable base for advanced applications that would be built on the base of 6G.

5.4 Adaptive Security Frameworks for 6G

Adaptive security frameworks for 6G include real-time threat detection, 
self-healing, and continuous verification of threats as they continue to evolve 
in nature. It relies on AI and decentralized architecture for implementing a 
dynamic response for protecting this complex environment of 6G.

5.4.1 Self-Healing Networks

Self-healing capabilities in 6G networks introduce adaptive security frame-
works that allow the network to autonomously detect, respond to, and 
recover from cyberattacks, which reduces downtime and disruption [33]. 
The self-healing network can use AI and machine learning to continuously 
monitor for unusual activities and identify vulnerabilities in real-time 
across the network. Adaptive protocols can automatically start recovery 
actions, isolate the affected components and redirect data to continue ser-
vice should an attack be detected—such as a data breach, malware infiltra-
tion, or unauthorized device access [34].

Advanced diagnostics in self-healing networks assess the extent of damage 
and determine appropriate remedial measures to restore secure functionality. 
In the case where, for instance, one’s IoT or edge node device is under attack, in 
such networks, this might be shut off, tested by security for patches, etc., after 
which all measures are followed to enable proper working without any poten-
tial insecurity. Adaptive algorithms, meanwhile, can adapt the security proto-
cols of the entire network based on insights learned from the incident. It learns 
from the attack so that it will not happen again in the future. The proactive, 
learning-based adaptation is the key to making a resilient network that can 
handle security threats and improves continuously in response to them [35].
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The self-healing nature of 6G networks reduces the level of manual 
intervention, an important aspect in high-speed, high-density environ-
ments in which human response alone is too slow. Self-healing networks 
automatically detect and contain the damage and subsequently remediate 
the problem, resulting in minimal service interruption and maintaining 
security and performance during complex cyber threats. This autonomous 
process of recovery forms the base of adaptive security frameworks within 
6G, thereby creating a more resilient and secure digital infrastructure.

5.4.2 Decentralized Security Architectures

Decentralized security architectures like blockchain and distributed led-
gers would increase data integrity and resilience in 6G networks through 
trust distribution and single points of failure elimination. Centralized 
architectures have data flow through a central hub, which is susceptible to 
attack where the whole network could be compromised. In decentralized 
approaches, data and verification processes are spread out in an indepen-
dent node network. This distribution is such that in case of compromise of 
one or more nodes, the whole network stays secure and intact [36].

An example of a tamper-proof ledger is blockchain, in which each entry, 
or “block,” is chained to the previous one and verified by multiple nodes. 
This makes it virtually impossible to change previously made records with-
out being detected. Thus, the integrity and transparency of the data remain. 
Similarly, distributed ledgers will provide a real-time consensus on data 
validity over multiple nodes; thus, only authenticated and verified trans-
actions would be recorded [37]. To ensure the large-scale data exchanges 
between IoT devices and between other connected elements, large-scale 
6G scenario would be assured of having robust solutions with blockchain 
and distributed ledgers regarding the authenticity and reliability of data.

Consequently, decentralized security architectures reduce exposure to 
large DDoS attacks, for example, which can cripple a legacy system. In 
6G networks, decentralized approaches handle data automatically and 
securely across thousands of devices and endpoints [23]. In this respect, 
6G networks provide scalable, resilient, and trust-based security models 
that are appropriate for highly complex, high-density settings.

5.4.3 Context-Aware Security

Context-aware security protocols are flexible systems that adjust their 
mode of security in response to contextual factors, including physical envi-
ronment, user behavior, and device roles. Static methods of security apply 
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uniform protections to everything, whereas context-aware systems con-
tinuously assess the context under which each interaction is established to 
provide tailored security based upon the current conditions and those risks. 
For example, if such access of classified information came from a network 
that had secured an office, a person may just experience usual authentication 
processes [24]. However, if such attempt came from any other location or 
device that was not recognized by the security system, then they might end 
up undergoing multi-factor authentications check processes.

In 6G networks, context-aware security will be very important because 
there will be a wide range of devices and applications from autonomous 
vehicles to wearable health monitors, each with its specific security require-
ments [27]. These protocols analyze real-time data—such as location, 
device type, recent user behavior, and network conditions—to determine 
appropriate security responses. For instance, a public wireless network 
could be risky and would necessitate stronger encryption or limit some 
functionalities. On the other hand, an environment that is trusted could 
be characterized by low risks, such as having the functionality work more 
seamlessly to enhance the experience for users [26].

By adapting to situational factors, context-aware security would enable 
6G networks to respond to emerging risks in real-time while keeping 
unnecessary security hurdles out of the way without sacrificing safety. It 
would be able to keep that delicate balance between user convenience and 
robust protection such that security would be dynamically aligned with the 
demands of the network as well as the context of the user [30].

5.4.4 Zero-Trust Model

A zero-trust security model is, therefore, a forward-looking approach to 
ensure the assurance of security in dynamically changing environments as 
that associated with 6G networks, by making continuous validation at every 
point of access and irrespective of a user’s or a device’s location. Within tra-
ditional security frameworks, usually, devices and users within a network 
perimeter are given some implicit trust after initial authentication. However, 
for the complex, high-speed, and highly distributed nature of 6G with bil-
lions of devices constantly in interaction, a perimeter-based approach is not 
enough, but rather zero trust “never trust, always verify.” [1].

Zero trust will require authentication, authorization, and encryption for 
every access request from a device, user, or application in the 6G environ-
ment. It means checking the identity of the users requesting access, the health 
of devices, location, and other contextual factors. This can happen if a device 
is logging into an unknown place or out of the typical behavior and would 
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still deny access or request more steps to authenticate regardless of whatever 
its former status in the trusted one was. It protects the system against more 
complex types of attacks that come through insider threats, malware such as 
those moving sideways, and devices that may be compromised [2].

This makes zero trust a highly viable solution for 6G’s fast and unpre-
dictable environment. Using AI and ML, zero-trust protocols can learn 
from each interaction to enhance verification processes continuously, 
thus creating a responsive security framework that may adjust to evolving 
threats and network conditions. Through the use of zero trust, 6G net-
works ensure only that authorized and verified entities access resources, so 
breach risks and exposure of sensitive data to the vast and complex inter-
connected infrastructure are limited.

5.5 Implementation of Adaptive Security Protocols  
in 6G

Implementing adaptive security protocols in 6G will integrate AI-driven 
threat analytics, quantum-resistant encryption, and context-aware security 
measures. This would ensure that there is protection in real-time, integrity 
of data, and functionality without a glitch across the highly connected and 
latency-sensitive network [5].

5.5.1 6G-Specific Protocols and Standards

Briefly outline any of the current or emerging security protocols and stan-
dards that are specific to 6G environments. As the technology advances 
in 6G, security protocols and standards emerge that focus on the chal-
lenges of this high-speed, highly connected environment. This includes 
quantum-resistant encryption for protecting sensitive data from poten-
tial quantum- powered attacks that might break traditional encryption 
methods. This forward-looking approach provides the means for 6G to be 
secure and future-proof against any forthcoming computational threats. 
AI-driven security standards also represent another important aspect 
which would be to govern the employment of AI in adaptive security and 
threat detection. Integrity, transparency, and the resilience of AI models 
need to be ensured to give a guarantee of reliable, secure AI functionality 
across the applications in 6G. Other decentralized identity management 
frameworks, often blockchain or distributed ledger based, come to ensure 
the security of device identities and interactions without a central author-
ity to reduce points of failure and enhance transparency [6].
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With the pervasive nature of edge computing in 6G networks, security 
protocols at the network edge are being developed with the use of light-
weight encryption and local anomaly detection to maintain integrity and 
confidentiality of data being processed at the edge of the network. Zero 
Trust Network Access (ZTNA) standards take a “never trust, always verify” 
approach by continuously authenticating and assessing every device and 
data request in real time. ZTNA has effectively secured the network against 
intrusion and lateral attacks by checking everything at every level before the 
access is granted. Now, all these newly engineered protocols and standards 
are all interrelated with each other particularly for 6G super-complex infra-
structure in advance, preparing a very strong, adaptive, and secured frame-
work toward supporting the next generation [8].

5.5.2 Challenges in Implementation

There are numerous challenges attached (Table 5.1) to the implementation 
of adaptive security in 6G networks. This is attributed to the strict compu-
tational needs and real-time processing requirements, which also present 
data privacy issues with the advanced technology. The first is the high need 
for computational requirements because adaptive security heavily relies on 
AI-driven analytics and ML models that require massive processing power 
and storage. Most of these calculations are real-time threat detection and 
behavioral analysis. This type of computation cannot be supported by any 
device, especially those devices that form the basis of IoT resources in 6G [9].

Another challenge is posed by real-time processing requirements. To enable 
latency-sensitive applications such as autonomous driving, remote healthcare, 
and immersive AR/VR, security protocols must almost immediately detect 
and respond to threats. To realize such precision and speed, high-performance 
infrastructure and low-latency communication through devices, edge nodes, 
and cloud systems are needed. This involves coordination of these elements to 
provide smooth, real-time protection over a vast network and is complex and 
resource-intensive, often requiring highly efficient, distributed architectures to 
meet such expectations without sacrificing network performance [10].

Data privacy is the other major issue. Adaptive security systems always 
collect and process huge amounts of user data to identify unusual behav-
ior so that they can proactively respond to threats. Thus, such constant 
monitoring again raises the question of what happens to the data while it 
is stored, processed, and protected, with much of the data of personal or 
potentially sensitive types. It can be a very challenging task to maintain 
an equilibrium between good security provisions and strong privacy pro-
tections as such a network is designed to restrict unauthorized access to a 
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Table 5.1 List of challenges along with implications for 6G security.

Challenge Description

Implications for 6G 

security

Scalability Traditional security protocols 

struggle to scale with the increased 

number of connected devices in 

6G.

Overloads security 

systems, making it 

challenging to protect all 

devices in real time

Latency High latency in current 

security systems impedes the 

responsiveness needed in real-time 

applications.

Affects applications 

requiring ultra-

low latency (e.g., 

autonomous vehicles 

and real-time health 

monitoring)

Computational 

overhead

Security protocols often demand 

substantial processing power, 

which strains mobile and IoT 

devices.

Limits effectiveness on 

resource-constrained 

devices in 6G 

environments

Decentralized 

security 

management

Lack of uniform control and 

oversight in distributed networks 

like IoT ecosystems creates 

security vulnerabilities.

Challenges implementing 

secure and cohesive 

protocols across diverse 

networks

Privacy and data 

confidentiality

Existing protocols may not 

adequately protect user privacy, 

especially with pervasive data 

sharing in 6G.

Increases risk of personal 

data leakage across 

connected devices and 

applications

Context-aware 

security 

adaptation

Current systems lack mechanisms 

to adjust security levels based on 

real-time context changes.

Necessary to dynamically 

adjust security for 

various use cases (e.g., 

urban vs. rural).

Interoperability Compatibility issues arise between 

legacy systems and new, adaptive 

6G technologies.

Makes seamless security 

implementation difficult 

across heterogeneous 

devices

Energy 

consumption

Traditional security mechanisms 

consume substantial energy, which 

impacts battery life on mobile 

devices.

Poses a challenge for IoT 

and wearable devices 

expected in 6G

AI and ML 

limitations

Machine learning–based security 

models face challenges like data 

bias, adversarial attacks, and 

model drift.

Risks the reliability of 

AI-driven threat 

detection in adaptive 

protocols
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user’s data and, at the same time, make sure data is accessed quite well for 
analysis purposes relating to the security level. Both demand innovative 
solutions together that are made efficient enough to support adaptive secu-
rity in 6G without affecting its performance and user confidentiality [8].

5.6 Future Directions in Adaptive Security for 6G

Quantum-resistant encryption will provide a focus for adaptive security of 
6G: predictive analytics powered by AI, which would help identify threats 
beforehand; federated learning training of AI models on-device will also 
provide greater privacy than the traditional, centralized method of data 
processing; and, in this sense, networks with self-healing capability will 
automatically identify threats and isolate and eliminate them from within, 
so maintaining a degree of resilience. Last but not least, standards on 
ethical AI usage to provide a basis for greater transparency and fairness 
when deploying AI-based security mechanisms. These advancements look 
to create a secure, adaptable, and privacy-conscious foundation for 6G’s 
highly connected and complex environment.

Integration of Quantum Security: Discuss the opportunity that quan-
tum encryption presents to improve the strength of 6G encryption against 
a threat at the quantum level. Quantum encryption is believed to be a 
promising solution that 6G networks would adopt to prevent threats from 
becoming strong enough to break even traditionally encrypted systems. Of 
course, quantum key distribution (QKD) will be one of the approaches that 
is most applicable; it ensures secure exchange through quantum mechan-
ics principles of keys, where any attempted eavesdropping could become 
immediately detectable. In a 6G network, QKD can be used to distribute 
encryption keys among devices and infrastructure so that any intercept 
attempt is detected right away.

A future solution could be post-quantum cryptography—algorithms 
that have been designed precisely to withstand quantum attacks. Such 
algorithms could be embedded in 6G, thus protecting data at the device 
and network levels with superior security in sensitive information. Hybrid 
models that integrate quantum encryption and classical methods may then 
emerge when the scale of 6G is attained, providing layered security while 
reaping the benefits of quantum techniques as well as of established cryp-
tographic practices. Integrating quantum security into 6G networks will 
make data protection robust, capable of withstanding threats in the future 
based on a quantum model, and ensures that the security framework lasts 
for a long time.
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5.6.1 AI Evolution and Threat Intelligence

The advancements in AI will greatly enhance adaptive security protocols 
for 6G by detecting and responding to risks with ever-increasing sharpness. 
Future AI’s deeper learning algorithms and use of more complex data, which 
can recognize subtle pattern and correlation indicative of would-be security 
threats with unrivaled accuracy, provide an example. Advanced neural net-
works may analyze huge packets of network data in real-time, identifying 
anomalies and behaviors that traditional systems may miss out on.

AI-powered threat intelligence will evolve to predict emerging attack 
techniques through continuous learning based on global threat data, 
thereby allowing 6G networks to respond proactively before threats materi-
alize. With the more adaptable AI models, responses will be automated and 
context-sensitive and specific to the nature and the severity of the threats 
under consideration. This will allow for very efficient autonomous security 
management. Therefore, the future AI-driven protocols would enhance 
adaptive security with a robust defense mechanism to battle sophisticated 
cyberattacks throughout 6G.

5.6.2 Ethics and Privacy Considerations

Adaptive security in 6G poses the most important ethics of surveillance, 
data utilization, and privacy. These systems are primarily monitoring 
huge masses of real-time data as they spot threats. Necessarily, it collects 
sensitive user behavior, locations, and what devices do about them. As a 
result, unchecked big data monitoring can cause alarms about surveil-
lance and misuse of personal information because users perceive them-
selves being constantly observed even without a clear understanding and 
consent for such.

These ethical implications are based on data usage and privacy. Adaptive 
security has to ensure effective threat detection without allowing for 
over-collection or retention of data. The right to data protection should be 
ensured by making transparent policies regarding the use of data, ensuring 
minimal retention of data, and anonymization.

The data of the user should be controlled, enabling them to understand 
and set their own privacy settings, utilizing precise consent mechanisms. 
For AI-driven security systems which make decisions automatically, it is a 
must to have ethics in AI ensuring fairness and transparency in decision- 
making processes made with the use of automated intelligence. Such eth-
ical AI would ensure that biases in detecting threats would not target one 
behavior or demographic over the other. Adaptive security in 6G must, 
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therefore, be designed with firm emphasis on user privacy, clear data gov-
ernance, and fairness to ensure that robust protections do not come at the 
expense of individual rights.

5.6.3 Standardization and Global Policies

Hence, international standards and policies could be crucial for unifor-
mity in security measures across the countries and regions when 6G net-
works are rolled out across the world. Otherwise, different types of security 
practices could raise vulnerabilities in the global network because incon-
sistent protection in some areas could open others up to vulnerabilities. 
International standards help give a uniform guideline through which best 
practice implementation should be carried on, with, therefore, uniform 
application of controls in security matters such as encryption, authentica-
tion, and response to threats.

Global policies also enable cross-border collaboration and the sharing 
of knowledge and facilitate nations acting together when emerging cyber 
threats start to appear and sharing threat intelligence. In adaptive security, 
such a unified approach is crucial as rapid detection of threats coupled 
with rapid response is the key in it. By creating universally accepted stan-
dards, international organizations can actually integrate those technologies, 
namely, quantum encryption, AI-based threat intelligence, and even privacy 
rules and regulations, toward a very secure, sound, and private 6G. These 
policies push the way for ethical use of data handling and guarantee protec-
tion toward the user as it provides a good number of bases in 6G worldwide.

5.7 Conclusion

In summary, 6G networks are a giant leap in connectivity that brings unprec-
edented speed, massive IoT integration, and seamless connectivity to rev-
olutionize countless industries. These advances bring significant security 
challenges that need innovative solutions. All along, we have discussed how 
adaptive security protocols play a vital role in addressing such challenges and 
enable 6G to achieve its full potential. Unlike traditional static security, this 
adaptive security will be in action dynamically against the threat environ-
ment in real time and, accordingly, will fit into the highly fast, high volume 
of data and complex scenario like 6G. There will be a multi-layer defense at 
endpoints, networks, and applications, and this multi-layered defense creates 
resilient infrastructure as well, which is prepared with potential vulnerabili-
ties in all of those levels.
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Adaptive security in 6G shall integrate advanced technologies such as 
AI and quantum-resistant encryption. AI-driven threat detection with pre-
dictive analytics enables proactive responses to emerging threats, and self- 
healing capabilities allow networks to recover from attacks autonomously. 
As quantum computing advances, the implementation of quantum- 
resistant encryption will be critical for safeguarding data so that 6G will 
stay secure against future computational breakthroughs. Decentralized 
architectures of security, including blockchain and distributed ledger, 
will further allow the strengthening of data integrity by distributing trust 
across networks, providing real-time avoidance of single points of failure.

Ethics and privacy are the two aspects that make adaptive security suc-
cessful in 6G. In 6G, data exchange is always going on, and there are enor-
mous IoT networks; hence, it is essential to maintain robust security while 
keeping the user’s privacy intact. Context-aware security, which adjusts 
measures according to the environment, user behavior, and device roles, 
will help in maintaining this balance by providing appropriate protections 
without violating the rights of the users. The zero-trust model, therefore, is 
able to reinforce security by doing verifications at all point accesses, which 
is something to be taken into greater measure in a network like that where 
billions of different devices and users will find an interface.

Because 6G is global, standardization and policies between nations need 
to be developed in unison for a coherent set of security practices. Regional 
consistency within countries leads to homogeneous protocol standards 
that enhance 6G networks and work seamlessly across the globe with low 
vulnerability points and facilitate knowledge dissemination across coun-
tries. As described, addressing the security-related challenges in 6G needs 
research, development, and policy-making continuously. To stay above 
this rising threat landscape surrounding such technological advances and 
to see this change in security practice accompany 6G development will 
require collaborative effort on the mentioned areas.

In the future, adaptive security will be the building block in protect-
ing our digital ecosystems. This means that we will trust 6G networks, 
which will play a vital role in daily life and as part of critical infrastruc-
ture. Adaptive security will thus mark the pathway toward a secure and 
resilient digital future because of its capacity to dynamically respond to 
threats, prioritize user privacy, and incorporate the most advanced tech-
nologies. Adaptive security will not only safeguard networks but will also 
be an innovation-safe ecosystem as 6G matures; it will positively impact 
the users around the world without compromising safety and trust.
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Abstract
6G communication is a revolutionary technology in wireless communication. It 
overtakes the 5G technology in terms of security. 6G opens its boundaries for the 
various Internet of Things applications in smart cities. Internet of Vehicles (IoV) 
sends and receives traffic-related data between various entities such as vehicles, 
pedestrians, roadside units (RSUs), mobiles, cloud servers, and other entities. This 
advancement in 6G ensures that communication between entities is more secure 
in an IoV environment. The increasing number of entities causes trust and privacy 
issues as it generates massive amounts of data with increased mobility. This chap-
ter introduced the blockchain concept, which provides security and privacy in the 
IoV environment. Simultaneously, federated learning (FL) protects the user’s pri-
vacy. FL reduces the attacks and ensures privacy by storing the information locally. 
In addition, blockchain provides immutability by allowing only trusted parties to 
participate. Integrating blockchain and FL provides more security among various 
entities in transportation systems. This chapter discusses the blockchain and FL 
challenges and 6G communication technology solutions. The simulation is per-
formed using SUMO simulator to achieve the dynamic vehicular environment.

Keywords: Blockchain, federated learning (FL), Internet of Vehicles (IoV), 
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6.1 Introduction

Nowadays, urban areas are converting into smart cities that use innovative 
technologies for the better life of people. Smart cities integrate Internet of 
Things (IoT) for smart infrastructure, smart governance, smart healthcare, 
and smart traffic mobility [1]. IoT contains a group of network connected 
entities that gather transfers and analyze the data that is generated from the 
surroundings [2]. The entities are connected one another using internet. 
IoV is the subdivision of IoT that mainly focus on the smart traffic man-
agement. Vehicles communicate to infrastructure (V2I), fog servers (V2F), 
cloud servers (V2C), mobiles (V2M), smart homes (V2H), and other vehi-
cles (V2V) for safe and efficient communication [3]. As the number of IoT 
devices increases, CISCO assumes that, by the year 2030, the IoV vehicles 
will be around two billion [4]. Figure 6.1 shows the increase of connected 
vehicles by the year 2023.

As the number of vehicles increased, the data generation from the vehi-
cles also increases. 6G communications is the new era in wireless com-
munication that overcomes the deficiencies of 5G technology. 6G contains 
more advanced features and applications, even though; 5G highlights fast 
data transfer, low latency, and more entity communication [5]. 6G con-
nects more entities and generates extensive data like 5G. These networks 
are more capable and adaptable for engaging more services effectively and 
optimize resources for various applications in real time [6].

Blockchain and artificial intelligence (AI) along with 6G integration in 
the IoV make more efficient and secure network for vehicles [4]. Blockchain 
provides a decentralized and tamper resistant communication in IoV.  
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Figure 6.1 Year-wise connected vehicles growth.
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It provides a unique identity for each vehicle that stores data in the block-
chain network. The blockchain allows trusted vehicles to access the data to 
reduce various attacks. It also assures secured data transfer between vehicles 
and other entities ensuring authenticity and integrity among entities [7].

AI performs data processing and analysis of IoV data to avoid traffic 
collision and maintenance failures. AI collects data from various sensors 
and analyses for inter and intra communication for safe and comfort driv-
ing experience [8]. Federated learning (FL) is a crucial element of AI that 
minimizes the data centralization and secures data privacy using FL algo-
rithms. Traditional algorithms perform data collection and processing at 
central servers, whereas, in FL, the data is stored in local entities and only 
attributes are shared [9]. As the data is stored locally, it ensures privacy of 
the sensitive data.

Regardless of their benefits, IoV devices are exposed to security threats, 
violation of privacy, and performance issues in real-time information 
sharing. As IoV expands, these hazards increase, making decentralized 
management, strong authentication, and secure data transfers necessary 
to maintain performance and confidence. By reducing data centraliza-
tion and preserving privacy among IoV entities, FL tackles these issues. 
Sensitive information stays in the cars because data models are trained 
locally, lowering the dangers connected with centralized storage [9]. This 
decentralized strategy is further improved by blockchain, which offers safe 
data management. Blockchain consensus mechanisms, such Proof of Stake 
(PoS) and Practical Byzantine Fault Tolerance (PBFT), reduce the latency 
and computational expense of conventional Proof of Work (PoW) tech-
niques by ensuring that only authenticated nodes exchange data [23]. In 
addition to enhancing security, this FL and blockchain integration in a 6G 
network streamlines the data management procedure in IoV systems.

Real-time communication between cars, pedestrians, roadside units 
(RSUs), and other entities is now possible because to the development of 
the IoV and the introduction of 6G communication technology, which has 
completely changed transportation networks. Although this development 
makes traffic management safer and more intelligent, it also poses serious 
problems with regard to scalability, privacy, trust, and data security.

• As vehicles, RSUs, and other connected devices are always 
exchanging information, IoV systems produce enormous 
volumes of data. This necessitates strong systems to manage 
and protect such enormous data streams.
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• Because IoV is interconnected, it is critical to ensure safe 
connection and protect user data privacy. Malicious assaults 
including identity spoofing, eavesdropping, and data manip-
ulation are frequently difficult to stop with current methods.

• The deployment of traditional security measures is made 
more difficult by the dynamic nature of vehicle networks, 
which are defined by high-speed mobility and frequent 
topological changes.

• IoV systems benefit greatly from 6G networks’ extremely 
low latency and extensive connectivity. However, creative 
solutions that incorporate effective machine learning tech-
niques and decentralized trust models are needed to fully 
realize these advantages.

• Single points of failure and scalability problems are common 
in centralized systems. By decentralizing data processing and 
storage while maintaining data privacy, the combination of 
blockchain technology with FL presents a viable remedy.

IoV security has advanced, yet there are still a number of important gaps 
that must be filled:

• Due to their significant computational burden and latency, 
traditional blockchain consensus algorithms such as PoW 
are not practical for IoV scenarios. In vehicular contexts, 
optimized techniques like PoS and PBFT require more 
research.

• In contexts with dynamic mobility, existing FL models—
particularly those that use synchronous updates—perform 
poorly because cars might not always be connected. Although 
semi-synchronous FL offers a potential remedy, little is known 
about how to actually use it in IoV.

• Assessing trust between cars, RSUs, and other IoV entities 
is a challenging task, particularly when malicious nodes are 
present. Strong tools to dynamically evaluate and uphold 
trust in real time are absent from current systems.

• Although FL protects data privacy and blockchain offers 
immutability and decentralization, their integration for safe 
IoV apps is still in its infancy. To handle the particular dif-
ficulties of IoV, a thorough framework that integrates the 
advantages of both technologies is required.
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• Energy-efficient solutions are essential because IoV devices 
have limited resources. An important consideration for 
practical application is energy consumption, which is fre-
quently ignored by current blockchain and FL models.

In this chapter, we proposed an integration of blockchain and FL in the 
IoV environment that handles training models of the vehicles. The contri-
butions of this chapter are listed below:

• Because high-speed mobility frequently interferes with data 
transfer, the suggested blockchain and federated learning 
(BFL)–IoV architecture is made to guarantee smooth com-
munication and minimal latency in vehicle situations. The 
framework uses blockchain’s immutable and decentralized 
design to include ways to improve trust between entities, 
such as vehicles, RSUs, and other IoV components.

• The system incorporates a strong consensus method, such 
PBFT, to verify the integrity and authenticity of locally 
trained models. This reduces the possibility of malicious 
data injection and manipulated training parameters by guar-
anteeing that only reliable data and models are added to the 
blockchain.

• By keeping raw data local to each entity and only sending 
trained models to aggregators, FL under the BFL-IoV frame-
work preserves user privacy. This decentralized strategy pro-
motes a safe learning environment in the IoV ecosystem by 
drastically lowering the danger of data breaches and illegal 
access.

• The suggested approach aggregates local models by using 
trustworthy entities, like RSUs, in place of centralized serv-
ers. Even in situations with considerable mobility, a dynamic 
aggregation mechanism guarantees the efficient and secure 
construction of the global model.

• Data manipulation, hostile assaults, and counterfeiting are 
only a few of the security issues in the IoV ecosystem that 
are addressed by the combination of blockchain and FL. By 
leveraging blockchain’s distributed ledger technology, the 
suggested framework also eliminates single points of failure, 
guaranteeing resilience and dependability in crucial applica-
tions like traffic control and collision avoidance.
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• Simulations employing SUMO (Simulation of Urban 
Mobility), a program created especially for traffic modelling, 
are used to verify the framework’s performance. Evaluations 
of metrics including throughput, delay, trust, and anomaly 
detection demonstrate how well the suggested approach 
works in a dynamic vehicular environment.

Section 6.2 provides the literature survey of the previous works. Section 
6.3 discusses about FL and blockchain in IoV environment where Section 
6.4 elaborates the proposed system model. The simulation and discussion 
are given in Sections 6.5 and 6.6. Finally, Section 6.7 concludes the BFL-
IoV framework, and Section 6.8 discusses the future directions.

6.2 Related Work

BFL is the workable approach to affirm security, privacy, and decentraliza-
tion in IoV network. Numerous papers discussed the advantages and pos-
sibilities of BFL [10, 11]. BlockDeepNet [10] integrates the mutual learning 
and blockchain for IoT, where the edge entities categorizes its local attri-
butes and performs deep learning algorithms for training the model. 
DeepChain [11] contains smart contracts for assuring the confidentiality 
and safety of the model using blockchain. The confidentiality of the data is 
provided using blockchain and FL [12]. The trained model ensures quality 
using new consensus mechanism. In IoV, the inadequacy of PoW, consen-
sus delay, and latency issues are overcomes in [13]. Various consensuses for 
FL are used to overcome the delay. FL is utilized to predict the traffic on the 
road in DPBFT [14]. In [15], the blockchain contains two levels. One level 
contains the mobile devices and the other contains RSUs. All the entities 
are trained locally along PoK consensus mechanism.

To overcome the security attacks, blockchain is used in FL. To over the 
single point failure, blockchain is used in [15]. The vehicles use PBFT and 
save the data in cloud servers. Even though the edge devices are deficient, 
the trained data from the vehicles are transmitted to the cloud servers. The 
consensus mechanism in blockchain overcomes various security thefts in 
[14]. Masquerading, counterfeiting, and retro-engineering thefts in the 
IoV during FL are overcomes in [16].
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In IoV, to secure FL blockchain is suggested to all frameworks that inte-
grates MEC in 6G [17, 18]. To increase the scalability of FL in MEC, block-
chain is used in [13].

6.3 BFL in IoV Environment

6.3.1 Roadblocks and Feasible Solutions

Synchronous and asynchronous are the two modes of FL [19]. In synchro-
nous, the entities should upload the local models within the given time 
limit. Entities using asynchronous FL share their models at their conve-
nience. The model gets updated whenever it is required, which results in 
better communication efficiency [20]. In contrast, as the vehicles move 
rapidly, the entities cannot upload the model in accurate time, as shown 
in Figures 6.2 and 6.3. This represents the drawback of the synchronous 
mode. The asynchronous mode cannot update the global model if the 
aggregator is disconnected due to the vehicle’s dynamic nature. Figures 
6.4 and 6.5 represent the asynchronous FL mode in IoV. To overcome the 
deficiencies of both modes, semi-synchronous FL is implemented in [20].

Cloud

RSU

Figure 6.2 Synchronous FL where the data from every vehicle is sent within time.
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RSU

Cloud

Figure 6.3 Synchronous FL where the global data from every vehicle is sent after time.

RSU

Cloud

Figure 6.4 Asynchronous FL where aggregator updates and transfers the global model.

Cloud

RSU

Figure 6.5 Asynchronous FL where vehicles train the global model that generates a fresh 

local model.
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6.3.2 Blockchain

Blockchain contains connected blocks using hash function to store the 
data in the corresponding block [21]. IoV has recently adopted blockchain 
to overcome the security issues. To verify the data whether it comes from 
trusted nodes or untrusted node, blockchain is used to validate. To authen-
ticate the message, PoS [22] and PoW [23] are used. The trust of each node 
is evaluated by using the distance between the nodes and the signal and 
noise ratio.

6.3.3 Roadblocks and Feasible Solutions

Number of adversary nodes, latency, and throughput are evaluated to 
check the performance of the blockchain network. Blockchain should con-
tain low latency and high throughput for message distribution in IoV. As 
the vehicles move with high speed, PoW is not suitable. To overcome this 
PoS and PBFT are considered [24]. The probability of forks that occur in 
blockchain is another disadvantage. Fork is the block added to another 
in the chain. The legitimate blocks may get deleted due to the addition of 
fork blocks in a V2V communication. This drawback can be overcome by 
adding blocks using the authorized nodes in IoV network.

6.4 Proposed Framework

In this chapter, we analyzed a smart contract to achieve decentralization, 
automated process, and security. The suggested framework is analyzed for 
node selection using PBFT and message transmission. The following are 
the three steps for smart contract enabled FL. The proposed BFL frame-
work is shown in Figure 6.6.

6.4.1 Collection of Data and Development of Local Models

• Vehicles, RSUs, and other linked IoV components are among 
the entities that collect environment-specific data, including 
weather, vehicle mobility patterns, traffic density, and vehi-
cle crashes. For every entity, a localized dataset is created 
using this real-time data.

• Every entity uses its own private data to train a local machine 
learning model.
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• Sensitive information is protected, and the likelihood of data 
breaches is decreased by the training process, which guaran-
tees that the raw data stays local.

• The local models are regularly updated to take into account 
the shifting conditions of road traffic, vehicle density, and 
environmental elements because the IoV environment is so 
dynamic.

• This procedure improves the relevance of the local models 
and makes low-latency decision-making easier.

6.4.2 Transferring Data into the Blockchain Network

• Local models and their parameters are subjected to a PBFT 
consensus process prior to being uploaded to the blockchain.

• By doing this, the blockchain is guaranteed to include only 
validated and reliable data models.

• Local models are validated against pre-established criteria 
using smart contracts.

• In order to identify irregularities and discrepancies, these 
contracts contrast the actual performance of the local mod-
els with the anticipated outcomes (such as accuracy and loss 
metrics).

• When hostile entities try to alter training weights, param-
eters, or results, the smart contract and consensus mecha-
nism work together to detect and isolate them.

• The framework preserves the integrity of the IoV network 
by guaranteeing that only verified data models are captured.

• To ensure immutability and tamper-proof storage, the local 
models are uploaded to the blockchain as separate data 
blocks after validation.

• The inclusion of local models into the blockchain is shown 
in Figure 6.6.

6.4.3 Generation of Global Model by Aggregating Local 
Models

• The trusted entities such as vehicles or RSUs acts like aggre-
gator instead of using the centralized server.

• These aggregators create a single global model by combining 
the verified local models from the blockchain network.
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• The most recent local models added to the blockchain are 
used by the aggregators to update the global model on a reg-
ular basis.

• The global model is updated to reflect the most recent data 
thanks to this iterative process.

• The global model, which ensures openness and trust in the 
model generation process, is uploaded into the blockchain 
as an upgrading key block after the local models have been 
aggregated.

• Until the global model fulfills a predetermined loss func-
tion or reaches the necessary performance indicators, the FL 
procedure is repeated.

• The global model is guaranteed to reach the highest level of 
accuracy and dependability thanks to this iterative process.

6.5 Simulation

The proposed BFL framework performance is evaluated using Python. 
SUMO is used for simulating the framework. SUMO is openly available 
software, more portable, and designed for traffic simulations. In this soft-
ware, every vehicle can have its individual route without depending on 
the other. Traffic lights, pedestrians, and various types of vehicles can be 
inserted in the software. OpenStreetMap is used to download real-time 
maps that contain various roads and networks [24]. We considered a bidi-
rectional road with a maximum speed of 60 to 70 kilometers. Vehicles 
speed, direction, and on-road vehicle density are used to train the local 
model. Figure 6.7 depicts the SUMO simulation environment.

RSU 

Blockchain

Figure 6.6 Proposed BFL framework.
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6.6 Results and Discussion

6.6.1 Performance Evaluation of the BFL-IoV Framework

The simulation results show notable gains in computing efficiency, secu-
rity, and privacy for IoV applications in a 6G-enabled setting. Throughput, 
privacy protection, trust assessment, and latency are the main performance 
parameters that are examined.

Reduced Latency: When compared to conventional centralized learn-
ing systems, the use of FL showed a significant decrease in latency. 
Communication overheads and processing delays were reduced by train-
ing local models inside of individual entities and only sharing aggregated 
models.

High Throughput: By cutting down on the amount of time needed for block 
validation, the blockchain consensus mechanism’s application of PBFT 
increased throughput. In high-mobility settings like the Internet of Vehicles 
(IoV), this guaranteed effective message distribution.

Security and Privacy: FL and blockchain worked together to protect data 
privacy and guarantee safe communication between IoV entities. Blockchain 
offered tamper-proof data storage and validation, whereas FL permitted data 
to stay local, preventing the flow of critical information.

Figure 6.7 SUMO simulation environment.

本书版权归John Wiley & Sons Inc.所有



BFL-IoV for Secure 6G IoV Networks 141

Evaluation of Trust: By using blockchain technology to authenticate and 
evaluate nodes according to their distance, signal-to-noise ratio, and past 
behavior, the framework successfully handled trust challenges. To further 
improve network dependability, participation was given preference to 
trustworthy nodes.

6.6.2 Evaluation against Current Frameworks

The BFL framework combined the advantages of blockchain with FL to 
exceed other IoV security methods. Single points of failure and increased 
privacy issues were problems with traditional centralized approaches. On 
the other hand, scalability problems prevented decentralized blockchain 
networks from managing high-speed vehicle settings alone. The suggested 
BFL architecture was a solid solution for 6G-enabled IoV because it struck 
a compromise between scalability, security, and computing efficiency.

6.6.3 Challenges and Limitations

The BFL framework faced a number of difficulties in spite of its benefits:

Dynamic Character of Vehicles: Occasionally, fast-moving vehicles inter-
fered with FL’s ability to synchronize local model updates. This problem 
was lessened but not completely resolved by semi-synchronous FL.

Energy Consumption: The computational resources needed to train local 
models and take part in blockchain consensus processes may have an effect 
on energy efficiency. A portion of this problem was resolved by lightweight 
consensus techniques like PBFT.

Forking in Blockchain: There was a chance of data loss when forks occurred 
during message validation in V2V communication. By limiting the ability 
of trusted nodes to contribute blocks to the blockchain, this was lessened.

6.6.4 Discussion on Simulation Results

Effectiveness of SUMO Simulation: The suggested framework’s perfor-
mance in urban traffic settings was realistically revealed by the SUMO 
simulation. Training local models was successfully accomplished using 
metrics including vehicle speed, density, and direction. With a top vehi-
cle speed of 60–70 km/h, the bidirectional road scenario closely mirrored 
actual IoV environments.
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Anomaly Detection: By utilizing the blockchain-based consensus mecha-
nism, the BFL framework was able to successfully detect anomalies in local 
models. We identified and segregated malicious entities that were trying to 
change the training settings.

Scalability: By effectively managing growing data traffic and the inclusion 
of additional entities, the decentralized architecture of the framework 
proved its scalability. Smart contracts were included to further automate 
activities and guarantee smooth process execution.

6.7 Conclusion

This chapter offers a thorough examination of how to combine blockchain 
technology with FL to meet the crucial needs of data confidentiality, pri-
vacy, and security in the context of the IoV. The suggested BFL-IoV sys-
tem makes use of FL’s collaborative learning capabilities and blockchain’s 
decentralized structure to enable safe and effective vehicle model training 
without jeopardizing sensitive data. The framework tackles a number of 
difficulties that arise when FL and blockchain are combined, including as 
scalability problems, consensus overhead, and latency. Adversarial assaults, 
model poisoning, and data tampering are all prevented by the suggested 
method’s use of a strong consensus mechanism and secure communication 
protocols. Additionally, the approach improves the overall dependability of 
IoV networks by fostering trust among participating entities, such as cars 
and RSUs. Vehicles in the suggested system use FL to dynamically train 
and run local models, and blockchain verifies the models’ validity and 
integrity prior to aggregation. By adding an unchangeable layer of security, 
blockchain makes sure that only verified data and models are included in 
the global aggregation process. In addition to improving security, this dual 
strategy fixes flaws in conventional systems such single-point failures and 
the possibility of centralized attacks. Through simulations conducted with 
the SUMO tool, the effectiveness of the framework was confirmed. The 
simulations show how well the framework adapts to real-world IoV scenar-
ios by accurately simulating a dynamic vehicular environment. Reduced 
latency, improved security, and smooth model training are just a few of 
the key performance indicators that highlight the BFL-IoV framework’s 
viability in next-generation transportation systems. All things considered, 
the suggested framework’s integration of FL and blockchain technologies 
offers an IoV environment scalable, safe, and privacy-preserving solution. 
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By tackling important issues and laying the groundwork for upcoming 
developments in decentralized vehicular networks, this work advances 
intelligent transport systems.

6.8 Future Directions

In improving security, privacy, and efficiency in IoV environments, the 
suggested BFL-IoV framework shows encouraging results. To improve its 
scalability and usefulness, a few issues can be investigated further. The fol-
lowing are the areas of future research:

Federated learning’s performance in dynamic IoV environments can be 
further optimized by incorporating cutting-edge AI techniques like gen-
erative adversarial networks and reinforcement learning. In high- mobility 
situations, these methods can be applied to adaptive learning, anomaly 
detection, and real-time decision-making. When implementing the BFL-
IoV framework in extensive networks with thousands of vehicles and 
RSUs, scalability issues must be addressed through research. To preserve 
performance under high network loads, this entails optimizing communi-
cation protocols and consensus procedures.
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Abstract
Network security is facing previously unheard-of possibilities and problems as the 
telecom sector prepares to begin the rollout of sixth-generation (6G) networks. 
The critical role that machine learning (ML) plays in bolstering the protection 
of 6G infrastructures is examined in this chapter. Revolutionary improvements 
in speed, capacity, and connection are anticipated with the transition from 5G 
to 6G, which will be fueled by the intricate interactions between innovations like 
enormous Multiple Input-Multiple Output (MIMO), Terahertz Interpersonal 
interaction, and artificial intelligence (AI)–driven networking orchestration. But 
new risks accompany these developments as well, calling for creative solutions to 
protect privacy of users and network integrity.

In this scenario, ML becomes a transformational tool with the ability to analyze 
massive volumes of heterogeneous data in real time, identify abnormalities, and 
continually modify defenses. This chapter examines a number of ML approaches 
that are relevant to 6G security, such as anomaly detection, AI-powered methods 
for authentication, systems for detecting and preventing intrusions, and advanced 
analytics for threat mitigation. Moreover, the amalgamation of ML with other 
cutting- edge technologies like as blockchain and quantum cryptography is scruti-
nized to enhance the robustness of 6G networks against intricate cyberattacks. The 
effectiveness of ML in strengthening the resilience and dependability of security 
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protocols in upcoming telecommunications networks is demonstrated via case 
studies and real-world applications.

This chapter concludes by emphasizing how crucial ML has been in forming 
the privacy paradigm of 6G networks. Stakeholders can maintain the reliability 
of next-generation telecommunications infrastructures, dynamically reduce risks, 
and guarantee data integrity by utilizing the capabilities of ML algorithms and 
frameworks.

Keywords: 6G technology, machine learning, 6G security, cyber threats, 
cryptography, telecommunication

7.1 Introduction

Future advancements in mobile technology and network design are 
expected from sixth generation (6G). 6G technology has the potential to 
help companies globally and improve the well-being of people everywhere 
by delivering high-capacity connectivity at previously unheard-of band-
width and low latency. Its ambitious goals include outpacing its predecessor 
and perhaps attaining a microsecond, latencies connectivity, along which 
would make it 1,000 times more rapid than 5G. 6G networks, which will 
utilize frequencies more powerful than 5G, will almost certainly enable 
mobile communications in future generations and enable major advance-
ments in wireless technology. It is anticipated that 6G would transform 
wireless communication in ways that include better security, increased 
network capacity, location awareness, and imagery.

Alongside 6G technology are machine learning (ML) and artificial intel-
ligence (AI). The decision-making process about IT infrastructure will be 
aided by 6G’s utilization of AI and ML. Enhancing a network’s speed and 
user experience may be achieved by determining the optimal locations for 
handling information, collaborating, and storing. 6G mobile technology 
and next cellular technologies are going to remain at the cutting edge as the 
globe moves toward the usage of autonomous vehicles, smart cities, and 
augmented and virtual reality [14, 23]. Although it is still in its early stages 
of development, 6G technologies has the potential to greatly expand the 
capabilities of wireless communications and increase global connectivity 
by creating more intelligent networks.
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7.1.1 Recognizing 6G Technology

6G wireless technology represents the next technological step beyond the 
widely used 5G standard. Although 5G is still in its early phases of industry 
integration, technologists and researchers are currently establishing the foun-
dation for its replacement [19]. Redefining the standards for speed, latency in 
addition to interconnectivity represents the fundamental goal of 6G technol-
ogy. Seen as the foundation of the coming digital revolution, 6G promises to 
open up a world of possibilities, including continuous access even in the most 
remote parts of the world and blazingly fast data transfer rates.

7.1.2 Essential Elements of 6G Technology

The following notable characteristics of 6G technology open the door to its 
revolutionary potential:

• Terabit Data Rates: 6G offers transmission speeds higher 
than ten gigabits per second, making bandwidth-intensive 
applications possible and offering instantaneous data transfer.

• Ultra-Low Latency: 6G will enable real-time interactions 
that are essential for technologies like autonomous vehi-
cles and remote medical care, with delay cut to a measly 
microsecond.

• Massive Connectivity: 6G promises to link an unprecedented 
number of things per square kilometre by utilizing cutting-edge 
antenna innovations, establishing the foundation for the global 
Internet-of-Things (IoT) ecosystems.

• Energy Efficiency: 6G strives to remain power-efficient con-
sidering its powerful abilities, using clever power manage-
ment techniques to reduce its environmental impact.

• AI Integration: By forecasting network congestion, enhanc-
ing security procedures, and maximizing resource alloca-
tion, AI will have a critical role in 6G networks.

• The Development of 6G: Recognizing the fundamental tech-
nologies and functionalities

We will examine the essential features and technologies of 6G in this 
section, which will render it an innovative breakthrough for the telecom 
sector [9, 24]. 6G offers the power to completely change connections and 
make life-altering interactions possible with its faster speeds, reduced 
latency, and greater capacity.
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7.1.3 6G’s Potential

The benefits of 6G go beyond merely quicker speeds. 6G’s inventiveness 
and revolutionary potential have the power to completely change a num-
ber of sectors and open up new markets for services and applications. With 
6G, the possibilities are endless. 6G has the power to completely change 
our society, from facilitating autonomous vehicles and smart cities to 
improving distant experiences via both augmented and virtual reality [11]. 
We may start to see the fascinating future that lies ahead of us by compre-
hending the fundamental technologies and potential of 6G.

A comparison between 6G and earlier generations is displayed in Table 7.1. 

7.1.4 How Will the 6G Technology Perform

The arrival of 6G networks is imminent. Thus, it is crucial to grasp how 
6G technologies might work whether being a company looking to engage 
network experts on an hourly or a permanent basis or someone who might 
apply for network design positions in the coming years [4]. Researchers are 
unable to speculate about the functionality of the 6G technology because 
it is currently in its infancy of its development and is pending approval by 
the International Telecommunication Union (ITU). We are able to forecast 
with confidence whether 6G technology will perform based on the experi-
ences of other wireless technology generations.

It is predicted that 6G the field of wireless technology will improve a 
free spectrum’s efficiency. 6G technology could potentially be able to utilize 
sophisticated mathematics to facilitate simultaneous broadcasts and receives 
on the same band, in contrast to present technologies for wireless commu-
nication, which merely allow broadcasts and receives on a single frequency 
at the same time [5, 21]. A significant portion of 6G network research has 

Table 7.1 Comparison of key performance aspects of 6G with 
previous generations of wireless networks.

Generation Speed Latency Capacity

2G Upto 236 Kbps 150–4000 ms Low

3G Upto 42 Mbps 100–150 ms Medium

4G Upto 1 Gbps 10–20 ms High

5G Upto 10 Gbps 1 ms Very High

6G Upto 1 Tbps Sub-1 ms Ultra-High
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concentrated on data transmission at arbitrarily higher frequencies. To put 
things in perspective, 5G operates at up to 39 gigahertz (GHz), whereas hun-
dreds of terahertz (THz) is anticipated to be supported by 6G technology. 
Although extremely high frequencies are brittle, using them could allow for 
far quicker data transfer rates. There is a chance that 6G technology would 
embrace mesh networking, in contrast to 5G networks, which generally 
employ hub-and-spoke design, in which end-user devices communicate to 
cell towers. By allowing objects to operate as emitters for one another’s data, 
wireless network technology will be strengthened and expanded to allow for 
the participation of every device in data sending and receiving.

7.2 Implementing an Integrated 6G Security Platform 
by Combining Standardization and Threat Analysis

All privacy activity, including those related to 6G, must be grounded in a 
comprehensive threat analysis for specific use cases and technology. This type 
of work integrates mobile-specific techniques like Global System for Mobile 
Communications Association (GSMA) Multi-faceted Trustworthy Identity 
Framework (MOTIF), MITRE FIGHT, and the European Union Agency for 
Cybersecurity (ENISA) 5G matrixes with formal threat models including 
Spoofing, Tampering, Repudiation, Information disclosure, Denial of service, 
and Elevation of privilege (STRIDE) and then refines them to handle addi-
tional 6G-specific risks [13, 17]. Early identification of the primary threats 
is necessary for establishing priority and direct standards and design, even 
though upstream threat analysis will never be completely comprehensive. Like 
5G, 6G will also use open standards and technology, along with techniques 
and procedures used in the creation, implementation, and maintenance of 
mobile networks, as well as threat evaluations to inform its security architec-
ture. The requirements for 6G security are presented along with five focal areas 
as shown in Figure 7.1.

7.2.1 Service Availability

In all its various guises, the 6G technology will provide a variety of services, 
with varying types of users having access to varying sets of those amenities. 
For users, these services’ accessibility is essential, and it may even attract 
regulatory notice, especially when the service is thought to be essential to 
society’s smooth operation [20]. The term “service availability” describes 
the capacity of users to depend on a service to operate under all circum-
stances, including unintentional or natural failures, network attacks, and 
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normal operating conditions. The degree to which this reliance is satisfied 
is determined by how important the service is. In addition to offering a 
foundational level, the 6G platform will enable configuration to raise the 
amount of reliance as needed. This modification might be applied to a 
broader scope, to particular services, or to specified regions.

Oftentimes, rather than being included on as additional protection mea-
sures, robustness against deliberate assaults that impact availability can be 
achieved via concerns in design, protocols design, and network setup [10]. 
In order to lessen threats like denial of service attacks, signaling storms, 
and jamming, precautions are also taken with regard to operational net-
works. As we approach 6G, the importance of cyber threat intelligence—
when applied to telecom use cases—will only grow.

7.2.2 Privacy and Data Protection

6G mobile networks must take into account the full safeguarding of integ-
rity and confidentiality for information during transit, information being 
handled, as well as data idle, in addition to key creation, and management 
of keys, and logging, which is while earlier generations of mobile networks 
concentrated primarily on communications security [7, 22]. This means 
that the scope of 6G will expand from protecting data to securing whole-
sale delivery of services, which includes networking and data processing 
infrastructure protections. Through this, 6G will move the emphasis from 
data management to data ownership, encompassing features that guaran-
tee the privacy and control of sensitive personally identifiable digital assets 
with respect to outside parties.

5G

Security 

Service availability 

Privacy and data

protection 

AI and automation 

Network exposure

and API security 

6G Security 

Assurance and

situational awareness

Figure 7.1 Priority areas for security in 6G.
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The importance of protected credentials and their administration is ris-
ing as a result of safe interactions, privacy of information, and API own-
ership [12]. Although a lot of contemporary virtual identities are utilized 
over the top, 6G will utilize identities to manage infrastructure and net-
working APIs, restrict network utilization, and regulate the utilization of 
edge compute APIs and network exposure. The prevailing eSIM pattern, 
the capability of delegate authentication, the potential to use authentica-
tion methods depending on the Extensible Authentication Protocol (EAP), 
and network connectivity are configurations that provide 5G and 6G with 
an extensive number of alternatives for industrial devices that will accom-
modate future 6G use cases, in addition to human-held devices and the 
Internet of Things.

A large portion of 5G security is predicated on widely acknowledged 
quantum-resistant symmetric-key cryptography elements. But several cru-
cial components rely on asymmetric key cryptography, which makes them 
vulnerable to attacks from upcoming quantum computers. With the first 
launch of 6G, it is anticipated that novel quantum-resistant cryptography 
would be adopted, reducing such concerns. To provide quantum resistance, 
National Institute of Standards and Technology (NIST)-defined techniques 
will eventually be incorporated into 3GPP, frequently through modifications 
to IETF standards. The new NIST algorithms can be supported by a large 
number of Third Generation Partnership Project (3GPP)-defined interfaces, 
including those found in the 5G core Small Business Administration (SBA), 
with no impact on performance. However, one should consider the trans-
mission overhead that comes with new public key methods, for instance, 
when considering radio access. Development of regulated high-performance 
security standards and algorithms, like high-speed 256-bit radio access 
methods, will also be prompted by rising throughput and data protection 
requirements.

In order to guarantee that user confidentiality and security standards are 
fulfilled, immersive communications and integrated sensors and commu-
nications (ISACs) will introduce extra efficiency and isolating demands. 
According to the intended use case, different technical approaches and 
safety measures will be used. For use in enclosed spaces, like a computer-
ized industrial facility, or in situations where there exist no data identifying 
specific individuals, safety and confidentiality may probably be attained 
using current technologies and procedures [2]. More effort is required on 
public networks where data recognizing individuals may be obtained by 
combining data from multiple sources.
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7.2.3 AI and Automation

AI is expected to have a big impact on both user services and platform 
management for 6G. AI and automation collaborate to maximize produc-
tivity, increase how they perform, and strengthen the mobile network’s 
defence against cyberattacks. Mobile network attacks can be detected and 
handled by AI in a number of ways, such as identifying devices that are 
acting inappropriately, identifying fake base stations, and identifying and 
countering signaling attacks. AI and automation for cyber security—such 
as threat detection and adherence verification—will continue to grow as 
6G adoption moves forward.

From a different angle, the increasing dependence on automation and AI 
places greater demands on AI to be reliable, transparent, secure, and protect 
security. In order to meet these needs, technological advancements must be 
complemented with a more thorough comprehension of the characteristics 
that are crucial for security in a particular application [1]. It also necessitates 
understanding the limitations of AI technology and how to apply it wisely 
in perhaps hostile environments. Because intent-based networking has been 
introduced, it is crucial to make certain that lower-level AI utilization and 
automated reconfiguration of networks accurately reflect higher-level intents.

AI is becoming more and more important in cyber security, but it cannot 
take the place of qualified human knowledge. Cyber security professionals 
will benefit from innovation by having better and more efficient ways to 
respond to cyberattacks on mobile networks. These mechanisms include 
identifying attacks, hunting for threats, and intelligence regarding threats. 
AI could support formalized security evaluation in the creation of security 
standards. Similarly, AI could be useful in systems development in identi-
fying and clarifying bugs. In EU initiatives like Hexa-X, research is being 
done on security-preserving strategies for AI in a 6G context. Techniques 
like homomorphic encryption, differential security, and secure multi-party 
computational have all been studied.

7.2.4 Network Exposure and API Security

The ability to expose the network’s capabilities in a flexible way via APIs will 
help 6G services expand transcend communication by giving applications 
and service designers more customization and adaptability options for 
how they utilize the network platform [18]. Although it will also require an 
emphasis on safeguarding the API usage, availability to network capabili-
ties and information can improve gaming efficiency, drone management, 
or the broader use of extended reality (XR) in 6G.
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Telecom standards-compliant 5G already has APIs, which allow inter-
nal and external exposure, with encryption. Authentication, then autho-
rization, and audit logging are a few examples of this security. Application 
Programming Interface (API) security must be improved with proactive risk 
analysis, API posture the leadership team, and API performance surveil-
lance as a result of the assumption that 6G will expose more network capa-
bilities that will promote scenarios of use and encourage innovation. Mobile 
network services will incorporate certain safety concerns related to APIs, 
whereas others are going to be outlined in regulations. The management of 
security over the API life cycle generally shared responsibility by suppliers 
and manufacturers in mobile networks. Encouraging third parties to access 
network capabilities involves safeguarding subscriber privacy. Security pro-
tocols for APIs are not the only measures needed to protect privacy [16].

7.2.5 Assurance and Situational Awareness

Mobile networks have historically prioritized security assurance. Two 
results are the ongoing research by ENISA on a cyber security accreditation 
system and NESAS [6], a collaborative effort between 3GPP and GSMA. By 
ensuring compliance via required product testing, safe supply chains, and 
an efficient software development lifecycle, Network Equipment Security 
Assurance Scheme (NESAS) actually offers confidence. One may refer to 
this as preventive assurance. Moreover, functional security of deployed net-
works, which includes system monitoring and the use of reactive counter-
measures, will be necessary for 6G.

In addition to providing security, sophisticated surveillance in 6G will pro-
vide management processes and security teams with a greater degree of acute 
awareness of the network’s operating condition. This is a crucial component of 
zero-trust architecture. While they were not always clearly stated as such, 3GPP 
has previously implemented numerous of the zero-trust concepts as described 
by NIST in the frameworks of 3G, 4G, and 5G networks, and 6G standards will 
keep doing so. Robust identity utilization, secure communication throughout 
network operations, and authorization of API usage via exposure to specific 
data accessible by the network’s base are a few examples.

Using strategies like those developed for a zero-trust framework will 
contribute to the establishment of an exhaustive structure for 6G security 
[6]. This architecture enables for adaptation to variations in operational 
conditions caused by network interactions, crimes, or network failures 
in some way in addition to demonstrating that protection mechanisms 
are in place (Figure 7.2). In addition to reducing subconscious confi-
dence throughout entities, the idea of reinforcing procedures to maintain 
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some level security regardless of the instance of a preliminary intrusion 
also applies to reducing implicitly trusted between network layers. One 
instance of such an effort is the endeavor to integrate forward secrecy into 
the 3GPP authentication and key agreement process and network connec-
tion authentication.

7.3 Inspiration for New Technological Innovations

Another benefit of 6G technology that is notable is that it is expected to 
stimulate the creation of novel, optimized data centers and next-generation 
apps. These technical advancements are going to keep serving the increas-
ing needs for networking technology and information across numerous 
industries by collaborating with AI and ML. The development of 6G wire-
less technology provides the promise to bring forth fresh abilities, sectors, 
and employment possibilities.

7.3.1 When Will 6G Be Released

“When will 6G come out?” is a common concern that businesses and pro-
spective individuals in the field of network engineering should be asking. 
As we have mentioned, 6G technology remains being developed and has 
not been formally released yet. Important trade associations like the ITU, 
however, predict that 6G internet technology will launch between 2030 
and 2035.

Network security awareness

Network security control 

Assessment 
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Compliance 

Secure trust
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Policy 
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Figure 7.2 Integrating several strategies to create comprehensive security architecture for 

situational awareness and assurance in 6G.
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The following six wireless communications are being researched, devel-
oped, and launched with the help of global efforts:

• Europe: The world’s initial 6G research initiative is the EU 
project called the 6G Flagship. Founded in 2018, the project 
investigates the core elements of 6G technologies through-
out Europe, promoting substantial research in four different 
fields:

 – Wireless Connectivity
 – Devices and Circuit Technology
 – Distributed Intelligence
 – Services and Applications

• Japan: During the next few years, the Japanese government will 
be investing 50 billion yen ($482 million) in the development 
of 6G technology. By 2025, they hope to showcase cutting- 
edge mobile and wireless communication technologies.

• United States: The US and Japan have agreed to jointly 
invest $4.5 billion in the development of 6G technology, 
with the US contributing $2.5 billion and Japan contributing 
$2 billion.

Furthermore, the Next G Alliance, a 2020 industry project located in 
North America and backed by companies including Apple, AT&T, Google, 
T-Mobile, and Verizon, is concentrated on the advancement of 6G wireless 
technology [3]. The goal of having commercial 6G by the early 2030s is get-
ting closer with continued R&D spending and international cooperation.

7.3.2 Addressing the Tasks of 6G Network Technology

6G technology is nearly set to completely transform cellular communica-
tions in the decades to come. It is anticipated to provide low latency, cutting- 
edge connectivity, and unmatched speeds. With the use of AI and ML and 
higher frequencies, 6G networks have the potential to greatly improve pen-
etration, and protection, and performance. 6G is expected to elevate the 
capabilities of current wireless network technologies to new heights, spur-
ring novel sectors, job possibilities, and inventions. It is projected to handle 
the growing needs of intelligent technologies and IoT devices. When 6G 
technology is formally introduced, we will be present to assist clients and 
applicants in adjusting to the changing network landscape.
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7.3.2.1 Technologies Underpinning 6G Realization

The revolutionary technologies that will support the audacious 6G ambi-
tion are as follows:

• Terahertz Communication: The core of 6G networks will 
be terahertz frequencies, which will allow for fast data trans-
fer over small distances.

• Meta-Materials: With the ability to operate at terahertz fre-
quencies, meta-materials will change antenna design and 
allow for tiny, highly efficient antennas.

• Unbreakable Encryption is promised by quantum commu-
nication, providing strong security for 6G networks.

• AI and ML: AI algorithms will orchestrate and optimize 
networks, dynamically responding to changing user needs 
and network circumstances.

• Edge Computing: By decentralizing processing of data, 
edge computing will lower latency and improve 6G apps’ 
responsiveness.

7.4 Machine Learning in the Sixth-Generation 
Wireless Technology Era

The combination of innovative algorithms using the sixth version of wire-
less technology is known as “machine learning with 6G” as shown in Figure 
7.3. In a nutshell, it is teaching mobile networks and gadgets to become 
smarter and more effective by learning how to solve problems on their own. 
In 6G, ML is crucial for activities like maximizing network capacity, antic-
ipating and averting problems, improving security, and tailoring services 
to the specific requirements of each user. This combination of technologies 
is meant to completely transform the way we engage with and experience 
wireless communication, making it faster, smarter, and more personalized.

ML, as used in the context of 6G, describes an effective technology that 
allows networks and devices to evolve and adapt. They may learn from 
experiences and arrive at judgments relying on information rather than 
becoming explicitly programmed. This feature enables 6G to become a 
smart and dynamic system, going beyond only data transmission.
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ML dramatically expands 6G networks’ potential. By maximizing the dis-
tribution of network resources, it guarantees effective utilization of bandwidth 
and minimizes latency. It also performs a predictive function by anticipating 
possible problems and averting them while they influence the network [8]. 
Robust safety measures are enhanced by ML, which recognizes and neutralizes 
threats instantly. Furthermore, it makes customized services possible by figur-
ing out each user’s unique requirements, resulting in an even more proactive 
and customized 6G experience. In summary, ML is integrated into 6G in order 
to render it not just quicker but additionally more intelligent and flexible.

7.4.1 Advantages of Machine Learning in 6G

• Dynamic Resource Optimization: 6G networks can now 
distribute resources more effectively, maximizing band-
width and guaranteeing effective use, which lowers latency 
and improves efficiency. This is made possible by ML.

• Better End-to-End Connection: ML may contribute to bet-
ter end-to-end connection, which will enable a more sus-
tainable and connected society.

• Advanced techniques: Resource allocation, process offload-
ing, and handover managerial issues may be resolved by uti-
lizing cutting-edge ML techniques, such as unsupervised, 
supervised, and deep learning, reinforcement learning, and 
federated training.
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Figure 7.3 Enhancing 6G capabilities with machine learning.
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• Energy Efficiency: By lowering latency and streamlining 
network operations, ML technologies may dramatically 
increase the energy effectiveness of 6G wireless networks.

• Pervasive AI: In an environment with a lot of interference, 
AI and ML will prove essential for optimization of networks, 
waveforms design, flexible allocation of resources, and traf-
fic flow management.

• Large-Scale Optimization: Because of its accuracy, compu-
tational speed, flexibility, and generalizability, ML emerges 
as a potential approach for challenging large-scale optimiza-
tion issues in 6G.

• Smart Usage Scenarios: Featuring the help of ML tech-
nology, the 6G industry will be able to create smart usage 
scenarios with vast data warehouses and all-encompassing 
services by utilizing advancements in imaging, being there, 
and location awareness.

7.4.2 Toward 6G: Imagining Applications of the Next 
Generation for 2030 and Afterward

A major advancement in system capacities transcend communication is 
anticipated with the 6G technology platform as shown in Figure 7.4. The 
first step toward this progress is outlined in the ITU-R–defined IMT-2030 
framework, which provides a baseline for future wireless technologies by 
defining important use scenarios and performance indicators [15]. The 
development of these innovations is expected to bring about the conver-
gence of the physical, digital, and virtual worlds into a new age with 6G, 
which will incorporate AI, advanced computing, and resilient system char-
acteristics along with cutting-edge green technologies as well as ISAC.

Despite the fact that many contributor presentations focused on various 
sets of 6G use cases, we saw some distinct patterns regarding the main use 
cases that are under consideration. An indicative (i.e., non-exhaustive) list 
of the primary use cases covered in the workshop is provided below:

• Immersive Experiences: 6G will enable lightweight devices, 
which can be installed at the identical scale as current 
smartphones, therefore taking XR to entirely new heights. 
Hyper-realistic experiences, which include holographic 
teleportation, can be achieved with the help of novel capa-
bilities including improved sensor fusion, brain-computer 
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interface, and digitalization of multisensory components 
(such as human emotions of touch, smell, sight, and taste). 
Enabling live and dynamic immersive content development 
and distribution is another field of concentration.

• Digital Twins: By simulating a physical system within the 
digital realm, new use cases and efficiency, such as com-
munication networks, may be made possible. 6G digital 
twins are expected to deliver several new benefits, includ-
ing improved safety and confidentiality, predicting and pre-
scriptive insights, and quick advances in AI.

• Robotics and Smart Industries: 5G laid the technological 
groundwork for outstanding performance industrial IoT 
(such as TSN and URLLC), and 6G aims to fully realize the 
future potential of next-generation robotics, which includes 
delivery and customer service robots in addition to self- 
sufficient and cooperative robots capable of cooperate with 
people in this highly computerized and integrated setting.

• Fixed Wireless Access: 6G offers a chance to completely trans-
form internet services. 6G may provide high network capacity 
and enhanced cost-efficiency by allocating additional wide-
area spectrum (such as upper mid-band); expanding connec-
tivity throughout urban, suburban, and rural areas equally; 
and promoting more inclusiveness and connectedness.
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• IoT of the Future Generation: It is critical that 6G will be able 
to effectively support devices with less complexity right now. 
Low-power, wide-area (LPWA) and ambient IoT (i.e., pow-
ered by energy harvesting with or without storage) devices are 
among the several vertical services that 6G is expected to enable 
in the automotive, healthcare, agricultural, and other industries.

• Connected Transportation: 6G has the potential for unprec-
edented levels of safety and comfort. The 5GAA consortium 
envisaged the next-generation network to allow intelligent 
autonomous driving systems and real-time environmental 
modeling using new 6G capabilities like ISAC.

• Critical Communications: The goal of 6G is to provide 
mobile communications with an even higher degree of secu-
rity, dependability, and trust. For use cases that are mission- 
critical, like public safety communications, this is extremely 
crucial. In order to achieve widespread coverage and beyond, 
6G must take use of the deployment and learning from 5G.

• Additional Developing Use Cases and Deployments: 
Many of these 6G use cases are anticipated to supply services 
by utilizing seamless multi-connectivity technologies cover-
ing terrestrial and/or non-terrestrial communications. Of 
fact, the 6G technology cycle is still in its very early stages. 
We can clearly see that the future has use cases, which will 
be beyond our present ability to imagine as we remain on the 
cusp of these developments.

7.5 6G Technology’s Future Reach and Its Effects  
on Business

As seen in Figure 7.5, businesses must adopt a proactive strategy that com-
bines flexible implementation with strategic planning for the purpose to 
fully benefit from 6G technology. These are crucial strategies that busi-
nesses have to consider:

• Invest in Research and Development: Keep up with the 
most recent advancements in 6G technology and take part 
in research projects to understand how it will affect our busi-
ness. Work together with research centers, business associ-
ations, and technology companies to investigate possible 
applications and create customized solutions.
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• Build Robust Infrastructure: Invest in a solid infrastruc-
ture that can handle the increased capabilities of 6G to set 
the stage for its adoption. Enhance the network design, 
implement cutting-edge antenna systems, and maximize the 
use of available spectrum to provide uninterrupted connec-
tivity and optimal communication performance.

• Embrace Edge Computing: Use edge computing to improve 
responsiveness and reduce latency, especially for applica-
tions that are latency-sensitive like industrial automation 
and driverless cars. In order to process and make decisions 
in real time, transfer computer resources more closely to the 
location where the data is generated.

• Utilize Data Analytics: To gain useful insights, take advantage 
of the abundance of data produced by 6G-enabled devices and 
apps. Invest in AI-driven algorithms and sophisticated analytics 
tools for real-time data stream analysis. This will allow for tar-
geted marketing, tailored services, and predictive maintenance.

• Encourage Cooperation Among Ecosystems: Develop 
strategic alliances inside the 6G ecosystem to jointly develop 
ground-breaking technologies and seize fresh market pos-
sibilities. Work together with colleagues in the industry, 
technology suppliers, and telecoms carriers to hasten the 
implementation of services provided by 6G.

• Put Security and Privacy First: To protect critical data in 
the 6G environment, put strong security protocols, encryp-
tion techniques, and access restrictions in place. Reduce 
hazards and make absolutely reliable online.
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Figure 7.5 6G technology’s future reach and its effects on business.
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• Enhance Workforce Skills: Make investments in up skilling 
and training programs to provide our employees the skills 
they need to succeed in a 6G-enabled workplace. Encourage 
an innovative and perpetual learning culture to propel digi-
tal change throughout the company.

7.6 Conclusion

In order to adapt to a changing threat landscape, accommodate novel sce-
narios, changes in the environment and society, and comply with regu-
latory standards, 6G security will incorporate extra safeguards compared 
to 5G security. 6G securities will have to be built around an integrated 
approach, integrating various options and methods to gain situational 
awareness, as mobile networks become increasingly recognized as vital 
facilities and the cyber-physical combine emphasizes the significance of 
connection in daily life. The operational assurance, autonomous security 
and threat management, and zero-trust principle–based systems will all 
add to the situational awareness.

The foundation of mobile networks continues to be worldwide open 
standards, which guarantee interoperability, privacy, and transparency. 
Furthermore, there is a growing convergence of standards and implemen-
tation; hence, a major challenge in safely implementing and running 6G 
networks will involve combining free software, norms, and different imple-
mentation technologies. Although the 6G security perspective will need 
to be comprehensive, there are some specific issues that warrant further 
discussion, including network service accessibility; intriguing data protec-
tion and privacy regulations; ensuring that 6G is quantum-resistant; using 
protected AI and automation to improve network security, network expo-
sition, and API safeguards; and operational privacy assurance.
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Abstract
With the introduction and rise in the wireless communication, sixth-generation 
(6G) technology scripts a trending and transformative era in today’s world, especially 
defined by multiple benefits including ultra-low latency, more than a million-device 
connectivity, high and very-high data speeds, and advance technologies such as arti-
ficial intelligence (AI), machine learning (ML), blockchain, and quantum computing 
integration. These advancements enable unparalleled capabilities across domains, 
including, but not limited to, the Internet of Things, ultra-modern smart cities, autono-
mous vehicles, and extended reality. However, the novel features of 6G also present sig-
nificant security challenges, requiring robust strategies to ensure data integrity, privacy, 
and network reliability. Henceforth, focusing on this, the present research explores the 
vital and essential role of ML in enhancing security and highlighting its applications 
in dynamic threat detection, predictive maintenance, automated response systems, 
and anomaly detection. By employing the real time data analysis, the advanced ML 
algorithms deliver adaptive and intelligent responses to security breaches, optimiz-
ing network resilience and overall system efficiency. In addition to this, this present 
work also examines the integration of ML with other advanced technologies such as  
quantum-safe cryptography and decentralized authentication systems to strengthen 
the 6G security framework. Conclusively, considering the aspects and scope of 6G in 
the future, the comprehensive analysis presented in this paper highlights the essential 
role of ML in building resilient, adaptive, and secure communication infrastructures 
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for the upcoming wireless technology generation, settling in the foundation for sus-
tainable and reliable AI-driven 6G ecosystems.

Keywords: 6G network, artificial intelligence (AI), Internet of Things (IoT), 
machine learning (ML), 6G network security

8.1 Introduction

Following the highly successful testing, development, and deployment of 
fifth-generation (5G) network all around the world, the advancements and 
requirement in the next generation, i.e., sixth-generation (6G) wireless commu-
nication networks, are critically significant as well as important. This is one of 
the key milestones in the history of wireless communication and/or telecommu-
nications, confirming the rise in communication network while providing mul-
tiple benefits in various engineering sectors. While 5G networks have already 
introduced notable advancements, data speeds, and latency reduction, 6G is 
poised to exceed these achievements dramatically and reach newer heights. 
Anticipated to launch around 2030, 6G networks are expected to provide high 
data rates, i.e., at least a terabit- per-second and low latency, i.e., at a microsecond 
level, enabling near instantaneous data transmission. These advancements have 
the potential to power next-generation applications including, but not limited, 
to real-time holographic communication, immersive augmented and virtual 
reality (AR/VR) experiences, autonomous systems, remote surgeries, and ultra 
smart cities, fostering a fully connected and super-intelligent society.

However, such critical and essential capabilities and overall advantages/ 
benefits also invites equally critical and significant security concerns. The scope 
of 6G includes not only a dramatic increase in device density potentially sup-
porting more than a million devices per square kilometer but also a dependence 
on the recent and modern technologies like artificial intelligence (AI) and 
machine learning (ML) to manage, optimize, and protect networks. Therefore, 
these networks must operate in highly dynamic, complex environments popu-
lated with diverse connected devices, including, but not limited, to the Internet 
of Things (IoT) sensors, smart vehicles, such as autonomous and electric vehi-
cles, and modern infrastructure. Ensuring security, integrity, and privacy of 
such an expansive ecosystem is a formidable challenge, as even one of the mil-
lion connected devices can present a potential vulnerability threat and a point 
for abnormal or malicious activity. Henceforth, to address such an issue(s), this 
requires the development of a robust, adaptive, and intelligent security frame-
work capable of evolving in real time to counter emerging threats.

While there are multiple advanced technologies with multiple benefits, ML 
proves to be a prominent solution for such security-related issues. It provides 
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intelligent, quick, and smart defense mechanism especially in view of the 
6G networks. In contrast to the conventional and traditional algorithms, 
ML-based approach allows the operators and users to identify, analyze, and 
respond to all the critical threats, along with continuous monitoring capa-
bility from the network data. Along with this, it also adapts to novel attack 
patterns that differ in terms of their properties at all times. Besides, it also 
provides the capability of autonomous network optimization in view of the 
overall network performance. In view of this, the multiple ML applications 
include enhanced maintenance, automated system responses, abnormality 
detection, and better network robustness. In addition to this, ML also pro-
vides the capability to reduce the level of security concerns especially when 
integrated with other advance technologies like blockchain. It allows remov-
ing the issues related to single point of failure, etc. In view of this, Figure 8.1 
presents the 6G security framework while mentioning the different aspects 
and features, including authentication and encryption.

Henceforth, taking into account the various aspects of 6G network and 
its benefits, this paper explores and presents the scope of advance technol-
ogies, especially ML in strengthening the overall network. This includes 
the scope of ML in various applications such as threat mitigation, reli-
able source allocation, and robust infrastructure. Therefore, through an 
in-depth analysis of all such aspects, the research highlights the role and 
scope of ML that how it contributes to the overall development of this 
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trending technology, especially in view of safeguarding this technology, 
while the work also presents the other aspects of 6G network. By exam-
ining ML’s integration with blockchain and quantum cryptography, this 
paper highlights the transformative potential of advanced approaches in 
establishing a secure, scalable, and sustainable 6G ecosystem.

8.1.1 Key Features and Innovations

Ultra-Low Latency: 6G aims to achieve latency in the microsecond range, 
enabling real-time applications, including, but not limited to, remote sur-
gery, autonomous driving, and interactive holography.

Enhanced Data Rates: With data rates exceeding 1 terabit per second 
(Tbps), 6G supports high-definition content, AR/VR, and other bandwidth-  
intensive applications.

Massive Device Connectivity: These networks are projected to connect 
up to more than a million devices/square kilometer, powering smart cities, 
industrial automation, and/or extensive sensor networks.

Terahertz Communication: By utilizing terahertz (THz) frequencies, 
these network offers extremely high data rates and large bandwidths, 
despite challenges including the limited range and increased susceptibility 
to atmospheric absorption.

AI and ML: They play a crucial role in these networks by optimizing per-
formance, managing resources, and addressing the possible and potential 
issues predictively, enabling self-optimizing networks.

Holographic Communication: These networks enable realistic 3D holo-
graphic communication, revolutionizing remote work, education, enter-
tainment, and social interactions.

Integration with Satellites: Enhanced integration with satellite networks 
ensures seamless global coverage, critical for connecting rural and remote 
regions.

8.1.2 Potential 6G Applications

Ultra-Modern and Smart Cities: The 6G network is vital for the smart 
and ultra-modern cities by enabling seamless integration of multiple ser-
vices including advanced traffic management, optimal and efficient energy 

本书版权归John Wiley & Sons Inc.所有



Securing 6G Using ML 171

distribution, and smart environmental monitoring, especially using the 
smart sensors, such as IoT, etc.

Healthcare: These networks are ideal as well as vital for applications such 
as remote surgery, real-time monitoring, and telemedicine, significantly 
enhancing the access to medical healthcare services.

Industrial Automation: This network supports Industrial Internet of 
Things while enhancing manufacturing efficiency, minimizing downtime, 
and, besides, enabling predictive maintenance.

Entertainment and Media: These networks revolutionize entertainment 
through high definition streaming, especially live streaming as well as the 
highlights, along with immersive AR/VR experiences.

Transportation: Autonomous vehicles benefit from these networks real-
time communication capabilities while enabling the coordinated traffic 
management, improved safety, and efficient route planning.

8.1.3 Emerging Security Challenges in 6G

The advantages and multiple benefits of the 6G networks come with signif-
icant security challenges. Its enhanced capabilities and widespread connec-
tivity introduce multiple vulnerabilities that are concernful and, therefore, 
need to be essentially addressed while aiming optimal integrity and confi-
dentiality of communication networks.

Increased Attack Surface
Device Proliferation: With over tens of millions of connected devices per 
square kilometer, the potential entry points for cyberattacks increase to new 
levels. Each device represents a vulnerability that attackers could exploit, 
necessitating robust and hardcore security measures across the network.
IoT Security: The multiple IoT devices have limited processing power and 
minimal security features. Securing these devices in such a network, where 
these devices play a key role and are essential to maintaining overall net-
work security.

Data Privacy and Protection
Massive Data Generation: These networks generate vast amounts of sen-
sitive data and safeguarding such information from unauthorized access 
while ensuring user privacy are currently the most critical priorities.
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Data Integrity: Protecting the integrity of data as it travels through the 
network is very important as well as critical. Any tampering or corruption 
could lead to severe consequences, particularly in applications such as 
healthcare and/or autonomous driving.

Advanced Threats and Attack Vectors
Sophisticated Cyberattacks: As such networks grow in complexity, so do 
cyberattacks. Threats including, but not limited to, AI-driven malware, 
deepfakes, and multi-vector attacks require advanced, adaptive security 
mechanisms to mitigate and/or reduce the possible risks. 
Quantum Computing: This ideology presents significant and critical chal-
lenges to current encryption methods. Implementing quantum-resistant 
encryption techniques is, therefore, most important and necessary to coun-
teract these threats.

Network Infrastructure Security
Core Network Vulnerabilities: The core infrastructure of these networks 
including switches, routers, and data centers is a prime and key target for 
attackers. Therefore, the comprehensive and critical security for this infra-
structure is important as well as essential.
Software-Defined Networking (SDN) and Network Function Virtualization 
(NFV): While SDN and NFV provide flexibility and scalability, they also intro-
duce vulnerabilities, particularly in virtualized network functions and SDN 
controllers.

8.1.4 Challenges in Implementing Robust Security Measures

• Multiple devices, i.e., out of the million possible devices that 
can potentially connect within a 6G network, particularly, 
the IoT devices and/or sensors, have limited computational 
and energy resources. Therefore, it is important and note-
worthy to take into account all their possible constraints 
while balancing the robust system security is a critical chal-
lenge and needs to be properly addressed.

• The multiple 6G applications need real-time processing and 
low latency. Security measures must operate effectively with-
out introducing prominent delays.

• Ensuring only authorized multiple devices and many users 
accessing the 6G network is required and basically funda-
mental. Taking this into account, the advanced authentication 
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mechanisms, such as biometrics, through facial features, etc., 
and multi-factor authentication, are highly recommended.

• One of the most critical and important aspect is trust, i.e., 
developing trust among the multiple devices and diverse users 
in the network is crucial. For this purpose, the advanced tech-
nologies such as blockchain provide unmatchable records of 
transactions and interactions, confirming the transparency 
and overall trustworthiness within the given system.

8.1.5 Regulatory and Compliance Issues

Global Standards and Regulations: Harmonized worldwide standards 
and regulations are necessary to deploy the 6G networks successfully 
around the globe. This particularly includes that the multiple policymak-
ers and various industry stakeholders must collaborate to develop these 
frameworks for the overall success and improved efficiency/performance 
of these networks.

Compliance with Data Protection Laws: As per the data, national/inter-
national protection laws are very critical, required, and, therefore, an 
essential step in developing and deploying the 6G networks. Therefore, all 
the related organizations must follow and thereby implement such reliable 
and robust measures to protect the data of more than a million users and 
ensure regular regulatory compliance.

8.2 Role of ML in Aspects of Security Challenges

ML is a vital, critical, essential, and one of the most trending technology 
for addressing the 6G network security challenges. With 6G’s massive con-
nectivity and high data throughput, the traditional security approaches 
struggle to keep up with the complexity and volume of potential threats 
and other issues. By leveraging ML algorithms, 6G networks incorpo-
rate advanced and adaptive security measures that protect networks from 
diverse and evolving cyber threats. Additionally, ML also empowers the 
development of intelligent, data-driven security solutions that proactively 
identify risks, streamline network management, and, lastly, enhance the 
overall robustness of network infrastructure.

Advanced Threat Detection: In the process, ML algorithms analyze 
large real time datasets, identifying different related patterns, anomalies, 
and irregularities that signal possible and potential security threats. This 
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capability enables the proactive detection of malicious activity, allowing 
the 6G networks to identify cyber threats much earlier than the multiple 
traditional and conventional methods. Techniques such as anomaly detec-
tion, clustering, and deep learning continuously refine the understanding 
of “normal” network behavior, and, therefore, as a result, these networks 
recognize subtle shifts in data patterns that indicate emerging threats, 
ensuring quick detection and response before any type of the security 
breaches escalate.

Predictive Maintenance: The extensive infrastructure of the 6G networks 
requires high levels of reliability and resilience. ML can effectively predict 
when specific network components, including, but not limited to, routers, 
IoT devices, and/or base stations, are likely to fail or experience perfor-
mance degradation. In the process, by analyzing the historical performance 
data and environmental factors, the ML models have the capability to iden-
tify potential points of failure and alert network administrators to perform 
preemptive maintenance. This high end and crucial predictive capability 
minimizes the unplanned downtime and limited security vulnerabilities 
and, therefore, confirms the consistent and secure performance, particularly 
in mission-critical applications.

Automated Response Systems: ML-driven automated response systems are 
crucial for the 6G networks, which demand real-time and quick responses 
to security incidents within the overall system. This way, these systems 
enable quick and efficient actions by analyzing the received data and exe-
cuting the pre-defined, data-driven response protocols for stable and per-
formance oriented system.

Unlike the traditional and conventional methods, ML-based automated 
systems specifically learn and adapt to the conditions over time, enhancing 
their response strategies as they encounter newer challenges, in the form of 
potential threats. These systems have the capability to isolate compromised 
devices, update firewall rules, re-route device traffic, and activate specific 
defense mechanisms in an automated manner, aiming for efficient overall 
system performance. This behavior reduces the impact of the threats while 
confirming the robustness and integrity of the system.

Continuous Adaptation to Evolving Threats: The 6G networks face the 
time-to-time evolving threats. Concerning this, i.e., the potential threats, 
the advance and trending ML models used for threat detection and other 
benefits are dynamic in nature and adapt to the newer data quickly and 
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the different threat patterns. In addition to this, the multiple other sim-
ilar techniques enable such models to update their system parameters in 
real time, aiming to improve their accuracy and overall effectiveness. This 
allows combatting complex attacks and AI-driven malware, providing effi-
cient defence mechanism for high-density and high-speed networks.

Focusing on the above, this chapter provides a comprehensive analy-
sis of the role and significance of ML in enhancing the 6G network secu-
rity: Following this, Section 8.2 of this work comprehensive and detailed 
literature review related to the advancements in AI and ML within the 
wireless networks, especially focusing on 6G. Following this, Section 8.3 
particularly explores the 6G security framework architecture showcas-
ing its various aspects. In continuation, Section 8.4 discusses the factors 
such as performance metrics and regulatory compliance related to the 6G 
network. Then, Section 8.5 particularly highlights the various challenges 
and limitations of developing and, therefore, implementing the 6G security. 
Lastly, Section 8.6 concludes the work by presenting the critical insights 
while presenting the future research directions. Thus, through this work, 
the ideology is to offer a clear and in-depth understanding of how ML 
contributes to the concept of robust security in the 6G wireless Networks.

8.3 Literature Review

Wireless technologies are rapidly evolving day by day, with advancements 
in AI and ML playing a critical role in enhancing network performance. 
The AI/ML empowers the networks to make intelligent and quick decisions, 
automate processes, analyze large datasets, enable predictive capabilities, 
and, most important, adapt to dynamic conditions. Next-generation wire-
less networks require sophisticated AI for automated information delivery 
between smart applications.

Recent successes in ML and deep learning (DL) have spurred interest in 
AI-enabled wireless networks. This paper surveys AI technologies for various 
network applications, discusses AI-enabled uses, and addresses challenges 
and future research trends. It offers suggestions for making networks more 
intelligent and capable of handling complex problems, helping researchers 
understand AI-based designs and identify key research issues [1].

Explainable artificial intelligence (XAI) is crucial for enhancing the inter-
pretability, transparency, and reliability of ML models, particularly in critical 
fields like cyber-security. Deshmukh et al. [2] discuss the approaches, struc-
tures, and evaluation criteria for implementing and comparing XAI tech-
niques, offering a comprehensive understanding of XAI in adversarial ML.  
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Key aspects such as model-agnosticism, global/local explanations, adver-
sarial resistance, interpretability, computational efficiency, and scalability 
are explored. As 5G is deployed, focus shifts to 6G that supports diverse 
applications and face numerous security threats due to open wireless chan-
nels and dynamic topology.

Traditional security mechanisms struggle against physical layer attacks, 
especially in IoT. Physical layer security (PLS) leverages channel random-
ness and hardware imperfections, enhanced by AI. Zhang et al. [3] review 
ML-empowered PLS techniques for 6G, covering key technologies and 
solutions for key generation, secure transmission, and attack detection, 
highlighting the future research opportunities.

The 6G communication network enhance the intelligent IoT, creating 
multiple possibilities such as Internet for Everything. Accordingly, the AI 
along with 6G is in the process to shift the current trend from connected 
things to a better version and as per the upcoming trend, i.e., connected 
intelligence. In continuation to this, the work in [4] explores AI’s role in 
revolutionizing 6G, focusing on applications that address human needs 
and create value for new technologies. Likewise, to [4], the work in [5] 
presents the rise of AI applications is shaping the aspects of wireless net-
works, with 6G expected to transform to “connected intelligence.” The 
existing AI systems based on DL and data analytics methodologies require 
large and complex computation and multiple communication sources, 
leading to latency, high and non-required energy consumption, high and 
inefficient network congestion, and a number of serious privacy issues. 
In view of this, the edge AI, integrating multiple characteristics such as 
sensing, better computation, and overall better intelligence at the network 
edge, provides an optimal solution to such problem in view of better effi-
ciency, enhanced effectiveness, optimal and improved privacy, and, lastly, 
significant and essential 6G security.

Conclusively, reference [5] presents the aspects of edge AI in view of 
it being scalable and a reliable option while highlighting on the wireless 
communication strategies. In addition, this includes the decentralized ML 
algorithms, network design concepts and ideology, system architecture, 
standardization, platforms, resource allocation optimization, and multi-
ple application scenarios for industrialization and commercialization to 
provide security for the same. Singh et al. [6] explore the AI integration 
along with the self-learning models for smart city ecosystems, addressing 
the evolving requirements of IoT, etc. Unlike existing studies focusing on 
either application requirements or network agility, this paper takes a holis-
tic approach. It discusses the evolution from 1G to AI-driven 6G networks, 
offering taxonomy of technology- enabled smart city applications and 
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outlining future research directions. The deployment of 5G networks intro-
duces novel features compared to 4G and sets the stage for the imminent roll-
out of the next generation, i.e., 6G wireless communication systems by the year 
2030. Focusing on this, the present work explores the transformative potential 
of 6G, addressing challenges including, but not limited to, enhanced system 
capacity, better data rates, and improved service quality (QoS). It also presents 
the emerging technologies like AI and optical wireless, projecting 6G speeds of 
up to 1,000 Gbps and enabling innovations such as 3D holographic commu-
nication and extended reality (XR). The integration of AI and ML enhances 
6G’s capabilities in sub-mm wave technology while promising advancements 
in wireless sensing and mobile edge computing [7].

In the ultimate dynamic evolution of wireless communication, each 
generation from 1G’s analog simplicity to 5G’s digital prowess has driven 
transformative advancements in connectivity. With 5G laying the ground-
work for global interconnectivity, the worldwide attention now turns to 
6G networks. Chataut et al. [8] explore the foundational technologies 
and benefits of 6G networks, including terahertz communication, ultra- 
massive Multiple Input Multiple Output (MIMO), AI, ML, quantum commu-
nication, and reconfigurable intelligent surfaces. By integrating AI/ML, the 
6G network promises unprecedented capabilities in mobile broadband and 
applications including smart cities and autonomous systems. Addressing 
challenges from technology to regulation, this study maps the future land-
scape of 6G networks, aiming to inspire the future research and innovation 
in this rapidly evolving field.

With 5G now deployed, focus shifts to designing the 6G system, which 
integrates space air-ground-sea platforms for diverse applications requiring 
stringent QoS and security standards. Given the open wireless channel and 
dynamic network topology, 6G network faces significant security challenges. 
Traditional cryptography struggles to counter physical layer attacks, especially 
in the IoT devices. PLS leverages wireless channel randomness and hardware 
imperfections to bolster security, further augmented by AI advancements.

Focusing on this, Zhang et al. [3] discussed a comprehensive overview 
of ML-driven PLS techniques for 6G networks, covering key technologies, 
security threats, ML methods, and recent advancements. It particularly 
concludes by highlighting future research opportunities for a more intel-
ligent and secure 6G network. Following this state-of-the-art work, refer-
ence [9] presents the security of 6G technology as a concernful ideology 
for industry, governments, as well as academicians. To mitigate the spe-
cific cyber threats, new security approaches leveraging AI and Zero-Trust 
Architecture (ZTA) are proposed. This work analyzes current research in 
6G network security, highlighting AI algorithms and ZTA while identifying  
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their limitations. Addressing these gaps, the work done in reference [9] 
proposes a new 6G security framework based on ZTA, incorporating 
adaptive AI algorithms implemented through hierarchical defense agents. 
These special measures aim to effectively bolster the security of 6G net-
works, their components, and overall services.

Additionally, the security management involves identifying and safe-
guarding company assets through various policies and multiple procedures. 
As AI applications thrive with trending and critical advancements in DL 
and cloud-edge computing, the IoT-related security challenges still persist. 
Thus, introducing 6G wireless communication assisted security manage-
ment using AI aims to highlight and improve the overall system security. 
This framework integrates an energy-efficient 6G real-time communica-
tion system and a deep neural network-based security module to optimize 
network efficiency, reduce energy consumption, enhance privacy, ensure 
data integrity, and strengthen network security. Thus, Rekkas et al. [10] 
explore AI’s role in enhancing 6G network security, addressing strategic 
challenges and proposing solutions.

AI, particularly ML, is pivotal in developing and optimizing 6G network 
applications. Noman [11] presents a concise overview of ML methods 
and a current ML application in 6G systems. These includes supervised, 
unsupervised, and reinforcement techniques. The work also examines 
unresolved challenges in ML for 6G networks and wireless communica-
tions, along with potential future trends to inspire ongoing research in this 
domain. 6G networks, as the next-generation communication standard, 
prioritize enhanced end-to-end connectivity for sustainability. AI advance-
ments enable innovative technologies via ML models, vast datasets, and 
robust computing power. ML-driven intelligent resource management 
in 6G leverages parallel computing and autonomous decision-making to 
boost energy efficiency and computational capacity. Thus, Pandi [12] cate-
gorizes state-of-the-art ML algorithms in 6G, focusing on applications like 
Device-to-Device (D2D) networks, Vnet, and Fog Radio Access Networks 
(F-RANs). It addresses resource allocation, task offloading, handover man-
agement, energy efficiency, and latency reduction while outlining future 
research directions in ML-based 6G resource management.

The 6G of cellular transmission promises pervasive wireless connectivity 
for a fully connected world, supporting diverse smart devices and applica-
tions. This paper compares 6G with 5G technologies, highlighting security 
and privacy challenges. It proposes an authentication and identification 
approach for 6G security, emphasizing authentication and flexible position 
identification. The proposed architecture in [13] is evaluated for benefits 
and performance metrics with recommendations for future research in 6G 
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cellular network security. The future wireless networks (6G) aim to advance 
beyond the capabilities of 5G by enhancing broadband, supporting massive 
access, and ensuring ultra-reliable, low-latency services. These networks will 
be highly heterogeneous, densely deployed, and dynamic, challenging tra-
ditional operational methods. AI particularly ML, is critical and pivotal in 
achieving intelligent network orchestration and management. AI/ML-driven 
channel estimation and spectrum management promise to optimize ultra 
broadband techniques like terahertz communications. They also address 
ultra-massive access, energy efficiency, and security challenges while ensur-
ing reliable, low latency service through intelligent mobility management 
and resource allocation. Thus, Bahl et al. [14] present the trending AI-ML 
techniques and its applications. 6G, the next generation in cellular technol-
ogy, is presently in deployment stage for wireless systems. ML including DL 
has been increasingly applied across various sectors to enhance system per-
formance, including in communication technologies for optimizing various 
parameters such as frequency spectrum usage and security.

However, with the level of advancement of ML techniques also raises 
security concerns, particularly regarding adversarial attacks that can com-
promise AI models. In view of this, the work in [15] proposes a mitigation 
approach against several types of attacks on 6G-ML models used for wave 
beam prediction. The work efficiently aims to bolster security by defending 
against fast gradient sign method attacks, demonstrating minimal impact 
on prediction accuracy compared to undefended models.

Wireless communication systems are pivotal in ultra-modern and smart 
society, such as smart cities, serving digital entertainment, business, health, 
safety, and more. Evolving from 5G, discussions on 6G systems emphasize 
the integration of smart algorithms such as AI across all system layers—
physical, network, and application. Thus, Sankar Ganesh et al. [16] explore 
6G concepts and the pervasive role of ML techniques like supervised learn-
ing. In addition to this, the multiple applications are also presented and well 
discussed in the work. As 6G wireless networks approach deployment, 
robust security is crucial. Identity and access management (IAM) pro-
vides authentication, whereas Zero-Trust Network Access (ZTNA) high-
lights continuous verification and access contributions.

Furthermore, the ideologies like secure network segmentation block 
threats. These multiple measures and ideologies confirm and provide the 
integrity and confidentiality of 6G networks with higher reliability. IAM 
provides better and reliable authentication, whereas ZTNA frameworks 
successfully achieve high detection rates of abnormal behaviors [17]. 
On the other side, whereas 5G networks introduced cloudification and 
microservices, the 6G network focuses on intelligent orchestration and 
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management. As discussed previously and by various researchers, AI, ML, 
and DL prove to be pivotal for proactive threat detection and the creation of 
automated, self-sustaining 6G networks. According to this, reference [18] 
explores AI’s role in 6G security through the development of an anomaly 
detection system based on ensemble learning (EL), covering aspects such 
as pre-processing, feature selection, and intrusion detection.

In examining the evolution and transition toward the 6G wireless net-
works, it becomes clear that AI and ML are set to revolutionize every aspect 
of wireless communication. From enhancing network efficiency and secu-
rity to enabling innovative applications across diverse sectors, 6G network 
promises development and advancements far beyond those of current 5G 
technologies. The integration of AI and ML techniques throughout the 
network architecture from the physical to the application layers highlights 
and signifies their indispensable and critical role in shaping the future and 
setting the trend of wireless connectivity. As the future research progresses 
with time, addressing challenges and exploring new applications will be 
crucial to unlocking the full potential of 6G networks across the globe.

8.4 6G Frameworks

As the development of trending 6G networks progresses, the need for 
robust security frameworks becomes increasingly critical and significant. 
The next generation of wireless communication promises transformative 
capabilities such as ultra-high data rates, ultra-low latency, and massive 
device connectivity, i.e., millions of devices, which introduce new security 
challenges and vulnerabilities. Therefore, this explores the various aspects 
of 6G security frameworks, including through examination of their core 
components, the recent and trending technological innovations, essential 
performance metrics, critical regulatory compliance, the possible chal-
lenges, and the required future directions [19–23].

8.4.1 Framework Components

To take into account and acknowledge the multi-faceted security challenges, a 
comprehensive framework with all aspects of security and robust components 
is essential and of high importance. The core elements for this purpose include 
advanced and smart authentication mechanisms, including biometrics, various 
encryption protocols, different access control methods, and unique as well as 
quick anomaly detection systems, each playing a vital role in securing the over-
all network integrity and protecting the user privacy, especially the user data.
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Authentication Mechanisms:
1. Enhanced and much required security through a vital man-

ner, i.e., multi-factor authentication using the trending bio-
metrics methodology such as facial recognition and/or other 
ways such as fingerprint scanning is critical and, therefore, 
highly recommended.

2. Using the advanced blockchain technology to create secure 
and decentralized authentication systems that solely prevent 
the single points of failure can be well treated as another 
effective way for securing the user data under the authenti-
cation mechanism.

Encryption Protocols:
1. Implementing the trending cryptographic algorithms that 

are resistant to quantum computing attacks especially while 
ensuring the long-term user data security is highly recom-
mended and required.

2. Encrypting data in the form of end-to-end-encryption, i.e., 
E2EE, as explained encryption from the source to a desti-
nation is important and highly recommended to secure the 
data from interception and spying.

Access Control Mechanisms:
1. Role-Based Access Control: Assigning a specific set of access 

rights to the users as per their dedicated roles, limiting and 
reducing the access to sensitive and critical information and 
the key functions is highly required and therefore, recom-
mended for better system performance.

2. Attribute-Based Access Control: The variable and highly 
dynamic access control to the users based on particular attri-
butes, characteristics, context, and, therefore, the environ-
mental conditions are critical and very important.

Anomaly Detection Systems:
1. AI-Driven Detection: Utilizing AI- and ML-based algo-

rithms to detect and respond to anomalies and potential 
security breaches in real-time is highly recommended and 
beneficial overall.

2. Behavioral Analysis: Monitoring user behavior to identify 
deviations from normal patterns, indicating possible secu-
rity threats is an effective step and therefore recommended.
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Technological Innovations
The security of trending and advance 6G networks relies on several advanced 
technological innovations designed to address emerging threats and enhance 
overall network resilience. The key innovations particularly include AI and 
ML, blockchain, quantum cryptography, and zero-trust network architectures, 
each contributing distinct capabilities to create a secure and specifically, adapt-
able 6G framework. Figure 8.2 shows the aspects of 6G security with quantum 
cryptography.

AI and Machine Learning:
1. Predictive Analytics: Using the AI-based algorithms to pre-

dict and mitigate security threats before they materialize, 
enhancing proactive security measures is highly recom-
mended and is most effective approach.

2. Adaptive Security: ML algorithms that continuously adapt to 
evolving threats, providing dynamic security responses are 
effective and recommended based on their characteristics.

Blockchain:
1. Secure Transactions: Implementing blockchain for secure 

and transparent transactions and reducing the risk of fraud 
and tampering are great initiatives and effective  steps.

2. Decentralized Identity Management: Ensuring the secure 
and verifiable user identities without entirely relying on cen-
tralized authorities improves the system’s overall effectiveness.

Quantum

Cryptography

Blockchain Al & Machine

Learning

Zero-Trust

Network

Architectures 

Quantum-

Trust

Cryptography

Figure 8.2 6G security and quantum cryptography.
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Quantum Cryptography:
1. The initiation and process of using the quantum mechanics 

to privately and securely distribute encryption keys, ensur-
ing continuous and uninterrupted communication chan-
nels, are recommended as per the overall effectiveness and 
efficiency of the developed approach.

2. Experimenting, developing, implementing, and thereby 
deploying the required set of cryptographic and advanced algo-
rithms to withstand the possible quantum computing attacks 
are critical and, therefore, highly recommended and necessary.

Zero-Trust Network Architectures (ZTNA):
1. Micro-Segmentation: Dividing the more extensive networks 

into multiple smaller segments to ideally isolate and reduce 
and/or limit the number and level of security breaches is 
critical and, therefore, highly required, thus recommended 
for enhanced performance.

2. Continuous Verification: Developing and implementing the 
continuous verification of all the connected users and their 
corresponding multiple devices, regardless of their geograph-
ical location within and/or outside the network perimeter, 
help to enhance and, therefore, improve the overall system 
performance and efficiency.

8.4.2 Performance Metrics

To effectively evaluate and ensure the effectiveness of security frameworks 
in the 6G networks, it is essential and required to establish comprehensive 
performance metrics. These metrics assess the resilience, responsiveness, 
scalability, and adaptability of security measures, especially, ensuring that 
they can handle the dynamic and high-demand environment of the 6G 
networks. The key performance metrics include resilience to cyberattacks, 
response time, scalability, and adaptability, each providing insight into the 
robustness and flexibility of the 6G security frameworks.

Resilience to Cyberattacks:
1. Evaluating the security frameworks ability along with the 

advanced system algorithms to detect and prevent the unau-
thorized access into the system, and, thus, the attacks is an 
effective solution and an initiated step.
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2. Measuring the overall robustness of security systems in 
maintaining functionality during and after attacks is critical 
aspect.

Response Time:
1. Assessing security frameworks’ high speed and better effi-

ciency in responding to and mitigating security incidents is 
a critical concern.

2. Evaluating the overall effectiveness of real-time system mon-
itoring and threat detection capabilities is very important as 
well as an effective way of concurring the multiple system 
related issues.

Scalability:
1. Ensuring the overall security frameworks can scale with 

cumulative network size and complexity without compro-
mising the overall system performance, which needs to be 
properly taken care of.

2. Supporting a growing number of connected devices, i.e., 
more than a million of devices, including IoT and edge 
devices, with constant security concerns and measures is 
also a significant concern and must be properly addressed.

Adaptability:
1. The ability and capability of the security frameworks to 

quickly and readily adapt to new system and security threats 
and variable network environments is recommended and 
highly significant.

2. While ensuring the overall system compatibility with tra-
ditional, i.e., existing and emerging technologies, national/
international standards, and given protocols, it compre-
hensively improves the system efficiency, reliability, and 
performance.

8.4.3 Regulatory Compliance

The regulatory compliance is important and much essential as well as crit-
ical for maintaining the user data and trust, ensuring the user data privacy, 
and confirming the ethical and proper use of advanced technology such 
as AI and ML within the 6G networks. As the trending and advanced 6G 
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network, i.e., need of the hour technology expands connectivity and inte-
grates more personal and sensitive user data, it is highly very important to 
establish and follow the regulatory frameworks that keeps into account and 
properly addresses the user data privacy concerns, national/international 
cybersecurity standards, and overall ethical considerations. Taking this into 
consideration and the importance of regulatory compliance, this section 
discussed the key aspects and compliance areas concerning the secure and 
trustworthy 6G networks for the users.

Data Privacy:
1. According to and following the data protection regulations 

is a critical and effective step toward system improvement, 
especially taking user privacy into consideration while 
ensuring the enhanced user experience.

2. Implementing multiple advance techniques such as AI and 
ML to analyze and protect the user data while focusing on to 
protect the user identities and other sensitive information is 
highly important and a much recommended step.

Security Standards:
1. According to and following the National Institute of 

Standards and Technology (NIST) guidelines for reliable, 
robust, and efficient cybersecurity practices are an important 
and much required initiative toward the overall effectiveness, 
system development, and effective deployment.

2. Complying with International Organization for Standardization 
(ISO)/International Electrotechnical Commission (IEC) stan-
dards is vital for the overall system, especially concerning the 
information security management and overall network security. 
This way, it improves the effectiveness and overall performance 
along with the reliability of the system.

Legal and Ethical Considerations:
1. Ethical AI: Ensuring that AI and ML applications in 6G net-

works follow the ethical guidelines and do not compromise 
user rights is significant and important.

2. Legal Compliance: Meeting legal requirements for data han-
dling, storage, and transmission in different jurisdictions is 
important and highly recommended.
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8.4.4 Challenges and Limitations

While the 6G networks offer transformative capabilities, implementing the 
corresponding comprehensive security frameworks presents several chal-
lenges and limitations. These particularly include interoperability issues, 
resource constraints, and overhead costs, which must be significantly and criti-
cally addressed to ensure that 6G security systems are effective and sustainable.

The various challenges and limitations are pictorially presented in Figure 8.3.

Interoperability Issues:
1. Legacy Systems: Integrating the new security frameworks 

with the existing and traditional legacy systems without 
causing disruptions is a critical and significant step of the 
overall process and, therefore, important.

2. Standardization: Lack of unified national and international 
standards for 6G security around the globe is of concern, as 
this leads to fragmentation along with a number of compat-
ibility issues within the system.

Resource Constraints:
1. Computational Overhead: The very computational and com-

plex system demands, especially considering the advanced 
security mechanisms, possibly affecting the overall network 
performance are very critical and essential and, therefore, 
need proper attention.
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Conflicts

Figure 8.3 6G challenges and limitations.
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2. Energy Consumption: Highly increased and oversized power 
energy consumption the system, especially the security mea-
sures, is a critical and highly significant concern that needs to 
be properly addressed and taken care of.

Overhead Costs:
1. Implementation Costs: The high initial capital costs asso-

ciated with research, development, and deployment of 
the advanced security frameworks and technologies are 
important and key aspect and, therefore, must be properly 
considered.

2. Maintenance Costs: Accordingly, the maintenance cost for 
the overall system while confirming the system security is 
important and therefore needs proper attention.

Trade-Offs:
1. Security vs. Performance: A proper balance between the 

need for robust and reliable security with the efficient per-
formance requirements of high data transmission speed and 
low-latency 6G networks is important, and therefore, needs 
proper attention.

2. User Experience: While confirming that the security mea-
sure do not reduce the user experience, is equally important 
and required for overall reliability and, therefore, needs to be 
properly addressed.

8.5 Conclusion

The various aspects and benefits of the next-generation telecommunication 
framework, i.e., 6G wireless communication technology, include multiple 
offerings over the current 5G framework. Particularly, its transformative 
potential and capabilities in communication is highly appreciable, especially 
in terms of number of devices, etc. However, with such benefits and over-
all advantages over the 5G framework, it also possesses a number of chal-
lenges and issues. This particularly includes the expanded threat zone, data 
privacy concerns, and threats from various types of cyberattacks. In view of 
this, ML possesses the capability to realize large dataset in real time to detect 
and further provide information related to potential issues, even before the 
threats are capable of impacting the network. This additionally includes the 
automated response system with quick decision-making and predictive and 
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efficient maintenance to ensure robust and efficient system performance. 
Moreover, ML also allows the system to integrate with blockchain and other, 
i.e., another advances technologies, to ensure additional features enhancing 
the overall system performance, including security aspects. Besides, this 
integration allows decentralized, reliable, and robust authentication methods 
and, thus, mitigates vulnerabilities across the complete network architecture.

Thus, based on the existing research, the future work will focus on 
developing the ML algorithms that are robust in nature and, besides, in 
integration with other advanced technologies. This will allow for additional 
resilience against attacks, better and safe reachability for the connected 
devices, and enhanced user trust. Besides, this can also incorporate AI and, 
therefore, compliance with global data protection standards in view of the 
trending 6G adoption. Conclusively, such approach with additional and 
advanced technologies will give extra space to the researchers to develop 
more robust structure while it also allows the stakeholders to come for-
ward and thus establish a secure, resilient, and adaptable framework. Thus, 
it can be concluded with explicit conviction that the presence of ML will 
play a pivotal role in realizing secure and robust 6G ecosystem.
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Abstract
Edge computing is set to play a vital role in the evolution of 6G networks by enabling 
real-time data processing closer to the source. This shift toward decentralized architec-
tures significantly improves responsiveness and reduces latency, benefiting applications 
such as autonomous systems, smart healthcare, and industrial automation. However, 
moving computation to the network edge also introduces serious privacy and security 
concerns. This chapter investigates these challenges, focusing on issues like data expo-
sure, inadequate access control, and regulatory compliance. It highlights promising 
approaches such as federated learning, differential privacy, blockchain-based identity 
verification, and secure multi-party computation, all tailored for edge environments. 
The discussion also considers the technical limitations of edge devices in handling 
complex cryptographic operations and suggests lightweight alternatives suitable for 6G 
scenarios. The chapter concludes with future directions emphasizing AI-enabled threat 
detection and standardized privacy models for globally distributed 6G infrastructures.
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9.1 Introduction

The sixth generation, or 6G, of mobile networks is a promise toward revo-
lutionizing the connectivity factor of today’s world to unprecedented data 
speeds, ultra-low latency, and quality of service. This is set to take the leap by 
a giant margin over the network that currently exists in the form of 5G net-
works. The 6G is designed to support an expansive interconnected ecosystem 
of devices—from IoT-enabled sensors and autonomous systems to intelligent 
cities. Contrary to previous generations, 6G will erect a highly integrated net-
work that supports, in addition to advanced telecommunications, sectors like 
healthcare, finance, and manufacturing by exchanging real-time data with 
high fidelity. Data rates are expected to be in the order of terabits per second, 
with a latency of just one millisecond, unlocking applications such as immer-
sive extended reality and high-speed holographic communications.

Edge computing brings data processing closer to the sources of data. In 
this model, processing power is decentralized, enabling faster data handling 
and reducing the need to transmit data to central data centers. Edge com-
puting in a 6G network minimizes latency and enhances reliability while 
reducing the load on the network’s central resources. Processing at the edge 
enables near real-time decision-making, which is very critical for an appli-
cation that needs to respond immediately. This is something that could be as 
simple as self-driving or healthcare applications or, in the industrial sense, 
real-time automation.

There are very big complexities and critical issues that arise in terms of 
privacy and security in 6G networks during this transition toward edge 
computing and massive numbers of connected devices. Data processing, 
transmission, and storage operations across the vast numbers of devices 
and edge nodes will become vulnerable to unauthorized access, breaches, 
and cyberattacks in 6G. Privacy would be a much larger issue as the net-
works process more sensitive data, including personal and financial infor-
mation. Edge computing offers a decentralized topology to operate in an 
environment, which in itself makes traditional security mechanisms that 
often rely on centralized control less effective. Therefore, 6G networks 
require novel forms of solutions that protect data at various levels of the 
network while being compliant with privacy regulations.

Security breaches and privacy violations affect not only individual users but 
also industries and national infrastructures. Secure privacy and security solu-
tions, therefore, become an absolute necessity in order to achieve the confidence 
of users to access 6G for sensitive data without compromising confidentiality, 
integrity, and availability. Therefore, advanced security protocols and privacy- 
preserving mechanisms can be integrated into the design of 6G networks.
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9.1.1 Scope and Objectives of the Chapter

This chapter discusses the role that edge computing plays in 6G networks 
and talks about the innovative, unique challenges of privacy and security it 
brings with itself. It explores in-depth available and emergent risks related to 
processing data at the network’s edge and discusses how innovations in secu-
rity protocols and privacy-preserving technologies can mitigate those risks.

The primary objectives of this chapter are as follows:

• To provide an all-inclusive perspective of edge computing in 
the context of 6G

• Identification and analysis of the privacy and security issues 
related to edge computing of 6G

• Discussion of innovation and advanced solutions in respond-
ing to these issues by focusing on privacy- preserving tech-
niques and robust security protocols

• Future work directions and possible solutions that will fur-
ther improve the privacy and security framework for 6G 
edge computing

By focusing on these objectives, the chapter is expected to provide criti-
cal and valuable inputs to researchers, network designers, and stakeholders 
within the telecom operator domain who are working toward the secure 
and privacy-compliant implementation of edge computing in 6G networks.

9.2 Edge Computing in 6G Networks

Edge computing happens to be one of the fundamental technologies that meet 
the needs peculiar to 6G as the demand for connectivity continues to evolve 
with time. As compared to a classical centralized processing approach, edge 
computing leads to reduced latency and efficiency in doing things because 
computing resources are brought closer to where the data is generated. It con-
tinues by discussing a definition and the significant role of edge computing 
within 6G with components and an architectural framework that makes that 
possible while setting up a comparison to traditional cloud computing.

This includes the basic kind of distributed computing, which is that of 
edge computing that executes data processing near the generation site or 
even at such an event source and not as a solitary activity on the central 
server alone. Such an approach enables prompt responses by shifting the 
process closer to the “edge” of the network of sensors, smartphones, etc., 
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and other IoT nodes. This is in contrast to the cloud because data needs to 
travel long distances to remote data centers for processing, and this nor-
mally incurs latency. In 6G networks, ultra-low latency and high band-
width should be considered. Here again, edge computing would meet these 
better than cloud computing.

The concept of edge computing is critical in the 6G context, especially 
for real-time applications like autonomous driving, industrial automation, 
and augmented reality. For example, sensor data is processed in order 
to quickly make decisions on navigation and obstacles while driving. 
Processing at the edge allows almost instantaneous reaction times; there-
fore, safety is enormously critical. Huge inter-device communications that 
happen in real time for such applications are, therefore, the dependencies 
smart cities have for edge computing: traffic management and monitoring, 
environment, public safety, among others. In this framework, edge com-
puting ensures a decentralized model with a minimum of delay and higher 
reliability; therefore, it is a cradle for 6G within the general context of over-
all vision in terms of connectivity and responsiveness.

9.2.1 Key Components and Architecture of Edge Computing  
in 6G

Edge computing architecture in 6G is a multi-layered system designed to 
support high-speed and low-latency data processing. Major components 
include edge nodes, edge servers, artificial intelligence (AI) and machine 
learning (ML), and the network layer.

This type of basic computing unit within edge computing is called an 
edge node, which encompasses sensors, devices associated with IoT, and 
all devices a customer utilizes that acquire data from its source. In some 
preliminary analysis, nodes would probably filter out data of low relevance 
so that reduced data volume is being transported up to higher levels of the 
network. Thus, only meaningful information will be transmitted and com-
puted in the subsequent processing stages, thereby optimizing the usage 
of bandwidth. At the heart of contact with the core of a network are the 
edge nodes, which further come into play in the amalgamation of real-time 
information across all types of applications, from healthcare monitoring 
to industrial automation, smart infrastructure, and much more. Figure 9.1 
illustrates the layered architecture of edge computing in 6G.

A sufficient number of nodes at that level are themselves edge servers 
that will form intermediate versions of data centers. Because it aggregates 
and analyses several nodes’ data cannot be done by the edge nodes by them-
selves to perform higher-order processing tasks; smart manufacturing has 
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edge servers monitoring for anomalies of patterns or detection of patterns 
in one to a couple of sensors that would immediately report the anomaly in 
an effort to promptly react toward equipment failure. They provide faster 
data processing with increased network resiliency through the presence 
of localization processing nodes that can divide the load away from the 
central cloud server.

AI and ML capabilities are fundamental to the process of edge comput-
ing in 6G. These have offered the intelligent mechanisms essential to data 
processing management, resource distribution, and adaptability. In sys-
tems of edge computing, AI-based algorithms have the ability to learn data 
patterns and, sometimes, even make independent decisions on their own. 
This is going to be highly effective in the 6G network. The network might 
well end up dynamically managing resources without asking for a control 
system. But today, with ML at the edge, predictive maintenance falls into 
that category by predicting a failure even before an actual problem occurs 
based on information about machinery or infrastructure and cutting down 
unavailability time and costs.

The network layer can be termed as a backbone that connects these 
entities to ensure smooth communication from the edge nodes to edge 
servers and further on to the core network. In the network layer, design in 
6G accounts for high data transfer rate with minimal delay. This aspect of 
applications would be quite important in real time response applications. 
Low-delay data transfer is applicable in remote healthcare scenarios where 
edge devices monitor the patient’s vital signs so as to allow timely inter-
vention. Ultra-reliable and low-latency communications is one of the key 
features in the 6G advanced network needed for the right functioning of 
applications at the edge.

Key Components and Architecture of Edge Computing in 6G 

6G Core Network (Cloud) User Equipment (UE) 1 User Equipment (UE) 2 

Edge Data Center

Local Data Storage Data Processing (Edge) 

Resource Management

Local AI/ML Processing 

Small Cell 2 Edge Server 2 Small Cell 1 Edge Server 1 

Figure 9.1 Key components and architecture of edge computing in 6G.
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9.2.2 Comparison with Traditional Cloud Computing and Its 
Limitations in 6G Scenarios

Central mass processing is the core of traditional cloud computing-housed in 
massive data centers and includes huge chunks of data coming from devices 
and applications to be processed and stored there. Despite cloud comput-
ing having done a lot to scale applications and make complex processing 
tasks, it does not look pretty usable for 6G applications requiring immedi-
ate responses with ultra-low latencies because of its centralized nature. This 
would leave only some potential of cloud computing for real-time fulfilment 
in 6G. Where data must travel a great distance to reach the central server, 
latency occurs, which is tolerated by some applications but not all.

One of the main drawbacks of cloud computing is latency, primarily 
when application demands meet the demands of 6G, which means that it 
requires almost instant data processing. For instance, for augmented real-
ity, the delay may probably break down the whole user experience because 
data has to be processed in real time to overlay information digitally onto a 
physical environment. This is achieved through the edge computing mech-
anism where the processing of data happens locally at devices or immedi-
ately at the edge servers, which process the information almost in real-time. 
It does not introduce high latency and meets the strict requirements of low 
latency from application 6G applications that cannot be met through cloud 
computing. The latency in the transmission of data is reduced.

Another drawback in cloud computing is high bandwidth usage. In the 
central model, billions of devices have to transmit data back and forth to 
the cloud server. It will result in both network congestion as well as energy 
consumption. Thus, the 6G cannot be sustainable while serving millions 
of devices where device efficiency is required. This reduces the amount 
of bandwidth required in data transfer by edge computing as the process-
ing is local. This local processing also has sustainability benefits because it 
consumes much less of the needed extensive data center resources besides 
being economical.

Table 9.1 compares traditional cloud computing with edge computing 
in 6G scenarios. Although the edge features of 6G networks are outlined, 
a great deal of complementary use still remains for 6G networks. Data, 
when stored in the cloud, spends more time, and there are substantial 
amounts of data in storage. Any level of analysis for large datasets fits well 
into the features that make the cloud relevant for analytics. The offloading 
and tasks requiring less response of a network are very well suited through 
cloud computing where the 6G network supports many devices as edge 
devices through the tasks requiring less response as an immediate reply 
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like analyzing the data at given periodicity or storage historical data. With 
the good balance of high speed and real-time processing at the edge and 
large-scale data management in the cloud with a hybrid of cloud comput-
ing and edge computing, 6G networks will be paving the future toward a 
truly connected world.

Table 9.1 Traditional cloud computing vs. edge computing in 6G scenarios.

Criteria

Traditional cloud 

computing Edge computing in 6G

Core 

architecture

Centralized, with processing 
in large data centers

Decentralized, with 
processing closer to the 
data source

Latency High latency due to data 
traveling long distances to 
the cloud

Ultra-low latency by 
processing data locally 
or at the edge

Bandwidth 

usage

High, requiring extensive 
data transfer between 
devices and cloud

Low, as local processing 
reduces the need for 
constant transfer

Real-time 

processing

Limited, unsuitable for 
real-time applications like 
AR/VR

Excellent, supports real-
time applications like 
autonomous systems

Sustainability Energy-intensive due to 
reliance on large-scale 
data centers

Energy-efficient, leveraging 
local and distributed 
resources

Suitability for 

6G

Partial, useful for large-scale 
data storage and analysis

Ideal, designed for real-
time, low-latency 6G 
applications

Security 

challenges

Secure but centralized, 
making it vulnerable to 
single-point attacks

Decentralized, offering 
improved security but 
increasing node-level 
risks

Scalability Limited by central server 
capacity and network 
congestion

Highly scalable, leveraging 
distributed computing 
resources

Cost efficiency Expensive for high-
frequency real-time 
applications

Cost-effective by reducing 
reliance on centralized 
infrastructure

本书版权归John Wiley & Sons Inc.所有



198 Security and Privacy in 6G Communication Technology

9.3 Privacy Challenges in 6G Edge Computing

The increased development of the 6G networks has edged computing into 
being one of the most powerful enablers in the real-time processing of data, 
which allows responses with very low latency. Although this shift toward 
edge computing is one of great popularity, it, on the other hand, raises a lot 
of privacy issues because of the distributed nature of the architecture with 
the movement of processing data away from the central servers to the edge 
of the network. Detailed key privacy issues on data ownership, control, 
data transmission vulnerabilities, user anonymity, data localization, and 
threats through data aggregation and AI/ML processing at the edge are 
outlined in the next sections.

9.3.1 Data Ownership and Control Issues at the Network Edge

In traditional centralized networks, data ownership and control normally 
lie with one organization or limited sets of entities. However, edge comput-
ing throws this in a complex web of issues regarding data ownership aris-
ing from the decentralized setup in which several stakeholders, like device 
manufacturers and service providers, along with end-users, are actively 
involved in generating, processing, and managing data. It makes it partic-
ularly challenging to issue clear guidelines with respect to data ownership 
in 6G networks because data is processed by different nodes in different 
jurisdictions.

The ownership of data is an especially relevant consideration when sen-
sitive information, for example, health data or financial information or 
even location-tracked information, is involved. For example, in a medical 
context, edge devices might collect personal health metrics and perform 
simple preliminary analyses directly on the same device. The problem 
arises when there are several service providers in the same data process-
ing chain, such that an individual can never be sure whether the system 
administrator, the parent firm, or the original data-generating person has 
the final authority over this data. In case of breach or misuse, who should 
be held accountable? This creates ambiguity and presents legal issues 
whenever sensitive data is mishandled because different jurisdictions have 
different regulations relating to data ownership rights.

Things get even more complicated when this is a matter of user consent. 
It might not be that users are fully aware of the amount of data shared 
and further processed at the edge of the network, thus losing control over 
their personal data. For 6G networks, this consent mechanism should be 
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brought up to promote even the same form of user consent to be given for 
the sharing and processing of data. Overall, ownership and control of data 
stand out as key concerns that stakeholders operating under 6G need to 
address to be transparent and accountable.

9.3.2 Vulnerabilities in Data Transmission and Storage

This results in high interactions among diverse nodes and edge servers and, 
sometimes, the core cloud infrastructure for data transmission. At every 
stage of such data transmission, there are potential vulnerabilities, most 
especially when such sensitive information has been transmitted between 
those different nodes. Data that is in motion between those edge devices 
and servers can actually be intercepted and used by anyone. Manipulation 
can also occur so that certain individuals gain unauthorized access to it, 
thereby breaching the privacy of that data. Secure data transfer is one of the 
essential aspects in 6G networks because these networks will have a wide 
range of sensitive data at the edge layer.

To minimize these vulnerabilities, encryption is broadly used to secure 
data while it is in transit. The problem is that most of these edge devices 
work with reduced processing power and energy. It becomes hard to imple-
ment strong encryption standards without hampering the performance of 
the devices. This limitation does create a compromise between security 
and performance, especially in resource-constrained environments such as 
those for an IoT-based smart home or wearable device. Furthermore, any 
data integrity compromise at the transmission level might have huge impli-
cations. For example, in autonomous vehicle networks, the compromised 
data might lead to decisions affecting the safety and security of passengers.

Storage vulnerabilities at the edge also contribute to risks related to pri-
vacy issues. Unlike centralized data centers, which have advanced security 
protocols, edge devices and servers have limited security controls. This 
makes them highly targeted for cyberattacks because it is easy to operate 
on those vulnerabilities in order to gain unauthorized access to the stored 
data, thus potentially leading to data breaches. This also means that data 
duplication is quite common in edge computing, whereby data is very 
widely spread across several devices in order to achieve high availability 
and redundancy. Although this approach enhances the robustness of sys-
tems, it expands the attack surface and creates new vulnerabilities based 
on these entry points into the system. Lightweight encryption solutions, 
secure mechanisms for access control, as well as timely security update 
distributions on the edge device can mitigate these challenges.
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9.3.3 Challenges of User Anonymity, Data Localization,  
and Regulatory Compliance

Perhaps among the main challenges to user anonymity, data localization, 
and compliance with regulations that come from the decentralized nature 
of 6G edge computing is the widespread proliferation of IoT devices, 
sensors, and other edge technologies at the individual edge units’ level. 
Because much personal data is so generated and processed close to the 
sources of data, localized data processing throws up important questions 
regarding the functions available for analysis and decision-making related 
to user anonymity.

While anonymization of user data is a requirement for privacy in edge 
computing, the kinds of differential and context-rich information that edge 
devices can capture pose a challenge. For instance, location-based services 
in smart cities capture the fullest profiles of movements and behavior of 
individuals, making it possible to identify particular users unless properly 
anonymized. With anonymous data, even advanced techniques such as the 
removal of identifiable information itself may not be very effective when 
more contextual clues are used to re-identify the data. Several privacy- 
preserving technologies, especially differential privacy, are still being 
researched. The integration of such techniques in edge computing envi-
ronments still poses a challenge because of the limited processing power.

Data localization is another important problem, especially with 6G 
networks crossing international borders. For instance, some jurisdictions 
require that data about their citizens must stay within the country, mak-
ing it difficult to deploy edge computing because the data could be pro-
cessed across various locations. For instance, the General Data Protection 
Regulation (GDPR) of the European Union has strict rules on the transfer 
of data crossing more than one border country, which would be quite chal-
lenging in a 6G network with data being processed by nodes that are in 
other locations. Compliance with such regulation requires edge computing 
systems to implement data localization policies, which can be costly and 
operationally cumbersome, particularly while handling huge amounts of 
data across several regions.

Apart from the above factor, the regulatory compliance reaches user 
consent adequacy and respect also. For example, regulations like GDPR 
demand that the user must know how his data is processed and must be enti-
tled to delete his data. Implementing such user rights in decentralized 6G 
edge networks can turn technically challenging, for example, as data will be 
stored in several devices and nodes with no clear path to deliver the results.  
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Such regulatory requirements further introduce new demands on mecha-
nisms for compliance, weighing the user’s right to privacy against the tech-
nical demands of edge computing.

9.3.4 Threats Related to Data Aggregation and AI/ML 
Processing at the Edge

Data aggregation in edge computing refers to data from multiple devices 
being aggregated for meaningful insights. While data aggregation allows 
for a more comprehensive analysis, it may compromise user privacy if data 
are not dealt with properly. Aggregated information about individuals or 
groups can be very sensitive and is further compromised when aggregated 
with powerful AI and ML algorithms. For instance, the data collected by 
smart home devices could reveal patterns of a household’s routine, prefer-
ences, and behavior and, therefore, be abused for purposes such as targeted 
advertising or other invasive practices. Anonymization and aggregation 
methods should protect user privacy in collected data strongly, so individ-
ual data points are private.

The use of AI and ML models at the edge introduces another layer of 
complexity concerning privacy. Most of these models are trained on large 
quantities of data and improve with age, and when deployed at the edge, 
they can perform analysis directly on such data without needing to for-
ward it to a central server for processing. AI and ML models themselves 
are exposed to a variety of attacks; one example is adversarial attacks, and 
the other one is model inversion attacks. Such adversarial attacks can force 
the model to misclassify data incorrectly, resulting in a wrongly produced 
output, and model inversion attacks recover private information that was 
used during the training of the model. Such vulnerabilities introduce seri-
ous privacy risks because an attacker might be able to infer sensitive infor-
mation from AI and ML models deployed on the edge.

To respond to the new set of privacy concerns, researchers are working 
on novel privacy-preserving AI techniques where AI models learn from 
data without ever directly accessing them. These include federated learn-
ing, for instance, where models can be trained on the local device itself 
without transferring data to a central server, thereby protecting user pri-
vacy. However, these techniques require computational resources that may 
become a limitation for edge devices. The design of 6G networks is still 
a subject of conflicting computation demands on privacy-preserving AI 
with resource constraints at the edge.
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9.4 Security Threats in Edge Computing for 6G 
Networks

As it has become prominent in 6G networks, edge computing promises not 
to have any equal competitors toward unparalleled advantages of reduc-
tions in latency, enhanced real-time data processing, and supportability 
for a large number of devices. This comes with considerable security chal-
lenges at their heels: edge computing moves data processing closer to end 
devices, effectively expanding the potential attack surface and increasing 
vulnerabilities. Security threats here range from vulnerabilities of network 
and device-specific nature to more advanced cyber threats that exploit 
decentralized, heterogeneous nodes. This section covers some of the key 
security threats in edge computing for 6G networks, which range from net-
work vulnerabilities to different attack vectors, risks associated with decen-
tralised nodes, and emerging malware and cybersecurity threats.

9.4.1 Network and Device Vulnerability 6G Specific

There are multiple points of vulnerability created in 6G networks with the 
infusion of edge computing, bringing more computations closer to the 
end-user. This change from a centralized to decentralized model of secu-
rity also increases the number of potential targets that the attackers can 
exploit against the weak links in the network. In the traditional centralized 
system, the heart of the conventional centralized system tends to be the 
point of attack, whereas, in edge computing, attacks can target devices and 
nodes across a distributed network.

This is one of the major vulnerabilities of the network in 6G, related 
to the number of connected devices and sensors associated with them, 
many of which are resource-constrained IoT devices in terms of process-
ing power and memory, respectively. This has meant that most of them 
lack advanced security features that put them in the hands of hackers. An 
attacker can use these weak spots to penetrate the network to launch sub-
sequent attacks, including data intercept, device manipulation, and denial- 
of-service attacks. Even more so, with new 6G networks relying more on 
the high-frequency bands such as millimeter waves, new types of inter-
ference attacks and jamming will also arise to seize and jam those weak 
signals used in communication between the devices.

The firmware and software issues are also related to device vulnera-
bilities in 6G edge environments; most of the IoT devices run on obso-
lete firmware that has not been updated with the latest security patches. 
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Malicious code is injected into these vulnerabilities to gain control over 
the device by exploiting bugs in the firmware. These vulnerabilities can 
be very dangerous if they are in a critical application, like healthcare or 
autonomous driving, as compromised devices may cause significant safety 
risks. As the 6G networks expand, the needed effort will be to ensure that 
the devices are secure and have regular updates for edge nodes to avoid as 
many network and device-specific vulnerabilities as possible.

9.4.2 Threat Vectors: Physical Attacks, Network Attacks,  
and Data Tampering

Edge computing environments have several threat vectors across physical 
attacks, network-based attacks, data manipulation or tampering, and others.

a) Physical Attacks: Unlike centralized data centers that are 
benefited from a good physical security measure, the edge 
nodes, as the case, may be scattered at unmonitored or 
remote sites, making them susceptible to physical tamper-
ing. Such devices may also be accessed directly by attackers 
and changed or even exchanged to inject malicious informa-
tion or erase the security elements. In a smart city, attackers 
can easily obtain physical access to edge devices installed on 
street lights or traffic light poles, and their network func-
tionalities can be easily destroyed. Edge device physical 
protection becomes truly challenging in huge open areas. 
These risks can be mitigated by the implementation of tam-
per-resistant hardware and secure boot processes capable of 
detecting physical, unauthorized access.

b) Network-Based Threats: Network-based threats are a major 
threat in the 6G edge computing environment. One of the 
most common forms of network-based attacks is distrib-
uted denial of service (DDoS), where multiple compro-
mised devices flood network traffic to servers, which, in 
turn, crashes the services being offered. The availability of 
thousands of IoT devices to be connected in edge computing 
results in very serious consequences of DDoS attacks and 
can potentially affect whole network segments. Spoofing is 
another kind of network attack during which the attack-
ers pretend to be legitimate devices in the network and get 
access to data and services without permission.
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c) Data Manipulation/Tampering: This threat becomes partic-
ularly potent in applications where data integrity matters, 
like financial transactions, health monitoring, or autono-
mous vehicles. A possible attack scenario is intercepting 
and manipulating data between edge devices and servers. 
The resulting corrupted data fed into the edge devices might 
then drive critical decisions. For example, in an autonomous 
network of vehicles, altered sensor data may cause incorrect 
calculation of routes or unsafe decisions for driving. Thus, 
along with the use of cryptographical techniques and data 
integrity checks, it is highly important to be assured that data 
was not modified while it was in transit across the network.

d) Advanced Persistent Threats (APTs): The APTs comprise 
advanced sophisticated attacks that are typically conducted 
by well-funded adversaries to target critical infrastructure. 
Therefore, APTs are essentially persistent surveillance and prob-
ing of vulnerabilities within a network that enables the attacker 
to exploit weak points for a long time. In 6G networks, where 
edge computing will play a very critical role in infrastructure 
application, the results of an APT can be disastrous if attackers 
can seize control over the edge nodes or sensors.

Different threat vectors necessitate robust multi-layered security mea-
sures; these include intrusion detection, encryption, and daily network 
scanning to identify possible attacks.

9.4.3 Security Risks Associated with Decentralized  
and Heterogeneous Nodes

This decentralized environment of edge computing threatens security 
severely, particularly when it comes to managing and securing nodes. 
Unlike the centralized network, in which the same security levels apply 
uniformly throughout the network, in the case of edge networks, differ-
ent devices feature varying capacities and limitations. This heterogeneity 
makes it challenging to deploy security protocols consistently and some-
times provides weak links that attackers may exploit.

Nodes in a 6G edge environment could be from high-powered edge 
servers with sophisticated security attributes to low-powered IoT devices 
with hardly any computational ability. These latter will also be at the mercy 
of attackers because many IoT devices lack the resources to implement 
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complex encryption algorithms or even sophisticated security protocols. 
This contributes to a higher chance of security misconfigurations because 
various devices work with different versions of firmware or software, thus 
creating inconsistencies that prove challenging in monitoring.

Another challenge the decentralized architecture poses is how to effec-
tively handle access control for the network. Each device needs to authen-
ticate itself and communicate securely without relying on some central 
authority. This makes traditional models of centralized authentication 
less tenable and requires distributed identity management solutions like 
blockchain-based approaches, which can support distributed authentica-
tion and access control in edge environments. Thus, the approaches above 
look promising but demanding in terms of processing capability and are 
possibly out of the reach of some edge devices. Hence, secure identity man-
agement and access control in 6G edge networks are challenging at best.

9.4.4 Emerging Malware and Cybersecurity Threats  
in Edge Environments

With the growth of edge computing, new and more exotic forms of mal-
ware and cybersecurity threats are emerging directly at the particular 
weaknesses of decentralized networks. This might include traditional ones, 
such as ransomware and spyware, but will include advanced types, specifi-
cally developed for resource-constrained environments.

a) Ransomware. There have been increased attacks on ransom-
ware and other malware from edge environments concern-
ing IoT devices used with critical applications. In the event 
of ransomware, malware can lock up data on the device 
so that it becomes unavailable except to the holder of the 
device, who is made to pay a ransom. Given that many IoT 
devices have poor security, ransomware can easily prolifer-
ate through an edge network, in case all the devices share 
common security vulnerabilities. For example, in an indus-
trial automation system, the attacks mentioned above could 
not only cause interruption to operations and financial loss 
but even lead to physical harm.

b) Botnets: Botnets are the network of compromised devices 
controlled by attackers away from the crime scene. An attacker 
can utilize vulnerable IoT devices in an edge computing 
environment to turn them into bots and form mass botnets.  
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Botnets are mainly used in DDoS attacks, data theft, or sim-
ilar malicious acts. Because there would be vast deployment 
of devices in a 6G edge network, the scope for large botnets 
is potentially high, which is significant.

c) Edge-Specific Malware: Other cybercriminals have been 
designing edge-specific malware that exploits flaws of the edge 
appliances. Some malware kind utilizes the processing power of 
IoT devices for the purpose of cryptocurrency mining, infect-
ing them. While an individual IoT device would not be capable 
of substantial computing power, thousands of compromised 
devices aggregated together could be valuable to attackers. 
This malware is difficult to detect because it does not interfere 
directly with device functions and can thereby run covertly.

d) AI-Driven Cyberattacks: The integration of AI and ML in 6G 
networks provides sophisticated tools for attackers to carry 
out attacks at the very edge of the environment. AI-driven 
malware analyzes network patterns and adjusts its behavior to 
evade detection. For instance, AI-based malware may be opti-
mized to evade intrusion detection. Network administrators 
then face the challenge of finding it harder to identify and stop 
such malicious threats. AI-based cyberattacks then emerge as 
a new breed of attack that needs defence just as advanced or at 
least parallel with the level of sophistication as their AI-based 
counterparts, such as AI-based anomaly detection.

In fact, with emerging cybersecurity threats evolving, proactive defence 
mechanisms in 6G networks are becoming the need of the hour. All the 
above edge-specific cybersecurity solutions, such as lightweight intrusion 
detection systems, behavior-based anomaly detection systems, and regular 
security updates, help mitigate the risks posed by emerging malware and 
other cyber threats.

9.5 Innovations in Privacy and Security for Edge 
Computing in 6G

The deployment of edge computing in 6G networks introduces a number 
of privacy and security issues mainly because of the decentralized architec-
ture and related real-time processing of data. Innovations in these privacy- 
preserving mechanisms, advanced security protocols, AI, and ML 
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applications are highly critical. This section looks into innovations where 
homomorphic encryption, secure multiparty computation, differential pri-
vacy, federated learning, blockchain-based security solutions, zero-trust 
architectures, and AI-driven anomaly detection will be investigated. Figure 
9.2 highlights privacy and security innovations in 6G edge computing.

9.5.1 Privacy-Preserving Mechanisms

One of the root problems in 6G edge computing is maintaining private 
data processing efficiency. Edge computing does not centralize data at one 
location, unlike centralized systems, where all data remains contained 
within a single location; rather, edge computing processes data at the node 
level, moving through several nodes that are closer to the edge-user and, 
therefore, increase the exposure to potential privacy breaches. The mecha-
nisms for privacy preservation may be required to protect such data as well 
as to ensure maintaining confidentiality among the users.

a) Homomorphic Encryption: It is a revolutionary technique 
whereby computations carried out on encrypted data do not 
have to be decrypted. It means that it can be processed in 
safely even if it is stored on an untrustworthy edge device. 
For instance, if health data is stored in encrypted form inside 
a device, homomorphic encryption will enable a remote 
server to analyse health trends without revealing the raw 
data itself. Homomorphic encryption could be viable in 
6G networks where data is highly sensitive, particularly for 
applications such as health, finance, and personal communi-
cation. However, the technique requires high computational 
costs, making it difficult to be used in resource-constrained 
IoT devices. Current research attempts to make the homo-
morphic encryption technique more efficient, improving its 
usage within edge computing systems.

Innovations in Privacy & Security

for Edge Computing in 6G 

Authentication

& Access Control

Data Encryption

& Encryption

Privacy-Preserving

Technologies

Zero-Trust Model Blockchain Identity End-to-End Encryption Homomorphic Encryption Federated Learning Differential Privacy

Figure 9.2 Innovations in privacy and security for edge computing in 6G.
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b) Secure Multi-Party Computation (SMPC): The SMPC is 
another privacy-preserving technology that allows differ-
ent parties to perform computations over their data without 
having to reveal the individual inputs of each party involved. 
In edge computing, SMPC facilitates the collaborative work 
being done across distributed devices performing analysis on 
the data without compromising privacy. For example, sen-
sors within a department could collaborate with one another 
to analyze pattern flows for smart cities. These results are 
then processed using schemes that ensure the nondisclosure 
of individual data sets. SMPC is, thus, highly applicable in 
use cases where devices of different organizations exchange 
sensitive information. Although SMPC offers privacy, it 
entails computational and communication overheads that 
may be quite demanding in high- frequency, low-latency 
6G networks. Nevertheless, with the advance in SMPC, it is 
becoming increasingly feasible for use in edge computing, 
thus offering a powerful tool for collaborative analysis.

c) Differential Privacy: This is an approach that provides pri-
vacy for individual data points in the dataset as the noise 
is introduced to the data before conducting analysis. It pro-
vides statistical guarantees such that adding or omitting 
one single data point does not significantly alter the result 
obtained. Differential privacy is said to be implemented 
when it comes to differential anonymization of user data in 
6G edge environments. Therefore, differential privacy may 
apply when users’ information is anonymized before trans-
mission over the network and also before processing by AI 
models in 6G edge environments. For instance, differential 
privacy may be applied when it comes to location informa-
tion collected from mobile devices to allow service providers 
to analyze movement trends without revealing their identity. 
It is broadly adopted by tech companies and has shown great 
effectiveness in balancing data utility and protecting privacy, 
as a precious technique for 6G edge computing.

d) Privacy-Preserving Federated Learning Models: Federated 
learning is an emerging technique to enable AI models to 
learn from decentralized data sources without moving the 
data itself. In edge computing, federated learning enables 
devices to train, locally, a shared model on their own 
data. Only the model updates, not the data, are uploaded 

本书版权归John Wiley & Sons Inc.所有



Edge Computing and Privacy Challenges 209

to a central server. This ensures that sensitive data never 
leave the device, hence no direct risks of privacy breaches. 
Privacy-preserving federated learning adds encryption or 
differential privacy to model updates, hence protecting fed-
erated learning. Applications where data privacy is critical, 
such as healthcare or financial services, will benefit from this 
approach. Federated learning keeps the data local and pre-
serves privacy, placing it well in the context of becoming an 
integral part of privacy-centric AI in 6G edge networks.

9.5.2 Advanced Security Protocols

As the nature of 6G’s edge computing is decentralized and heterogeneous, 
most of the traditional security protocols are not sufficient. Advanced 
security protocols like blockchain-based solutions, zero-trust architec-
tures, and secure access control mechanisms have emerged to address the 
weaknesses as described above and provide a more sophisticated security 
framework in 6G edge environments.

a) Blockchain-Based Security Solution Security Solutions: 
Because of its decentralized and tamper-resistant nature, 
blockchain technology is apt for securing the edge environ-
ments where trust can be distributed across multiple nodes. 
Blockchain can prevent the formidable threat of data tam-
pering and unauthorized access by creating an immutable 
ledger of transactions. With this said, the application of block-
chain technology can be made in numerous edge use cases 
over 6G networks that range from secure communication 
between IoT devices, data transaction authentication, and 
management of digital identity. For example, a connected car 
can establish the authenticity of data being shared through a 
vehicular network by using blockchain, making only verified 
data being acted upon for decision-making. While blockchain 
imposes computational overhead, light blockchain protocols 
are being developed to make the technology practical for use 
on resource-constrained edge devices.

b) Access Control Mechanisms and Zero-Trust Architectures: 
Zero-trust architecture is a security model that considers all 
devices and network components to be untrusted by default; 
therefore, continuous verification for every access request is 
conducted. Zero-trust is, in fact, especially relevant for use 
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in 6G edge networks because the devices are typically spread 
over an extensive area and lack central control. Mechanisms 
providing for access control to the environment securely form 
the core of zero-trust architectures of edge environments. 
multi-factor authentication (MFA) and behavior-based access 
will be examples in which a request for authentication will be 
made every time a device attempts to communicate with an 
edge server, thereby minimizing unauthorised access. Thirdly, 
behavior- based access control can track device behavior pat-
terns and issue alerts on any deviating pattern from normal for 
further investigation. The two will, therefore, come together 
to form a dynamic security environment that continuously 
authenticates the authenticity of any device from invading the 
edge computing environment maliciously.

c) Token-Based Authentication: Token-based authentication is 
primarily used in edge computing environments to enable 
secure authentication of devices at scale. In token-based 
authentication, every device is authorized with a digital token 
to authenticate itself. The methodology is useful in edge net-
works consisting of a large number of devices where low- 
latency assured authentications are needed. In token-based 
systems, this additional security is provided by cryptographic 
tokens, and tokens can evaporate after some time or when 
suspicious activity is detected. This gives flexibility, which 
allows token-based authentication to be dynamically adapted 
according to changing conditions in the network and is, there-
fore, especially suitable for dynamic 6G edge networks.

9.5.3 AI and ML Applications for Privacy and Security

Although AI and ML are one of the main tools for adding value to privacy 
and security in edge computing, autonomous anomaly detection, threat 
assessment, and real-time adapted security measures can prevent cyberse-
curity breaches and a proactive approach to 6G networks.

1. AI-Driven Anomaly Detection and Threat Intelligence: 
AI-based anomaly detection systems can identify unusual 
patterns of network behavior, and this could provide an ear-
lier indication of security incidents that may escalate from 
normal patterns. In a 6G edge environment, thousands of 
devices are constantly creating data streams; hence, no human 
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activity is possible to monitor all these streams. AI can process 
data flows analyze device behavior in real time and identify 
breaches or any deviation that may indicate malware, intru-
sions, or unauthorized access. An abnormality in the commu-
nication pattern of an IoT device within a smart city can be 
reported by the AI system for further scrutiny and isolation 
from the network. AI-driven threat intelligence could predict 
emerging threats through data analytics culled from previous 
attacks, thus enhancing stronger defences in the network.

2. Machine Learning Models for Adaptive Security at the Edge: 
These models adapt to give solutions such that they learn 
from past data, improving future security measures. For 
instance, in edge computing, ML models can analyze each of 
the behaviors exhibited by the devices and adapt security pro-
tocols to suit them. For example, an ML model can identify 
that a sensor from a smart grid uses which type of commu-
nication pattern and alerts on any deviation, identifying the 
same as a potential security threat. Adaptive security is critical 
in this regard because edge environments can vary so much as 
to location and device function, and adaptive security allows 
ML models to modify security protocols to the needs of each 
device and, thus, provide a more tailored defence system. 
Figure 9.3 shows layered privacy and security mechanisms in 
6G edge computing.

AI/ML-Driven Security

& Anomaly Detection 

Predictive Security

Secure Multi-Party

Computation (SMPC)

Distributed Ledger

Technologies (DLT)

Secure Network

Slicing

Figure 9.3 Classification of privacy and security mechanisms in 6G edge computing.
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3. Federated Learning for Better Privacy and Security: 
Federated learning comes with privacy benefits along with 
much-needed security because it offers the chance for secu-
rity models to be trained in a distributed manner without any 
loss of privacy. For instance, every edge device could build 
a model on the local edge device for threat data and share 
only model updates with a central server for the purpose 
of constructing a global model of threats. This implies the 
system learned from distributed data sources, improving its 
capacity in threat detection on the network. Federated learn-
ing is, therefore, the unification of two concepts, namely, the 
concept of privacy preservation and improved capabilities in 
threat detection; it is an excellent asset for 6G edge networks.

4. Behavioral Biometrics: This is a novel concept based on AI, 
which analyzes the various biometric details from users’ 
behavioral patterns, such as typing speed, touch pressure, 
and gait, to authenticate them constantly. In 6G edge com-
puting, it can enhance security with real-time, context-based 
user authentication without using passwords or PINs. The 
detection of anomalies in behavior patterns may enable the 
device to raise or reduce its security checks, limit access, 
or even avoid unauthorized use. This is a very effective 
approach, particularly in edge environments, where, given 
the constraints that a device might pose, traditional authen-
tication practices may become impractical.

9.6 Future Directions and Open Research Challenges  
in 6G Edge Computing

The rapid evolution of 6G networks offers exciting opportunities as well as 
significant challenges, particularly with respect to privacy and security for 
edge computing. As edge computing appears as one of the basic features 
in 6G networks, researchers have recently explored new methods in the 
pursuit of resolving upcoming challenges concerning privacy and security 
arising from the use of network slicing and other characteristics of 6G net-
works. This section gives some future directions and open research chal-
lenges, a few of which are mapped to relevant topics in this book, including 
cross-layer security frameworks, finding the best balance between privacy 
and performance, investigation of quantum-resistant algorithms, and stan-
dardized protocols for privacy and security in 6G edge computing.
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9.6.1 Potential for Cross-Layer Security Frameworks  
in 6G Edge Computing

Traditional security network approach often carries out each one of its 
layers, namely, physical, data link, network, transport, and application, in 
isolation. Sometimes, it may well ignore the possible variations in other 
layers. Conversely, cross-layer security provides an integrated defense that 
crosses more than one layer of a network. By doing so, it could well ensure 
uniform protection of the entire stack of communications.

Cross-layer security is very pertinent in the context of edge computing 
because of the heterogeneous nature of the network. The resultant edge 
environment of 6G will contain a highly diverse range of devices with 
different requirements and capabilities toward security. For example, IoT 
sensors, edge servers, and user devices all have unique vulnerabilities. 
Information about events could be shared across various layers within a 
network so a layered framework can coordinate a reaction to potential 
threats. For instance, if the physical layer detects an anomaly interference 
event that may be a signature of a jamming attack, then higher layers can 
be alerted to begin protection measures such as rerouting data.

Such a framework necessitates an understanding of how the security 
mechanisms function at various layers to complement each other in order 
to be effective. ML models can be quite handy for cross-layer security for 
analyzing data across various layers to detect patterns of possible threats 
and could be exploited as dynamic cross-layer frameworks that could even-
tually be implemented with significantly augmented 6G edge computing 
security, using a multi-layered adaptive, responsive, and all-encompassing 
defense system.

9.6.2 Balancing Privacy with Performance: Trade-Offs  
and Optimizations

Balancing privacy with performance is one of the greatest challenges with 
respect to the implementation of privacy in edge computing; indeed, 
privacy- preserving technologies such as encryption, homomorphic 
encryption, and differential privacy are all rather computationally expen-
sive, and those can impact the processing performance, and so a trade-
off will exist between the two, especially at the edge, where devices are 
endowed with even more limited resources.

Applications such as augmented reality, real-time health monitoring, and 
autonomous vehicles in 6G networks mandate near-real-time processing of 
data with no tolerance for latency. However, this comes at the cost of very 
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strong measures of privacy to ensure the safety of data and repute of users. 
Hence, optimization of privacy-preserving mechanisms to minimize the 
impact on system performance better remains a research area of key interest.

Lightweight encryption algorithms, especially developed for edge 
computing, are one promising method. These algorithms would provide 
constant privacy guarantees but decrease the computational costs as well. 
A more general version of selective privacy is to apply intense privacy- 
preserving techniques selectively only to those pieces of information that 
are most sensitive; generally, lighter protocols can be applied for less sensi-
tive information. Edge-based AI may further aid by dynamically adjusting 
the balance of privacy efforts with regard to the type of data and applica-
tion in order to optimize the competing ends of privacy and performance.

Future research will have to focus on the right spots at which privacy 
and performance could be mutually effective. For this purpose, new algo-
rithms, hardware optimisations, and architectural innovations might enter 
the scene that will enhance privacy protection at a level that will not reduce 
efficiency as required for 6G applications. As research progresses, balanc-
ing between privacy and performance will become important for the full 
unleashing of 6G edge computing capabilities.

9.6.3 Exploring Quantum-Resistant Algorithms  
for Edge Security in 6G

Quantum computing is dangerous for traditional encryption algorithms; it 
could potentially break RSA and ECC, which are widely used in conven-
tional cryptographic methods. With the lifespan of 6G networks lasting a 
considerable number of years, it is reasonable to foresee that the advent 
of quantum computing would also be possible, thus developing quantum- 
resistant algorithms to secure edge computing in 6G.

Quantum-resistant or post-quantum cryptography refers to develop-
ing cryptographic algorithms resistant to attacks by quantum computers, 
which is currently a rapidly evolving field of research. These algorithms 
have been designed to be resistant to both classical and quantum-based 
attacks, thus making sure that when quantum computing technologies 
become widespread, data would not become insecure. In this regard, 
implementing quantum-resistant algorithms at the edge is somewhat more 
challenging, as they are computationally expensive and need far more 
bytes than do legacy symmetric algorithms, so that may be a problem for 
resource-constrained devices.
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While promising, it is also seen as a hope in the near future, with 
already-developed lightweight post-quantum algorithms that have been 
optimized for use in an edge environment with limited computational 
power. Thus, new types of post-quantum cryptography, such as lattice- 
based cryptography and hash-based signatures, may possibly bring an 
answer to solving the quantum threat at the 6G edge computing platform 
through further research in the future.

The other area of research focuses on hybrid cryptographic approaches, 
combining quantum-resistant algorithms with classical encryption. A 
dual-layer approach provides extra security value because it allows 6G 
networks to eventually utilize classical encryption in the short term while 
preparing for a quantum-safe future. Key to continued research is the 
quantum- resistant algorithms and hybrid cryptography for the life cycle 
and resilience of 6G edge computing security.

9.6.4 Opportunities for Standardization in 6G Edge 
Computing Privacy and Security

The decentralized and heterogeneous nature of 6G edge computing calls for 
standardization to achieve interoperability, security, and privacy across dif-
ferent devices and systems. As of now, the status of both edge computing 
and 6G is something in the emerging phase, and a universally accepted stan-
dard for privacy and security does not exist. Such standards are necessary to 
design a harmonious and security- and privacy-respecting 6G ecosystem.

Standardization can be applied to data handling practices, encryption 
protocols, authentication methods, and the secure communication frame-
works of 6G edge computing. For example, there is a need to define stan-
dardized protocols for data encryption and anonymization so that an easy, 
lightweight means for seamless inter-networking is ensured using secure 
data sharing from one device to the other. Standards regarding the archi-
tectures of zero-trust for edge networks in 6G would indicate that every 
device, irrespective of the manufacturer or type, can follow the principles 
of uniform security measures in a way that diminishes the possibilities of 
vulnerabilities within a network.

Further, standardization should encompass compliance with regulations 
because 6G networks will definitely operate across international boundar-
ies. Regulation on data privacy varies in different regions, such as GDPR 
in the European Union and CCPA in the United States. Standardized reg-
ulatory compliance frameworks will ensure that the 6G networks can be 
made operable in such diverse legal landscapes without losing any element 

本书版权归John Wiley & Sons Inc.所有



216 Security and Privacy in 6G Communication Technology

of user data privacy and other related issues. It would be based on coop-
eration involving the researchers, the regulatory bodies, and the industry 
stakeholders who would design these frameworks.

Beyond privacy and security, standardization in 6G edge computing will 
also usher in avenues for technological innovations. Standardization will 
facilitate having a uniform basis on which new technologies are built. As 
the companies would not have to worry about compatibility issues with 
uniform standards, there would be greater cooperation and openness in 
innovation to develop the 6G technology. Standardization would be an 
important milestone set in the early stages of developing 6G to deal with 
the overwhelming privacy and security problems that have been noticed.

9.7 Conclusion

As 6G networks get closer to reality, edge computing forms a front line 
of innovation, promising ultra-low latency, enhanced bandwidth, and 
real-time processing capabilities needed for next-generation applications. 
However, such a decentralized, edge-centric architecture also poses formi-
dable privacy and security challenges. The challenges are problems of own-
ership of data, vulnerabilities of data transmissions and storage, threats 
from attacks in the physical and network setups, and risks from decentral-
ized and heterogeneous nodes. These are very important challenges that 
need to be addressed so that edge computing can be rolled out in a secure 
and privacy-compliant manner that is reliable for users and industries. To 
address these challenges, various mechanisms and tools based on privacy- 
preserving mechanisms, advanced security protocols, and AI-driven tools 
are surfacing. Homomorphic encryption, secure multiparty computation, 
differential privacy, and federated learning provide strong architectures 
toward privacy preservation because the sensitivity in the cloud can now 
be manipulated without losing its confidentiality. Advanced security proto-
cols are offered by blockchain-based solutions and zero-trust architectures 
that strengthen defences against unauthorized access and data tampering. 
Meanwhile, AI and ML introduce the possibility for an adaptive, real-time 
improvement of the capability of a network to identify and proactively act 
toward responding to threats and anomalies.

It is highly relevant to maintain user trust and ensure regulation in rela-
tion to the various issues of privacy and security in the 6G networks as more 
sensitive data is generated and processed toward the edge of the network. 
Privacy and security will be an essential requirement for successful 6G, 
operating not only with the underlying technical architecture of networks 
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but also with user adoption and industry confidence. Now, for 6G to live 
up to its promise, security and privacy need to become the focal point of 
stakeholders right from the start, offering a robust and reliable foundation 
that can seamlessly support the many applications of the future. There are 
many research areas that will require sustained development in the future. 
One such area will be cross-layer security frameworks, where cross-layer 
securities offer seamless, multi-layered protection across many network 
components. Balancing privacy with performance will require ongoing 
work to optimize privacy-preserving mechanisms for real-time edge appli-
cations. Further, quantum-resistant algorithms need to be worked on, 
with a view toward network protection against a future threat related to 
quantum computing. Finally, standardization efforts must be speeded up 
to produce clear, consistent, and interoperable privacy and security frame-
works that can function effectively across international borders.

Thus, 6G edge computing promises transformative possibilities, but 
with such a journey comes the need to do it all under the banner of chal-
lenging complex privacy and security issues. Through collaborative inno-
vation, industry-wide standards, and commitment to both privacy and 
security, 6G networks can be built to meet tomorrow’s needs, protecting 
user’s rights and their data across the globe. Overcoming these challenges 
will unlock the proper potential of 6G edge computing and lead to a world 
fit for all of us, which is more efficient, secure, and privacy-conscious.
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10.1 Introduction

Smart cities are the future of urban development where the technology will 
enhance different aspects of the urban life, such as digital technologies for 
governance, technical benefits, and real-time solutions to transportation, 
networking, healthcare, etc. With the advent of Internet of Things (IoT) [1], 
artificial intelligence (AI) [2], cloud computing [3], and sixth-generation 
(6G) wireless communication [4], these technologies will be useful for sub-
jective addressal of the intricacies of modern urban societies. The advance-
ments in wireless communication, along with IoT, have the potential to 
sustain a large-scale network infrastructure [5] with billions of devices con-
nected. The latest 6G wireless standard basically uses high-frequency radio 
bands allowing wider frequency range and expanded bandwidth, capable for 
large-scale infrastructure with enhanced transmission rates. 6G-enabled IoT 
is a key component of the wider concept of smart cities. For instance, traffic 
monitoring systems [6] enabled by IoT, AI, and 6G will aid the traffic optimi-
zation in real time. Healthcare systems will be benefitted with intelligent and 
automated systems for surgeries, diagnostics, and real-time patient moni-
toring systems. Furthermore, disaster management systems [7], surveillance 
systems [8], and other life-saving systems will have warning systems and 
threat detection capabilities [9]. AI can be highly useful for governance by 
aiding the analysis and prediction of society needs of different age groups 
and suggesting age-appropriate facilities and real-time grievance addressal 
systems for personalized governance. Smart infrastructure is another major 
constituent of a smart city: sensor-enabled devices for monitoring differ-
ent aspects like air quality, traffic, energy usage; smart grids for energy effi-
cient distribution; smart office, market, and living spaces integrated with 
user-centric climate system and other energy efficient resources to reduce 
the carbon-footprint. With such collaboration of technology, governance, 
and innovations, the smart city would be enhancing the lifestyle quality 
allowing every citizen to innovate and grow [10].

The evolution of communication technologies [11] from 1G to 6G has 
been a long journey, which spans from analog communication with very 
basic and limited bandwidth and quality to advanced and intelligent systems 
today, like autonomous vehicles and IoT, and moving toward smarter cit-
ies. It was a digital revolution in 1990s, marking 2G communication, when 
global system for mobile communications (GSM) and code-division mul-
tiple access (CDMA) were introduced. It was a major shift from analog- 
to-digital devices where basic encryption algorithms like A5/1 for GSM were 
used. Since then, the technologies have been growing swiftly. Expanding 
to mobile broadband in early 2000s and providing internet access on  
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mobile devices, 3G communication brought more connectivity of device 
with improved encryption [12, 13] using authentication schemes between 
devices and networks. However, there were some vulnerabilities like man-
in-the-middle attack (MITM) [14]. With the technologies like LTE and 
WiMAX, 4G communication introduced the high-speed internet, IoT sup-
port, HD video streaming, etc. Advancing the security system with Firewalls, 
end-to-end encryption systems, and intrusion detection systems, 4G com-
munication ensured real-time anomaly detection with focus on secure key 
exchange. However, with the increased use of mobile apps, cloud, and IoT 
devices, the risk of privacy breach and other attacks has increased [15]. 
5G communication brings intelligent connectivity with technologies like 
mmWave massive multiple input multiple output (MIMO) [16], which pro-
vide reliable ultra-low latency with enhanced security. Although schemes 
like AI-driven threat detection [17] and edge computing security frame-
works [18] have minimized the risk of threats like MITM, impersonation 
attack, and distributed denial-of-service (DDoS), still, the supply chain, IoT 
devices, edge computing nodes, and AI systems are susceptible to attacks due 
to large-scale networks and complex-multi-scale architectures. With an aim 
to mitigate the limitations of 5G and create a network that is flexible, adapt-
able, autogenous healing to protect the devices, 6G communication technol-
ogy is expected to provide resilient solution to the privacy concerns that all 
the above technologies have been facing till now. Figure 10.1 shows a brief 
overview of the evolution of communication technologies from 1G to 6G, 
depicting the growth of devices, security features, and applications.
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The advancements of 5G have transformed the connectivity of devices 
providing low latency and ultra-high speeds, but the architecture of cur-
rent IoT and AI-driven software is exposed to increased security risks. 
The vulnerabilities include security risk for IoT and autonomous devices 
due to their hyper-connectivity where not every point has proper security 
protocols, privacy risks due to non-uniformity of end-to-end encryption 
for every device, compatibility of 5G networks with quantum computing 
based encryption methods, and supply chain security risks. These short-
comings are a major setback for developing the smart cities. The current 
technologies face a significant security challenge in scalability to billions of 
devices, seamless connectivity for every device connected, energy demands 
that are very higher for these devices, delays in real-time communication, 
and, at last, huge amounts of data impacts the security. With 6G, it aims 
to mitigate the challenges posed here by revolutionizing the intelligence of 
devices and network. With the ultra-reliable low-latency communication 
[19], 6G networks are expected to provide ultra-high transmission speeds, 
which reaches up to 1 Tbps that aids real-time communication. The latency 
of 5G is as low as 0.1 ms, which is 1 ms in 5G network, which, in turn, can 
advance the technologies like autonomous vehicles, industry, and health-
care service automation with real-time decision-making. The AI/machine 
learning (ML) integration in the 6G network enables automation and opti-
mization of network operations, aiding them with threat prediction capa-
bilities. Advances in security schemes in 6G networks promote adaptive 
and scalable solutions, which are suitable for the large-scaled network with 
massive machine-type communication [20]. The 6G network has innova-
tions like digital twin where the network has self-aware devices that are 
aware of their surrounding devices to interact with. 6G is well equipped 
and capable enough to handle the privacy and security concerns of future.

Security in architecture involves embedding protective measures within 
the structural design of a system to guard against unauthorized access, 
data breaches, cyberattacks, and other vulnerabilities. Security focuses on 
maintaining the confidentiality, integrity, and availability (CIA triad) of 
information and services. In a secure architecture, each component—be 
it a database, communication channel, or endpoint device—is designed to 
resist threats, detect anomalies, and recover from incidents. Techniques 
like encryption, firewalls, access control mechanisms, and secure coding 
practices are integral to embedding security into architecture. Beyond tech-
nical measures, security in architecture also encompasses policies, compli-
ance standards, and user awareness to ensure comprehensive protection.

Resilience in security architecture refers to the system’s ability to with-
stand, adapt to, and recover from security threats, failures, or attacks while 
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maintaining essential operations. In today’s interconnected digital world, 
resilience is critical for several reasons:

• Evolving Threat Landscape: Cyber threats are becoming 
more sophisticated, ranging from ransomware and phishing 
to advanced persistent threats. A resilient security architecture 
can detect, respond to, and mitigate these threats effectively.

• High Dependency on Digital Systems: As organizations 
and cities become more reliant on digital infrastructure, 
even minor disruptions can lead to significant operational, 
financial, or reputational damage. Resilience ensures conti-
nuity during such disruptions.

• Complex and Interconnected Systems: Modern architec-
tures often involve diverse and interconnected components, 
such as IoT devices, cloud systems, and AI-driven platforms. 
This complexity increases the attack surface, necessitating 
resilience to address vulnerabilities in real time.

• Critical Services and Infrastructure: In applications like 
smart cities, healthcare, and transportation, failures in secu-
rity can jeopardize human lives, privacy, and public trust. 
Resilient systems ensure such critical services remain opera-
tional under adverse conditions.

• Compliance and Trust: Regulations and user expectations 
demand robust security measures. A resilient architecture 
ensures compliance with standards like general data pro-
tection regulation (GDPR), health insurance portability and 
accountability act (HIPAA), and national institute of stan-
dards and technology (NIST) while building trust among 
users and stakeholders.

A resilient security architecture is essential to create systems that are 
not only secure but also adaptable and reliable in the face of dynamic chal-
lenges. By integrating resilience into security design, organizations can 
proactively address potential threats, minimize downtime, and ensure the 
continued availability of critical services and data. This resilience lays the 
foundation for trust, innovation, and long-term sustainability in modern 
technological ecosystems.

The key features of this chapter are as follows:

1) The manuscript provides a detailed overview of the necessity 
of a security architecture in smart city design.
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2) It discusses four prominent resilient security architectures.
3) It highlights key challenges associated with implementing 

security architectures in 6G-enabled smart cities.

The remaining sections of this chapter are organized as follows: Section 
10.2 provides a detailed discussion of four prominent resilient security 
architectures, whereas Section 10.3 explores the various challenges asso-
ciated with implementing these architectures and outlines potential future 
directions. Finally, Section 10.4 concludes the chapter with a summary.

10.2 Resilient Security Architectures for 6G-Enabled 
Smart Cities

Resilient security architectures are crucial for protecting 6G-enabled smart 
cities from growing cyber threats. Nowadays, different advanced technol-
ogies like AI, blockchain, and quantum-resistant cryptography are used to 
ensure data security and system reliability. These solutions help to main-
tain trust and safety in highly connected urban environments. This sec-
tion discusses four prominent resilient architectures: AI-powered security 
architecture, quantum-resistant security architecture, blockchain-based 
security architecture, and adaptive security architecture.

10.2.1 AI-Powered Security Architecture for 6G-Enabled 
Smart Cities

The AI-powered security architecture [17, 21] includes different layers, 
namely, real-time, proactive, and autonomous security, which are used for 
the smart city 6G-enabled smart city structures. The architecture confirms 
a secure, flexible, and robust design for interconnected systems and sensi-
tive information. The five main layers of AI-Powered security architecture 
are data layer, AI processing layer, security response layer, monitoring and 
feedback layer, and communication layer. The conceptual overview of this 
architecture is depicted in Figure 10.2.

10.2.1.1 Data Layer

The data layer collects the information from diverse sources within the 
smart city ecosystem. The devices that are used for data collection are differ-
ent IoT gadgets like sensors, cameras, and autonomous vehicles. Generally, 
the information is critical infrastructure of industries like power grids and 
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transportation systems, citizen information, and public surveillance feeds. 
Algorithms implemented in data layer ensure the accuracy of the informa-
tion gathered, so that it can be used for precise decision-making through 
data analysis. To protect this information, cryptanalytic methods are 
applied to ensure data security. Secure communication protocols ensure 
the confidentiality and reliability of the data while in transit. Basically, this 
layer provides a solid basis for the architecture so that it can be used for 
real-time decision-making and smooth operations within smart cities.

10.2.1.2 AI Processing Layer

The AI processing layer is the root of the architecture, which ensures real-
time data processing along with threat detections. It uses ML algorithms to 
identify anomalies, like typical patterns of activities on devices and spikes 
in network traffic. Different prediction analysis algorithms are applied 
to enhance AI models that can foretell possible attacks, including DDoS, 
ransomware, and other data breaches, using available historical data and 
current forms of threat intelligence. It performs behavioral analysis to con-
tinuously monitor the devices, networks, and users that can identify anom-
alies and compromised devices. These AI models are consistently trained 
for real-time updates, ensuring high accuracy in catching new and emerg-
ing threats. This is the most critical reason why this layer is included for 
identifying and addressing risks in smart city systems.

Data Layer
(IoT Devices, Sensors, Cameras, etc.)

AI Processing Layer
(Threat Detection, Anomaly Detection, Predictive Models)

Security Response Layer
(Autonomous, Mitigation, Countermeasures)

Monitoring & Feedback Layer 
(Real-time Monitoring, Analytics, and System Adaptation)

Communication Layer 
(Secure Data Transfer, Encryption, Secure Communication)

Figure 10.2 Conceptual overview of AI-powered security architecture for 6G-enabled 

smart cities.
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10.2.1.3 Security Response Layer

The security response layer is designed to delete or modify the threats imme-
diately upon detection, which ensures the interference of smart city functions 
as negligible as possible. Once a threat is identified, such as unauthorized 
access or malware, the automated systems get activated and isolate the affected 
devices to block malicious traffic, and, sometimes, such devices are disabled for 
a longer period. The architecture also deploys autonomous countermeasures, 
where emergency protocols like data rerouting or redundant service activation 
are enabled to maintain the continuity of smart city services during the time of 
attack also. Real-time decision-making processes allow the systems to act with 
low latency, hence acting on time against threats. Automating such responses 
by the architecture ensures the continuous protection of the critical services.

10.2.1.4 Monitoring and Feedback Layer

The monitoring and feedback layer keeps on monitoring the holistic security 
framework. This layer provides essential information for further improvement 
and modification. Non-stop monitoring provided by this layer tracks all the 
operations in the network so that no anomaly (or threat) can be left behind. 
The performance measurement evaluates the security protocols, AI models, 
and response mechanisms; and feedback layer provides additional informa-
tion to enhance the AI algorithms, threat databases, and fine-tune predictive 
models. These are augmented by intrusion detection systems and log moni-
toring tools. The integration with external threat intelligence with intrusion 
detection system enhance the ability of this layer to adapt and improve the 
existing architecture to maintain its robustness against evolving threats.

10.2.1.5 Communication Layer

The communication layer ensures high-speed data transfer securely over 
the smart city framework. It uses advanced features of 6G networks. This 
layer provides interaction between IoT devices, AI models, and security 
response systems with advanced encryption techniques to protect data 
from unauthorized access or manipulation. In addition, different algo-
rithms are implemented for designing zero-trust model that ensures the 
authenticity of every device’s before granting the access in the smart city 
framework. This layer makes sure the compliance with privacy regulations 
and the security of sensitive information by isolating vital broadcasting 
data from private information. The communication layer becomes the 
responsible for continuous transfer of information within the smart cities 
while maintaining the security and reliability.
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The AI-based architecture ensures that the smart cities designed for 6G 
technologies can enhance the quality of life to a next level without compromis-
ing security. With the implementation of AI, this security framework keeps on 
learning and adapting continuously using reinforcement ML models, which 
makes it more effective to the upcoming challenges and potential threats.

10.2.2 Quantum-Resistant Security Architecture  
for 6G-Enabled Smart Cities

Quantum-resistant security architecture [22, 23] is designed using quantum 
computing to protect smart city infrastructures from the potential threats. 
Quantum computers have the ability to break traditional cryptographic algo-
rithms, such as digital signature algorithm (DSA), Rivest–Shamir–Adleman 
(RSA), and elliptic curve cryptography (ECC), because it relies on the discrete 
logarithms, which is very much powerful in solving large factors. Apart from 
that, quantum-resistant architecture adapts diverse cryptographic algorithms 
that are secured using the computational power of quantum machines. This 
architecture incorporates quantum-safe encryption, hybrid cryptographic 
schemes, secure key management, and quantum communication protocols to 
ensure robust security in the smart city infrastructure. The conceptual over-
view of this architecture is depicted in Figure 10.3.

Data Layer
(IoT Devices, Sensors, Cameras, etc.)

Quantum-Safe Cryptographic Algorithms
(Post-Quantum Cryptography, Hybrid Cryptography, Lattice-Based, etc.)

Quantum Key Distribution (QKD)
(Quantum Channel, Entanglement, Key Exchange, etc.)

Quantum-Resistant Public Key Infrastructure 
(Post-Quantum Signatures, Certificate Validation, etc.)

Quantum-Resistant Data Storage & Access Control 
(End-to-End Encryption, Secure Access Control, Data Privacy)

Post-Quantum Secure Communication Protocols 
(Quantum-Resistant TLS, VPN)

Figure 10.3 Conceptual overview of quantum-resistant security architecture for 

6G-enabled smart cities.
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10.2.2.1 Data Layer

The data layer is the foundation of this architecture. This layer collects the 
data generated by IoT devices, autonomous vehicles, smart grids, and com-
munication networks. By employing quantum-resistant encryption proto-
cols, the data layer ensures the confidentiality of the data at every stage: 
collection, transmission, and storage. This layer employs different algo-
rithms to design advanced mechanisms to detect tampering and spying 
attempts involved in sensitive information like public surveillance feeds, 
healthcare data, and financial transactions.

10.2.2.2 Quantum-Safe Cryptographic Algorithms

This layer is the heart of this architecture. Quantum-safe cryptographic algo-
rithms offer protection from the quantum computing, which is capable to 
crack conventional cryptosystems. The development of quantum-safe cryp-
tographic algorithms incorporates discrete mathematics such as multivariate 
polynomial systems, lattice-based problems, and hash-based problems that 
are currently outside the capabilities of quantum computers. It allows us to 
confirm and believe in the security of such quantum-resistant architecture. 
Quantum-safe cryptography techniques, including post-quantum cryptog-
raphy, hash-based signatures, and lattice-based encryption, are combined 
with discrete mathematics to design such a model. The hybrid cryptographic 
models, which provide a transition solution, are successfully designed by 
merging conventional discrete mathematics with quantum-safe cryptogra-
phy. In addition, proactive strategies might increase the security level one 
step further for sensitive data exchange in big data.

10.2.2.3 Quantum Key Distribution (QKD)

Quantum key distribution (QKD) is a breakthrough technology designed 
to revolutionize cryptographic key exchanges using the principles of quan-
tum mechanics. Its primary function is to detect and block any unautho-
rized attempts to intercept keys during transmission between a sender and 
receiver. In 6G-enabled smart cities, QKD plays a vital role in building 
quantum-resistant security architectures. By harnessing the behavior of 
photons and quantum entanglement, it provides a highly secure method 
of key distribution. Even advanced spying techniques powered by quan-
tum computing cannot compromise the confidentiality of these keys. The 
combination of QKD with traditional communication systems ensures 
its practicality for real-world applications. This integration significantly 
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bolsters the security framework, making it highly resilient to sophisticated 
quantum-based cyberattacks.

10.2.2.4 Quantum-Resistant Public Key Infrastructure (PKI)

Quantum-resistant public key infrastructure (PKI) is a platform for com-
munication where digital identities are empowered for quantum resistance. 
Quantum-resistant PKI replaces the classical algorithms by robust post- 
quantum models to maintain the integrity and authenticity of digital certif-
icates. This architecture provides automated features for certificate creation, 
validation, and revocation. Additionally, the quantum secure environment is 
maintained through legacy systems for seamless transition. This ensures that 
the essential functions such as secure authentication, encrypted communica-
tion, and trust management remain reliable in a post-quantum world.

10.2.2.5 Quantum-Resistant Data Storage and Access Control

In smart cities, large amount of sensitive data is stored in different distrib-
uted systems, namely, cloud platforms and edge devices. The main chal-
lenge with distributed systems is its security issue, because all such data are 
stored in online platform. Hence, it requires robust protection. Quantum-
resistant encryption ensures that the data remains inaccessible without 
the encryption keys. Additionally, access control algorithms are also used 
for post-quantum cryptographic authentication to prevent unauthorized 
access. Homomorphic encryption is a good example of quantum access 
control, where computations can be performed on encrypted data with-
out exposing the raw information. These capabilities ensure that smart city 
data remains secure even though attackers are equipped with quantum- 
based decryption models.

10.2.2.6 Post-Quantum Secure Communication Protocols

Reliable high-speed networks along with appropriate protocols for secure 
communication are critical for smart city communications using 6G. 
The post-quantum safe communication protocol incorporates quantum- 
resistant cryptographic algorithms into the current framework like trans-
port layer security (TLS) for safe data exchanges over the web and applica-
tion channels. With integrated 6G infrastructure, it works securely on huge 
data communications even at low latency. Such protocols generally work by 
ensuring confidentiality and integrity in the data of the smart city infrastruc-
ture to assure secured data delivery against quantum-enabled attacks.
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With these, the quantum-resistant security architecture offers compre-
hensive security for 6G-enabled smart cities against the power of quantum 
computing. It focuses on the inclusion of quantum-safe encryption, key 
exchange mechanisms, and secure communication protocols. Such archi-
tecture requires much development; hence, there are many loopholes pres-
ent to date. However, with growing technology in security architecture, 
this platform is becoming more robust and feasible practically.

10.2.3 Blockchain-Based Security Architecture for 6G-Enabled 
Smart Cities

Blockchain technology [24, 25] is based on decentralization of control author-
ities and hence distributing the authority to multiple nodes across the net-
work. With this decentralization, the security is enhanced by increasing the 
resistance to threats of the network. To address the security concerns in smart 
cities, blockchains ensure that the systems like traffic, healthcare, and auton-
omous industry operations are executed without any potential risks. Attacks 
such as DDoS, MITM, and tampering are avoided with blockchain due to the 
distributed nature of network authorities. Blockchain uses tamper-proof net-
work where data is safe as it cannot be changed after it is written. This ensures 
that public records are safe, and the transparency is maintained, and, with 
robust verification systems, devices can be saved from various cyber threats. 
Blockchain also aids secure transactions, which can payments systems in 
smart city applications like billing of electricity, gas, transport etc. The concep-
tual overview of this architecture is depicted in Figure 10.4.

10.2.3.1 Data Layer

The smart cities would have billions of devices like sensors, IoT devices, 
vehicles, and electricity meters, which are connected for diverse applica-
tions. These connections are operated on data layer where the essential 
information to be communicated is generated, organized, and secured. 
With blockchain, the information is secured with the tamper-proof tech-
nology, restricting all unauthorized access. It also ensures the authenticity 
of devices. The resilient decentralization blocks the intrusion activities and 
is, hence, secure. For smart cities, the data layer helps in following ways:

a. The data storage in blockchains is immutable, providing 
vital support to applications like maintaining data integrity 
and transparency of public records, medical records, traffic 
information exchange.
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b. In blockchain the data is tamper-proof as every data is stored 
with a timestamp, which cannot be altered. This feature can 
help in planning and tracing the smart city products.

c. It ensures and safeguards the systems from attacks by keep-
ing decentralized system where is available even in case of 
failures on one or more control nodes. This can aid the smart 
city in maintaining failure-proof systems like smart grids.

d. Applications of data layer include smart transportation, 
energy management, smart governance, and healthcare 
systems.

With so many advantages, comes some challenges. Large volumes of 
data and devices in smart cities require scalable solutions like off-chain 
storage and distributed systems. Authorizing techniques need significant 
computational capabilities to authorize the data. The emergency systems 
in a smart city must have ultra-low latencies. Addressing these challenges 
combined with AI-driven technology, edge computing, etc., is essential. 
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Figure 10.4 Conceptual overview of blockchain-based security architecture for 

6G-enabled smart cities.
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10.2.3.2 Decentralized Blockchain Network

The blockchains allow multiple distributed control nodes to manage the 
network. This feature allows the data to spread across a larger network, 
which, in turn, creates redundancy, promoting cyber threats to the net-
work. To resolve this, consensus mechanisms like proof of stake or 
Byzantine fault tolerance are used to enforce transparency by having access 
to an immutable copy of the ledger. The access here to data is limited with 
some specific authorities, which balance the data sharing and transparency, 
thus creating a tolerant and reliable system. The benefits and challenges of 
decentralization for smart cities can be stated as follows:

a. The reliability of operational systems like power supply, 
water supply, and internet services are ensured to be remain 
operational even in case of any local issues.

b. The decentralization brings transparency to the system, 
which is essential for services like smart governance and 
public services.

c. Decentralization also provided distribution of resources for 
real-time optimization and balance in resource constrained 
applications such as energy production services.

d. It also provides integration with 6G communication to pro-
vide security to large-scale networks.

e. With the increased load of 6G network and smart city 
devices, there are some challenges that need to be addressed, 
as follows: cybersecurity risk like Sybil attacks and 51% 
attack; high infrastructure costs of decentralized systems; 
and coordination of large amount of devices.

10.2.3.3 Identity and Access Management (IAM)

Blockchain has a mechanism for ensuring secure access to data and appli-
cations, known as identity and access management (IAM). Using the 
cryptography techniques, the users and devices are allotted their unique 
identities and these saved on a tamper-proof ledger. Unlike the central-
ized systems, these systems are able to reduce the bottlenecks and vulner-
abilities by maintaining the immutable ledger for authorization activities. 
The authorization and authentication of blockchain has strict entry points 
where cryptographic keys are used to access the information. It also has a 
single-sign-on feature through which the users and devices can log in on 
multiple platforms. With IAM, smart cities will be able to provide seamless 
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operations in applications such as healthcare, education, and public trans-
port. IAM is capable to enhance security by making forgery harder, giving 
the ownership to user and providing trust by ensuring transparency. There 
are some challenges of IAM with the current infrastructure that needs to 
be address in 6G networks as in ensuring that all devices comply with the 
regional laws like GDPR, standardization, and integration with all devices, 
managing crypto keys where if the key is lost, then it could mean that iden-
tity is lost, etc.

10.2.3.4 Smart Contracts

Blockchains have an automatic process of applying terms and conditions 
of an agreement. If, at any time, the conditions are not met, then the agree-
ment is revoked, providing security, trust, and transparency, without any 
manual operation. These agreements are termed as smart contracts, which 
have some pre-defined rules embedded in the system. Automatic execu-
tion, transparency, immutability, decentralization, and cost efficiency are 
some advantages of implementing these smart contracts. These are writ-
ten in programmable languages like Solidity where they have all the rules 
and conditions to be met. On meeting the conditions, the agreement is 
invoked, and the transaction is recorded on blockchain. Accountability, 
security, and trust are some advantages of having smart contracts. However, 
there are some challenges, like vulnerabilities in smart contracts can allow 
breaches, regulatory rules are not fully developed for current systems, and 
inter-device operations need to be compatible. It can be useful for devel-
oping smart cities in following ways: automating the education and health-
care systems with these smart cards.

10.2.3.5 Data Encryption and Privacy

Smart cities development is incomplete without resilient data security and 
privacy services as the large amount of data shared is vulnerable to secu-
rity breach. Encryption methods with blockchain, such as cryptographic 
methods (public-key cryptography), encryption methods, zero-knowledge 
proofs (ZKPs), and multi-party computation (MPC), ensure that privacy 
is preserved while data sharing. ZKPs are capable to authorize transactions 
without revealing the actual information useful for healthcare systems 
where medical records are sensitive information, in financial transactions 
and identity management. With these techniques of blockchain encryp-
tion, an immutable smart city system sustains. The key challenges of block-
chain for encryption are as follows:
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a. The increased number of devices and data is a major chal-
lenge as it would have large data storage and computation 
requirements.

b. Maintaining the keys is another concern for the owner, as, if 
lost, then they would lose their identity.

c. Once the data is recorded, it is there forever. The data should 
be correct; otherwise, it will not be useful and may conflict 
with the privacy rules.

d. The overall process of encryption and decryption is a com-
putational overhead, which must be looked into.

10.2.3.6 Secure Data Exchange and Communication

The security is the first and foremost concern of a smart city. Blockchains 
are a great way to facilitate this within the whole ecosystem. Integration with 
technologies like IoT requires smart and immutable systems to handle the 
amount of data generated by the large-scale network. Blockchain techniques 
could automate the process and thereby ensure safe and secure network with 
minimal manual intervention. For most of the smart city operations, block-
chain framework is available to address different needs of the system.

10.2.3.7 Secure Threat Monitoring

Smart cities have so many devices and applications connected, so they are 
all exposed to cyberthreats. With blockchain, real-time detection systems 
alleviate the DDoS attacks. Also, the immutable recording system of block-
chain is open and transparent providing forensic capabilities such that the 
threats can be identified and resolved instantly. Thus, the trust and security 
of public are ensured in everyday operations of smart cities. The challenges 
with the monitoring systems include the following:

a. Maintaining common laws of regulation of rules for all devices 
lying under different regions serving different applications

b. Integrating with all the advancements in technologies like 
IoT and edge computing requires continuous improvements 
that are implements simultaneously

c. Maintaining low latency across all devices for real-time 
services

d. Balancing the need of transparency while keeping the sensi-
tive information private

本书版权归John Wiley & Sons Inc.所有



Resilient Security Architectures for 6G 237

With future techniques like AI/ML integration, quantum computing–
based blockchain rules, and compatibility of different communication 
technologies like 5G and 6G, smart cities would be safe and secure.

10.2.3.8 Application Layer

Application layer provides the deployment services for various applica-
tions, services, and functionalities of the smart cities, which are made to 
serve specific needs of smart urban operations. It has the advantage of 
blockchain features such as transparency and security across a wide range 
of domains of smart city. Different applications for a smart city could be 
a smart governance application sharing public services to its citizens and 
allowing data sharing with blockchain-enabled encryption techniques. 
Similarly, smart healthcare applications ensure secure maintenance of 
medical records and real-time emergency applications. This layer provides 
user-oriented customization of applications to cater a diverse range of cus-
tomer issues.

The blockchain-based security architecture provides a comprehensive 
solution for securing 6G-enabled smart cities. By leveraging blockchain’s 
decentralized, tamper-proof, and transparent properties, it addresses crit-
ical challenges such as data integrity, identity management, cyber resil-
ience, and privacy preservation. This architecture not only safeguards 
urban infrastructure but also empowers innovation, collaboration, and 
sustainability, paving the way for a more secure and resilient urban future.

10.2.4 Adaptive Security Architecture for 6G-Enabled Smart 
Cities

Adaptive security architecture [26] is an ever-changing and actively 
engaged architecture of cybersecurity systems purposely building to tackle 
the continuously changing types and manifestations of security threats. 
This adaptive security is retroactively designed to protect systems against 
new data, vulnerabilities, or complex attack vectors in real time as opposed 
to traditional static security models that depend on a set of predefined, 
often algorithmic, rules. It uses real-time monitoring, predictive analytics, 
ML, and automation; as such, it can rapidly detect and respond to threats. 
Then, it becomes important for 6G-enabled smart cities, where all the IoT 
devices, automated systems, and critical infrastructures will be built and 
interconnected and, hence, proven susceptible to threats. Adaptation-
resilient security architecture brings the necessary flexibility and robustness 

本书版权归John Wiley & Sons Inc.所有



238 Security and Privacy in 6G Communication Technology

to secure these systems and applications with room for seamless operation 
and ensures no interruption in critical services like smart grids, medical 
systems, or even transport. The conceptual overview of this architecture is 
depicted in Figure 10.5.

10.2.4.1 Data Sources and Systems

The adaptive security architecture includes all the data sources and systems 
as a bottom layer consisting of endpoint sites for the real-time information 
collected for smart city operations. It includes IoT devices, cloud platforms, 
edge devices, and specialized applications such as traffic management and 
healthcare applications. Such components are input to security analysis, 
providing the necessary information to help monitor threat detection and 
to inform decision-making in the security domain. Because the layer is 
made up of critical assets for city life, any compromise to the system would 
affect the availability of critical services. This, therefore, becomes needed 
to be secured for the purposes of integrity or availability for major opera-
tions including real-time control of traffic or emergency response in secur-
ing the whole urban ecosystem. In addition, it can improve the integrity 
of data against modification and lead toward more transparency through 
blockchains.

Predictive Analysis Proactive Security Responsive Security

Data Sources and Systems 
(IoT Devices, Cloud Services, Edge Devices, Smart City

Applications, Network Data etc.)

External Threat Intelligence Sources
(Threat Feeds, AI/ML Models, Risk Databases, etc.)

Continuous Monitoring
(Network and Device Monitoring, Alerting Systems, etc.)

Orchestration and Automation
(Centralized Security Management, AI-Driven Adaptation, etc.)

Figure 10.5 Conceptual overview of adaptive security architecture for 6G-enabled smart 

cities.
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10.2.4.2 Predictive Analytics

Predictive analytics, being a major component of adaptive security, pre-
dicts latent risks before they manifest, through ML models for analys-
ing patterns. Historical data is then supplemented by real-time inputs to 
deliver advanced algorithms for evaluating threat levels that enable pri-
oritization of responses for scenarios that face higher risk. This layer is 
further strengthened by anomaly detection that identifies unusual behav-
iors ranging from ebbs and scuttle of network traffic to even unauthorized 
attempts of access—all of which might spell quite a lot of doom in cyber 
threat attacks. Ongoing real-time insight ensures that new risks are rap-
idly routed for remediation, limiting opportunity for exploit by malicious 
actors. For city governments, predictive analytics enables security teams 
not to wait for disruptive events or attacks and take timely action, which 
boosts their ability to prevent the impairment of urban service delivery. 
Predictive analytics provides better insights and statistics for security 
teams to proactively handle situations and improve the efficiency of the 
city government.

10.2.4.3 Proactive Security

Security proactive mechanism was designed for the prevention of inci-
dents by addressing weaknesses and threats before they become problem-
atic. Dynamic access control modifies user and device permissions in real 
time according to risk assessments, limiting access when suspicious behav-
ior is detected to avoid attacks. Threat containment includes compromised 
systems and devices to contain the damage, providing the most vital and 
strongest defense before the onset of the organism in as early as possible 
early-stage threats. Firewalls and intrusion prevention systems are regu-
larly updated to block malicious traffic and access unauthorized entry and 
remain ahead of developed vulnerabilities within the architecture. Using 
these proactive methods, the architecture reduces the chances of breaches 
to keep vital systems functional and secure against advanced threats.

10.2.4.4 Responsive Security

Real-time response secures rapid detection, containment, and remedia-
tion of threats, minimizing any potential harm. It allows you to automate 
incident response workflows that help you take actions such as isolating 
affected systems or notifying administrators, ensuring that security inci-
dents are handled consistently and efficiently. Enabling instant recognition 
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of threats like malware or unauthorized access, it can isolate an incident 
in real-time before it compromises any sensitive data. Once the issue is 
contained, remediation involves restoring affected systems to their original 
state, ensuring that the business can operate with minimal disruption. The 
ability to deploy emergency protocols at a city-wide level is imperative, 
particularly in the context of smart cities where seamless service delivery 
and infrastructure resiliency is paramount. This includes both enabling 
downtime and preventing massive impacts from a cyberattack by support-
ing operational continuity through responsive security.

10.2.4.5 Continuous Monitoring

Continuous monitoring imparts the capability to understand in real-time 
the extent to which smart cities’ systems are secure, assuring exhaustive pro-
tection against any threat. This layer captures suspicious activities, such as 
unauthorized logins or clues of data exfiltration, by constantly tracking net-
work traffic, device activity, or even user interaction. It advanced alerting 
systems that notify the administrator of potential risks for further investi-
gation and action. It enhances monitoring because access to global threat 
intelligence and discovery bases information collected from emerging vul-
nerabilities and attack trends, keeping security measures always in place with 
the latest threats. Continuous monitoring is needed because smart cities have 
multifaceted settings where device and system interconnectivity needs to be 
observed at an acute level to avoid a breach of continuity in services.

10.2.4.6 Orchestration and Automation

The orchestration and automation characteristics further enhance effi-
ciency and scalability in security operations, especially when considering 
large environments, such as smart cities enabled by 6G telecommunication 
standards. Centralization of security management further streamlines the 
coordination of all the activities under which threat detection, response, 
and recovery take place within a singular platform. AI adaptation is 
dynamic in that it allows security policies to be modified from one point 
to another, based on real-time data-derived information, letting the archi-
tecture adapt quickly to constantly emerging threats. Automated work-
flows, such as patch management, alert escalation, and incident response, 
reduce the human side of these processes, reduce the chances for human 
error, and speed up reaction times. Altogether, orchestration and automa-
tion help keep security operations active, responsive, and ready for action, 
regardless of the scale at which cyberattacks may occur.
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In 6G-enabled smart cities, the integration of IoT devices, autono-
mous systems, and real-time data processing creates a dynamic environ-
ment where traditional security models are inadequate. Adaptive security 
architecture addresses these challenges by providing a scalable, flexible, 
and responsive approach to cybersecurity. Through predictive analytics, 
proactive security measures, and automated responses, this architecture 
ensures that critical services remain secure and uninterrupted. By enabling 
real-time threat anticipation, swift mitigation, and continuous adaptation, 
adaptive security architecture plays a vital role in safeguarding the integ-
rity, reliability, and resilience of next-generation urban systems.

10.3 Challenges and Future Scope

There exists a unique demand for rich and propounding security architec-
tures owing to the seamless incorporation of 6G networks in smart cities. 
The first concern is to provide ultra-low latency and reliability in the most 
unassailable manner. Applications such as autonomous vehicles, smart 
healthcare systems, and industrial automation require ultra-low latency in 
the microsecond range, allowing minimal time for the use of traditional 
security solutions that consume great amounts of resource. In addition, 
the huge number of devices connected, and heterogeneous nature of smart 
cities will increase the difficulties involved. All these IoT devices are in 
billions, connecting the extremely capable edge servers to the very low 
resource sensors; however, achieving uniform security measures is becom-
ing more and more complex. Moreover, the hyper-connected systems 
increase the attack surface significantly with vulnerabilities appearing at 
device, network, and application layers. Catastrophic impacts could result 
from cyberattacks, such as DDoS attack or ransomware, against critical ser-
vices like transportation or energy grids. There is also the privacy issue, as 
smart cities will be using 6G-enabled AI applications in real-time decision- 
making that will involve heavy data gathering and processing. The chal-
lenges are to ensure secure sharing of data without letting users know who 
is sharing the data with whom, as well as compliance with privacy regula-
tions. Finally, the dynamic and adaptive security frameworks would evolve 
with emerging technologies to deal with novel threats, including quantum 
computing attacks and sophisticated AI-driven adversarial methods.

As the integration of 6G networks with smart cities advances, there are 
several key future directions that can enhance the resilience and robust-
ness of security architectures.
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10.3.1 Integration of AI and Machine Learning

To a greater extent, the features of security systems can employ AI and ML. 
Automatic threat detection, anomaly detection, and predictive security are 
some uses of these technologies in real-time that allow the systems to auton-
omously respond to new threats instead of relying on humans to intervene. 
By using real AI models, for example, one would expose the system to pat-
terns of attack in the past so that it might shape the future to predict and pre-
vent attacks from happening, producing new proactive features in security 
systems within such a climate instead of the old reactive.

10.3.2 Blockchain for Data Integrity

Blockchain can be a good source for maintaining data integrity through 
the extensive interrelationships of 6G-enabled smart cities. It will ensure 
transparent and tamperproof data storage from IoT devices, proving them 
to be immutable and secure. Such conditions may be of paramount impor-
tance in areas demanding highly sensitive data, like smart healthcare or 
autonomous vehicles. It can enable 6G applications for secure smart con-
tracts and for automated policy enforcement.

10.3.3 Decentralized Security Models

A decentralized security model promises to further improvement resil-
ience, as opposed to a centralized control. In a decentralized model, secu-
rity is distributed, instead of depending on a single point of control, across 
the entire network-reducing risk of a single point of failure. This can be 
realized with the help of several technologies, such as edge computing, fog 
computing, or any other method of taking security closer to the source of 
data (e.g., individual IoT devices), rather than directly linking it to a cen-
tralized cloud.

10.3.4 Quantum-Resistant Cryptography

As quantum computing technology keeps on evolving, all the traditional 
cryptographic techniques might be at risk. Hence, one crucial future 
direction toward security in the era of 6G will be implementing quantum- 
resistant cryptographic algorithms: post-quantum cryptography. These 
techniques would able to withstand assaults from classical and quantum 
computers alike, thereby securing the communication and data exchange 
across smart city infrastructure.

本书版权归John Wiley & Sons Inc.所有



Resilient Security Architectures for 6G 243

10.3.5 Security Automation and Orchestration

The growing demands of ever-increasing complexity for achieving 6G 
networks necessitate automation in security management across multiple 
layers. The automated responses to threats, continuous monitoring, and 
real-time policy updates are part of security automation tools and signifi-
cantly reduce the need for manual participation. In addition, orchestration 
tools can also bring together security policies and responses from different 
network stemming and technology inputs, therefore securing consistent 
yet effective security management in the entire smart city infrastructure.

10.3.6 Interoperability Across Multiple Domains

Integration of technologies in energy management, intelligent transport, 
healthcare, public safety, etc., makes security in a smart city much depen-
dent on the interoperability of those domains. Future initiatives should 
provide the means to create security standards and frameworks that cross 
domains and technologies for their integration into smart city fabric.

10.3.7 Human-Centric Security Solutions

Security in the 6G smart city should also include the human aspect, partic-
ularly in terms of privacy and user consent. Future security architectures 
should have a user-centric component and be equipped with privacy man-
agement provisions as well as user authentication and secure access con-
trol. User access can include biometrics, behavioral analytics, or identity 
management for safe and seamless user experience in all services offered 
by smart cities.

These key prospects will serve the purpose of advancing smart security 
frameworks to meet new challenges associated with 6G-built smart cities. 
Integrating technology with the cooperative, adaptive, and user-centric 
model would lend itself to these challenges and prepare the ground for 
smart cities of the future.

10.4 Conclusion

The paper gives an in-depth discussion justifying the huge necessity for resil-
ient security architectures in smart cities transformed by 6G technologies. 
Increasing connectivity and automation levels keep pushing smart cities 
to depend more and more on such technologies as AI, quantum-resistant 
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cryptography, blockchain, and adaptive security systems. Each one is encap-
sulated in a customized framework, from AI-driven proactive layers to 
blockchain decentralized integrity, to address tough cyber threats. Several 
highlighted challenges that are scalability, interoperability, resource con-
straints, and ethical issues rose about solving them using advanced tech-
nologies, including quantum computing, alongside the development of 
global collaborations for standardized solutions. The paper highlights that 
security in smart cities in this case 6G is not only by having some techni-
cal mitigate measures; it is also about being assured trust and continuity 
for innovation using secured critical infrastructures in cities. In brief, the 
integration of adaptive and forward-thinking security measures ensures the 
alignment of technological advancement with societal needs, establishing 
a foundation for sustainable and secure urban ecosystems. This trajectory 
positions 6G-enabled smart cities as benchmarks for future intelligent urban 
environments.
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Abstract
With the emergence of sixth-generation (6G) network technology, the highly 
interlinked surroundings and smart applications face significant privacy difficul-
ties. The ubiquitous identity of the 6G, which features extremely minimal latency, 
significant artificial intelligence integration, and Internet of Things installations, 
increases the possibility of privacy infringement and unlawful information gath-
ering. This research has investigated the major concerns about privacy in 6G net-
works, including the expansion of data collection, advanced tracking systems, and 
the decline in anonymity. Significant privacy concerns that have been recognized 
include manipulating information, identity theft, and aggressive observation, all 
of which could weaken user trust and inhibit using 6G technology. Eliminating 
these privacy risks involves the exploration of some innovative privacy-preserving 
solutions that are used to secure sensitive data. Decentralized methods for secure 
identity management and enhancing data transparency have also been identified. 
To promote the setting up of healthy, user-oriented 6G habitats that respect the 
basic entitlement to security, this paper offers a concise overview of privacy issues 
and solutions in 6G.
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11.1 Introduction

Building on the milestones of the fifth generation (5G), the forthcoming 
sixth-generation (6G) mobile technology promises revolutionary advance-
ments in speed, capacity, and reliability to integrate artificial intelligence 
(AI), neural networks, and Internet of Things (IoT) into a seamless dig-
ital realm [18, 20]. Continuous assessment for smart towns and cities, 
ultra-reliable and minimal latency connections for autonomous systems, 
and improved wireless internet for engaging virtual reality and augmented 
experiences are all made achievable by 6G. In addition to optimizing IoT 
applications in homes with sensors, industrial automation, and monitor-
ing the surroundings, it will assist cutting-edge healthcare solutions like 
telemedicine and remote surgery. The creation of cutting-edge applications 
like smart automation, holographic communication, and ubiquitous sens-
ing is made easier by 6G’s alluring qualities, which include incredibly low 
latency, increased data transmission capacity, wide device connectivity, and 
greater network intelligence. The introduction of 6G systems, anticipated 
to link numerous pieces of electronic equipment and enable the transfer of 
enormous volumes of data, poses serious problems in protecting user pri-
vacy [4, 7, 17, 30]. Significant privacy concerns are being brought about by 
the advanced characteristics of 6G technology, which comprises the possi-
bility of enormous data procurement, advanced tracking techniques, and 
the misuse of private data. In this typical setting, maintaining user trust, 
following the law, and avoiding unwanted access and use of sensitive data 
all depend on protecting user privacy [4, 5, 26, 35].

11.2 Survey of Literature

The innovation in 6G networks was anticipated to bring its previously 
unattainable technology and connectivity. However, the major concern is 
to preserve privacy. This survey of previous literature looks at the state of 
privacy issues in 6G networks today, highlights major obstacles, and looks 
at creative fixes put forth in current studies and business advancements. A 
substantial exploration into 6G security due to advancements in network 
security hindered the worldwide debut of 5G.

This document examines the developing 6G communication frame-
work, merging conventional security principles with advancements in the 
latest technologies. It highlights the threats associated with 6G and the 
corresponding cryptographic methods. Furthermore, it suggests avenues 
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for further research, highlighting various authentication methods [14]. 
As the shortcomings of 5G networks become apparent, the investigation 
into 6G as the forthcoming solution is gaining momentum, concentrat-
ing on essential security and privacy concerns. This survey examines the 
evolution of networking technologies throughout history, which have 
shaped contemporary 6G trends. It delves into prime components such 
as real-time smart edge computing, distributed AI, smart radio systems, 
and three- dimensional intercoms while focusing on critical issues, i.e., 
security and confidentiality. The survey concludes with an exploration of 
the prospective applications of 6G [32]. This paper addresses significant 
concerns such as security, confidentiality, and trust within 6G networks, 
outlining the standard technologies. It explains the 6G security framework, 
enhancements in 5G, and particular security difficulties encountered at 
both the physical and AI/machine learning (ML) layers.

After evaluating the safety developments in legacy wireless networks, 
important 6G application services, and safety standards, the inquiry con-
cludes with a discussion of 6G network trust and solutions [9]. We look 
into how security affects hypothetical 6G systems, possible challenges, and 
ways to integrate privacy and security concerns in 6G networks. The authors 
describe the threat landscape, key performance indicators, and their vision 
for 6G security. Furthermore, the paper describes investigations and stan-
dardization efforts, addresses protection and security concerns in 6G tech-
nologies and applications, and supports technologies involving distributed 
record technology, physical level security, distributed AI/ML, visible light 
communication (VLC), and THz, quantum computing (QC). The paper 
took the initiative to standardize research projects to look at security and 
confidentiality issues in 6G technologies and applications.

With the advancement in 6G, privacy and security concerns become an 
important topic for research [24]. Blockchain technology has become a more 
secure and effective way to integrate with 6G networks. Blockchain technol-
ogy is fruitful in 6G by specifying the safety measures required for encrypted 
communication and proposing an asynchronous agreement protocol based 
on directed acyclic graphs (DAG) for smooth integration. In addition to 
QC, we outline future research objectives and strategies for communication 
and storage optimization for this integration [19]. The present investigation 
examines 6G networks, emphasizing important aspects, enabling technolo-
gies, and technical developments. It explores the latest developments, possi-
ble uses, and AI’s revolutionary role in upgrading 6G abilities, from wireless 
networks to smart cities and self-governing systems. The study explains 
deployment issues and thoroughly assesses 6G’s future [5]. The authors of 
this paper examined new developments in xG security concerns (like 5G, 
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6G, etc.) brought on by important enabling technologies. They looked at 
ways to keep the network safe while meeting user needs, service require-
ments, and new services. The innovation of 6G technologies is the better way 
to reduce security risks enabling effective and safe interaction [26].

11.3 Stepwise Structure Framework of 6G Network

The steep growth to support upcoming technologies and applications is 
better than previous generations necessary to set up a stepwise structure 
framework on the multilayer framework [4, 7, 17–20, 26, 30, 35].

The 6G architectural framework is illustrated in Figure 11.1. The inter-
nal description of individual layers is described as follows:

A. Physical Layer (PHY)
• Terahertz Communication: 6G uses terahertz frequency slots 

for information transfer at very high speed.
• Massive Multiple-Input Multiple Output (MIMO): Numerous 

antennae are used to increase signal strength and coverage.
• Full Duplex Communication: The same frequency bands for 

full-duplex communication enhance spectral efficiency.
• Better Modulation and Coding: Methods to increase depend-

ability and data throughput.
B. Data Link Layer
• Better Error Detection and Correction: The 6G network uses 

better methods for dependable conveyance of information.
• Robust Resource Distribution: Implementing robust resource 

distribution methods into practice to meet user needs and 
obtain the most recent network circumstances.

• Energy-efficient Protocols: Efficient rules used to reduce 
power utilization while regulating performance.

C. Network Layer
• Amalgamation of AI and ML: It is used for intelligent rout-

ing, network administration, and optimization.
• Enhanced Security Rules: Quantum encryption methods and 

other enhanced security metrics to safeguard data integrity 
and confidentiality.

• Network Slicing: Constructing several virtual networks with 
distinct features for various services and applications.
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APPLICATION LAYER 

-Integrated Services 

-User Experience Optimization 

- Service Orchestration 

SESSION LAYER 

-Context-aware Communication 

-Seamless Mobility 

- Service Quality Management 

TRANSPORT LAYER 

-Low-latency Communication 

-High Throughput 

-Congestion Control 

NETWORK LAYER 

-AI and ML Integration 

-Network Slicing 

-Enhanced Security Protocols 

-Energy-efficient Protocols 

DATALINK LAYER 

-Enhanced Error Detection and Correction 

- Adaptive Resource Allocation 

- Energy Efficient Protocols 

PHYSICAL LAYER 

-Terahertz Communication 

- Massive MIMO 

- Full Duplex Communication 

- Advanced Modulation and Coding 

MANAGEMENT AND ORCHESTRATION LAYER 

-AI-driven Network Management 

-Orchestration of Network Functions 

-Security and Privacy Management 

EDGE COMPUTING LAYER 

- Distributed Computing 

- Edge AI 

- IoT Integration

Figure 11.1 Layered framework of a sixth-generation network (6GN).
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D. Transport Layer
• Traffic Control: Improved techniques for controlling network 

traffic and guaranteeing uninterrupted data transmission.
• High Efficiency: Able to handle extraordinarily high data speeds.
• Low-Rate Communication: The procedures and systems utilize 

extremely reliable and minimally delayed communication.
E. Session Layer
• Circumstances-Aware Interaction: Standards for session 

management that change according to the needs and context 
of applications.

• Ensuring Unbroken Sessions: When users travel across vari-
ous network cells or regions.

• Tracking and Regulating: It helps to regulate the quality of 
services that satisfy various application requirements.

F. Application Layer
• Consolidated Assistance: Support for numerous applications 

including healthcare, smart cities, driverless cars, AR/VR, 
and the IoT.

• Effective User Experience Optimization: Tailored services and 
content according to the tastes and actions of the user.

• Coordinating and Overseeing: The provision of intricate ser-
vices among several network tiers and slices.

G. Management and Orchestration Layer
• Network Management Powered by AI: Allows defect detec-

tion, network optimization, and predictive maintenance.
• Network Function Structure: Controlling and securing the 

smooth operation of virtualized network functions.
• Privacy and Safety Management: Putting in place thorough 

security procedures and guidelines to safeguard user infor-
mation and the network.

H. Edge Computing Layer
• Edge AI: Using AI algorithms helps to make decisions more 

quickly and efficiently. 
• Distributed Computation: To limit latency and better real-

time processing, computation and data storage are placed 
close to the data point.

• IoT Integration: The effortless management and integration 
of IoT services and devices.

High performance, dependability, and security are guaranteed in 6G 
networks owing to the multi-layer architecture mentioned above, which is 
built to meet the many and exacting needs of future applications.
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11.4 Key Technologies for 6G Networks

With a range of innovative technologies, the commencement of 6G con-
nections is anticipated to transform telecommunications [1–4, 6, 8, 10–13, 
15, 22, 25, 27–29, 31, 33]. Figure 11.2 lists the essential technologies antic-
ipated to support 6G networks:

• Terahertz Communications: A frequency band of 0.1- to 
10-THz transfers data in a wireless network at a very high 
speed and minimizes latency.

• Amalgamation of AI and ML: It will help optimize pre-
dictive upkeep, resource distribution, and network per-
formance. By using intelligent information processing and 
decision-making, it enhances customer satisfaction.

• Massive MIMO: Many antennas are employed to increase 
signal intensity and capacity, improve spectral efficiency, 
and increase network dependability.

• Enhanced Network Slicing: The creation of many VPNs 
helps to provide on-demand services like the IoT, self- 
driving automobiles, and intelligent cities.

KEY TECHNOLOGIES FOR 6G

NETWORKS 

Fog computing and Edge

 Computing

Edge
 Computing

Massive MIMO

AI & ML

Terahertz (THz) Communication

Advanced Network Slicing

Reconfigurable Intelligent

Surfaces

Quantum Communication
Integrated Sensing and

Intercommunication Smart Antennas and Beamforming

Nano technology and

Bio-sensors

Holographic Telepresence

Blockchain and distributed

Ledger Technology

User 2

User 1

Target

Figure 11.2 Essential technology for sixth-generation networks.

本书版权归John Wiley & Sons Inc.所有



254 Security and Privacy in 6G Communication Technology

• Reconfigurable Intelligent Surfaces (RIS): By controlling 
electromagnetic waves with programmable surfaces, it 
enhances signal coverage and quality. Additionally, it 
improves spectrum and energy efficiency.

• Quantum Communication (QC): It is based on the theory 
of Quantum Mechanics (QM) to achieve highly secure com-
munication. Advanced encryption and data security meth-
ods are used.

• Edge Computing and Fog Computing: Its functions are 
to process and store data close to the data source. It limits 
latency and network capacity consumption, and better real-
time processing.

• Integrated Sensing and Intercommunication: It associates 
both characteristics such as communication and sensing to 
improve awareness of the network condition.

• Holographic Telepresence: Real-time holographic com-
munication is made possible by holographic telepresence, 
boosting user immersion. It needs low latency and maximal 
data speeds to work properly.

• Blockchain and Distributed Record Technology: It facili-
tates safe and transparent network operations and improves 
security and trust.

• Nano-Technology and Bio-sensors: These two fields have 
been used in environmental monitoring and healthcare. 
They make it easier to create new devices and services.

• Intelligent Transmitters and Beamforming: These tech-
nologies accurately target communications where they are 
needed by using adaptable antennas. It lessens interference 
and boosts signal strength.

Multiple antennas are used in MIMO to increase signal strength and 
capacity, improve spectral efficiency, and increase network robustness [1, 
4, 12, 31, 33, 34, 36].
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11.5 Confidentiality Difficulties in Sixth-Generation 
Networks

As 6G networks advance, they provide unparalleled levels of speed, intel-
ligence, and connectedness, but they also present serious privacy issues as 
shown in Figure 11.3 [3, 4, 16, 21, 23, 28, 29, 32]. It is essential to tackle 
these complexities to safeguard users’ private data and uphold confidenti-
ality in the 6G era.

• Enhanced Data Production and Acquisition: The endless 
information generated from smart devices and connected 
systems in these 6G networks is expected to dramatically 
increase the threat of privacy breaches. You have to make 
sure that you create solid data storage as well as privacy sta-
tistics in order not to allow an attack.

• Enhanced Location Tracking: Unlike 5G, in the era of 6G, 
location tracking in these networks will be more precise 
and granular, therefore enabling real-time material as well 
as human positioning. While it appears to support many 
advancements, this invention creates numerous privacy 
risks. Users’ privacy gets harmed by illegal tracking, which 

Increased Data Generation and Collection 

Al and Machine Learning Vulnerabilities 

IoT and Interconnected Devices 

New Threat Vectors

Enhanced Location Tracking 

6G
Network 

Figure 11.3 Confidentiality challenges in sixth-generation networks.
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also facilitates unlawful monitoring and can even be abused 
by outside parties.

• Vulnerabilities in AI and ML: The efforts of combining AI 
and ML into 6G networks bring automation and intelligent 
decision-making capabilities. However, there are new con-
cerns associated with this technology as well. The AI and 
ML systems use big data for analysis, and it is comprised of 
confidential and sensitive information.

• IoT and Interconnected Devices: IoT is a blessing for 6G 
networks that find application in various areas such as agri-
culture and health sector to industries. The increasing use of 
IoT poses data privacy threats. Protecting from these risks 
requires secure communication rules, efficient data encryp-
tion methods, and device authentication.

• Cross-Border Data Transfers: The attribute of seamless 
connectivity of 6G networks helps provide frequent cross- 
border data transfers. However, changing regulations for 
data protection pose data privacy challenges. It is important 
to implement a standardized privacy framework and poli-
cies for managing cross-border data transfers without any 
threat.

• New Threat Vectors: The use of QC introduces the threat 
to data privacy as it is capable of cracking conventional 
encryption methods. Long-term sensitive data is shielded 
via the use and deployment of quantum-resistant encryp-
tion methods.

11.6 Confidentiality Preserving Technologies  
and Methods

A variety of approaches, including differential confidentiality, homomor-
phic encryption, and decentralized framework, are included in the cate-
gory of privacy-preserving technologies and strategies as illustrated in 
Figure 11.4 [2–4, 6, 21, 23, 28, 29, 32, 34].

• Differential Confidentiality: Differential confidentiality 
introduces random signals to data, so analysis results are not 
significantly affected by adding or removing a single data 
point. This prevents individual identification and preserves 
confidentiality while allowing valuable insights.
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• Homomorphic Encryption: It allows the processing of 
encoded data except for decryption, ensuring confidentiality 
during processing. It is ideal for securely sharing data with 
external parties while preserving confidentiality. Various 
methods offer different levels of security and support for 
operations like addition and multiplication.

• Secure Multi-Party Computation (SMPC): SMPC allows 
one to calculate a function using their inputs by keeping the 
privacy of data.

• Federated Learning: Federated learning is used in various 
domains such as smart agriculture, healthcare, and mobile 
apps where the training of ML models on distributed equip-
ment or servers with local data is performed while keeping 
the underlying data confidential and just disclosing model 
updates.

• Blockchain and Decentralized Technologies: When block-
chain technology combined with cryptographic encryption 
methods, it offers perks including distributed, impermeable 
records to safeguard transactions and data transfers.

• Quantum-Resistant Cryptography: Encryption methods 
that are useful against the processing capability of quantum 
computers are used in quantum-resistant cryptography.

6G

Blockchain and Decentralized Technologies 

Federated Learning 

Differential Privacy

Quantum-resistant cryptography

Homomorphic Encryption 

Secure Multi-Party

Computation 

Figure 11.4 Confidentiality-preserving techniques in a sixth-generation network (6GN).
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11.7 Ethics and Regulations in Practice

Following privacy regulations is important in 6G development to ensure 
user privacy, build trust, and reduce legal risks. Adherence to global pri-
vacy standards, the ethical deployment of AI, the provision of clear and 
transparent consent mechanisms, and the integration of privacy consider-
ations from the outset are all essential for building trust and safeguarding 
user data in modern digital systems [4, 9, 11, 15, 25].

• Conformance to International Confidentiality Norms
 With the motive to secure user data transparently and with 

rigorous usage obstacles, 6G networks must implement 
global privacy regulations. This lowers the potential for legal 
problems, safeguards user privacy, and promotes assurance.

• Ethics in AI and Data Handling
 AI techniques employ legal measures, such as guaranteeing 

AI accountability, transparency, and equity and restricting 
the improper use of user data for illicit purposes.

• User Permission and Openness
 User permission plays a critical role in maintaining privacy 

in 6G networks. Individuals require clear-cut information 
on how to procure data, manipulate it, and share it with oth-
ers, by taking explicit consent for these processes. Openness 
data strategies build trust and enable users to use and share 
their personal information without fear.

• Privacy Integrated Design Strategies
 Privacy-integrated technologies use various methods to 

protect user data. Employing regulatory and ethical prin-
ciples, 6G networks will realize the following key benefits: 
enhanced user privacy; responsible data practices to ensure 
ethics in AI implementation; and uncompromised security 
levels complying with global standards bridging trust into a 
digital environment.

11.8 Novel Solutions for User Confidentiality

Ensuring strong individual security has become an urgent concern in the 
current era of fast-evolving digital connectedness. This paper highlights 
unique solutions to safeguard user confidentiality in various online plat-
forms using AI-assisted technologies [4, 6, 11, 18, 20].
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• Artificial Intelligence-Assisted Protection Tools
 It improves the security and confidentiality of sensitive data 

identifying and reducing privacy threats. However, dynamic 
privacy helps to safeguard critical data.

• Agile Consent Management Frameworks
 Agile consent management framework allows participants 

to grant and monitor permissions for large data processing 
tasks in real-time, offering transparent and flexible data con-
trol. Users can easily adjust preferences or withdraw consent, 
ensuring active participation and following confidentiality 
laws.

• Anonymization and Data Masking Methods
 Falsification helps to identify information with false names 

under strict circumstances. The chance of risk associated 
with the privacy of individual data can be eliminated by 
eliminating the known information.

• Platforms to Share Data Safely
 Safe sharing platforms enable creativity and collaboration by 

providing protected ways to share data without compromis-
ing privacy.

• Identity Management Systems for Enhancing Privacy
 Identity management systems’ advanced cryptographic 

algorithms and decentralized methods provide a safer path 
to preserve a digital repository to safeguard individual data. 
By maintaining a limit on data and limitations on user con-
trols, these systems reduce the prospect of fraud and loss of 
identity.

In 6G networks, the aforementioned creative techniques can signifi-
cantly increase user privacy in maintaining data security while permitting 
cutting-edge connectivity and services.

11.9 Conclusion

6G networks, new technologies, and privacy-preserving methods are 
needed to handle new threats and protect user confidentiality. Strict ordi-
nances, industry standards, and cooperation between companies, research-
ers, and legislatures are important in addition to technical remedies. As 6G 
develops, privacy must be given higher priority, embedding security into 
the creation and application of technology.
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12.1 Introduction

The power grid of any country is one of the important factors, which 
plays a very important role in the economic development of the nation. 
Nowadays, every developed and developing country is looking forward 
in the direction of implementing new era power grid equipped with bidi-
rectional information and power flow capabilities, as old conventional 
power grid is only one directional and not very suitable to fulfill the future 

Table 12.1 Key features of smart grid.

S. no. Characteristics

Conventional 

grid

Smart 

grid

1. Digital technology based X ✓

2. Bidirectional X ✓

3. Real-time monitoring/self-monitoring X ✓

4. Pervasive power flow control X ✓

5. Centralized and decentralized power 
generation

X ✓

6. Self-healing capability X ✓

7. Remote monitoring, operation, and 
management

X ✓

8. Pan-regional control system X ✓

9. Motivated active consumers. X ✓

10. Power quality for 21st century needs X ✓

11. Micro generation accommodation X ✓

12. Enables markets X ✓

13. Optimizes assets and operates efficiently X ✓

14. Emergency recovery X ✓

15. Smart price information X ✓

16. Customer choice optional function X ✓

17. Integration of AC-DC microgrids X ✓
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growing electric demand. The implementation of smart grid is one of the 
most inventing topics of research world widely because conventional grid is 
simple and simply involves generation, transmission, and distribution pro-
cess of power in one direction from utility to consumer, but smart grid is 
a fully automated, smart, and very efficient system that comprises involve-
ment of bidirectional flow of power as well as information from both utility 
and consumer side. Integration of various microgrids is also an important 
aspect of the smart grid. In short, our typical grid consists of 35 power gen-
erators, transmission lines/substations, distribution lines/ substations, and 
various types of machinery and loads that supply only energy to custom-
ers daily [1], whereas smart grid is a modern power grid in which every 
element, appliances, devices, and even consumers are smart, intelligent, 
and much more efficient that supply energy as well as information to both 
utility and consumer [2]. Although there are enormous advantages/char-
acteristics of smart grid over conventional grid, some of the key feature 
comparisons are shown in Table 12.1.

12.1.1 Component of Smart Grid

Nowadays, for any country, transforming an old electrical power grid into 
a progressive digital infrastructure-based energy grid with bidirectional 
flow capabilities for information exchange and equipment control is cru-
cial. Intelligently using large number of sensors and integrating distributed 
energy resources are small-scale power-generating and storage solutions, 
ranging from 3 to 10,000 kW. The development of this information and 
communication system will be important for the reliability, efficiency, 
transmission and distribution (T&D) losses, security, and overall perfor-
mance of the new smart grid infrastructure [5]. It is a big challenge and 
important topic of research for a couple of scientists and researchers all 
around the world to analyze and suggest an implementation possibility for 
the different components of a smart grid that integrate all the supplies. 
Advanced metering infrastructure (AMI) is the most important fragment 
of smart grid and consists of a massive number of sensors, various intel-
ligent sensing and measuring devices, and advanced controllers with a 
good security arrangement [6]. Smart grids offer two-way communica-
tion between utilities and electrical consumers by incorporating crucial 
components such as smart meters, smart appliances, and smart measure-
ment equipment into their premises, which are referred to as home area 
networks (HANs) [2]. Most of the conventional power grids based on 
the technology of 1970s look ill-suited for 21st century generation power 
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grid requirements, but modern/advanced grids require different areas that 
strappingly need to be explore, review, study, and identify the implementa-
tion possibility in the following areas:

• Automation and control system
• Asset management system
• Condition monitoring device
• Distribution management system and energy management 

system
• Decision support system and system integrity protection
• Power monitoring system
• Smart generation and consumption
• Smart meter and smart homes
• Building automation and control systems
• Substation automation and protection
• Information and communication technologies
• Microgrid generation
• Security system

All the above fields require expansion to perform various purposes so 
that its stability, reliability, efficiency, and security will increases and even-
tually accomplish to get more efficient advanced power grid in place of 
existing grid to make it 21st century new era power/energy grid. In this 
paper, we will explore and discuss the advancement requirement on a ver-
satile concept called AMI consist of a very important device call smart 
meters whose analysis specially focused on information and communi-
cation technologies because integration of communication is a very vital, 
superior, and dynamic part of smart grid that will provide entryway for 
utility and consumers. The role of smart meters in order to encounter the 
customer’s demands of energy consumption management through real-
time monitoring and control is needed among smart meters and custom-
er’s equipment and appliances. A good communication infrastructure can 
communicate along different networks such as HAN, neighbor area net-
work (NAN), and wide area network (WAN).

12.1.2 Advanced Metering Infrastructure (AMI)

The heart of smart grid is AMI, responsible for measuring and collecting 
data for analysis and transporting of energy via communication means 
among the metering devices. One of the four essential components of an 
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AMI is a smart meter with two-way communication capability for receiv-
ing and collecting data at exact time intervals for measuring, recording, 
displaying, and charging. The second component is an efficient commu-
nication medium/network that provides a home gateway to different net-
works to allow the dedicated data transmission among utility, meters, and 
consumers [7]. The third important components of AMI system is meter 
data acquisition system (MDAS), a software application used to obtain 
data from various meters using communication network, and the fourth 
element is meter data management system that receives, stores, and ana-
lyzes the data provided by MDAS.

Smart Meter: Existing AMR (automated meter reading) system utilized one-
way communication for billing purpose, but, now, this is the time to replace 
it with a smart version having two-way communication based on fifth- 
generation (5G) communication technologies having capability enabling 
smart use of energy along with several functions from both consumer and 
customer. Smart meter systems are intelligent, automated electronic mea-
surement radio devices that measure energy uses at different time intervals 
and communicate it via some communication media combined with two-
way communication technology commonly acknowledged as AMI being 
deployed throughout the countries to improve the metering system activities 
by integrating the participation of both utility and customer. Smart meter is a 
very essential part of an overall smart power system that specifically requires 
an advanced and efficient wired (PLC/optical wire) and wireless commu-
nication (radio/microwave) infrastructure to monitor, control, and manage 
energy uses. It also supports time of use (TOU), critical peak pricing, and 
real-time pricing rate metering for demand response, which is based on smart 
grid standards from the ITU (International Telecommunication Union), IEC 
(International Electro technical Commission), IEEE (Institute of Electrical 
and Electronics Engineers), ETSI (European Telecommunication Standards), 
and CENELEC (European Committee for Electro technical Standardizations) 
for various networks [4]. A typical smart home area having dozens of individ-
ual home appliances such as washing machines, dishwashers, smart clocks, 
refrigerator, and smart printer needs a different communication technolo-
gies to send and receive information’s via smart meters, whereas a NAN or 
WAN requires different communication technologies among smart meters 
(collector meters) to communicate information [6, 7]. Considering the 21st 
century, every home, hospitals, industries, institutes, and offices have a new 
wireless meter. This paper includes the use of different types of communica-
tion technologies for different types of networks and seeking future require-
ments or crucial needs to implementation and possibilities of integration 
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of new communication technologies. Although the deployment and use of 
smart meters started over more than last 15 years under the national system 
of standards like but the concept of smart grid joints partnership of both 
meters and communication technologies carry the top notch system avail-
able in the market today. Before installing and deploying smart meters, these 
devices must meet a few national standards, including American National 
Standards Institute (ANSI), National Institute of Standards and Technology 
(NIST), National Electrical Code (NEC), National Electrical Manufacturers 
Association (NEMA), Underwriters Laboratories (UL), National Electrical 
Safety Code (NESC), Federal Communications Commission (FCC), as well 
as state and municipal technical rules to assure correct functionality. Before 
we analyze and discuss different communication technologies, Figure 12.2 
will give an idea about different networks and appropriate communication 
technologies for these networks within a power network.

12.1.3 Status of Smart Grid or Smart Meter in India

During 2010, the “India Smart Grid Task Force (ISGTF),” an inter-gov-
ernmental body comprised of various government departments, initiated 
the implementation of smart grid, and the Ministry of Power (MOP) dealt 
with smart grid activities. The primary functions of the ISGTF are to raise 
awareness and integration of various activities, as well as to promote prac-
tices and services for R&D collaboration on an interoperability framework. 
In August 2013, the India Smart Grid Forum (ISGF) recommended the 
government on a potential smart grid implementation in the country, 
emphasizing the necessity of smart grid technology in the Indian power 
sector. In 2010, the MOP constituted the ISGF as an inter-ministerial task 
force having major objective of developing smart grid technologies in 
Indian power sector. National Smart Grid Mission is a government institu-
tional system established in March 2015 for the planning, monitoring, and 
implementation of smart grid policies and programs, with an initial esti-
mate of 980 Corers (Cr.) and budgetary support of ₹ 338 Cr during phase 
1 (2014–2017). Throughout phase 2 from 2017 to 2020 [8], the Smart Grid 
Roadmap objectives are to enable access and availability of quality power, 
loss reduction, renewable integration, electric vehicles, and energy stor-
age in smart projects and smart cities with an expected investment of ₹ 
990 Cr., including budgetary support of ₹ 312 Cr. In conjunction with the 
United States Agency for International Development (USAID), the MOP 
and the Government of India (GOI) devised and conducted a nation-wide 
distribution reform training program. The primary goal of this program is 
to exhibit excellent commercial and technological practices that increase 
supply quality and power reliability in the country’s urban and rural areas.
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The Restructured Accelerated Power Development and Reforms 
Programme (R-APDRP) began in July 2008 as a 5-year plan focusing on 
actual demonstrable performance in terms of AT&C sustained loss reduc-
tion of 3% per year at the utility level and proposed covering urban areas 
with a population of more than 30,000 people. R-APDRP was established 
by the MOP and the GOI. Several government initiatives and regulations, 
including the R-APDRP and Central Electricity Authority recommen-
dations, have addressed the country’s intelligent smart metering mode. 
UDAY is a DISCOMS operational and financial turnaround project that is 
expected to install 35 million smart meters by 2019.

12.2 Generations of Communication Infrastructure

As discussed above, smart meters along with communication technolo-
gies make AMI concept complete so the best choice of communication 
technologies is a main task of a superlative communication infrastructure. 
Nowadays, numerous technologies have been proposed, developed, and 
deployed to enable this communication, with both wired and wireless 
options available having pros and cons for each. The deployments of smart 
meters within HAN is a major concept to manage smart home energy use, 
and investigating the best choice of communication technologies is a major 
task for the researchers as, over the during next few years, a very huge 
number of smart meters are expected to be deployed world widely. The 
success of smart metering infrastructure depends on efficient and reliable 
wired and wireless communication technology, although several types of 
communication technologies are available to get connectivity among dif-
ferent types of networks and topology such as HAN and other long range 
back haul networks (NAN and WAN) having their own advantages and 
limitations. In following section, we are going to discuss an overview of 
existing communication technologies used among smart meters and fur-
ther discuss and recommend some suitable forthcoming communication 
technologies based on the concept of different communication environ-
ments and locations.

As foreseen, there are different generations of communication technolo-
gies; nowadays, 5G communication technologies are very popular in smart 
grid (SG) and include radio spectrum of sub–6 GHz and millimeter-wave 
(mmWave) bands. In recent decade, sixth generation (6G) is captivating 
large interest for more accurate and powerful radio sub-terahertz (sub-
THz) and centimeter wave (cmWave), which we will discuss detailed fur-
ther in upcoming sections.
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12.3 Background of Existing Wireless Technologies

12.3.1 Zigbee

Zigbee is most popular unlicensed wireless communication technology 
that connects the widest range of devices in smart metering system within 
HANs used to transmit command and data between devices as a smart 
energy solution having self-healing networking capability, ensuring robust 
communication. A HAN is the computerization and automation of a small 
office/home office that connects digital devices within the house or office 
such as telephones, fax machines, televisions, computers, home security 
systems, video games, printers, scanners, and smart appliances. HAN is 
primarily used for demand-side management and is made up of four com-
ponents: a gateway that connects the HAN to the NAN or WAN; an access 
point; a network operating system; and smart meters and appliances.

HAN technology provides the remote connection and control of a large 
number of interconnected digital devices within a networked region. Zigbee 
is a low-power, low-data-rate (20–250 Kbps) and short-range (approxi-
mately 10 m) communication system that operates on the IEEE802.15.4 
standard at a frequency of 2.4 GHz, 868 MHz, and 928 MHz to facilitate 
the communication an interoperability among the digital devices. Zigbee 
has been recognized suitable for point-to-point or star-type network topol-
ogy to provide correct measures of energy usage, log data real time, and 
TOU values between smart meter and appliances through Zigbee such as 
washer, dryers, washing machine, AC, water heater, and PC, but not found 
suitable for mesh-type communication network.

12.3.2 Wireless Mesh Network/Wireless Local Area Network 
(WMN/WLAN)

Mesh networks are critical enabling technologies for the deployment of 
dependable large-scale AMI networks, which are comprised of several 
wireless access points, mainly Wi-Fi and Wi-Max routers, to their clients, 
which include laptops, smartphones, RFID, smart meters, and sensors. 
Mesh networks are used to create a fully wireless communication network 
that serves both mobile and stationary users by connecting HANs and 
NANs that are plugged into a network gateway to access and connect to 
a utility’s WAN. Wireless mesh accounts for around 96% of current smart 
grid network deployments, with an estimated 100 million households and 
billions of devices embedded with the grid.
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12.3.3 Wi-Fi (Wireless Fidelity)

Wi-Fi communication technology IEEE 802.11 standard for wireless envi-
ronment implements a variety of smart grid applications by effectively 
providing link between the smart meter network, utility, and smart device 
such as desktop, laptop, smart phones, video game, and smart appliances 
using 2.4-GHz and 5.8-GHz band especially useful for HAN and NAN.

12.3.4 Worldwide Interoperability for Microwave Access 
(Wi-Max)

Wi-Max is very attractive 802.16 IEEE standard 4G alliance technology for 
the AMI, providing meter-to-meter or M2M (machine-to-machine) com-
munication platform for NAN and WAN. This communication technology 
can operate on a variety of frequency bands, depending on the speed and 
distance from whence the SG is located. In addition, 3.65 GHz and 5.8 
GHz (unlicensed frequency) are utilized for fixed users, whereas 2.3 GHz, 
2.5 GHz, 3.3 GHz, and 3.5 GHz are used for mobile users, with data rates 
up to 75 Mbps and a coverage radius of around 48 km. Wi-Max technol-
ogy allows for multiple device connections, and its versatility allows for a 
wide range of devices to be compatible in a variety of environments, as well 
as distant connectivity to various types of smart devices between nodes. 
Wi-Max has the potential to be a major rival in AMI communication for 
distribution and monitoring.

12.3.5 Bluetooth

Bluetooth IEEE 802.15.1 is an open wireless technology that was developed 
to replace RS232 data wires connecting electronic equipment for exchang-
ing data over short distances from fixed and mobile users.

Bluetooth operates in the unlicensed ISM band of 2.4 GHz as same range 
of Zigbee and Wi-Fi. Initially, there are some certain limitations of this 
wireless technology like short distance, interference, limitation to human 
interface devices, or audio headset with other frequencies, but to fulfill the 
requirements of smart grid environment, now, Bluetooth 5 is a potential 
use case in the smart grid space, which enables longer distance and high-
speed communication by maintaining low power and better noise immu-
nity. The presence of Bluetooth 5 could be a good link for smart meters to 
smart devices relationship including many new applications that will allow 
to track, monitor, and manage their energy on utility scale.
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12.3.6 3G/4G Cellular

For the previous 20 years, the third generation (3G) of cellular network 
has been in use for wireless mobile telecommunications technology of data 
services, providing better internet speed than 2G and 2.5G GPRS networks 
greater than 3.1 Mbps and average speed range between 0.5 Mbps and 1.5 
Mbps. The 3G network operates on a frequency band ranging from 1.8 
GHz to 2.5 GHz, with an upload rate of 5 Mbps. 3G networks meet the 
IMT-2000 requirements for voice telephony, video calls and conferencing, 
and web access. Due to dedicated infrastructure, cellular systems have low 
time, solid security, cheap maintenance cost, wider coverage, and faster 
data speed.

4G Long Term Evolution (LTE) is the most recent type of broadband 
cellular network technology, with average ranges of 300 Mbps and upload 
speed of 75.4 Mbps. A 4G system must meet ITU-defined capabilities in 
IMT Advanced, with an operating frequency band of 2 GHz to 8 GHz 
and an upload rate of 500 Mbps. Currently, the download speed of LTE 
Advanced is up to 3.3 Gbps, with two primary applications in smart grids 
regulating and automating distribution systems and smart meters. 4G 
applications include a wide range of applications such as mobile online 
access, IP telephony, mobile video conferencing, gaming, HDTV, and 3D 
TV.

12.3.7 Z-Wave

A small range communication protocol useful for HAN is basically used 
for mesh type network for home automation up to 232 of nodes. Its data 
rate is about 100 Kbps within the range of 30 m. It uses low energy radio 
waves for M2M communication for home or office automation and can be 
controlled using smart phones.

12.4 Wired Communication Technology

12.4.1 Power Line Carriers (PLCs)

Power line communication or power line carrier (PLC) or power line 
digital subscriber line is well established and most widely used wired 
communication technology for data and power transmission especially 
used broadband networks or applications of smart grid applications like 
AMR/AMI because of low cost, reliability, and interference insensitivity.  
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There are many types of PLC systems, operating at a wide variety of fre-
quencies. Power line technologies (PLCs) can be basically categorized 
into narrowband PLC (NB-PLC) and broadband PLC (BB-PLC) operat-
ing in different bandwidths. NB-PLC usually operates below 500 kHz in 
both low- and high-voltage transmission lines with bandwidth of up to 
10 Kbps covering more than 150 km, whereas BB-PLC usually operates at 
frequency range of 2 MHz to 30 MHz (in some cases, 50 Hz even more), 
with bandwidth of up to 200 Mbps covering up to 1.5 km. PLCs are used 
to bring internet services to homes and smart meters at low operating and 
maintenance cost as already constructed wide communication infrastruc-
ture for NAN, WAN, HAN, and small-scale EMI structure (BB-PLC).

12.4.2 Digital Subscriber Line (DSL)

Digital subscriber line (DSL) is already constructed and widely distributed 
wire line technology for communicating great bandwidth information to 
home areas and minor businesses above copper wire telecommunication 
lines, aiming high speed internet transmission to the future smart grid 
applications. This technology shares network and telephone service at the 
same phone line without disrupting either your voice or network connec-
tions. DSL technology provides variety of DSL, such as ADSL (asymmetric 
DSL), SDSL (symmetric DSL), high-bit-rate digital subscriber line (HDSL), 
and rate-adaptive digital subscriber line (RADSL). The basic broadband 
DSL supports data downloading between 1.544 Mbps and 8.448 Mbps with 
the operating frequency band between 2 MHz and 30 MHz depending on 
the quality of line wire. SDSL preserves equal data rates for both uploads 
and downloads useful for business applications that need bulk amount of 
outgoing traffic, whereas ADSL are most used DSL technology that offers 
higher download speed than upload speed and is more useful for house-
hold applications up to 5 km or more in advanced versions covering NAN 
and HAN. Apart from the limitations noted above, DSL has the disadvan-
tage of only working over a limited physical distance and being unavailable 
in regions where the local telephone infrastructure does not support this 
technology.

12.4.3 Optical Fiber

Fiber optic–based wired network can establish a more robust smart power 
grid opportunity by providing a communicating medium or infrastruc-
ture enabling very high-speed communications between smart devices 
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and power providers across the country. Initially, fiber optic–based smart 
grid project focus to interconnect substations and offices covering WAN 
to fulfil huge capacity, bandwidth, and countless benefits for collection 
and distribution of power system information and data in virtual real 
time. Upload speed and download speed of up to 1 Gbps are possible with 
fiber optic internet, which is more than 100 times quicker than existing 
internet. Several telecom firms, including Cisco, Alcatel-Lucent Verizon, 
and Tellabs ADVA Optical Networking, have promised and built fiber-
to-the-home networks to promote economic prosperity in their regions 
by giving jobs and high-speed connections for industry and businesses. 
Electric power board, Chattanooga, TN, is one of America’s largest publicly 
owned electric power provider company and teamed up with Tantalus to 
build a fiber-connected smart meter and applied for $111 million from the 
Department of Energy for a $226 million total project to extend the fiber 
network.

12.5 5G Technologies for Smart Grid

12.5.1 Sub-GHz

In a marketplace, Zigbee technology is extensively used in daily lives, espe-
cially popular in HAN, but, in a growing market, sub-GHz (sub–1 GHz) 
technology is a principal alternative for Zigbee technology used in smart 
grid, having further advantage of long range of kilometer with advantage 
of small power consumption. Several recent communication technologies 
targeted smart meter and recently proposed sub-GHz (sub–1 GHz) fre-
quency bands of 433 MHz and 868/915 MHz.

There are numerous advantages to using sub-GHz wireless systems over 
2.4-GHz technology for next-generation applications. For example, sub-
GHz can operate unaided on battery power for 20 years, whereas a 2.4-GHz 
signal deteriorates or attenuates faster because as the frequency increases, 
so does the attenuation rate. One more advantage is that 2.4-GHz radio 
signals fade quickly in comparison to the sub-GHz signals because of the 
reflection of opaque surfaces, spatially in extremely congested situations. 
Sub-GHz signals are more suitable for urban environment because they 
propagate well than 2.4-GHz signals; being “bending property” around 
large structures, they are less prone to interference, and they are compat-
ible to IEEE 802.15.4 [9]. Depending on network requirements, both 2.4-
GHz and sub-GHz technologies are most widely employed in daily life, 
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although integrated circuit (IC) developed sub-GHz transreceivers. The EZ 
Radio and EZ Radio PRO from Silicon Labs are suited for power- sensitive 
and battery-powered applications. Because of the Friis formula for route 
loss, sub-GHz transmissions can travel longer distances for a given output 
power.

 
Pr PtGtGr

R4

2

where Pr is the received power; Pt is the transmitted power; Gt and Gr are 
the transmitter and receiver antenna gains, respectively; R is the distance 
between antennas; and λ is the wavelength.

Several sub–1 GHz bands have been identified for new services such 
as low-cost internet deployments, and smart metering. Allotted licensed 
band in US for sub–1 GHz is 698 MHz to 806 MHz; in Europe 790 MHz 
to 862 MHz and 550 MHz to 606 MHz; and in India 585 MHz to 698 
MHz and 698 MHz to 806 MHz. In December 2010, sub-GHz spectrum 
allocation in India is 890 MHz to 960 MHz for cellular services; 368 MHz 
to 380 MHz for fixed mobile band, 470 MHz to 520 MHz and 520 MHz 
to 585 MHz for fixed and mobile services, respectively; and 585 MHz to 
806 MHz for broad casting services, which include mobile, TV, and smart 
meters. Sub-GHz technology is currently used in industrial automation, 
AMI and AMR, meter monitoring, home comfort, home healthcare, cen-
tralized building management, and other applications.

12.5.2 LoRa

Currently, all Zigbee devices are not capable of communicating to all other 
devices because of range, battery, and performance limitations. LoRa (long-
range radio), a new transmission standard, is a game-changer and fastest 
growing technology similar to Zigbee for distributed devices and gate-
ways, having the ability to handle millions of node and supporting smart 
metering applications with long battery life in excess of 10 years in the 
sub-GHz spectrum (ISM, 169 MHz and 433 MHZ; in North America, 866 
MHz and 915 MHz; data rates in Europe range from 0.3 Kbps to 50 Kbps). 
LoRa standard IEEE 802.15.4g is a low-power, long-range communication 
protocol developed by Semtech company enabling M2M and Internet-of-
Things (IoT) device communication possible up 2 to 5 km for urban and 
up to 15-km line of sight for suburban areas. LoRa corporation associates 
low-power WAN (LPWAN) extremely long-range and low-power wireless 
communication for IoT/M2M applications and has introduced various 

本书版权归John Wiley & Sons Inc.所有



276 Security and Privacy in 6G Communication Technology

Table 12.2 Parameters of different communication technology till 6G.

Type of 

technology

Name of 

technology

Operating 

frequency Data rate Range Standard

SG field 

application

Wireless 
technology

Zigbee 2.4 GHz 20–250 Kbps 10 m IEEE802.15.4 HAN

WMN/
WLAN

900 MHz
2.4 GHz

1.5–300 Mbps 20–50 m IEEE802.11
IEEE802.15
IEEE802.16

HAN
NAN

Wi-Fi 2.4 GHz
5.8 GHz

2–54 Mbps 50 km IEEE802.11 HAN
NAN

Wi-Max 2.5 GHz
3.5 GHz
5.8 GHz

Up to 75 Mbps
15 Mbps

10–100 m IEEE802.16 NAN WAN

Bluetooth 2.4 GHz Up to 25 Mbps up to 60 m IEEE802.15.1 HAN

3G/4G/
Cellular

1.8–2.5 GHz 5–14.7 Mbps (3G)
300 Mbps (4G)

 UMTS
CDMA 2000
EDGE

NAN
WAN

Sub-GHz 
(long-range 
IoT)

433 MHz
868 MHz
915 MHz 

500 Kbps 13-tens km IEEE802.15.4 HAN
NAN

(Continued)
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Table 12.2 Parameters of different communication technology till 6G. (Continued)

Type of 

technology

Name of 

technology

Operating 

frequency Data rate Range Standard

SG field 

application

LORA/
LPWAN/
HPWAN

137–960 
MHz

860–1,000 
MHz

0.3–50 Kbps 2–5 km
>15 km

IEEE802.15.g HAN
NAN

Z Wave 800–900 
MHz

100 Kbps up to 30 m  G.9959 HAN

5G/6G 
spectrum

Sub-THz 
Wave

0.3–10 THz 100 Gbps to 1 
Tbps

Approx. 
20–100 m

IEEE Std. 
802.15.3d–2017

Holographic 
communication 
(HAN, NAN, 
and WAN)

Li-Fi 
(infrared 
light)

Approx. 
400–800 
THz

9.6–224 Gbps Approx. 
10 m

IEEE 802.11bb HAN
Underwater

cmWave 3–30 GHz 100 Mbps to 1 
Gbps

Few 100 m IEEE 802.11ad and 
IEEE 802.11ay

HAN
NAN
WAN

(Continued)
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Table 12.2 Parameters of different communication technology till 6G. (Continued)

Type of 

technology

Name of 

technology

Operating 

frequency Data rate Range Standard

SG field 

application

Wired 
technology

PLC
1. Narrow 

band
2. Broad band

 
<500 KHz
 
(1.6 to 80 

MHz

100 Kbps 
 
256 Kbps to 135 

Mbps

Hundreds 
of km

Federal 
Communication 
Commission 
(FCC)

International 
electro technical 
Commission 
(ISO)

IEEE 1901.2
ITU-T 

HAN
NAN
WAN

DSL 25 KHz to 1 
MHz

256 Kbps to over 
100 Mbps

Up to 
3.5 km

ITU G.992.1,3,5
ITU G.993.1,2

HAN
NAN

Optical fiber 180–330 THz Gbps to 2.56 Tbps Few km to 
thousand 
km

ITU-T G.651
ITU-T G.651
 

HAN
NAN
WAN
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LoRa modules like SX127X family operated between 860 MHz and 1,000 
MHz and between 137 MHz and 960 MHz.

Although there are several communication technologies, this paper dis-
cussed some of the most useful and appropriate communication technolo-
gies especially related to smart meter communication for HAN, NAN, and 
WAN. Table 12.2 gives a complete knowledge and comparison of different 
characteristic parameters of wired and wireless technology from first gen-
eration to sixth generation.

12.6 Next Generation of Communication  
Technology (6G)

In previous sections, we have discussed the available communication tech-
nologies required for 1G to 5G communication systems. These days, 5G 
communication technologies are at their rapid advancement, but, now, 
researchers have seeking for a new era communication infrastructure by 
considering a milestone of robust network having a massive number of 
integrated devices with minimum requirements. Considering smart grid 
5G is underway with ITUR-2015 standardization.

6G is the upcoming generation of wireless technology considered as 
successor of 5G technology with very high speed (approximately 1,000 
times more than 5G), higher radio spectrum, together with integration of 
artificial intelligence (AI) and machine learning (ML), more advanced IoT, 
and automation. As a successor of 5G technologies, 6G communication 
technology harnesses advanced communication techniques using higher 
radio spectrum such as mmWave and THz frequency bands (30–300 GHz) 
and THz (300–3000 GHz), respectively, so that ultra-speedy, highly reli-
able, and secure communication infrastructure can be realized for smart 
grid. We are aware that 5G is designed to operate at the data rate around 
50 Gbps, whereas 6G aimed to reach data rate upto1,000 Gbps so that a 
higher connectivity required in various fields can be achieved such as in 
ultimate multimedia like hologram. Here, we are mentioning some key 
performance indicators of 6G communication.

 Ø Peak data rate with mobility, massive and limitless connec-
tivity, and energy efficiency

 Ø Communication in space and deep sea
 Ø Existence of variable radio access technologies
 Ø Integration of new radio spectrum
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 Ø Involvement of ML and AI
 Ø Digitalized programmable physical world
 Ø Fully automated self-learning/self-healing IoT (cognitive 

network)
 Ø Integration of alternative energy technologies
 Ø Involvement of smart materials and network compute fabric
 Ø Ultra-dense and secure communication
 Ø Integrated sensing and communication

12.6.1 Road Map of 6G

Till now, there is not yet a detailed road map for 6G. Being a successor 
of 5G, 6G will define new vision and standard of technology, and it is 
expected around 2030 under ITU-R-6G vision. Realization of 6G spec-
trum requires deeper evolution of the spectrum blueprint. New frequency 
band in cmWave and sub-THz range along with microwave and infrared 
light spectrum is explored.

Talking about a new power infrastructure (smart grid) wireless com-
munication is an essential part, which provides two-way communication 
among the customers, consumers, and devices (M2M communication). 
Involvement of cognitive technology requires a more powerful and 
enhanced version of communication technology. 6G aims to revolution-
ize wireless communication by providing faster, limitless, and improved 
connectivity and advanced features. The following section will explore and 
discuss the characteristics and possible opportunities for cmWave and sub-
THz spectrum within smart grid as key radio enablers.

As we have already discussed, the 6G wireless communication is seeking 
a new radio spectrum to take over the pros and discard the cons of sub-6 
GHz, mmWave, and sub-THz bands, as shown in Figure 12.1.

4G Spectrum 5G Spectrum 6G Spectrum 

Sub GHz 

Millimeter Wave Visible Light 
Sub THz LiFi 

0.5 GHz 1 GHz 3 GHz 6 GHz 30 GHz 100 GHz 300 GHz 400 GHz 800 GHz 

Figure 12.1 5G/6G frequency spectrum.
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12.6.1.1 Sub-THz Band

The THz frequency range for 6G gains attention because of the reason 
that these waves penetrate lossless through a few materials as well as non- 
materials like plastics, wood, paper, and fabrics. Although the energy of 
THz radio can disrupt chemical bonds and damage electronic transitions 
in a medium, still, it has a wide range of applications because of unique 
transmission properties such as telecommunication, diagnostics, spectros-
copy, sensing, quality control, and imaging, which become very attractive. 
These waves are located in between microwave frequency spectrum and 
optical wave spectrum ranging from 100 GHz to 300 GHz; some key fea-
tures of sub-THz frequency spectrum are its abundant bandwidth that 
tends to data rate ranging from 100 Gbps to 1 Tbsp. The integration of 
sub-THz waves in 6G networks promises to revolutionize wireless com-
munication and open up new possibilities for various industries. Some key 
features of 6G as follows.

S. no. Key features Applications

1 Very high data rate  ØAI and ML
 ØDrone swarming
 Ø Blockchain
 Ø Remote surgery
 Ø Smart homes and smart grid
 Ø IoT (Internet of Things)
 Ø IoE (Internet of Everything)
 Ø Semantic Communication
 ØMore secure transactions
 Ø Smart cities
 Ø Radar imaging
 ØHolography (3D communication)
 Ø Intelligent robotics
 ØAutonomous driving
 Ø Immersive experience extended 
reality (XR)

2 Advanced applications

3 New frequency spectrum

4 Involvement of advanced 
sensors

5 Advanced communication 
technologies

6 More secure

12.6.1.2 Millimeter Waves (mmWaves)

We already discussed that sub-GHz wave and mmWave are expected to 
play an important role in the development of 6G technology. Differences 
between both the technologies can be understand by just looking at the 
radio spectrum given below; if we consider 5G, then mmWave operates at 
30- to 300-GHz (wavelength of 1 mm to 10 mm) frequency band, but, now, 
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we are extending our research into the range of 300 GHz to 3 THz that will 
exhibit unique characteristics such as extremely high data rates, very high 
capacity enhanced precision, and more secure infrastructure better suited 
for real-time applications, location-based services, smart grid communi-
cation, industrial automation, smart cities, satellite communication, and 
so on.

12.6.1.3 Li-Fi Technology (Infrared Light)

Apart of the above communication technologies, nowadays, Li-Fi “light 
facility” technology is attracting researchers as a great transaction of alter-
native of radio wave communication that can be considered as an import-
ant communication tool of 5G and 6G. Li-Fi is a wireless communication 
technology based on the principle of visible light communication that uses 
visible light and infrared frequency spectrum for data communication. 

Figure 12.2 Lighting the way to connectivity: Li-Fi.
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Li-Fi is an outlet of optical wireless communication as an emerging tech-
nology for the 21st century wireless communication, especially for indoor 
applications within a HAN. Li-Fi operates in the range of visible light 
spectrum ranging from 400 THz to 800 THz and because of its enormous 
capacity and very high-speed (>Gbps) data transfer by light by removing 
wired fiber connections and then wirelessly through LED light. Li-Fi is a 
worthy substitute for Wi-Fi technology and competent for other existing 
and emerging technologies for future applications. It is the forthcoming 
and growing technology looking forward for a brighter future of commu-
nication technology for interior applications, as, in the future, every bulb in 
our work area will work as a Wi-Fi spot. Very soon in the future, every light 
bulb will be available as a Wi-Fi spot followed by 5G and 6G communica-
tion technology [25]. Presently, Li-Fi—also referred to as Gi-Fi in some 
contexts—is gaining attention especially for smart cities and premises, 
offering a promising alternative to traditional radio-based communication 
that are extended to various areas and applications like industries, medical, 
education, smart grid, military, airlines, and robotics—traffic everywhere 
and a light bulb that is available, as shown in Figure 12.2. Nowadays, Li-Fi 
technology can achieve data rate up to 224 Gbps but looking forward to 
getting speed up to 1 Tbps that can be an eminent part of 6G communica-
tion. This technology will play a crucial role where radio frequencies are 
restricted such as airplanes, laboratories, and hospitals.

12.7 Conclusion

Being the backbone of the new power grid, selection of appropriate, effi-
cient, and cost-effective communication technology for different parts of 
smart grid spatially for smart meter is very important and mandatory. As 
we know, every technology has its own advantages and drawbacks. This 
paper gives knowledge to choose the proper existing wired and wireless 
communication technologies in smart metering system for different pur-
poses like transmission, collection, management, and measurement of 
data, as well as real-time monitoring and billing. This paper compares 
various communication technologies keeping different characteristics in 
mind. Furthermore, this paper discusses and reviews the requirement of 
modification and integration of some new technologies for 5G followed 
by 6G along with its beneficial characteristics so that the teething troubles 
facing in using the existing technologies within the grid can be overcome. 
Furthermore, it will be always required to research favorable and benefi-
cial new technologies for the 21st century power systems. Advancement in 
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technology tends to have a necessary impact on the lifestyle of a person. 
Wireless communication technologies play a crucial role in the living stan-
dards of human beings to provide M2M communication in 6G. Integration 
of AI, blockchain, and ML will provide a very efficient self-optimizing and 
self-organizing communication infrastructure in smart grid architecture. 
Continuous advancement in communication infrastructure that evolved 
from different generations (1G to 5G) and now looking for 6G of com-
munication technologies and ITU sector (ITU-R) require providing the 
standardization of 6G by the end of this decade.
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Abstract
Sixth-generation (6G) network is a new-generation technology that increases the 
connectivity and raises the various issues of usage of energy and sustainability. 
Due to the high power consumption of base stations, network infrastructure, and 
end-user devices, telecommunication systems rank among the world’s biggest 
energy consumers. In order to ensure that 6G networks fulfill global technological, 
financial, and environmental objectives, this chapter examines the critical need 
for power-efficient techniques. It looks at crucial elements like device longevity, 
environmental sustainability, and economic viability that emphasize the need 
for energy-efficient solutions. Energy-conscious network protocols, green hard-
ware design, artificial intelligence for energy optimization, and the integration of 
renewable energies are some of the creative ways to reach an energy-hungry min-
imum without sacrificing transmission quality, which are covered in this chapter. 
This chapter offers a thorough roadmap for creating sustainable and financially 
feasible 6G networks by tackling issues like high costs, interoperability, and com-
putational complexity. This chapter emphasizes the importance of power-efficient 
methods as a pillar for the future of telecommunication, providing guidance to 
scholars, business partners, and legislators seeking to strike a balance between sus-
tainability and performance.

Keywords: High-performance computing, environmental sustainability, energy-
aware scheduling, energy optimization, green technology

*Corresponding author: pksagar1975@gmail.com

本书版权归John Wiley & Sons Inc.所有

mailto:pksagar1975@gmail.com


288 Security and Privacy in 6G Communication Technology

13.1 Introduction

The sixth generation of mobile networks—the 6G—indicates the next step 
of the wireless communication revolution and has been set as an unprec-
edented goal for achieving seamless worldwide connectivity and ultra- 
reliable low-latency communication (URLLC). These are supposed to help 
realize the most demanding futuristic applications, such as holographic 
communication, digital twins, and massive-scale Internet-of-Things (IoT) 
deployment. But, it faces substantial challenges, mainly related to energy 
consumption.

Telecommunication systems are among the largest consumers of energy 
globally, with base stations, network infrastructure, and end-user devices 
consuming large amounts of power [1]. By shifting from 5G network to 
6G network with the increased in communication [in terahertz (THz)], 
connectivity of the devices are dense, increased in computing power, and 
expected to increase in the energy consumption.

The transition from 5G to 6G, with its focus on THz communication, 
dense device connectivity, and high-performance computing, is expected 
to further increase energy consumption [2, 3]. This increase presents a 
critical environmental concern as, in many regions, energy production 
remains heavily dependent on fossil fuels, thereby contributing to the 
emission of greenhouse gases and to climate change.

To overcome these challenges, energy-efficient methods for 6G networks 
must be taken into account. This chapter discusses the need for energy effi-
ciency in 6G networks, which include some of the key challenges:

• High energy demands of ultra-dense networks
• Energy-intensive nature of massive multiple-input–multiple- 

output systems
• Increasing computational requirements for artificial intelli-

gence (AI)–driven network management

The chapter also examines opportunities presented by technological 
advancements, such as green hardware designs, AI-optimized network 
operations, and the integration of renewable energy sources.

13.1.1 Motivation of the Chapter

With the fast progression of remote correspondence advancements, 6G 
organizations have turned into the future, promising exceptional degrees 
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of network, speed, and unwavering quality. Be that as it may, this improve-
ment accompanies an exceptionally high expansion in energy requests, 
which is related with a great deal of natural and monetary difficulties. 
Considering the worldwide issues concerning environmental change and 
expanded fossil fuel byproducts, it is important that power-productive 
arrangements are put on the top plan so the organization of 6G organiza-
tions does not abuse the maintainability targets. The part examines novel 
methods in tending to the requirement for developing energy proficiency 
without forfeiting the elite exhibition of cutting edge organizations.

Further, underlining the significance of energy-productive 6G organi-
zations are monetary contemplations. Following expanding requests for 
information administrations and with additional associated gadgets, there 
is a heightening expense for energy by telecom administrators. This can be 
viewed as a likely wellspring of diminishing functional expenses and, fur-
thermore, helps specialist organizations in offering reasonable answers for 
buyers. Also, with the ascent of sun oriented and other sustainable power 
sources, utilizing these sources to control network foundation turns into a 
financially feasible yet ecologically dependable procedure.

Notwithstanding manageability and financial reasonability, life span 
in associated gadgets is one of the primary drivers for advancement in 
energy- productive 6G organizations. The dramatic development of the 
Web of Things and brilliant gadgets requires arrangements that will assist 
with broadening battery duration and give steady execution after some 
time. This part gives an all-encompassing outline of the different strategies 
that offers its execution and its advantages.

13.2 Literature Review

Gururaj [4] defines the efficient communication in wireless sensor network 
(WSNs) in terms of energy use if it is to last over time. Higher energy con-
sumption might result from the higher data rates and greater complexity 
of 5G/6G networks. Energy-efficient communication protocol design and 
algorithm optimization are vital to lowering energy usage without com-
promising on performance. WSNs are notorious for making do with lit-
tle power supplies, processor speed, memory, and network throughput. 
Higher data speeds and more traffic on 5G/6G networks might strain these 
systems. Sustainable communication in the face of resource restrictions 
requires the development of resource allocation and management tech-
niques that consider the specific needs of WSNs.
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Strinati [5] narrated various visions of the forthcoming 6G networks 
pointing toward flexible connect-and-compute technologies to support 
future innovative services and the corresponding use cases. 6G can accom-
modate diverse applications, regulations, and user requirements. The 
reconfigurable intelligent surface (RIS) is crucial for smart and energy sus-
tainable wireless systems. In this paper, two new concepts were introduced 
as wireless environment such as service and performance-boosted areas. 
The article discusses key enablers, research challenges, and the role of RISs 
in Open Radio Access Network architecture.

Mahmood [6] stated that the 5G network systems are about to be 
deployed, which creates the opportunity to realize massive connectivity 
with high throughput, low latency, high energy efficiency, and security. 
Additionally, it prioritizes the provision of extensive IoT network connec-
tivity, health services, large-scale industrial and agricultural production, 
intelligent traffic control, and transmission and distribution systems for 
electricity generation. The growing number of user devices, however, is 
pushing researchers to look at systems that go beyond 5G in order to pro-
vide these devices with more bandwidth. Higher bandwidth availability for 
densely connected, larger network devices with quality-of-service (QoS) 
assurance is already being investigated for 6G wireless network systems. In 
order to improve future IoT network operations and services, researchers 
are utilizing machine learning (ML) and AI.

The study done by Maiti [7] delves into strategies for enhancing energy 
efficiency in 5G and 6G networks, focusing on network optimization, radio 
access techniques, and management. It looks at research papers to identify 
key tactics. Notable optimizations include resource allocation strategies 
for wireless energy transmission, dynamic base station napping to con-
serve power during low traffic, and a comparison of the energy efficiency 
of deploying small cells in different microcell topologies. Adaptive sec-
torization and hybrid beamforming are proposed as methods to increase 
network capacity and decrease energy consumption. Network topology 
management strategies, such as route diversity and inactive base station 
modes, are being researched in order to reduce energy consumption and 
boost throughput. Even though these techniques could greatly lower 
energy usage and enhance network performance, more research and devel-
opment is required to optimize the advantages of energy-efficient wireless 
communications in the future.

Liu [8] explores computation offloading within blockchain-integrated 
IoT, focusing on securing the data uploading link from sensors to a base 
station using intelligent reflecting surface (IRS)–assisted physical-layer 
security. Because current schemes frequently overlook gas fees, which 
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causes dissatisfaction among high gas providers, the study attempts to 
improve energy efficiency while taking gas fees into account when compu-
tation offloading. Based on Ethereum’s decentralized platform, it presents 
a gas-oriented computation offloading scheme that guarantees low sensor 
dissatisfaction, lowers energy consumption, and improves computational 
resource allocation. The system uses Ethereum’s core layers for task data 
transmission, contract creation, result computing, and blockchain-based 
transaction synchronization. It also uses an IRS-assisted uplink communi-
cation model. The integration of sensors’ limited computational capabili-
ties with computational resources from mobile-edge computing servers is 
the focus of this study.

Ahmad [9] stated that sustainability has become inevitable due to the 
strain on natural resources including materials and energy and increase in 
greenhouse emissions. There will be significant concern over the energy 
usage and the ensuing carbon emissions into the atmosphere. Because of 
the fundamental limits of nature, we cannot expect the current exponen-
tial development to continue. We start by providing a succinct overview of 
system-level guidelines for upcoming networks. Feedback loops that are 
nearly isolated from one another, suggesting loose coupling and quick con-
vergence, will be used to implement intelligence. Next, we concentrate on 
sustainability issues, such as network hardware, security, and management. 
Regarding the goal-directed distributed network management viewpoints 
of 6G sustainability, a number of strategies and algorithms are highlighted. 
Enabling sleep mode during idle periods, switching to software-based 
security features rather than hardware-based systems, and reconsidering 
encryption methods can all help reduce resource consumption in network 
security.

According to Taneja [10], a massive IoT network involves informa-
tion flow between a massive number of connected devices for varied IoT 
application verticals. The primary issues with this battery-limited digital 
network are its high power consumption and massive energy overhead. 
In order to meet the energy demands of these networks, network ser-
vice providers are searching for sustainable energy solutions. A workable 
power- allocation model that maximizes power resources and boosts net-
work efficiency is presented in this paper. There are two suggested user- 
scheduling algorithms that choose which users each access point (AP) 
will serve. Parametric changes in the number of antennas at the AP, AP 
deployment, channel state information (CSI) availability, and spatial cor-
relation for various precoding schemes are used to assess the performance 
of the suggested model. APs with multiple antennas that are deployed less 
densely have been found to produce higher spectral efficiency.
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Yrjölä [11] aimed at developing future scenarios for sustainable 6G busi-
ness strategies and (b) analyzing the scenarios from a sustainable business 
model perspective. There are two options to think about in this. First, this 
study examines business models as a viewpoint on ecosystemic activity, 
as opposed to the single focal firm that is typical in traditional business 
model research. Second, because this study is about the future, it focuses on 
investigating different future scenarios between 2030 and 2035. This study 
employs the scenario planning process, business modeling viewpoint, and 
anticipatory action learning method to achieve this goal. The data used 
in this study comes from a series of virtual strategy workshops held in 
2020 by the Faculty of Information Technology and Electrical Engineering 
at the University of Oulu, Finland, and a series of virtual future-focused 
white paper expert group workshops hosted by the 6G Flagship.

Carayannis [12] said that the assets of the education segment are related 
to human competencies stemming from the propagation of knowledge and 
research. The business segment includes governmental entities, businesses, 
legal and financial actors, and other components of a society’s economic 
capital and structure. Intellectual property, capital, materials, and manu-
facturing processes are among its assets. Materials and substances found in 
nature that can be exploited for financial benefit are the source of natural 
assets. They consist of air, water, flora, fauna, minerals, forests, and fertile 
land. The social culture helix discusses associated resources like informa-
tion and social capital and integrates media and civil society. The political 
and legal sphere represents the accumulation of resources and authority 
by stakeholders and within their systems, which is reflected in laws and 
regulations.

According to Matinmikko-Blue [13], communal assets and public fund-
ing in a 6G context relate particularly to network infrastructure and radio 
spectrum. Public-private partnerships (PPPs) that cover various aspects 
of smart communities, including logistics, transportation, health, public 
safety, and utilities, are now receiving funding and support for deployment 
programs for telecommunication networks, which were previously focused 
on rural areas and other underserved areas. Sustainable development 
and the use of wireless telecommunication infrastructure as a general- 
purpose digital platform are highlighted in innovative PPP funding mod-
els. Because there are many different spectrum access concepts, including 
shared spectrum and local licensing, and a rapidly expanding number of 
frequency bands, radio spectrum policy, regulation, and management will 
become more complex. Localized spectrum licensing will make it possible 
for different network deployments and make it easier for a number of new 
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stakeholders to enter the market. To deal with this, more dynamic spec-
trum access management will be required.

Matinmikko-Blue [14] stated that the trends related to urbanization 
build on the 85% of gross domestic product globally created in urban areas 
today, and future mega-cities will be the powerhouses of the global econ-
omy. According to projections, there will be 5 billion urban dwellers by 
2030, making up 3% of the world’s population, yet they will use 80% of 
energy and produce 75% of carbon dioxide. In the developing world, rapid 
urbanization is putting increasing strain on the environment, public util-
ities, and public health. According to demographic projections, the 9 bil-
lion people in 2030 will be split into two groups. While the population of 
Europe, Russia, and China will continue to grow, Sub-Saharan Africa and 
South Asia will experience an explosion. Cities with unique identities and 
social and economic values will become more independent. With the help 
of widely available, reasonably priced connections, 6G will enable internet 
and mobility for the next billion people. Applications and digital services 
will be provided in native languages to both rural and urban areas at a 
never-before-seen level.

Kantola [15] stated that the data regulation and net neutrality require of 
internet service providers to treat all traffic equally. However, as networks 
advance toward 6G, they are becoming entirely service-driven platforms 
with connectivity customized for each tenant, use case, and application 
through the use of virtualized resources between cloud providers and 
mobile operators. Laws create uncertainty about convergent edge cloud 
services and technologies, especially in the area of cybersecurity.

13.3 Key Drivers for Power Efficiency in 6G

Demand for the energy increases with the evolution of 6G networks. With 
the revolution in 6G network, it increases environmental, economic, and 
technical challenges; so to handle these types of issue, it is required to make 
power efficiently environment on top priorities [2].

A large number of energy drivers, as shown in Figure 13.1, emphasize 
the requirement energy-efficient 6G networks so that it will fit not only 
to achieve the goal of sustainability but also to make it economically and 
operationally feasible.
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13.3.1 Environmental Sustainability

With the impact of growing telecommunication network on the environ-
ment, the sector contributes to global energy consumption and carbon 
emissions. Various base stations, data centers, and network infrastructure 
consume large amounts of electricity, out of large section is derived from 
fossil fuels.

With the establishment of the United Nations’ Sustainable Development 
Goals and Paris Agreement, a law was formed to reduce the greenhouse gas 
emission across industries of different countries [16]. It involves design-
ing greener hardware, optimizing network operations to minimize energy 
wastage, and leveraging renewable energy sources such as solar and wind 
to power network components.

By giving priorities to the environmental sustainability, 6G networks 
can play a pivotal role in reducing the carbon effect of the telecommunica-
tions industry and thus contributing to a greener planet.

13.3.2 Economic Viability

With the increased in the demand for the energy consumptions, it increases 
the operational cost of the telecommunication networks. Because the net-
works increase to fulfill the requirements of the user demands for the data 
and with the uses of the devices connected with each other, it increases the 
financial burden for the service providers.

Requirement of power-efficient 6G network provides the solution by 
reducing energy costs associated with base stations, core networks, and 
end-user devices [17]. Various techniques like dynamically allocation of 
the resources, energy-aware protocols, and network virtualization can 
optimize energy use and reduce the operational expenses.

Other than this, by using energy-efficient practices, we can enhance the 
economic sustainability of 6G networks, which allows operators to allo-
cate resources as per the requirements and service improvement instead of 
excessive energy costs.

Energy Efficiency in 6G Networks 

Environmental Sustainability Economic Viability IoT Devices 

Challenges: 

Global Energy consumption 

Carbon Emissions 

Challenges: 

•   High operational costs 

•   Increased demand for data

     and devices  

Challenges: 

•   Limited battery life 

•   Remote deployment

     issues

Figure 13.1 Energy drivers.
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13.3.3 IoT Devices

The rapid growth of the IoT has led to the deployment of billions of con-
nected devices, ranging from sensors to smart appliances [18]. Many of 
these devices are battery-powered and operate in environments where fre-
quent recharging or battery replacement is impractical.

Energy-efficient 6G networks can significantly enhance the battery life 
of IoT devices by minimizing power consumption during data transmis-
sion and enabling low-power communication modes. This is particularly 
important for IoT applications in remote or inaccessible areas, such as 
environmental monitoring and smart agriculture.

Improved device longevity not only reduces maintenance costs but also 
promotes the scalability and adoption of IoT applications. It aligns with the 
overarching goal of 6G networks to provide sustainable and user-centric 
solutions for the connected world.

13.4 Techniques for Power Efficiency in 6G

To meet the growing demand for energy efficiency while maintaining 
high performance, 6G networks must adopt a multifaceted approach to 
reduce energy consumption across devices, infrastructure, and network 
operations.

As shown in Figure 13.2, the key techniques that enable power-efficient 
6G networks are as follows,

Green Hardware Design 

Low-Power Components Energy-Efficient Antennas Edge Devices 

GaN 

SiC 

Miniaturized

Chips 

Massive MIMO Antennas 

Beamforming Technology 

Adaptive Arrays 

Low-Power Processors 

Adaptive Sensors 

Energy-Aware Firmware

Figure 13.2 Green hardware design.
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13.4.1 Green Hardware Design

The foundation of energy efficiency in 6G networks begins with the design 
and deployment of hardware optimized for minimal power consumption. 
As the physical components of the network directly impact energy usage, 
advancements in materials, architecture, and functionality are critical for 
achieving sustainable operations. Key strategies for green hardware design 
are low-power components, energy-efficient antennas, and edge devices 
with energy optimization.

Material innovations such as those in gallium nitride (GaN) and silicon 
carbide (SiC) have led the way for energy efficiency breakthroughs in hard-
ware. Whereas GaN-based transistors and RF components exhibit a higher 
power density and lesser thermal losses compared with their silicon-based 
counterparts, SiC finds considerable application in high-voltage applica-
tions where substantial energy gains are achievable in power converters 
and amplifiers.

IoT device proliferation requires power-efficient solutions to limit power 
consumption throughout the network. Low-power processors, for exam-
ple, ARM Cortex-M, are designed to exhibit ultra-low–power performance 
to suit IoT and edge computing applications. Adaptive sensors provide 
power-saving modes and also support energy harvesting to significantly 
reduce dependence on frequent replacement of batteries. Furthermore, 
energy-aware firmware supports a seamless transition between low-power 
states when in an idle state to high-performance states when actually in 
use, thus supporting both efficiency and reliability.

13.4.2 Energy-Aware Network Protocols

In 6G networks, energy efficiency cannot be solely achieved through hard-
ware improvements; the network protocols governing how resources are 
managed and utilized play a pivotal role in reducing power consump-
tion. Energy-aware protocols are designed to optimize the use of network 
resources while ensuring high performance. Sleep mode for base stations, 
energy-aware scheduling, and optimized routing are critical methods for 
developing energy-efficient network protocols.

As the backbone of cellular networks, base stations consume signifi-
cant amounts of power, especially when there is low traffic. Dynamic sleep 
modes can really reduce such energy consumption. For example, idle base 
stations or even transmitters and processors can be turned off or put into 
low-power states when there is low demand for traffic. Like all base sta-
tions, on-demand activation facilitates using all base stations in low power 
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until there is a call for full capacity, avoiding minimal disruptions. In small 
cells, such as in the examples used above, femtocell and picocell usage can 
also be dynamically matched to local demand, raising its global efficiency.

Energy-aware scheduling techniques are essential for efficient resource 
allocation in networks, balancing load while minimizing power consump-
tion. Dynamic load balancing evenly distributes traffic across network 
nodes, preventing excessive power usage by any single base station or 
server. Traffic prediction and optimization algorithms allocate resources 
more effectively based on traffic patterns, eliminating idle or redundant 
network components. Scheduling algorithms also consider saving energy 
and still ensure QoS constraints for such critical applications that will not 
degrade their performance. The green routing and power control protocols 
adjust transmission power in accordance with network demand, reducing 
the wastage of energy.

Optimized routing is very critical to minimize energy usage in 6G net-
works, where data transmission has multiple hops between devices and 
base stations. The efficient path selection ensures that routing algorithms 
choose paths that consume the least amount of power, with link quality, 
distance, and device power consumption considered. Multi-hop commu-
nication reduces the energy demand of long-range transmissions by utiliz-
ing intermediate nodes. Energy-aware forwarding algorithms dynamically 
determine the best route for transmission, based on real-time network 
conditions, power consumption, and traffic load. Proactive routing adjust-
ments are used to reroute traffic from congested or high-power-consuming 
paths to more efficient alternatives to ensure adaptive and energy-efficient 
network performance.

13.4.3 Dynamic Resource Allocation

Dynamic resource allocation techniques allow real-time adaptation of net-
work slices according to data traffic and energy consumption patterns, thus 
minimizing power wastage and maximizing overall network efficiency. 
Technologies such as software-defined networking (SDN) and network 
functions virtualization (NFV) allow for dynamic allocation or dealloca-
tion of resources according to demand, so that non-critical slices can scale 
down when traffic is low while the critical slices remain fully operational. 
Continuous monitoring of traffic and energy usage will allow for energy- 
aware traffic management, where virtualized resources are adjusted to bal-
ance power efficiency with service quality, allocating additional resources 
to busy slices and scaling back unused ones. Load balancing ensures that 
resources are optimally distributed across slices so that some slices do not 
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become congested while others remain underutilized. In addition, inter-
slice coordination ensures that virtualized components within inactive 
slices either migrate toward active slices or are powered off completely, thus 
allowing energy savings and overall more efficient network infrastructure.

Network slicing offers the ability to create tailored network segments 
optimized for specific use cases, significantly reducing power consumption 
by aligning slices with the unique energy requirements of various applica-
tions. For low-energy use cases like IoT devices, which require minimal 
bandwidth and frequent low-power operations, slices can be designed to 
allocate only the necessary resources, avoiding over-provisioning and min-
imizing energy usage. Similarly, for URLLCs, slices supporting mission- 
critical services can activate power-intensive network resources only when 
absolutely necessary. This ensures that energy-intensive components are 
utilized solely during peak demand, meeting the stringent latency and 
reliability requirements of critical applications while conserving energy 
during periods of low activity.

13.5 Artificial Intelligence (AI) for Energy 
Optimization

AI and ML are two powerful tools used to optimized uses of energy in 6G 
networks [6]. With the help of AI algorithms, networks can dynamically 
adjusted to dynamic conditions because it can predict energy demands, 
and, based on the demand, it can efficiently allocate resources to minimize 
power consumption. Network operations become smarter, and, when data 
is provided in real-time environment and decisions are taken when data 
is derived, these two modes of operations help in enhancing energy effi-
ciency. Some AI-driven techniques for energy optimization in 6G are traf-
fic prediction, energy optimization algorithms, and fault detection.

Traffic Prediction: The optimization of energy consumption using pre-
dictive network traffic patterns can be done at a minimal cost by using 
AI models that analyze historical data and identify trends in data move-
ment. These models can, therefore, enable proactive energy management 
through the prediction of future traffic demands. Predictive traffic models 
rely on AI algorithms to analyze user behavior, application usage, and net-
work load so that resources can be allocated before the demand arises. This 
ensures optimal energy use during high-demand periods while conserv-
ing power during low-traffic intervals. Additionally, energy-aware traffic 
shaping adjusts transmission rates and prioritizes energy-efficient routes 
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by predicting traffic flows. For instance, during an anticipated traffic peak, 
AI can pre-emptively allocate additional resources, ensuring smooth data 
flow without overburdening network components. Adaptive resource scal-
ing also improves efficiency because AI-driven systems dynamically scale 
network resources based on predicted demand while maintaining perfor-
mance at optimal energy levels.

Energy Optimization Algorithms: AI and ML are pivotal in driving the 
optimization of energy strategies, particularly in terms of resource alloca-
tion, load balancing, and device handovers. AI algorithms can predict the 
optimal point for a device to transition between base stations, which results 
in minimum energy usage in the process. The method selects the most 
energy-efficient paths and times and, therefore, reduces the consumption 
of power by devices and network infrastructure. In load balancing, AI 
dynamically distributes traffic across network nodes. This prevents over-
burdening of individual stations and reduces power usage. For example, 
traffic can be offloaded from an overburdened base station to nearby sta-
tions, ensuring that no single node consumes excessive energy. Dynamic 
power control predicts the transmission power requirement based on the 
current network demand, whereas energy-efficient scheduling ensures that 
high-energy operations are executed only when necessary and are distrib-
uted across the network for maximum efficiency.

Fault Detection: AI improves network reliability through detection of 
inefficiencies or malfunctions that cause energy wastage. ML algorithms 
are able to identify anomalies in the behavior of the network, for exam-
ple, sudden increases in power usage due to hardware failure, software 
bugs, or misconfigurations. These anomalies prompt automated alerts or 
responses, allowing network operators to correct the issue before energy 
waste becomes a significant problem. This proactive approach not only 
saves energy but also avoids disruptions, hence ensuring the smooth and 
efficient operation of the network. AI contributes to sustainable energy 
management in modern network systems by identifying faults and cor-
recting them early on.

13.6 Blockchain for Energy Management

Blockchain technology, widely recognized for its applications in secure 
transactions and decentralized networks, holds significant potential in 
the management of energy within 6G networks. By offering transparency, 
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Table 13.1 Blockchain for energy management in 6G networks.

Aspect Description Benefits Challenges

Energy trading Decentralized 
trading of 
surplus 
energy 
between 
devices, base 
stations, and 
grids

Optimizes 
energy use 
across the 
network, 
reduces 
wastage, and 
encourages 
renewable 
adoption

Requires secure 
and scalable 
blockchain 
infrastructure 
for real-time 
transactions

Transparent 
energy auditing

Blockchain 
maintains a 
tamper-proof 
ledger of 
energy usage 
records.

Enables 
accountability, 
ensures 
fairness 
in energy 
distribution, 
and prevents 
fraud

High 
computational 
power 
needed for 
maintaining 
an immutable 
ledger in 
large-scale 
systems

Dynamic resource 
allocation

Smart contracts 
automate 
energy 
allocation 
based on 
real-time 
demand and 
supply

Increases 
efficiency by 
eliminating 
manual 
intervention 
and supports 
adaptive 
network 
needs

Complexity in 
creating and 
deploying 
efficient smart 
contracts for 
diverse energy 
needs

Grid 
decentralization

Decentralized 
control 
of energy 
distribution 
within the 
network

Reduces reliance 
on centralized 
grids, 
enhancing 
network 
resilience and 
scalability

Integration 
challenges 
with legacy 
power systems 
and existing 
centralized 
networks

(Continued)
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security, and efficiency, blockchain can play a pivotal role in optimizing 
energy usage, tracking energy consumption, and facilitating energy trad-
ing between different network components [19].

Table 13.1 describes the different roles that can be played by blockchain 
in energy management for 6G networks:

Energy Trading: Blockchain would enable smooth energy trading, thus 
efficiently using available renewable energy.
Transparency and Accountability: A blockchain ledger ensures clear and 
auditable records of energy usage, thus minimizing disputes.
Smart Contracts: Automation through smart contracts eradicates human 
errors in resource allocation, which makes operations adaptive and 
efficient.
Decentralization: By reducing dependence on centralized grids, the net-
work gains resilience, particularly in rural or remote areas.
Incentives: Gamification or rewards promote energy-saving behaviors and 
contributions to the grid.

Table 13.1 Blockchain for energy management in 6G networks. (Continued)

Aspect Description Benefits Challenges

Incentive 
mechanisms

Reward systems 
for nodes 
contributing 
to energy 
efficiency or 
providing 
surplus

Encourages 
participation 
in energy-
saving 
initiatives and 
renewable 
energy 
production

Designing fair 
and effective 
reward 
mechanisms 
is technically 
and 
economically 
challenging

Data privacy and 
security

Securing 
energy data 
through 
blockchain 
encryption 
and 
decentralized 
storage

Protects 
sensitive 
energy 
data and 
ensures only 
authorized 
access to 
energy 
records

Potential 
vulnerabilities 
in poorly 
implemented 
blockchain 
networks
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The decentralized nature of blockchain allows for a more efficient, trans-
parent, and secure system of energy management, addressing challenges 
in 6G networks such as energy wastage, high operational costs, and ineffi-
cient resource allocation. Energy trading systems, efficient record keeping, 
and energy demand response and load balancing are key ways in which 
blockchain can be integrated into energy management for sustainable 6G 
networks.

Blockchain technology enables peer-to-peer energy trading. Network 
components, such as base stations, edge devices, and IoT sensors, can trade 
excess energy generated by them. This enhances the overall utilization of 
energy and reduces wastage. Peer-to-peer energy trading enables low- 
energy nodes or remote devices that need additional power to receive sur-
plus energy from the solar-powered base stations without any fear of fraud 
and with full transparency due to the fact that transactions are recorded 
on a blockchain. Smart contracts automatically execute these energy trans-
actions based on pre-defined conditions, for example, transferring excess 
solar power from a base station to nearby IoT devices in need of charging, 
with minimal need for manual intervention. Moreover, blockchain enables 
the integration of DERs, including solar panels and wind turbines, into 
decentralized energy grids, thus facilitating flexible and reliable energy 
sharing across network components.

Blockchain’s ability to maintain immutable and transparent records 
provides secure, real-time tracking of energy usage, ensuring a consis-
tent energy supply and reducing waste. Transparent energy usage tracking 
records consumption and generation on a decentralized ledger, allowing 
easy identification of inefficiencies or discrepancies in energy flow. Real-
time monitoring ensures the energy data is constantly updated, thus 
providing network operators with a comprehensive and real-time view 
of power consumption across the network for more informed decisions. 
Auditable transactions, securely recorded on the blockchain, help in ver-
ifying compliance with sustainability goals and regulatory requirements. 
Also, through identification of areas of energy waste, such as idle nodes or 
inefficient routing, blockchain supports the optimization of energy usage 
across the network.

It will support energy demand response systems because it allows for 
the dynamic adjustment of energy usage in accordance with real-time 
network demands. Decentralized load balancing enables each component 
of the network to automatically respond to the shifting needs of energy, 
including turning on energy-saving modes when consumption peaks or 
task reallocation to energy-efficient parts of the network. Blockchain can 
also promote energy efficiency as credits, tokens, or any blockchain-based 
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rewards motivate components to use less energy or trade effectively in 
energy. This system not only promotes sustainability but also maintains 
that the network operates smoothly while maintaining optimal energy use.

13.7 Role of Renewable Energy in 6G Networks

As the speed of 6G network increases, it provides more connectivity, and 
many advance services are added; it increases the sustainability and envi-
ronmental impact also reduces with the increase in efficiency [20]. One 
of the best ways to achieve these goals is by integrating the sources of 
renewable energy into network infrastructure. By using renewable energy, 
dependency on fossil fuels is reduced, helping to meet the increased 
energy demand of 6G networks and maintain a sustainable balance. There 
are some key roles of renewable energy to maintain the sustainability and 
power efficiency of 6G networks given below:

13.7.1 Integration with Smart Grids

Smart grids are used to provide the solution to maintain and to optimize 
the generation, distribution, and consumption of energy. There are many 
benefits of renewable energy sources when we integrate it with 6G net-
works in association with smart grids:

Dynamic Energy Distribution: Because smart grids uses the data gener-
ated in real-time environment and advanced analytics are used to man-
age the energy distribution, renewable energy will be allocated when it is 
required. In case of huge amount of energy generation (like when solar 
panels are producing excess power), the smart grid can direct the excess 
energy to various base stations or other components of the network when 
power is required and thus minimizing the waste of energy.
Load Balancing and Demand Response: With the policy of supply based 
on the demand, smart grid dynamically maintain energy based on the real-
time demand. Thus, dependency on the conventional grid power during 
the peak demand is decreased, and renewable resources are used more 
efficiently. Other than this, smart grid also helps in preventing network 
consumptions and maintaining the balance in distribution of power across 
various network components.
Real-Time Monitoring and Control: With the help of smart grid tech-
nology, 6G networks work in real-time monitoring environment, and it 
controls the usages of energy. Real-time monitoring helps in identifying 
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various areas where energy saving can be achieved and optimal solution 
can be used for the deployment of the resources to maintain network 
sustainability.

13.7.2 Localized Renewable Energy Systems

Incorporating localized renewable energy systems is an essential strategy 
for reducing the carbon footprint of 6G networks. With the integration of 
solar panels, wind turbines, and other renewable energy sources at net-
work components (like base stations), efficiency of 6G networks can be 
increased by clean energy, thus reducing the dependency over the tradi-
tional grid power [21]:

Solar-Powered Base Stations: One of the richest sources of energy solution 
in 6G network is obtained from the solar power. At the roof of the home/
buildings or nearby locations, solar panels can be implemented to provide 
the direct energy source. Solar energy is more beneficial in remote areas or 
rural areas where reachability of traditional grid is limited or un available. 
With the help of solar power, base stations can operate independently and 
provide uninterrupted service with the low cost of operation.
Wind-Powered Base Stations: In the remote areas where wind flow is 
high, wind turbines can be installed and large amount of renewable energy 
can be generated for the 6G infrastructure. Like solar energy, wind energy 
is also having low impact of energy consumption and providing a reliable 
and consistent source of power.
Microgrids for Remote Locations: In rural areas or areas located at distant 
location where reachability of conventional power grids are not reachable, 
microgrids powered by renewable energy systems like solar and wind can 
provide a constant supply of energy to the 6G base stations. These microg-
rids work as a local power station and ensure the operational reliability of 
the network in where these grids are located.

13.7.3 Energy Storage Solutions

While renewable energy sources like solar and wind provide a sustainable 
and clean power supply, their intermittent nature (solar energy being avail-
able during the day, and wind energy being variable) poses a challenge for 
consistent power supply. This is where energy storage solutions come into 
play:
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Advanced Battery Systems: Energy storage systems, such as lithium-ion 
batteries, flow batteries, and solid-state batteries, can store excess renew-
able energy generated during periods of low demand or high energy pro-
duction. These systems ensure that renewable energy is available when 
needed, even during periods of low sunlight or when wind speeds are low. 
Energy storage is crucial for maintaining the continuous operation of 6G 
networks without relying on fossil fuel–based backup power.
Grid-Scale Storage: With the increase in requirement of 6G network 
deployments, grid-scale energy storage systems can be used to store 
renewable energy at the grid level. It helps in providing the aggregation 
of renewable power from multiple sources (e.g., solar farms and wind tur-
bines) and ensures that energy can be redistributed to different network 
components as needed, thus it enhancing grid stability and reducing the 
impact of power generation on environment.
Reducing Battery Costs and Improving Efficiency: With the innovations 
and researches in energy technology, it focuses on improving the efficiency 
and cost-effectiveness of energy storage systems. This includes innovations 
in battery chemistry, charge/discharge cycles, and integration with smart 
grids, which will further reduce the operational costs of 6G networks and 
enhance their sustainability.

13.7.4 Integration with Other Renewable Technologies

Renewable energy systems in 6G networks can be combined with other 
emerging technologies for optimal energy efficiency and sustainability.

Hybrid Energy Systems: The combination of solar power, wind energy, 
and traditional grid power through hybrid energy systems offers a flexible 
and resilient power solution for 6G networks. Hybrid systems ensure that 
there is steady energy supply, as these compensate for the intermittency of 
individual renewable sources of energy, thereby allowing for uninterrupted 
power supply in the entire network. This means that wind energy can sup-
ply power even when sunlight does not get through.
Energy-Efficient Infrastructure: This would be further optimized in 
integrating renewable energy systems into energy-efficient infrastructure 
designs. The integration of low-power components, energy-saving algo-
rithms, and AI-based management systems should ensure that energy 
is consumed efficiently. Renewable energy in combination with energy- 
efficient infrastructure can help 6G networks significantly reduce their 
environmental footprint while improving network performance.
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13.7.5 Environmental and Economic Benefits

Environmental as well as economic benefits accrue through the integration 
of renewable energy into 6G networks [22].

Reduction in Carbon Emissions: The 6G network can significantly reduce 
its carbon emission by using renewable energy sources thereby helping meet 
global sustainability objectives and combat climate change while aligning 
with international endeavors to transition into a low-carbon economy and 
reduce the environmental footprint of the telecommunications industry.
Cost Savings: While investment in renewable energy infrastructure and 
energy storage systems may be heavy in the beginning, savings during 
operation from reduced energy cost may be huge. As the time progresses, 
renewable energy systems will reduce the overall cost of ownership for 6G 
network operators and create a more financially viable model for network 
operation.
Energy Independence: As the 6G network depends on local renewable 
energy sources, it will have more independence and less dependency on 
the conventional power grid. Energy security is improved, and services 
in the network will remain active even in cases of grid failures or power 
shortages.

13.8 Challenges in Achieving Power Efficiency

Even though transition to 6G networks with a focus on power efficiency 
opens so many possibilities toward sustainability and cost reduction, there 
are several significant challenges in that. Overcoming such significant 
obstacles requires creative solutions as well as meticulous planning. Here 
are a few major challenges in power efficiency toward 6G networks:

13.8.1 High Cost of Green Technology

One of the biggest barriers to achieving the wide-scale use of power- 
efficient technologies is the hefty initial cost of implementing green infra-
structure and renewable energy systems, such as the following:

Investment in Renewable Energy: Solar panels, wind turbines, and 
hybrid energy systems for 6G base stations require a lot of up-front cap-
ital. Although they are very beneficial in the long run, installation cost 
and maintenance costs are sometimes very high. Integration of renewable 

本书版权归John Wiley & Sons Inc.所有



Power-Efficient Techniques for Sustainable 6G Networks 307

energy systems into an existing network infrastructure is costly, especially 
in areas that have scarce renewable energy sources.
Energy-Efficient Hardware: High-performance, low-power components 
such as GaN semiconductors and energy-efficient antennas significantly 
cut power consumption. They also are expensive to procure; hence, they 
can act as a cost barrier to entry, especially in cost-sensitive regions or to 
an organization with a constrained budget.
Energy Storage Systems: Advanced energy storage technologies, such as 
lithium-ion and solid-state batteries, which are critical to ensuring a stable 
energy supply from intermittent renewable sources, can also be expensive. 
In addition to the high cost of storage systems themselves, ensuring their 
efficient operation and integration into the broader network infrastructure 
requires ongoing investment in research and development.

These high initial costs hinder the rate of adoption in power-efficient 
technologies, especially when budgetary constraints are an issue in the 
region or marketplace. Once the technology matures and economies of 
scale have been realized, renewable energy systems and energy-efficient 
equipment are likely to decrease cost, becoming more affordable in the 
long run.

13.8.2 Interoperability Issues

The integration of energy-efficient solutions and renewable energy sources 
into existing 5G and legacy network infrastructures poses interoperability 
issues, such as the following:

Legacy Compatibility: Much of the existing network elements and base 
stations were designed without considering power efficiency and renew-
able energy integration. These older systems are hard to upgrade for new 
technologies of saving power or renewable sources of energy. Integration 
of efficient hardware and renewable sources with an older network setup 
might require significant redesigning or overhauling in many places.
Standardization Issues: Incompatible standardization of renewable inte-
gration and energy-saving techniques also creates problems in deploying 
high power-efficient technologies smoothly. Various energy systems like 
the solar panel or the wind turbine operate at different levels of voltage 
or on completely different communication protocols. Energy-saving tech-
niques, implemented under 6G, can be incompatible with standard, exist-
ing network management systems; the same can be said about adherence 
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to specific industry standards on energy-saving techniques that, as of yet, 
might not be fully developed and adopted.
Integration of NFV and SDN: NFV and SDN provide flexibility in cre-
ating virtual networks customized for specific applications. Integration of 
these technologies with energy-efficient strategies can be very challenging. 
Energy optimization of virtualized network functions must be achieved 
without performance and reliability degradation. Advanced algorithms 
and coordination among the layers of software involved in these technol-
ogies may not always be compatible with current network management 
systems.

Toward this end, the industry needs to work toward formulating univer-
sal standards for integrating energy-efficient technologies and renewable 
energy that would enable a smoother transition from legacy networks to 
sustainable 6G infrastructure.

13.8.3 Complexity of AI and ML Deployment

AI and ML are crucial in optimizing energy efficiency in 6G through traf-
fic pattern prediction, managing resources, and discovering ineffectiveness 
[23]. Nevertheless, their deployment brings new challenges:

Computational Power Requirements: AI and ML algorithms, especially 
those that are deployed for real-time optimization and predictive main-
tenance, require significant computational resources to process large 
volumes of data quickly. Such computational power often involves high- 
performance computing systems that can consume substantial energy 
themselves. In some cases, the energy required to run AI algorithms may 
offset the power savings achieved through their implementation, especially 
when running on traditional hardware that is not optimized for energy 
efficiency.
Complexity of Real-Time AI Models: Real-time AI and ML models 
working to analyze the network traffic, energy use, or even device behav-
iors need to be highly responsive and adaptable. However, developing such 
models in both energy efficiencies and rapid decisions can require a con-
siderable amount of computationally-intensive resources. Maintaining this 
will be complex because keeping these AI models from burning energy 
while having to maintain speed in this network system can be incredibly 
challenging and must be optimized adequately.
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Data Transmission and Processing: In AI-driven energy optimization 
systems, the data that needs to be constantly transmitted between devices, 
base stations, and data centers in order to train and fine-tune algorithms 
requires significant energy consumption. This constant flow of data and 
the need to store vast datasets for model training add to the overall energy 
consumption of the network. Balancing the energy demand of data trans-
mission, processing, and AI operations is a complex issue that needs to be 
addressed to ensure that AI-based systems lead to overall power savings.

Research in energy-efficient AI and ML algorithms and the use of spe-
cialized hardware for AI acceleration, like edge computing devices with AI 
capabilities, will be necessary to overcome these challenges. This can be a 
key to reduce the computational power required for real-time analysis and 
minimizing the energy footprint of AI models.

13.8.4 Reliability of Renewable Energy Sources

The challenge associated with renewable energy sources like solar and 
wind power, for the deployment of sustainable 6G networks, lies in their 
unpredictable and reliability aspects:

Weather Dependence: Solar power is weather dependent, while wind 
power is dependent on the wind speed. In areas of unpredictable weather 
patterns or seasons when sunlight or wind is less, the renewable energy 
generated may not be adequate to fulfill the network’s energy requirements. 
This might require reliance on backup sources of energy such as traditional 
grid power or fossil fuels, which would defeat the purpose of incorporating 
renewable energy into the grid.
Energy Storage Limitation: The storage capacity for ensuring energy from 
renewable sources can be limited, even with most advanced energy stor-
age systems. At low renewable energy generation points, the stored energy 
might not even be sufficient to meet a continuous demand for power until 
other alternative sources of supply can be found. Second, the energy stor-
age devices have degradation characteristics, especially with time, and have 
their efficiencies and reliability degrading.
Infrastructure Costs of Energy Harvesting: There are some locations, the 
energy-harvesting renewable energy system installation and maintenance 
costs outmatch the benefit, especially for the remote areas or locations with 
limited energy use and fluctuation in the demand for energy. This makes 
the case for renewable energy less economically viable in certain circum-
stances, posing a challenge to its widespread adoption.
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To mitigate the impact of these challenges, hybrid energy systems that 
combine multiple renewable energy sources and incorporate energy stor-
age solutions can help ensure more consistent and reliable power supply 
for 6G networks.

13.9 Future Directions: A Roadmap for Power-
Efficient 6G Networks

The future of power-efficient 6G networks would depend on the smooth 
integration of emerging technologies that now offer a transformative 
potential. A clear roadmap is necessary for such integration while consid-
ering the feasibility and encouraging collaboration among the researchers, 
industry leaders, and policymakers.

Nanoscale ultra-low-power component development is promising for 
improving energy efficiency in 6G devices and infrastructure. Scalable 
manufacturing techniques for nanomaterials, such as graphene and carbon 
nanotubes, should be explored to create energy-efficient transistors and 
sensors. The involvement of academia and semiconductor industries can 
hasten the design and commercialization of these components. Standards 
on nano-electronics integration in 6G networks will ensure interoperabil-
ity and streamline deployment. Quantum technologies have the potential 
to transform energy optimization in 6G networks with high-speed data 
processing and advanced resource allocation algorithms. Short-term fea-
sibility will be found in hybrid systems combining quantum and classical 
computing to solve computationally intensive tasks, such as traffic predic-
tion and network optimization. PPPs and international collaborations will 
be essential in developing the infrastructure and expertise required for the 
adoption of quantum computing in 6G.

Wireless power transfer (WPT) is likely to cater to the burgeoning 
energy requirements of IoT devices and sensors by replacing the frequent 
requirement of battery recharging. In this regard, research should be 
focused on long-range power transfer mechanisms, like resonant inductive 
coupling and RF-based charging. Pilot projects on WPT-enabled IoT net-
works in smart cities and industrial automation can be undertaken to pro-
vide important insights into practical challenges and scalability. Building 
WPT ecosystems will require collaborative efforts between energy solution 
providers and telecommunication companies.
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13.10 Conclusion

6G networks present unique opportunities for connecting and innovating 
in ways previously unavailable yet call for a critical leap toward sustainable 
practices. It is, therefore, pertinent that this chapter outlines the significant 
contribution of power-efficient techniques in realizing the environmental, 
economic, and operational feasibility of future networks. As 6G networks 
will embed green hardware, renewable energy sources, energy-aware pro-
tocols, and advanced optimization techniques, the future networks are able 
to save substantially on energy expenditure while preserving extraordinary 
performance. These solutions do not only mitigate challenges such as car-
bon emissions and growing energy costs but also create an opportunity for 
even more durable and efficient IoT systems. This chapter calls for a con-
tinuous need to conduct further research, encourage collaborations from 
industry participants, and implement policies in an effort to accomplish 
these goals. With 6G set to be the main framework for the future’s commu-
nications systems, a sustainable approach is key in constructing a greener, 
resilient, and inclusive digital future.
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Abstract
While the fifth-generation (5G) wireless networks are still being studied, there 
is already speculation about sixth-generation (6G) echo systems. We understand 
that 5G is still new to the world, under proper implementation, and might have 
numerous problems. However, we must continue moving toward the better and 
the issues faced by 5G can be addressed while working with the 6G technology.

To increase security and privacy in 6G networks, we investigated the possible 
impact of security on wireless systems, found concerns with different technolo-
gies, and provided remedies. The limitations of 5G networks have been realized as 
more and more 5G networks have been deployed, which surely encourages addi-
tional research into 6G networks as the next-generation answer. More and more 
5G networks are being deployed. The global deployment of 5G communication 
has been delayed owing to network security issues. As a result, research into 6G 
security analysis is critically required.

The 6G of wireless technology is the successor of 5G. This technology is still in 
development at various scientific and educational institutions. The 6G technology 
works on untapped radio frequencies and uses multiple cognitive technologies like 
artificial intelligence (AI) for implementation. The 6G technology is an upgrade, 
not only to the technological world but also to the standard of living for people. 
That is why many countries have shown interest in this wireless technology.
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This article analyzes potential cyber-defense options for 5G and upcoming 6G 
networks. After thoroughly reviewing existing literature and industry practices, 
we discuss proactive approaches such as network segmentation, encryption proto-
cols, intrusion detection systems, and AI-powered threat intelligence.

Keywords: AI integration, attacks, edge computing, IoT security, zero-trust 
model

14.1 Introduction

Future systems will be automated with intelligent connections, allowing 
rapid, efficient, and thoughtful service delivery. The need for intelligent 
cybersecurity features is increasing, with a focus on attaining optimum 
security at a low cost. Although fifth generation (5G) is still in its early 
stages of commercialization, it is crucial to anticipate future communi-
cation needs and research technology for the next generation of mobile 
communication. This includes further enhancing technical features and 
investigating business models for the Internet of Things (IoT) and vertical 
industry applications [1]. A sixth-generation (6G) mobile network system 
must provide high speeds, increased capacity, and non-proximity support 
for new applications such as medicine, catastrophe prediction, and virtual 
reality. Our everyday lives and social interactions are fundamentally reli-
ant on wireless communication. Applications of humans and machines are 
driving rapid expansion. There might be 59 times as many linked gadgets 
as people on the planet. Every 10 years, there are frequently generational 
shifts in the mobile industry. Work is continuing to study and standardize 
6G (IMT 2030) wireless technologies, which are expected to be used start-
ing in 2030, whereas 5G is being implemented and 5G Advanced is being 
developed [2].

Cybersecurity in 6G communication is on safeguarding ultra-fast, 
low-latency networks against new attacks. As 6G combines modern tech-
nologies such as artificial intelligence (AI), IoT, and edge computing, it 
faces increased risks of data breaches, cyberattacks, and privacy violations. 
Ensuring safe data transfer, strong encryption, and resilient network topol-
ogies is crucial. 6G’s worldwide connection needs stronger security mech-
anisms to protect key infrastructure and personal data from sophisticated 
cyber-attacks.
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14.2 Literature Survey

S. no. Title

Authors/

year of 

publication Focus area Key findings Methodology

1 Securing 6G: 

Challenges 

and Research 

Directions [1]

X. Zhang et al. 

(2021)

Security 

challenges and 

countermeasures

Proposed 

AI-driven 

security 

frameworks, 

including 

blockchain 

integration 

for enhanced 

security in 6G

Conceptual 

framework 

and 

simulation

2 Cybersecurity 

Threats in 6G 

Networks: A 

Survey [2]

M. Hussain  

et al. (2022)

Threats and 

challenges

Identified 

AI-driven 

attacks, 

quantum 

computing 

threats, and 

the need for 

zero-trust 

architectures

Literature 

review 

and expert 

analysis

3 Blockchain for 6G: 

Applications 

and Security 

Challenges [3]

L. Wang et al. 

(2023)

Blockchain in 6G Explored the use 

of blockchain 

to enhance 

security and 

privacy in 

6G networks; 

identified 

scalability 

and energy 

consumption 

as key 

challenges

Analytical 

Study and 

use-case 

analysis

4 Quantum 

Security in 

6G Networks: 

Opportunities 

and Challenges 

[4]

A. Kumar 

(2021)

Quantum security Discussed the role 

of quantum 

cryptography 

in securing 

6G networks, 

emphasizing 

its potential 

to counter 

quantum 

computing 

threats

Theoretical 

study and 

simulation

(Continued)
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(Continued)

S. no. Title

Authors/

year of 

publication Focus area Key findings Methodology

5 AI-Powered 

Security for 6G 

Networks: A 

Comprehensive 

Survey [5]

Y. Liu et al. 

(2022)

AI in 6G security Surveyed the 

integration 

of AI in 6G 

security, 

highlighting 

its dual role 

in both 

enhancing and 

threatening 

network 

security

Survey and 

case study 

analysis

6 Privacy and 

Security in 

6G: Emerging 

Issues and 

Research 

Directions [6]

S. Patel et al. 

(2023)

Privacy and security 

in 6G

Discussed the 

implications 

of new 

technologies 

like massive 

IoT and AI 

on privacy 

and security, 

proposing 

new privacy-

preserving 

mechanisms 

for 6G

Literature 

review 

and future 

directions 

proposal

14.3 Cybersecurity Challenges in 6G Networks

6G communication is the next generation of wireless technology, expected 
to succeed 5G and offer significant advancements in speed, capacity, and 
connectivity. However, with these advancements come new cybersecurity 
challenges and considerations. Here are some key points regarding cyber-
security in 6G communication.

14.3.1 Emerging Threat Topography in 6G Networks

The introduction of 6G is anticipated to introduce new attack vectors 
due to its increased dependence on AI, IoT, and unmanned aerial vehicle 
(UAV) networks. Proactive measures are necessary to identify and mitigate 
risks in this broader threat landscape [7].

• AI Integration: AI raises security and privacy concerns, 
such as software vulnerabilities, illegal use of AI technology, 
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and security difficulties with data, models, and algorithms. 
To train the AI model for data security, service providers 
need to collect a lot of data, yet this data may contain sensi-
tive user information like location, trajectory, and identity. 
Sensitive data may leak rather fast during data processing and 
transport. Attacks using “white-box” techniques provide the 
attacker access to safe AI models and algorithms. Even if the 
architecture and parameters of the AI model are unknown, 
the attacker may still approach the model through input and 
output, identifying the model’s weak points and potential 
attack areas. Under these circumstances, the dynamic pro-
tection of AI models including flow monitoring and model 
output is very essential.

• IoT Integration: With more devices connected, including 
IoT devices, the potential entry points for cyber-attacks 
increase, necessitating robust security measures. It is easy 
to create a signaling storm while accessing and controlling 
low-power, large-scale IoT devices. It is necessary to build 
effective authentication methods for large-scale IoT deploy-
ments. A standardized security protocol is essential to pre-
vent hackers from exploiting interconnection protocols for 
malicious intent, as IoT devices often communicate with one 
another.

Conventional security methods involving encryption 
and decryption need both processing power and key man-
agement systems. IoT devices’ limited battery life, storage 
capacity, and computing power limit how secure they can be. 
A lightweight security mechanism has to be created in order 
to give low-power IoT devices access that is energy-efficient. 
However, because device connections are so widespread, the 
attack surface of IoT networks has expanded. Consequently, 
6G is expected to enhance the security of network infra-
structure as well as the dispersed defense mechanism against 
a multitude of IoT devices.

• UAV Networks: UAVs cannot support the complex cryp-
tographic methods that terrestrial base stations can because 
of their stringent weight and power restrictions. UAVs are, 
therefore, more vulnerable to security flaws. UAVs should be 
designed with lightweight encryption techniques in mind.

Because of the way they operate, UAVs can be taken over 
by an enemy. UAVs should include internal attack protection 
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measures that stop physical intrusion from allowing access 
to the internal workings of the operating system in order to 
prevent physical manipulation.

14.3.2 Advanced Threats and Attack Vectors

The foundation of 6G technology development is the emergence of con-
temporary network communication regime innovations including net-
work function virtualization, software-defined networking, and fog 
computing [8]. Because of the symmetry in wireless technologies, network 
users in a 6G environment will be able to seamlessly transition between 
several service providers and technologies while maintaining a high degree 
of quality of service, quick 3D switching, cognitive networking, and uni-
versal openness. Cyber dangers provide a significant obstacle to this 6G 
multidimensional development [9, 10]. As a result, in a 6G-based uncon-
ventional communication environment, there will be a number of funda-
mental security challenges pertaining to the CIA triad: secrecy, integrity, 
and availability.

The recent publications published cover various issues, including 6G 
communication networking enhancements, applications, and security. 
With the advancement of technology and the various degrees of research 
publications during the last 3 years, computer communication is expand-
ing toward 6G networks.

14.3.3 Enhanced Privacy and Data Protection

Research will be primarily focused on improved privacy and data protec-
tion in 6G communication as we move toward the next generation of wire-
less technology.

Quantum-immune techniques: With quantum technology on the horizon, 
6G systems will need encryption techniques immune to quantum attacks. 
This includes lattice-based cryptography as well as post-quantum cryp-
tographic methods [11].
Completely Encryption: To prevent unwanted access, data is encrypted 
from the source to the destination without the need for an intermediate 
to decrypt it.

The technique of using AI to find odd patterns or behaviors that can 
point to a security issue is known as anomaly detection. Machine learn-
ing (ML) algorithms are used in predictive analytics to identify and stop 
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potential security threats. Patching entails ensuring that software and firm-
ware are regularly updated to address vulnerabilities. Methods for ensuring 
security, strict procedures for securely distributing and verifying methods 
are used to prevent tampering.

14.4 New Security Paradigms and Technologies

The ever-evolving technical landscape and new cyber dangers have 
prompted the development of new security paradigms and solutions. 
The following are some of the newest ideas and innovations influencing 
cybersecurity:

a) Quantum-Safe Cryptography
With a lengthy history, cryptography has been important to human culture 
from the beginning of civilization. Many people consider Claude Shannon’s 
1945 article “A mathematical theory of cryptography” to be the foundation 
of modern cryptography as a separate field of study. Shannon established 
the field of information theory with the publication of “A mathematical the-
ory of communication,” another seminal work, in 1949. Shannon himself 
pointed out the tight relationship between information theory and encryp-
tion. Information theory is mostly concerned with information transmis-
sion, whereas cryptography is the discipline of hiding information. As a 
result, the two topics can gain from one another. In actuality, Shannon’s 
creation of information theory was greatly aided by the understanding 
what he gained from studying cryptography. Up until the development of 
public-key cryptography, it appeared as though the two subjects would live 
happily ever after because they have many similar ideas and formulations. 
The seminal work “New directions in cryptography” by Diffie and Hellman 
was published in the IEEE Transactions on Information Theory in 1976. 
Strangely, this study led to the reduction of information theory’s impact 
on cryptography, even though the field of cryptography has grown signifi-
cantly over the preceding few decades. This is due to the fact that, although 
information-theoretic security as developed by Shannon still plays a (very 
limited) part in cryptography, computational security is the foundation of 
most modern encryption [27].

b) AI and Machine Learning in 6G Cybersecurity
With their incredibly fast speeds, extremely low latency, and extensive 
connection, 6G networks provide cybersecurity opportunities and prob-
lems never seen before. AI and ML are becoming crucial technologies to 
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properly handle these difficulties. Now, let us elaborate about main uses of 
ML and AI in the 6G cybersecurity environment [28].

• Threat Detection and Prevention:
 Anomaly Detection: Thus, predictive AI systems can ana-

lyze the flow of traffic within the computer networks and 
learn patterns that can be subsequently used to spot typical 
scenarios that can indicate that something malicious is hap-
pening. This process is known as deviation detection.

 Malware Detection: Many live ML training examples may 
be prescriptive for training a model that should be capable of 
distinguishing and categorizing hundreds of most common 
classes of threats such as ransomware, viruses, and phishing.

 Intrusion Detection: This is admitted on the basis that 
because of the incorporation of AI into the systems, for the 
task of monitoring the browser traffic for the existence of 
security threats and updating the managers on the outcomes 
obtained in relation to breaches.

c) Privacy and Data Protection in 6G
With low latency, faster than the 5G networks, 6G networks when in place 
present both great opportunities and risks such as invasion of privacy and 
data theft. 6G networks have inherently improved traffic, versatility, and 
privacy than previous networks making necessary measures to protect 
consumer’s privacy and security from cyberattacks. Main challenges and 
issues that this paper will explore include the following [29].

Data Volume and Variety: In its new version, called 6G, the networks will 
generate large amounts of data geographical, biometric, personal and spe-
cific health data. The overwhelming amount and types of data are out there 
that are difficult to protect.
Data Sharing and Interoperability: 6G networks will also be applied into 
the regulation of the information exchange and integration between dif-
ferent technologies and apps. While this improves the users’ experience, it 
also exposes a system to more cases of getting data and illicit access.
Emerging Technologies: It will bring next gen technologies such as ML, 
AI, and IoT in to 6G network and these and these technologies would pose 
a more severe threat to privacy and security of the users.
Cross-Border Data Transfers: Ninety percent of 6G networks would often 
involve cross-border data transfers, which makes it extremely difficult to 
adhere to various data protection standards.
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User Consent and Control: A digital era privacy entails ensuring that 
users give meaningful consent for their data to be collected and utilized 
as per the planned utilization, and the users are given effective solutions to 
control their data.

Strategies for Enhancing Privacy and Data Protection:
Strong Privacy Frameworks: Governments and business groups should 
call for privacy legislation that covers the exact challenges posed by 6G 
networks.
Data Minimization: Collection and preservation of information should 
be done to the extent necessary for achieving the goal of data usage. 
Anonymization and pseudonymization are procedures aimed at minimi-
zation of recognizable data.
Encryption: Data should always be encrypted both when in transit and 
when at rest to avoid getting into wrong hands.
Access Controls: For purposes of restricting the access granted to particu-
lar individuals, sound access controls should be installed.
User Education and Understanding: Perhaps to help the users prevent 
these particular threats or reduce their chances, clinicians should explain 
what kind of risks they are likely to face and how their privacy is being 
protected.
International Cooperation: The studies contained in this work can help 
establish international norms and recommendations for the protection of 
data in 6G networks, which, in turn, will help the formation of a unified 
approach to the elimination of regulatory fragmentation in the field of 
communication.

The privacy and protection of the data that runs through 6G networks 
is not an easy task and thus requires a multilayered approach. Privacy and 
trust in the context of the 6G ecosystem can be safeguarded provided the 
right security mechanisms are instituted, users and others educated, and 
multiplicity of international cooperation employed.

d) Blockchain and Decentralized Identity

• Concept: Toward a system where people own their data: 
Distributed data ownership for health informatics. A Science 
Information Journalistic introduces personal data and iden-
tity credentials, which help to minimize reliance on central 
bodies [3].
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• Technologies: Circulating the details through blockchain 
makes the transactions safe, and transparent. Distributed 
ledger technology (DLTs) also allow decentralized authenti-
cation and data management systems [30].

e) Secure Multi-Party Computation (SMPC)

• Concept: SMPC enables two or more parties to compute a 
function simultaneously with their inputs and at the same 
time provide for the protection of their data in the process.

• Technologies: Security protocols are used to maintain con-
fidentiality and integrity of data exchanged between termi-
nal equipment transformations, which provide the basis for 
preserving high levels of privacy during joint work in case 
information is involved [12].

f) Edge Computing and IoT Security

• Concept: As IoT devices are introduced to today’s market, 
edge computing allows processing, introduces security mea-
sures closer to the devices, and minimizes the usage of secu-
rity in the cloud.

• Technologies: Edge security solutions, together with light-
weight cryptography, guard devices on the periphery of 
the network, where other methods of protection can be 
ineffective.

g) Zero-Trust Security Model

• Concept: The principle is to “never trust, always verify.” 
Instead of assuming users inside the network are safe, it 
requires continuous authentication and authorization, no 
matter where the users or devices are.

• Technologies: Core components include identity verifica-
tion, endpoint security, multi-factor authentication (MFA), 
and network segmentation at a granular level [23].
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h) Confidential Computing

• Concept: Confidential computing ensures that sensitive 
data remains protected not only when stored or during tran-
sit but also while being processed, offering complete data 
privacy.

• Technologies: This paradigm employs pocket hard-
ware-based environment like trusted solutions like Intel’s 
SGX and AMD’s SEV that they refer to as execution envi-
ronments to protect the data isolated during processing.

i) Secure Access Service Edge

• Concept: This family cog consolidates both networking and 
security services functionalities software framework, to be 
run from the cloud.

• Technologies: You will often use a combination of solu-
tions that include cloud firewall and webs secure gateway 
(shadows, gateways, portals, or secure web gateway (SWG)), 
virtual private networks and cloud access security brokers. 
Cloud access security brokers extend that same security to 
support remote working.

j) Extended Detection and Response (XDR)

• Concept: With an integration of collection and correlation 
for a broad security solution, information across networks, 
endpoints, servers, and the cloud allows bigger visibility and 
quicker threat identification compared to solution-based 
models.

• Technologies: XDR platforms use real AI and ML algo-
rithms to enable designers to decipher activity from multiple 
points of an organization structure, enhancing central threat 
detection effectiveness.
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14.5 Interoperability, Regulatory,  
and Standardization Efforts

Interoperability:

• 6G networks will have to connect many technologies and 
networks seamlessly. A huge challenge is everything sur-
rounding interoperable security across diverse systems.

• There are efforts underway for interconnecting 6G compo-
nents and subsystems through standard security interfaces 
and protocols.

• The ATIS Next G Alliance develops compatible security 
architectures for 6G.

Regulatory:

• Regulatory authorities such as the Federal Communications 
Commission (FCC), European Telecommunications Standards 
Institute (ETSI), and International Telecommunication 
Union (ITU) are starting to look into 6G security and pri-
vacy regulations.

• There is a push for “security by design” legislation to ensure 
that 6G systems are built with cybersecurity from the ground 
up.

• There are continuous discussions concerning data protec-
tion, encryption standards, and security evaluations for 6G 
networks.

• Some proposed constraints are centered on supply chain 
security to avoid compromised hardware and software in 6G 
infrastructure.

Standardization Efforts:

• Standards organizations such as 3rd Generation Partnership 
Project (3GPP), Institute of Electrical and Electronics 
Engineers (IEEE), and Internet Engineering Task Force 
(IETF) are in the early stages of producing 6G security 
specifications.
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• Quantum-resistant encryption, AI-enabled security, distrib-
uted ledger technologies, and 6G zero-trust architectures are 
all topics of focus.

• The ITU-T Focus Group on Network Technologies for 2030 
is creating security rules for 6G.

• Industry consortiums, such as the Next G Alliance and the 
6G Flagship effort, are developing security recommenda-
tions to assist create standards [26].

14.6 User Awareness and Education

• Understanding 6G Technology: Customers should be 
informed on the primary advantages of 6G technology, such 
as ultra-low latency, increased capacity, and improved con-
nection. Explain how these functions may introduce new 
vulnerabilities, such as those seen in IoT devices and edge 
computing [24].

• Importance of Cyber Hygiene: Encourage the use of strong, 
unique passwords and password managers. Emphasize 
the need of updating devices and applications to reduce 
vulnerabilities.

• Phishing and Social Engineering Awareness: Train cus-
tomers on scams commonly used in phishing techniques; 
fortunately, as with 6G, they can also bring in more complex 
social engineering attacks. Build clear procedures for report-
ing inappropriate messages.

• Continuous Learning and Resources: Promote ongoing 
training and workshops on changing cybersecurity threats 
and means to eliminate them. Allow individuals to obtain 
up-to-date 6G cybersecurity knowledge from authoritative 
resources.

• Instilling a Security Culture: Create a place in which secu-
rity should be embraced by all. Facilitate open discussions 
regarding security policies. The organization might also con-
sider proposing a recognition program for those employees 
displaying outstanding cybersecurity procedures.

• Data Privacy and Protection: Provide information to  people 
about their rights to the collection and usage of their data, 
more so in a hyperconnected world. Encourage good prac-
tices related to encryption and safe data sharing [25].
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14.7 Security Architecture for 6G

The security architecture of the 6G networks requires solid credence 
toward some of the more complex hindrances associated with this new 
technology. A standpoint taken is to use zero trust: no devices and no users 
should be trusted; that is, network access is allowed to those strictly veri-
fied by authorization process.

Some kind of post-quantum cryptography, such as lattice-based or code-
based encryption, should be established to combat the potential threat of 
quantum computers. Threat detection and response systems will be to stabi-
lize and detect with respect to new cyber threats in real time; that is, with AI 
being the technology used. Ultimately, these developments will allow block-
chain techniques to record activities within the network on an immutable 
basis, thereby promoting transparency and accountability. Coupled with the 
abided notion of dealing with a variety of devices and numerous applica-
tions connecting through 6G networks, the solution is to implement a multi- 
layered security design approach targeted at network, device, and applica-
tion levels. Special concerns will need to be raised on providing secure boot 
processes, intrusion detection systems, and encryption protocols. It will also 
be equally essential to monitor- constantly and in real-time the conditions 
and actions taken to maintain a certain level of privacy and the integrity of 
the data being tunneled through 6G, as depicted in Figure 14.1.

a) Zero-Trust Security Models for 6G
Hence, considering their high-speed performance, low latency, and mas-
sive connectivity, 6G networks provide security challenges and opportu-
nities never seen before. Because the 6G networks will not have a static 
perimeter and will rather have a dynamic network, traditional perimeter- 
based security methods will not be good enough. In such a situation, Figure 
14.2 shows zero-trust models appear to be promising solutions.

Understanding Zero Trust
Zero-trust security is a concept that does not rely on trust in the acces-
sibility of the network. Authentication of the device, user, or application 
is the bedrock for accessing resources. It changes from perimeter defense 
to direct facilitation of security for transactions between interactions that 
take place over the network [18].

Key Principles of Zero Trust for 6G

• Continuous Verification: Every entity seeking access, regard-
less of location, must be continuously verified and autho-
rized before being granted access to resources.
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Figure 14.1 6G security architecture.
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Figure 14.2 Zero-trust security model.
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• Least Privilege: Access is granted only on a need-to-know 
basis, ensuring that entities have the minimum privileges 
necessary to perform their functions.

• Micro-Segmentation: Networks are divided into smaller 
segments or micro-segments, limiting the lateral movement 
of threats within the network.

• Data-Centric Security: Protection is focused on data rather 
than the network perimeter. Data is encrypted and protected 
throughout its lifecycle.

• Adaptive Policies: Security policies are dynamic and adapt to 
changing network conditions and threat landscapes.

Applications of Zero Trust in 6G
Device authentication: Every mobile phone and other IoT device, with 
the express intention of shielding unauthorized peoples from any sort of 
access, should undergo strong authentication.
Identity Access Management: A well-deserving software will invariably 
allow only the legitimate persons into the network [23].
Application Control: Continuous monitoring and control over applica-
tions prevent malicious acts and data breaches.

• Data Encryption: Sensitive data is encrypted at rest and in 
transit to protect it from unauthorized access.

• Network Segmentation: Network segmentation isolates crit-
ical resources and limits the spread of threats.

• Complexity: Implementing zero trust in 6G networks can 
be complex, requiring significant planning and investment.

• Performance Overhead: Additional security measures can 
introduce performance overhead, especially in latency- 
sensitive applications.

• Scalability: Zero-trust architectures must be scalable to 
accommodate the massive number of devices and connec-
tions in 6G networks.

Zero-trust security models provide a strong yet flexible means of secur-
ing 6G networks. In this way, network security against the growing chal-
lenges and scale of modern networks may be achieved by shifting the 
focus from a perimeter defense model to a continuous verification and 
micro-segmentation model. In tandem with the evolution of 6G networks, 
Zero-trust tenets will tend to become critical in ensuring security and pri-
vacy concerning highly sensitive data.
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b) Resilience and Incident Response in 6G
The revolutionary features of 6G networks include ultra-high speeds and 
massive interconnected networks, which create a mushrooming number of 
choices and challenges for security. Resilience and involuntary restoration 
of 6G networks must be enough for their reliability or safeguarding sensi-
tive data [22].

Key Challenges in 6G Resilience and Incident Response:

• Much More Complex: 6G is many folds more complex com-
pared with earlier generations, as it includes a large num-
ber of interrelated devices and services. These phenomena 
become complicated enough that discovering vulnerabilities 
for addressing will be challenging [17].

• Distributed Architecture: In most cases, 6G networks are 
bound to operate with a distributed architecture; numerous 
nodes may have spread functions. Such architectures lead to 
complexities in isolating and containing incidents.

• Real-Time Requirements: The 6G network applications are 
likely to be highly demanding on the real-time requirement, 
leaving less time to respond to incidents.

• Emerging Threats: New threats and vulnerabilities arise on 
a day-to-day basis, thus making it overwhelming to keep up 
with the threat actors’ capacity to find new attack vectors.

Strategies for Enhancing Resilience and Incident Response:

• Regular Risk Assessments: Adopting frequent risk assess-
ments will help in identifying possible weaknesses and 
threats [16].

• Segmentation of the Network: Segmenting the network into 
smaller units restricts the incidence to a smaller extent.

• Redundancy: Critical components must be implemented 
with redundancy in order to continue operations in case of 
failure.

• Automation: All the mundane tasks, including vulnerabil-
ity scanning and patch management, need to be automated 
in order to enhance efficiency and reduce the likelihood of 
human error.
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• Incident Response Planning: Develop a comprehensive 
incident response plan explaining exactly how to behave 
in the event of an attack or breach. Maintaining awareness 
of emerging threats and vulnerabilities by operating with 
threat intelligence feeds.

• Monitoring in Real Time: Increasingly using more advanced 
tools for monitoring so that this phase can be recognized 
in time before it becomes a threat, either as anomalies or as 
threats.

• AI and ML: Integrating AI/ML with the organization to 
carry out live anomaly/potential threats identification and 
corresponding responses.

Resilience combined with effective response of an incident is crucial 
for a 6G network. The execution of these strategies would not only reduce 
the risk to the operator but to an extent minimize downtime and guard 
sensitive data. As the technology of 6G advances, so do emerging threats 
and thus the importance to stay ahead of emerging threats while adapting 
security measures becomes paramount.

c) Security of Internet of Everything (IoE) in 6G
The security environment of the Internet of Everything (IoE) in the con-
text of the 6G network is lined with new fears as well as tremendous pros-
pects. IoE expands upon the conventional IoT, taking it one notch higher 
by adding a myriad of devices, systems, and humans to allow for more 
purposeful and wise interactions. Against this background, the extremely 
high number of connected devices also increases the risks of cyberattacks 
and unauthorized access, thus calling for stronger security measures [21].

If security is concerned, then one of the essential elements positively 
influencing security is authentication mechanisms. Access to a device itself 
must be based on MFA so that only genuine users can interact with the IoE 
devices. Furthermore, a decentralized identity system enables securing the 
identities of billions of other devices and thus helps reduce the risks posed 
by credential compromise.

Data confidentiality as well as integrity is a built-in requirement within 
the purview of IoE security in 6G architecture. In an end-to-end encrypted 
arrangement, transmission of data from one device to another cannot be 
interfered with, allowing secure access. Besides, cryptographic hash algo-
rithms can check for integrity and ascertain that data are not modified 
while in transmission [20].
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Network security mechanisms should conform to the unique challenges 
of IoE. A zero-trust architecture can ensure that irrespective of the location 
of devices and users on the network, proper identity and access controls 
are instituted. In addition, network segmentation can curtail the extent of 
the breach and the attack surface as a whole, thus enhancing the roadmap 
for security.

The ability to detect and respond to threats in real time is the bedrock 
for overall security in a fluid IoE environment. Employing AI and ML will 
assist in the ongoing inspection of the network data to identify anoma-
lies and possible threats. Further, incident automation tools provide the 
organization with the ability to investigate security incidents quickly, thus 
reducing the potential for further damage due to time loss.

Hardened device security and management are key to maintaining the 
integrity of the IoE ecosystem. Devices must have secure boot processes, 
and firmware should be regularly updated as protection against vulnerabil-
ities. Further strong device-life-cycle management practices ranging from 
secure provisioning to proper decommissioning are important for secur-
ing devices for the length of their operational life.

Collaborative security strategies are inherently interwoven with the 
sound completion of the IoE’s security fabric. Maturity in the scope of 
cyber-vulnerability provides an opportunity for developers of security- 
related products and partnered service providers to foster interactions 
where special reporting for all constituent actors is requested. Agencies 
further collaborate with each other in an information-sharing environ-
ment to identify changing threats and IoE vulnerabilities.

Finally, it is also crucial to come up with security measures that are 
future proof continually. Adaptive security solutions that can cater to the 
growing number of IoE devices within the 6G environment would guaran-
tee resilience. Frequent reviews and revisions to cybersecurity guidelines 
would help make responses robust to evolving threats and technology 
developments and hence enable seamless protection of the IoE ecosystem.

14.8 Regulatory and Legal Considerations

In summary, it indicates heavy consideration has to be placed on cyberse-
curity with 6G. It should be very holistic in orientation toward regulatory 
and legal aspects with a view toward improving user privacy, protecting 
networks, and hence building some degree of public trust. Some key regu-
latory and legal issues of cybersecurity in the context of 6G include:
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a) Data Privacy and Protection:

• EU General Data Protection Regulation (GDPR) and 
Other Data Protection Laws: The user data protection laws 
like the GDPR and other laws around the world need to be 
adhered to very strictly. Because 6G will create data that var-
ies in modality from other technologies, including certain 
sensitive personal information, there is a certain assurance 
that its privacy is preserved.

• New Types of Data: 6G will generate some new categories of 
data, such as biometrics and health information. Such data is 
likely to be much more sensitive and may very well construe 
questions about an enhanced form of protection.

• Cross-Border Data Transfers: Transnational data transfers 
raise specific problems because of their global collaborations 
and international processing. Indeed, it is essential for all the 
jurisdictions to ensure compliance with all such data trans-
fer laws and protections for data privacy.

b) Network Security and Resilience:

• Critical Infrastructure: 6G networks are anticipated to be 
critical infrastructure and therefore will require strict secu-
rity measures to prevent any kind of disruption or attacks. 
As they consolidate various sectors, their security is becom-
ing all the more important [17].

• Supply Chain Security: Supply chain security, including 
hardware, software, and services, is essential in ensuring no 
weak links instantiate vulnerabilities supply chain security, 
either internally or externally, poses a threat to the security 
design of the entire service.

• Emergency Response: A stricter and systematic approach 
to emergency response could be ordered by the government 
for 6G should accidents that range from cyberattacks to nat-
ural disasters illustrate their nastiness. Such protocols allow 
for quick recovery after the event and could soften the blow 
for the occurrences.

• AI and ML: The employment of AI and ML within the 6G 
networks raises inherent questions about accountability, 
bias, and transparency. Although these technologies could 
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help to proactively address security edge cases, they can also, 
if badly managed, introduce extreme risks.

• IoT and Edge Computing: The pervasive growth of IoT 
devices and edge computing has expanded the spectrum of 
threats and new legal challenges. These technologies ines-
capably demand some degree of security measures in addi-
tion to introducing newer vulnerabilities with attendant 
expansion of the attack surface.

• Autonomous Systems: The deployment of autonomous sys-
tems, such as self-driving cars, requires robust cybersecu-
rity measures to prevent accidents and misuse. Ensuring the 
security of autonomous systems is critical for public safety 
and preventing malicious actions [16].

c) Numerous worldwide cooperative corporations that tackle network 
security exist:

• Harmonization of Standards: Developing harmonized 
international standards for 6G cybersecurity can facilitate 
global cooperation and reduce regulatory fragmentation. 
Consistent standards can help ensure interoperability and 
prevent regulatory arbitrage.

• Cross-Border Investigations: Establishing mechanisms 
for cross-border cooperation between law enforcement 
agencies is essential for investigating and addressing cyber-
crimes. International collaboration can help address threats 
that transcend national borders.

d) National Legislation on Cybersecurity: To meet modern challenges 
and to secure critical infrastructure, many nations have developed stricto 
sensu laws for cyberspace. These basic laws were set to legally regulate 
any cybersecurity activities and address violations with corresponding 
penalties.

• Global Organizations: The OECD and the ITU, among oth-
ers, are among the largest in terms of developing interna-
tional standards and recommendations. Such organizations 
ought to provide recommendations and best practice for 6G 
in cybersecurity.
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• Industry Standards: Industry organizations, such as the 
GSMA and 3GPP, are developing standards in the area of 
security for 6G networks. These standards will need to estab-
lish the needed requirements for regulatory compliance.

The legal and regulatory aspects around 6G cybersecurity grow in much 
faster pace. The international organizations, governments, and the indus-
try must work together to come up with complete frameworks that would 
cover specific issues raised by this new technology. Thus, with these con-
siderations, we could finally assure ourselves of the safe and responsible 
implementation of the 6G networks.

14.9 Ethical Implications of 6G Cybersecurity

Some ethical issues with the emergence of 6G networks in cybersecurity 
emerge which offer ultra-high speed, low latency, and immense intercon-
nectivity. Almost instantaneous networking and real-time connectivity 
will resolve a majority of beneficial hacks. Nevertheless, major ethical con-
siderations regarding fast-paced integration of 6G technology in the world 
necessitate proper investigations [12].

a) Privacy and Surveillance:

• Collection and Storage of Data: Networks with 6G systems 
will generate loads of data, from location data, biometrics, 
and personal data drawn from other aspects of human inter-
actions. All these complex data generation techniques earn a 
serious question about the whole concept of privacy-which 
it is going-and a fresh debate on the monitoring of data stor-
age will cut in. Positions of individuals could be tracked eas-
ily and continuously against their viability and freedom of 
movement [13]. 

• Government Surveillance: That is the thing that the gov-
ernment would carve the mass surveillance on the network, 
and may even infringe individual rights to privacy, thus 
again creating a catch 22 situation: national security versus 
personal freedoms [14].
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b) Digital Divide:

• Accessibility and Affordability: However, with the wide 
deployment of 6G on the horizon, a wider digital divide 
is anticipated in such a way that access to it would only be 
catered for those fortunate enough to afford it—such a situa-
tion could further widen the discrepancies and disparities in 
socioeconomic status.

• Discrimination: The various levels of access to 6G technol-
ogy could engender discrimination and thus create social 
exclusion; people in the rural areas or with ill-portioned 
economic cupboards within the range of these networks 
might limit this factor in education, employment opportu-
nities, and basic services.

c) Autonomous Systems and Decision-Making:

• Bias and Discrimination: Unless appropriate checks are 
kept, autonomous systems powered by 6G technology could 
propagate the very biases and discriminations that, in fact, 
compromise value in development. For instance, if the data-
base setting up the autonomous system gives considerable 
weight to a particular demographic, then the autonomous 
system is again going to discriminate.

• Accountability: One of those difficult questions becomes 
the assessment of responsibility for the actions of all the 
autonomous systems. Where some injury or wrongful act is 
concerned, one would imply the so-called “accountability” 
and perhaps one will add: who is held responsible for the 
decisions made.

d) Cyber Warfare and State-Sponsored Attacks:

• Escalation of Conflict: The late dependence on the 6G net-
work for business-critical investment in infrastructure could 
expose them to cyber warfare and state-sponsored attacks. 
This could very easily lead to the factionalization of the state 
and a new bout of conflict in an already volatile part of the 
world and could spiral up the conflict between the nations 
[19].
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• Collateral Damage: Business interruption and loss of life 
might be the negative impacts’ penalties to targets on 6G 
networks. For instance, assaults that target any of the key 
sectors in the nation’s economy for instance power and 
transportation systems could have devastating effects.

e) Environmental Impact:

• Energy Consumption: The development will be done in 
stages successively with a contribution to the generation of 
high power greenhouse gasses thus causing climate change 
in the environment. The relatively high demand exploitation 
of energy resources could tap the available and may further 
compound environmental hitches [15].

• Resource Depletion: Devices and facilities for the 6G net-
works can also harm natural resources in a way that it tends 
to deplete it or use them up. They can also be used with the 
following adverse effects on the community, its surround-
ings, and the future generations of the society.

f) Ethical Frameworks and Principles:

• Human Rights Framework: Making sure that human 
rights include liberties like freedom of speech, privacy, and 
equality are protected by 6G technology. By implication, the 
interests of human rights should be taken into account in the 
development and deployment of 6G technology.

• Beneficence and Non-Maleficence: Addressing the evi-
dence of how the projected gains in 6g technology are likely 
to be harmful but at the same time applying it in the right 
manner that will enable improvement of the society. It 
implies balancing between the benefits of the new technol-
ogy, which are enhanced connection and economic develop-
ment in this case at the disposal of the 6G network against 
the liabilities of the 6G.

• Justice: Fair distribution of the potential gains and losses 
that this new technology will bring in full implementation 
of 6G technology. This implies that the advantages of 6G 
should not be “captured” by few individuals while most of 
the negatives are experienced by other persons.
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• Autonomy: Respecting personal freedom and people’s 
right to make informed decisions that concern how 6G can 
be harnessed. This occurs by ensuring that the ownership 
of data is with the individuals who timely produce it such 
that they make decisions of how that specific data should be 
employed.

14.10 Conclusion and Future Scope

The epical consequences of cybersecurity in 6G are numerous and have 
several ethical considerations. To be able to handle these problems, gov-
ernments, businesses, and civil society need to establish relationships. It is 
feasible to ensure that 6G technology is built and implemented in an ethi-
cal manner and will be advantageous using ethical principles.

Coming with the slogan of bringing ultra-low latency, ultra-high speed, 
and enormous interconnectivity, 6G communication will undoubtedly 
bring shocking cultural transformation and a large number of enterprises. 
But thanks to technological advancement, that has brought about some 
new challenges, especially in the area of security. Some of the important 
research areas that should be of future concern include: IoT security, quan-
tum-safe cryptographic algorithms, AI security and threat detection and 
response mechanisms, network slicing security, blockchain security, pri-
vacy-preserving data analysis techniques, and human–machine interface 
integration into security frameworks. Scholars and stakeholders might 
support the construction of a safe and strong 6G communication system 
ready to address future challenges by focusing on these areas.
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