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Abstract—The advent of 6G technology promises to
revolutionize the landscape of connectivity, ushering in an era of
unprecedented speed, reliability, and integration of emerging
technologies. This comprehensive review delves into the evolving
domain of 6G wireless communication technology, synthesizing
current research, trends, and projections to provide a holistic
understanding of its potential impact and challenges. Beginning
with an overview of the evolution from previous generations, the
review examines the foundational principles, key features, and
technological advancements envisioned for 6G networks. It
explores concepts such as terahertz communication, ultra-reliable
low latency communication (URLLC), intelligent surfaces, and
holographic beamforming, elucidating their potential to redefine
communication paradigms. The integration of artificial
intelligence (Al) and edge computing is highlighted as pivotal in
enabling intelligent, adaptive, and efficient network operations.
Furthermore, the review investigates how 6G is expected to
support massive-scale Internet of Things (1oT) deployments and
considers the future role of quantum computing in enhancing
security and processing capabilities. Regulatory and
standardization frameworks essential for the development and
deployment of 6G networks are scrutinized, alongside addressing
issues concerning security, privacy, and sustainability. By
synthesizing  insights from academia, industry, and
standardization bodies, this review provides a roadmap for
researchers, policymakers, and industry stakeholders to navigate
the evolving landscape of 6G and realize its transformative
potential in shaping the future of global connectivity.
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. INTRODUCTION

The relentless march of technological progress has
consistently redefined the boundaries of connectivity and
communication, propelling humanity into new realms of
innovation and collaboration. With each successive generation
of wireless communication, from the advent of 1G in the 1980s
to the pervasive 5G networks of today, we have witnessed

profound transformations in the way we live, work, and interact.
However, as we stand on the precipice of the next phase in this
evolutionary journey, the emergence of 6G technology promises
to revolutionize the digital landscape in ways previously thought
unimaginable.

In this comprehensive review, we embark on an exploratory
journey into the nascent realm of 6G technology, delving deep
into its theoretical underpinnings, technological foundations,
and potential applications. Building upon the successes and
lessons learned from previous generations, 6G represents a
paradigm shift that transcends the boundaries of mere
connectivity, envisioning a future, where seamless integration of
physical and digital realms enables transformative capabilities.
By examining the key pillars of 6G, including ultra-reliable low-
latency communication (URLLC), massive connectivity,
terahertz communication, artificial intelligence (Al) integration,
and sustainable networking, we seek to unravel the intricate
tapestry of possibilities that this next-generation technology
affords.

Despite the growing body of research on 6G, several key
gaps remain. There is a lack of standardized architecture and
protocols, and practical challenges around terahertz
communication and energy-efficient hardware are still
unresolved. While Al and edge computing are central to 6G,
their real-time integration, especially under low-power and low-
latency constraints, needs further exploration. Quantum
computing’s role in enhancing 6G security is also
underdeveloped. An additional ethical, social, and policy
implications such as data privacy, digital inequality, and
algorithmic bias are often overlooked. Research on sustainable
networking and the interoperability of diverse technologies like
Al, 10T, and quantum systems is limited. Additionally, region-
specific deployment strategies and models for measuring
human-centric or societal impacts of 6G are still missing. By
critically assessing the opportunities and obstacles on the path to
6G, we endeavor to inform and inspire stakeholders across
academia, industry, and policymaking spheres to actively
engage in shaping the future trajectory of wireless
communication.
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Il.  6G OVERVIEW

6G technology is envisioned to revolutionize wireless
communication by integrating advancements such as terahertz
frequency bands, artificial intelligence, and quantum computing.
It aims to achieve unprecedented data speeds, ultra-low latency,
and massive connectivity, paving the way for innovative
applications such as holographic communication, real-time
holographic conferencing, and seamless integration with IoT.

A. 6G Wireless Communication Advantages

6G offers improved data security measures to safeguard
sensitive information transmitted over wireless networks,
addressing concerns regarding privacy and cybersecurity.
Integration of Al enhances communication systems in 6G
networks, optimizing performance, managing network
resources efficiently, and enabling advanced features such as
predictive analytics and automated decision-making. 6G
introduces the concept of tactile internet, enabling ultra-
responsive communication with minimal latency, which is
crucial for applications such as remote surgery, virtual reality,
and augmented reality as shown in Fig. 1. 6G aims for high
energy efficiency, optimizing power consumption to prolong
battery life in devices and reduce overall energy consumption in
network infrastructure, contributing to sustainability efforts. 6G
networks minimize backhaul latency, ensuring swift data
transmission between base stations and the core network,
enhancing overall network performance and user experience.
These advancements signify significant progress in wireless
communication technology, promising a future of faster, more
secure, and efficient connectivity [1].
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Fig. 1. 6G Wireless communication advantages.

B. Maintaining the Integrity of the Specifications

The 6G Wireless Communication environment is
characterized by cutting-edge technologies and advancements
aimed at revolutionizing connectivity and communication as
shown in Fig. 2. 6G networks will leverage the terahertz
frequency band for ultra-fast data transmission, enabling
significantly higher data rates and throughput compared to
previous generations. This will facilitate seamless connectivity
and support data-intensive applications [2]. Optical wireless
communication technologies will be integrated into 6G
networks, allowing for high-speed data transmission over short
distances using light waves. This will complement traditional
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radio frequency communication, offering enhanced bandwidth
and reduced latency for indoor and localized communication
scenarios [3]. Holographic Multiple Input Multiple Output
(MIMO) surfaces will be employed in 6G networks to
manipulate electromagnetic waves for improved signal
transmission and reception. These surfaces will enable dynamic
beamforming, spatial multiplexing, and interference
management, enhancing network performance and reliability
[4]. Holographic communication techniques will be employed
in 6G networks to create realistic, three-dimensional
communication environments. This will enable immersive
telepresence, holographic conferencing, and augmented reality
experiences, revolutionizing how people interact and collaborate
remotely [5]. 6G networks will provide ultra-fast internet access
with unprecedented speeds, enabling seamless streaming of
high-definition content, immersive virtual reality experiences,
and real-time communication applications. This high-speed
connectivity will transform user experiences and enable
innovative services [6]. Blockchain technology will underpin
the networking infrastructure of 6G, providing enhanced
security, privacy, and trust in data transactions and
communication  processes. Decentralized  consensus
mechanisms and cryptographic techniques will ensure the
integrity and immutability of network data, fostering trust and
reliability in 6G networks [7]. 6G networks will harness the
power of quantum computing to address complex computational
tasks, optimize network resources, and enhance security
mechanisms. Quantum-enabled algorithms and protocols will
enable faster data processing, advanced encryption techniques,
and quantum-resistant cryptography, ensuring robustness
against emerging security threats [8].

Optical wireless
communication

Holographic
MIMO

Fig. 2. 6G Wireless communication environment.

C. 6G Wireless Communication: Key Performance Indicators

The 6G Key Performance Indicators (KPIs) aim to achieve
high data rates, optimize energy efficiency for eco-friendly
communication, ensure extensive connectivity and full
coverage, uphold robust security, secrecy, and privacy
measures, enable intelligence in network operations, and deliver
ultra-reliable, low-latency communications [9]. The data rate,
emphasizing ultra-high speeds, aims to surpass terabits per
second, ensuring seamless streaming and data transfer. Latency
reduction to sub-millisecond levels enhances real-time
applications like remote surgery and autonomous vehicles.
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Reliability is heightened through fault-tolerant architectures,
guaranteeing uninterrupted connectivity for critical services.
Achieving precise clock synchronicity facilitates synchronized
communication across vast networks, crucial for coordinated
operations.  Positioning accuracy advancements enable
centimeter-level location determination, empowering diverse
applications from augmented reality to asset tracking [10].
These KPIs collectively define the ambitious goals driving the
evolution of 6G technology as shown in Fig. 3.

Security,
secrecy and
privacy

Reliability

Full coverage

Fig. 3. 6G Wireless communication: key performance index.

D. 6G Wireless Communication Services

6G services promise a groundbreaking evolution in mobile
broadband with reliable, low-latency communication, catering
to a diverse range of needs as shown in Fig. 4. With a focus on
ultra-reliable and low-latency communication (URLLC), 6G
aims to support massive machine-type communication (mMTC)
alongside human-centric services. Additionally, it introduces
multi-purpose third-class leveraged spectrum (3CLS) and
energy services, aiming to optimize resource utilization and
efficiency across various applications and industries [11]. 6G
services in Al encompass several key features, including
Computation Oriented Communications (COC), which
prioritize computational efficiency and offloading tasks to edge
devices; Contextually Agile enhanced Mobile Broadband
(CAeC), which dynamically adapts to user contexts and
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environmental conditions for optimal connectivity and
performance; and Event Defined ultra-Reliable Low Latency
Communications (EDuURLLC), ensuring mission-critical
communication with ultra-low latency and high reliability,
particularly in scenarios like industrial automation and
emergency response [5].

6G services in optical wireless communication encompass
cutting-edge technologies such as Visible-Light Identification,
Visible-Beacon Systems, and Li-Fi, providing high-speed data
transfer and connectivity. These systems adhere to standards for
Visible-Light Identification and Beacon Systems, ensuring
interoperability and reliability. Innovations like the reception of
Visible-Light Beacon Using Rolling Shutter and the
transmission of Visible-Light Beacon by Using Rotary LED
Transmitter optimize signal reception and transmission
efficiency, paving the way for enhanced communication
capabilities in the upcoming 6G era [12]. The 6G model
integrated with B-RAN (Beyond Radio Access Network)
architecture is analyzed for security concerns, including selfish
mining, cyber-attacks, cryptanalytic attacks, and consensus
protocol attacks. Selfish mining refers to a scenario, where
miners manipulate the blockchain for their benefit, potentially
disrupting the network’s integrity. Cyber-attacks target network
infrastructure, exploiting vulnerabilities to compromise data or
disrupt services. Cryptanalytic attacks aim to break
cryptographic algorithms protecting communication and data
integrity within the network. Consensus protocol attacks target
the agreement mechanism among nodes, aiming to disrupt the
network's decision-making process. These security analyses are
crucial for fortifying B-RAN networks against various threats in
the evolving landscape of wireless communication technologies
[13].

The integration of Sparse Code Multiple Access (SCMA)
within Fiber-Based Visible Light Communication (VLC)
networks for 6G technology facilitate ultra-dense network
deployments with grant-free non-orthogonal multiple access
schemes. This advancement enables efficient utilization of
spectrum resources by allowing multiple users to access the
network simultaneously without the need for explicit resource
allocation. SCMA enhances the network's capacity and
connectivity by employing advanced code-domain multiplexing
techniques, thereby enabling seamless communication in dense
urban environments, and overcoming limitations posed by
traditional orthogonal multiple access schemes [14].
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Fig. 4. 6G Wireless communication services.
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E. 6G Wireless Communication Applications

6G technology promises revolutionary applications across
various domains. In the realm of the Internet of Everything, it
enables seamless connectivity and communication among
diverse devices and systems, fostering unprecedented levels of
automation and data exchange [1], [15], [16]. Indoor Cellular
Networks benefit from enhanced speeds and capacity, ensuring
reliable connectivity in densely populated areas [17]. Wireless
Backhaul Communication sees advancements in data transfer
rates and reliability, crucial for supporting the growing demand
for high-bandwidth services [17], [18]. Nano communication
leverages nanotechnology for ultra-small devices and networks,
enabling efficient data transfer at the nanoscale [17].
Autonomous navigation systems leverage 6G's low latency and
high precision for enhanced real-time decision-making, crucial
for self-driving vehicles and drones [18]. Smart grid systems
utilize 6G for efficient energy management and distribution. Li-
Fi technology harnesses light for data transmission, offering
secure and high-speed wireless connectivity. Holographic
conferencing experiences a leap with 6G, enabling immersive
real-time communication [19]. Terahertz communication
unlocks ultra-high-frequency bands for rapid data transfer,
expanding the bandwidth for future applications [2]. Blockchain
technology integrates with 6G for secure and transparent
transaction processing across networks [7]. A super smart
society emerges with the fusion of 6G and Al, enabling
intelligent decision-making and personalized services [4], [19].
Extended reality experiences benefit from enhanced
connectivity and data transfer speeds, delivering immersive
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virtual experiences [11]. Connected robotics and autonomous
systems leverage 6G for seamless coordination and
communication, facilitating collaborative tasks [1]. Wireless
brain-computer interactions enable direct communication
between the brain and external devices, revolutionizing human-
machine interfaces. Haptic communication technologies
enhance sensory feedback, enabling more immersive and
interactive experiences [20]. Smart healthcare solutions utilize
6G for remote monitoring, telemedicine, and personalized
healthcare delivery [18], [19], [21]. Automation and industrial
processes become more efficient and responsive with 6G
connectivity, enabling real-time monitoring and control [18].
Multi-user communications benefit from improved network
capacity and efficiency, supporting simultaneous interactions
among numerous users. Localization and sensing capabilities
are enhanced, enabling precise tracking and monitoring in
various environments. Wireless power transfer technologies
leverage 6G for efficient energy transmission over long
distances [22]. Softwarization and virtualization facilitate
dynamic network configurations and resource allocation,
optimizing performance and scalability [23]. Artificial
intelligence is deeply integrated into 6G networks, enabling
adaptive and intelligent systems [19]. Quantum communications
leverage quantum properties for ultra-secure and high-speed
data transfer. Optical wireless technology harnesses light for
wireless communication, offering high-speed and secure
connectivity in various environments. Unmanned Aerial
Vehicles benefit from enhanced connectivity and control,
enabling diverse applications such as surveillance, delivery, and
infrastructure inspection [23].
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Fig. 5. 6G Wireless communication visions.

F. 6G Wireless Communication Vision

The 6G vision for enhanced Mobile Broadband (eMBB-
Plus) encompasses several key elements as shown in Fig. 5.
These include Big Communications (BigCom) to support
massive data transmission, Secure Ultra-Reliable Low-Latency
Communications (SURLLC) ensuring robustness and speed,
Three-Dimensional Integrated Communications (3D-InteCom)
for spatial connectivity, Unconventional Data Communications
(UCDC) exploring novel transmission methods, Holographic
Communications  for immersive  experiences, Tactile
Communications for sensory feedback, and Human-Bond
Communications to foster interpersonal connections through
advanced technologies [24]. The envisioned framework for 6G
revolves around leveraging space resources, managing
frequencies, and optimizing time allocation. Satellite networks
are expected to play a crucial role, facilitating widespread

connectivity, and enabling a vision of seamless communication
across diverse environments. Embracing a cell-less architecture,
6G networks aims to transcend traditional cellular boundaries,
fostering more flexible and adaptable communication scenarios.
This architecture scenario underscores the potential for
enhanced connectivity, efficiency, and innovation in future
communication systems [20]. The 6G vision for transfer
learning (TL) in wireless indoor localization encompasses
several key areas of application, including TL in Smart
Societies, TL in Satellite-Ground Integrated Communications,
and TL in 6G Wireless Communication Networks. TL in Smart
Societies aims to leverage existing data and knowledge to
enhance accuracy within indoor environments, facilitating
seamless navigation and resource allocation in smart urban
settings. In Satellite-Ground Integrated Communications, TL
techniques are employed to optimize communication protocols
and enhance localization precision, particularly in scenarios,
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where satellite connectivity is integrated with ground-based
systems. Moreover, TL in 6G Wireless Communication
Networks focuses on adapting localization models across
evolving network architectures, enabling efficient resource
utilization and robust positioning capabilities in the forthcoming
era of 6G technology [23].

G. 6G Wireless Communication Channel

With 6G networks moving towards the realization of ultra-
high-speed, low-latency, and high-capacity communications,
advanced wireless communication channels should be
developed to fulfill such ambitious requirements. The most
promising channels for the future 6G systems are Optical
Wireless ~ Communication  (OWC), Millimeter-Wave
(mmWave), Terahertz (THz), and Ultra-Massive MIMO (UM-
MIMO) as shown in Fig. 6. The channels offer a few enticing
features, which include high data rates, an increase in network
capacity, and the ability to handle large-scale, dense
environments [37]. They also give rise to some unique
challenges, including high propagation losses, interference, and
complex hardware [35], [40]. This section explores the
contribution of each of these important channels in 6G wireless
communication, discussing their potential, challenges, and
needed technological advances towards their integration in the
next generation of networks. Considering their roles, we
illustrate how these channels will determine the performance
and capabilities of 6G systems in enabling transformative
applications such as autonomous vehicles, immersive

augmented reality, and ubiquitous 10T connectivity [37], [38].
& Y

6G Channels

Terahertz Channel Ultra-Massive MIMO Channel

A 4

Fig. 6. Key channels for 6G wireless communication.

Firstly, Optical Wireless Communication Channel has lately
gained interest as a technology with huge potential for 6G, due
in large part to its prowess in providing high-speed data transfer.
OWC, in the context of 6G, is believed to be a solution
complementary to conventional radio frequency (RF)
communications, mainly in applications requiring high capacity
and low latency [37]. The biggest advantage that OWC presents
is the use of visible light for communications, which eventually
can support higher bandwidths compared with the traditional
wireless system [40]. It has strong security benefits, since it is
line-of-sight communications and thus avoids interference and
eavesdropping. The main disadvantage of OWC is its high
sensitivity to fog, rain, and dust which tend to degrade the
performance of OWC [40]. To integrate OWC fully into 6G,
research is ongoing to coexist with other technologies like
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millimeter-wave and terahertz communication in various
network configurations to ensure flexibility and robustness [37].

Secondly, millimeter-wave (mmWave) communication
channel in the spectrum of 30 GHz to 300 GHz is highly
essential for meeting the high data rate requirements of 6G [36].
mmWave systems will serve well in the scenario of ultra-dense
networks with high-speed mobile data, such as those needed
autonomous driving and augmented reality (AR) applications
[39]. The abundant bandwidth of the mmWave can enable large
data throughput at a very high speed. However, the mmWave
signals have large free-space path loss, so advanced
technologies must be adopted to improve the signal strength and
coverage, like massive MIMO (multiple-input, multiple-output)
systems [36]. Furthermore, beamforming is a common
technique in mmWave systems. It focuses the signal energy to
desired receivers, thus overcoming path loss and increasing
network capacity. Moreover, mmWave communication also
faces challenges with range and blockage, as its higher
frequency signals are more easily absorbed or blocked by
obstacles. These issues, however, can be mitigated by innovative
antenna designs, such as multi-beam antennas and active
beamforming, which enhance the reliability and capacity of
mmWave networks [39].

Next, the Terahertz (THz) band, ranging from 0.1 THz to 10
THz, is one of the promising frontiers for 6G networks. This
band, with its huge advantages in bandwidth and data rates, is
ideally suited for ultra-high-speed communications and massive
data traffic support [34]. THz waves can deliver a data rate of up
to 1 terabit per second (Tbps) to enable extremely high-capacity
wireless communication systems. THz communications are
envisaged to enable a wide range of use cases in 6G, including
Wireless Backhaul, intra-device communications, and vehicle-
to-everything (V2X) applications [34]. The biggest challenges
of Terahertz channel will be high path loss and molecular
absorption at frequencies above 1 THz, which requires
developing new channel models and propagation techniques
[35]. In addition, THz channel modeling must account for the
unique characteristics of these high-frequency signals, such as
diffraction, scattering, and atmospheric attenuation, which can
limit performance in certain environments. As THz technologies
mature, new beamforming and antenna design techniques, as
well as terahertz-based integrated circuits, will be essential to
realize the full potential of this spectrum [35].

Finally, Ultra-Massive MIMO (UM-MIMO) has been one of
the most promising key technologies for 6G networks to
enhance capacity and coverage in ultra-dense environments.
UM-MIMO uses huge antenna arrays at base stations to
simultaneously serve many users in the same band, potentially
containing hundreds or thousands of elements [36]. It can
significantly improve the spectral efficiency of wireless
networks through spatial multiplexing, in which multiple data
streams are simultaneously sent to different users. UM-MIMO
will be one of the core technologies in 6G, enabling high
throughput and low-latency communications mainly in urban
environments and high-mobility applications like autonomous
vehicles and 10T devices [37]. However, the scale brings
challenges in terms of hardware complexity, energy
consumption, and interference management for the
implementation of UM-MIMO. The key for overcoming these
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challenges and ensuring that UM-MIMO is one of the
cornerstones of 6G wireless systems will be the studies on
massive antenna arrays, beamforming techniques, and advanced
channel estimation [36], [37].

H. Artificial Intelligence for 6G Wireless Communication

The integration of Artificial intelligence (Al) into 6G
wireless communication is essential for enabling the next wave
of transformative capabilities. As the number of connected
devices increases and demand for ultra-reliable communication
increases, Al will play a pivotal role in managing and optimizing
the different aspects of 6G networks. As shown in Fig. 7, this
section covers the role of Al in six critical areas of 6G networks:
Resource Management, Energy Efficiency, Security, Network
Optimization, Self-Organizing Networks (SON), and Advanced
10T Applications.

The future 6G networks are designed to support a huge
number of connected devices, ranging from smartphones and
loT sensors to unmanned aerial vehicles (UAV). With billions
of devices expected to be connected in 6G networks, traditional
resource management methods fall short. Therefore, Al plays a
pivotal role in managing the massive scale of 10T devices by
automating network management and optimizing resource
allocation [25]. To ensure effective network operations, Al
algorithms can optimize the utilization of network resources
based on real-time data and automate decision-making processes
related to network traffic such as user associations, spectrum
management, and routing optimizations [25], [26]. For example,
even when the number of devices grows rapidly, reinforcement
learning (RL) and deep learning (DL) can dynamically adjust
network settings to maintain seamless connectivity, reduce
congestion and improve performance [25], [30]. These
algorithms ensure that network resources are used efficiently,
which is crucial for meeting the high data demands of 6G loT
applications [25]. Furthermore, energy efficiency is one of the
key goals to handle massive number of connected devices and
high data demands in 6G networks. Al plays an important role
in optimizing energy consumption by dynamically changing
network configurations and transmission power. For instance,
Reconfigurable Intelligent Surfaces (RISs) contribute
significantly to energy efficiency by reflecting and focusing
radio waves directionally, minimizing the energy required for
long-distance transmission. Al algorithms optimize RIS
configurations by adapting to changing environmental
conditions and user demands, ensuring efficient signal reflection
and amplification. This optimization reduces the need for high-
power transmission from base stations, conserving energy and
improving network performance. As a result, Al-driven RIS
technology not only improves coverage and capacity but also
reduces power consumption, extended battery life in mobile
devices, and reduces energy waste, ensuring a more sustainable
and efficient 6G network [27]. In addition, as enormous amounts
of sensitive data will be handled by 6G networks, security must
be a top concern. Al will optimize cybersecurity in 6G networks
by enabling real-time anomaly detection and predictive threat
intelligence [27], [29]. For example, Al systems can analyze
network traffic patterns and user behaviour to automatically
identify and mitigate security threats like botnets, fraud, and
cyberattacks [29]. This ensures that the right security measures
are implemented swiftly. Moreover, Al may also be utilized to
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improve privacy and data encryption techniques, which will
protect data in 6G networks at every stage of its lifecycle [27].

Network
Optimization

Fig. 7. Artificial intelligence for 6G wireless communication.

Next, 6G networks will require advanced optimization
techniques to handle massive amounts of data, ultra-low latency,
and high reliability. Al is central to network optimization in 6G
by automating processes like load balancing, dynamic spectrum
allocation, and interference management. Machine learning
algorithms can also be applied in predicting network traffic,
optimizing routing, and reducing latency by dynamically
adjusting network parameters based on real-time conditions
[29], [30]. Moreover, Self-Organizing Networks (SON) are one
of the most prominent features of next-generation wireless
networks, such as 6G, in which Al plays a central role in
automating network management. SON targets a decrease in the
manual configuration and operation of networks, using Al and
ML techniques in such a way that networks can be enabled to
self-optimize, self-heal, and self-configure [29]. These
capabilities will provide adaptive network management, where
the system automatically detects and fixes faults, optimizes
traffic, and adjusts network parameters to ensure optimum
performance without human intervention. Al-driven SONSs can
also facilitate dynamic spectrum management, interference
management, and adaptive load balancing in real-time,
especially in environments with massive numbers of connected
devices [29]. Finally, Al will enable the development and
enhancement of advanced 10T applications that are expected to
be a cornerstone of 6G networks. These applications include
smart  healthcare, autonomous  vehicles, intelligent
manufacturing, and more. With the aid of Al, 10T devices will
become increasingly intelligent, capable of real-time decision-
making, predictive maintenance, and autonomous operations as
shown in Fig. 8. Machine learning algorithms will enable 10T
systems to learn from historical data and to adapt to new
situations without the need for human intervention. An example
in this respect is the improvement of predictive analytics in
healthcare systems, which in turn allows more accurate disease
detection and personalized treatment. Similarly, in autonomous
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vehicles, Al-driven 10T systems are able to optimize traffic flow
and ensure safe, efficient route planning [28]. Moreover, the
integration of Al and IoT will contribute to building smart cities
and industries that will have improved efficiency in energy use,
better public service, and environmental health [25].
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Fig. 8. A vision of potential future loT wireless network architecture [25].

I. Sparse Code Multiple Access (SCMA) for 6G Wireless
Communication

As shown in Fig. 9, Sparse Code Multiple Access (SCMA)
is a promising non-orthogonal multiple access (NOMA) scheme
proposed for future 6G networks to efficiently manage massive
connectivity and support high-density services. SCMA enables
multiple users to access the network simultaneously using
different sparse codebooks, thereby increasing the capacity of
the network [32]. At the receiver end, a multi-user detector based
on the message passing algorithm (MPA) is employed to
efficiently handle multi-user interference by exploiting the
sparsity of the codebooks. This allows SCMA to deliver lower
complexity compared to traditional maximum likelihood
detection, making it highly suitable for large-scale systems like
those envisioned for 6G [32]. SCMA's codebook design is a key
component that allows efficient user separation and reduces
interference. Research is ongoing to optimize SCMA codebook
designs, with advancements such as star quadrature amplitude
modulation (Star-QAM) and constellation rotation being
explored [32]. In terms of performance, SCMA outperforms
other NOMA schemes by supporting a high number of
simultaneous users, while maintaining low error rates in the
presence of multiple users. SCMA is also considered an
excellent candidate for grant-free NOMA, where users can
transmit data without waiting for scheduling signals, thus
significantly reducing latency and overhead [32]. Furthermore,
SCMA'’s ability to support Ultra-Dense Networks (UDN) and
massive Machine-Type Communications (MMTC) makes it an
ideal candidate for 6G networks, enabling efficient high-density
connections while maintaining low latency and high reliability
as shown in Fig. 10 [32].
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Fig. 9. Core concept of SCMA.
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J. Use of Transfer Learning for 6G Wireless Communication

Transfer learning (TL) is a machine learning approach,
where knowledge gained from one or more source tasks is used
to improve the learning performance on a target task. This comes
in handy particularly when the target task has limited data or
labels which means that the model can apply previously learned
information to improve its performance on the target task [31].
TL holds significant promise for the development of 6G wireless
communications by enabling efficient resource allocation and
enhancing the adaptability of models across different
communication tasks. TL is particularly relevant for addressing
the stringent requirements of 6G networks, including high
efficiency, massive connectivity, and real-time decision-
making. In 6G, TL helps systems quickly adapt to new tasks or
domains by leveraging knowledge from previously solved tasks,
saving both time and computational resources. For instance, TL
techniques are being applied to base station (BS) switching for
energy efficiency, spectrum allocation in cognitive radio
networks, and indoor wireless localization, among others [31].
TL also facilitates the integration of different network
components, such as satellite-ground communication systems
and dynamic network slicing, by allowing models trained in one
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domain to be applied to others with minimal adjustment. The
ability to transfer learned knowledge across domains is crucial
in managing the complexity and scale expected in 6G networks,
where diverse technologies and environments will coexist and
require efficient coordination [31].

As shown in Fig. 11, TL plays a crucial role in improving
the accuracy of indoor wireless localization, making it more
efficient by transferring knowledge from similar environments
or previously collected data sets. This reduces the need for
extensive new data collection in every new location. Moreover,
TL helps improve energy efficiency, particularly in base station
(BS) and access point (AP) switching. By transferring
knowledge about energy-saving methods from existing models,
TL reduces energy consumption, particularly in networks with
fluctuating traffic patterns [31].

Fig. 11. Possible scenarios of TL in 6G wireless communication [31].

K. Quantum Optimization for 6G Wireless Communication

Quantum optimization is among the emerging techniques
that will surely have a significant place in the future 6G
networks. 6G will demand increased data rates, lower latency,
and better resource management, which will not be achievable
with the computational complexity of classical optimization
methods. Quantum optimization promises to provide better
algorithms for large-scale network problems such as multi-user
MIMO detection and LDPC decoding [33]. Quantum computing
uses the principles of quantum mechanics to process huge data
all at once, bringing a tremendous advantage over classical
computing. Quantum Annealing is one of key components in
quantum optimization, which solves complex optimization
problems by mapping onto a quantum state and then seeking the
minimum energy configuration [33]. Quantum computing will
also help optimize network performance in 6G by reducing the
processing time for tasks such as MIMO detection and resource
allocation. In addition, the Quantum Approximate Optimization
Algorithm (QAOA), is another important technique which
leverages the computational powers of quantum computers to
solve complex problems more efficiently [33]. Recent advances
in noisy intermediate-scale quantum (NISQ) devices have
shown successful applications of quantum optimization to
problems such as MIMO detection, which is key to performance
and latency reduction in wireless networks [33].
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Fig. 12 shows that 6G wireless networks leverage quantum
computing to enhance key components such as mobile backhaul,
baseband processing, and mobile fronthaul. In the mobile
backhaul, quantum computing helps optimize routing and load
balancing to manage data traffic efficiently between remote
radio heads (RRHSs) and the core network [33]. By applying
Quantum Annealing (QA), quantum systems can reduce delays
and improve data transfer capacity, addressing the complex
decision-making  required in  high-performance  6G
environments. Quantum computing also accelerates baseband
processing at centralized data centers by enhancing tasks like
MIMO detection and error correction, enabling faster and more
efficient signal processing, leading to improved network
performance and resource allocation [33]. In the mobile
fronthaul, quantum-enhanced signal processing helps manage
real-time communications and synchronization between base
stations and RRHs or antenna elements. Quantum algorithms
improve signal clarity and reduce interference, enabling higher
data throughput and better performance, especially for 6G
applications such as extended reality (XR) and autonomous
vehicles [33]. By integrating quantum processors into the
fronthaul network, 6G can handle the increased demands for
speed, capacity, and reliability, creating a seamless and efficient
communication environment [33]. Overall, quantum computing
plays a pivotal role in accelerating critical network functions,
helping 6G achieve ultra-low latency, high data rates, and
optimal efficiency.

I1l.  CONCLUSION

In conclusion, this review underscores the transformative
potential of 6G wireless communication technology as a
cornerstone of future digital ecosystems. With its promise of
unprecedented data rates, ultra-reliable  low-latency
communication (URLLC), and massive device connectivity, 6G
is set to redefine the very fabric of global communication.
Beyond technical enhancements, the study highlights 6G’s
critical role in promoting environmental sustainability through
energy-efficient network designs and reduced carbon emissions.
By addressing a wide spectrum of applications from immersive
augmented and virtual reality experiences to autonomous
transportation systems and smart cities, 6G emerges as a
versatile enabler of innovation across industries. Additionally,
the discussion illustrates how 6G will reshape key performance
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indicators (KPIs), expanding the benchmarks of network
reliability, scalability, and intelligence. By seamlessly
integrating with emerging domains such as artificial
intelligence, edge computing, quantum technologies, and the
Internet of Things (10T), 6G sets the stage for a hyper-connected,
intelligent, and sustainable future. Ultimately, this review
envisions 6G not merely as a technological upgrade, but as a
foundational force driving the next era of global digital
transformation.
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