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SYSTEM DESIGN IN A NEW STUDY CYCLE

EMERGING TECHNOLOGIES REGARDING SPECTRUM USAGE AND

Toward 6G Evolution: Three Enhancements, Three Innovations, and Three Major

Challenges

Rohit Singh @, Aryan Kaushik €=, Wonjae Shin €=, Marco Di Renzo €, Vincenzo Sciancalepore €=, Doohwan Lee @, Hirofumi Sasaki

Arman Shojaeifard @2, and Octavia A. Dobre

ABSTRACT

Over the past few decades, wireless com-
munication has witnessed remarkable growth,
experiencing several transformative changes.
This article offers a comprehensive overview of
wireless communication technologies, from the
foundations to the recent wireless advances and
future trends. Specifically, we take a neutral look
at the state-of-the-art technologies for the fifth
generation (5G) and ongoing evolutions towards
6G, while also reviewing the recommendations
of the international mobile communication vision
for 2030 (IMT-2030). We first highlight specific
features of IMT 2030, including three IMT-2020
extensions and three new innovations—ubiquitous
connectivity and integrating the new capabilities
of sensing & artificial intelligence with commu-
nication functionality. Based on key findings, we
delve into three major challenges in implement-
ing 6G, along with global standardization efforts.
Besides, a proof of concept is provided by
demonstrating terahertz (THz) signal transmission
using orbital angular momentum (OAM) multi-
plexing, which is one of the potential candidates
for 6G and beyond. To inspire further potential
research, we conclude by identifying research
opportunities and future visions on IMT-2030
recommendations.

INTRODUCTION

The cornerstone for the sixth generation (6G)
has been set, with telecom agencies jointly
working to advance its development. Interna-
tional mobile telecommunications (IMT) has
already provided recommendations under the
vision 2030, popularly known as IMT-2030 [1].
Learning from previous experiences, the new
recommendations for 6G encompass the exten-
sions of IMT-2020 capabilities and three new
innovations, as depicted in Fig. 1. Specifically,
these recommendations focus on better net-
work flexibility and technology integration via
making use of innovative features like artificial
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FIGURE1. An illustration of IMT 2030 capabilities,
extensions, and associated challenges. [1]

.

intelligence (Al), integrated sensing and com-
munication (ISAC), and joint utilization of
non-terrestrial networks (NTNs) for ubiquitous
connectivity. However, the proposed transfor-
mations bring new challenges in the form of
effective spectral/energy utilization, the need
for technology harmonization, and more impor-
tantly, security assurance under data-driven
Al-assisted networks. Furthermore, there is no
global consensus on the use of the terahertz
(THz) spectrum for 6G, although researchers
are trying to prove its effectiveness [2].

Given the growing importance of 6G, this
work aims to explore wireless trends and iden-
tify upcoming advancements, focusing on IMT
2030 recommendations. The goal is to highlight
key lessons from previous generations, outline
essential steps towards 6G, and identify techni-
cal considerations for more effective solutions.
By reviewing the IMT 2030 recommendations,
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1 Telecommunication
organizations, such as the
International telecommuni-
cation union (ITU) and the
third generation Partnership
Project (3GPP) have played
a crucial role in advancing
wireless technologies. [1]

this work provides insights into the IMT 2020
extensions and three newly added capabilities,
explaining how they complement the forthcom-
ing network. Besides, this work presents several
essential aspects that remain unexplored in the
existing works, mainly including a comprehensive
technical exploration of 6G advancements and
challenges, culminating in a proof of concept using
THz transmission with orbital angular momentum
(OAM) multiplexing. Further, this work addresses
three major challenges that require urgent atten-
tion. Referring to the THz penetration issues and
its unwavering potential, an enabling solution has
been demonstrated, showcasing sub-THz trans-
mission employing OAM multiplexing. Finally, this
work highlights research opportunities, offering
insights into future directions based on the find-
ings. Specifically, the contributions of this work
can be summarized as follows:

* This article provides an in-depth technical
analysis of the IMT-2030 hexagon, going
beyond existing high-level illustrations to
explore the underlying technological exten-
sions and innovations in detail.

+ In addition to tracing the historical evolution
of wireless generations, this work highlights
several key findings based on technical
exploration, emphasizing the specific tech-
nological need at different levels for realiz-
ing the IMT-2030 vision.

+ This study demonstrates a forward-looking
proof of concept by showcasing THz sig-
nal transmission employing OAM multiplex-
ing, thereby highlighting the feasibility and
potential of advanced 6G technologies.

BACKGROUND AND MOTIVATION

The wireless transmission of Morse code signals
conducted in 1895 over a distance of 3.2 kilo-
meters marks the inaugural instance of wireless
transmission. Since then, wireless engineers have
committed to accomplishing numerous mile-
stones [3]." The early 2000s especially witnessed
the arrival of third-generation (3G) cellular net-
works, bringing faster data transfer rates and the
ability to support mobile Internet access. Moving
into the late 2000s, the fourth generation (4G)
emerged, substantially improving data speed,
capacity, reliability, and latency. In the 2020s, the
fifth generation (5G) took center stage as the latest
wireless communication standard, promising ultra-
fast data speeds, low latency, and the capability
to connect a massive number of devices simulta-
neously. Currently, it is looking towards 2030 and
beyond under the term IMT-2030 (6C). Specifi-
cally, Release 21, expected to be finalized in the
next year, signifies the formal initiation of norma-
tive 6G development and is anticipated to deliver
the first official technical specifications for 6G, in
alignment with IMT-2030 submission requirements.
As depicted in Fig. 1, IMT-2030 recommenda-
tions encompass the enhancement of three 5G
pillars: ultra-reliable low latency communication
(URLLC) in 5G extended to hyper-reliable low
latency communication (HRLLC) in 6G, enhanced
mobile broadband (eMBB) extended to immer-
sive communication, and massive machine type
communication (MMTC) extended to massive
communication. Alongside this, new capabilities
are being recommended, namely ISAC, ubiquitous

connectivity, and integrated Al and communication
(IAAC). These new capabilities are essential due to
the following reasons: a) users’ location now plays
a critical role in advanced beamforming and inter-
ference avoidance where bringing together sensing
capability holds potential for low complexity users
sensing, b) besides, recent network advances, espe-
cially core units rely on Al assisted technologies
for network virtualization and management, raising
the need for IAAC extension, ¢) finally, the advent
of the Internet of everything (IoE) is set to provide
network support to billions of devices, making
ubiquitous connectivity an essential step towards
the forthcoming wireless era.

Previous wireless trends and 6G recom-
mendations point to a more adaptive and
interactive framework, offering vast possibilities
but also presenting significant research challenges.
By analyzing past trends and the IMT-2030 guide-
lines, the following sections explore key findings
and outline the essential steps for 6G develop-
ment. A detailed view is also provided on key
technology enhancements and innovations,
addressing three major challenges, depicted in
Fig. 1, and summarised as i) achieving global stan-
dardization and inter-technology harmony as 6G
integrates both cellular and non-cellular wireless
technologies and ii) addressing data secrecy, as
6G will rely heavily on data-driven algorithms.
Lastly, this work highlights research opportuni-
ties and future directions based on IMT-2030
recommendations.

WIRELESS EVOLUTION AND TREND AHEAD
EvoLUTION OF WIRELESS COMMUNICATION: FRoM 1G T0 6G

Wireless communication has undergone signifi-
cant advancements, largely driven by advances in
very large scale integrated (VLSI) circuits. Though
its roots trace back to the early19th century, the
last fifty years have seen rapid development,
with each decade marking the introduction of a
new generation. Specifically, innovative technol-
ogies like multiple input multiple output (MIMO)
and orthogonal frequency division multiplexing
(OFDM) have emerged, providing more efficient
transmission methods. This section highlights the
key advancements in each generation, highlight-
ing the periodic release of 3GPP standards that
shaped the wireless network, as depicted in Fig. 2.
Further, this section discusses the lessons learned
from the past evolution, drawing insights to guide
future developments and trends.

The Beginning (1G): The first generation of
wireless communication emerged in the 1980s,
marking the transition from landline telephony
to mobile phones with the introduction of ana-
log cellular networks. 1G systems provided basic
voice communication but had limitations in terms
of capacity, security, and signal quality. Specifi-
cally, the analog telephony system encountered
numerous challenges, such as poor voice qual-
ity, limited coverage, low capacity, and frequent
dropped calls, highlighting the need for a shift to
digital technology.

Stepping into the Digital Era in 2G: 2G, in the
1990s, experienced a shift from analog to digi-
tal communication, allowing for improved voice
quality and the introduction of digital informa-
tion, including text messaging. Specifically, two

140

|EEE Network - November/December 2025



UM

<_eMBMS

Phase 1 and 2 / Release-8 (2008) Release-12 (2015)
(~1992) « ISLTE rel LG TR + Enhanced Small Cell
Release-2000 (R4) e O « LTE advanced it pancs S‘“O‘:i %“'CS
. * s . » * H-order mod.,
Release-96 & 97 || “OMTS o) « AILP network WETBENENINCE) + Carrier aggregation Relcase-15 (2018)
. GPRS incorporating CDMA « Fulfilling IM )
i A * Dual cell HSDPA_ - requirements Release-13 (2016) * First 5G NR release
Release-5 (2002) No LTE 0 Lzt * SGVaX
: Iégeg;e-% « HSDPA & IMS . LT]T:-.A .for MMTC, Indoor « IMS .
Release-6 (2004) Release-9 (2009) Release-11 (2012) positioning + Future railways
~HSUPA & MBMS * Dual cell HSDPA Release-14 (2017) —
Release-99 + Dual cell HSUPA © LG . i
e Release-7 (2007) ual cel « CoMP Massive loT Release-16 (2020)
e + HSPA+, VoIP * WiMAX + In-device coexistence e * 5G: phase-2

«_Energy efficiency * NR-U (unlicensed

1895

* 15 transmission

~1950
* Foundation of
cellular concept
(Bell labs)

Integrated Sensing and 9
r Communication [
Newly added )
capabi]iﬁes Ubiquitous Connectivity %,9
©.

N

~ . . L7
Al and Communication P,
€,

Extensions from

IMT 2020 RLLC

Wireless Evolution

. onwards 3GPP Releases and Road
__________________ \
A iy D Beginning & 1G |
I
I

&,
Immersive Communication OIIVIT_ZOW

Massive communication O

spectrum)
* Satellite access

Release-17
(2022)
&
Release-18
(2023)

* 5G  advanced

(ML/Edge
comp./Slicing/
Satellite
backhaul)

2022

D 2G related aspects!
D 3G related aspectsi
1

D 4G related aspectsi

I
B 5G related aspects:
|

FIGURE2. An illustration of wireless evolution timeline, highlighting the periodic milestones associated with

3GPP releases.

major 2G technologies, global system for mobile
communications (GSM) and code division mul-
tiple access (CDMA), competed for dominance.
The transition from analog to digital communica-
tion made it possible to offer a true data access
experience via technologies like general packet
radio service (GPRS), and enhanced data rates for
GSM evolution (EDGE). Simultaneously, private
players began developing their own standards,
limiting global roaming and creating global stan-
dardization platforms like 3GPP for uniform
standardization.

Empowering CDMA in 3G: In the early 2000s,
the introduction of 3G brought about a leap
in wireless technology with the foundation of
global telecom organizations like 3GPP. 3G net-
works offered faster data transfer rates, enabling
the support of mobile Internet access and more
advanced services. Technologies like high-speed
packet access (HSPA) and CDMA-2000 played a
key role in providing higher data speeds, paving
the way for a more interconnected and data-
centric mobile experience.

Towards Effective Resource Utilization
in 4G: The late 2000s witnessed the advent of
4G, with faster data speeds, lower latency, and
increased capacity compared to 3G. This era
marked the rise of mobile broadband, enabling
seamless video streaming, online gaming, and
the widespread use of mobile applications. This
decade also witnessed the foundation of several
groundbreaking technologies, including MIMO,
OFDM, all IP networks, and dual cell HSDPA
(downlink), introduced in 3GPP Release-8 and
Release-9. Moreover, a paradigm shift has been
observed in subsequent 3GPP Releases, including
Release-10, Release-12, and Release-14, which

are responsible for the advent of wireless tech-
nologies like Multi-cell HSDPA and coordinated
multi-point transmission (CoMP).

Utilizing Network Virtualization in 5G:
Launched near the 2020s, 5G is the latest evo-
lution in wireless communication, creating the
backbone for a diverse application under one
umbrella. 5G utilizes advanced technologies such
as mm-Wave spectrum, massive MIMO, and net-
work slicing. On one hand, 5G brings faster and
more reliable connections, making it suitable for
critical applications in augmented reality (AR). On
the other hand, 5G covers flexible network sup-
port for low data rate internet-of-things (loT) use
cases under RedCap [4].? The associated 3GPP
releases are Release-15, Release-16, and beyond,
solely focusing on high-end applications, including
vehicular/railway communication, satellite access,
edge computations, etc.

6G Expectations: Building upon the foun-
dational achievements of previous wireless
generations and in alighment with IMT 2030
recommendation, it is evident that 6G revolves
around achieving ultra-high-speed, low-latency,
intelligent, and sustainable communication sys-
tems that can seamlessly sustain inter-technology
integration. Such as integrated communication
and sensing (ISAC), enhanced security frame-
works including post-quantum cryptography, and
the use of higher-frequency bands for ultra-dense
data transfer. Besides, emerging use cases raise the
need for massive device connectivity (supporting
up to 10 devices/km?). More importantly, Al will
play a key role in the network architecture design
and management, enabling real-time optimization
and automation. These technical expectations are
strategically alighed with the 3GPP Release 20

2 5G reduced capability
(RedCap) is a 5G standard
that enables low-complexity,
cost-effective, and bat-
tery-efficient devices to
connect to 5G networks.
Itis designed to bridge the
gap between 4G and 5G,
catering to use cases that
fall between the high-speed
eMBB, ultra-reliable uRLLC,
and low-throughput mMTC
technologies.
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and Release 21 timelines, evolving in a phase-wise
manner. For instance, Release 20 (2024-2025) is
considered the final stage of 5G-Advanced, focus-
ing on enhancements in Al/ML, XR, positioning,
and energy efficiency. Release 21 (2025-2027),
on the other hand, marks the beginning of norma-
tive 6G work and is expected to produce the first
formal technical specifications for 6G. This release
will introduce emerging 6G technologies, including
the early exploration of Al-native networking archi-
tectures, and enable support for next-generation
use cases such as digital twins, immersive commu-
nication, and metaverse-enabling services.

LESSONS LEARNED AND TREND AHEAD

The above discussion confirms that wireless
technology has advanced significantly, fueled
by parallel developments in VLSI technologies.
Further, it can be inferred from the above discus-
sion that the wireless network has evolved in all
aspects: a) a dramatic increase in achievable data
rate through continuous improvements in spec
tral efficiency and multiple access techniques; b)
enhanced coverage, reaching remote areas and
crossing walls, made possible by advanced chan-
nel estimation and processing; c) lightning-fast
speeds, enabled by expanding spectrum and
ongoing efforts toward the high-frequency spec-
trum; and d) support for diverse applications,
from basic voice transmission in 1G to text mes-
saging in 2G, multimedia in 3G/4G, and now
critical and non-critical applications in the flexible
5G network.

Indeed, wireless researchers explored every
possible aspect to maximize the potential of wire-
less networks. According to Shannon’s capacity
theorem, summarised as NBlog, (1+SINR). Here,
N denotes the number of antenna pairs at the
transceiver, B is the channel bandwidth, and SINR
(an acronym for signal-to-interference-and-noise
ratio) reflects channel conditions. Let’s see how
things evolved from Shannon’s viewpoint: a)
shifting to a higher frequency spectrum has sig-
nificantly increased per-user bandwidth, from
tens of kHz to hundreds of MHz, with carrier
aggregation further expanding assigned band-
width to a few GHz. Efforts are now focused
on increasing transmission frequencies to the
THz band, as demonstrated by a proof of con-
cept in the section “Proof of Concept, Future
Prospects, and Research Directions,” showcas-
ing OAM modulation; b) higher-order MIMO
provides multiple parallel data paths, scaling
data rates up to 64 MIMO streams, though this
increases channel training and processing com-
plexity. Researchers are trying to multiply this
number through extensive massive MIMO; c)
reconfigurable environments, utilizing reconfig-
urable intelligent surfaces (RIS), are envisioned
to enhance signal strength. Unlike traditional
methods, where channel impairments were
considered uncontrollable, the effective use of
intelligent environments could further improve
Shannon’s capacity.

PATHWAY T0 6G: IMT 2030 ENHANCEMENTS AND
INNOVATIONS

The previous section discussed the evolution of
wireless networks to date and highlighted future

trends. While significant advancements have
already been made, the focus is now shifting
towards a more flexible and unified framework
that accommodates a wide range of use cases.
Table 1 provides a comprehensive overview of
key 6G technologies. These are: a) the first row
demonstrates ISAC-assisted sensing for advanced
beam prediction, utilizing transmitted signals to
estimate the angle of arrival (AoA) through the
reflected signal as a probing mechanism, b) the
next row highlights Al-driven virtualization for
seamless network function virtualization (NFV),
enabling management for network load while
effectively handling potential threats and faults,
and c) the last row demonstrates ubiquitous con-
nectivity within a smart environment, enabling
more accurate indoor and outdoor positioning.
Moreover, this section delves into the IMT 2030
hexagon, including three enhancements and three
innovations, and summarizes key research findings
and essential steps towards the development of
the forthcoming network.

IMT 2020 EXTENSIONS: A CLOSER VIEW

IMT 2030 networks represent an evolution from
its predecessor, IMT 2020, which encompasses
the extension of the key pillars, including URLLC,
eMBB, and mMTC [5].

1) Enhanced URLLC (URLLC+): URLLC, a core
feature of 5G, ensures ultra-reliable communica-
tion with minimal latency, supporting applications
that require immediate responsiveness. Building
on this, the transition from URLLC to HRLLC aims
to enhance reliability and responsiveness further,
making it even more suitable for hyper-reliable
applications. Achieving this requires shifting of
processing capabilities closer to the end-user to
reduce delays. Consequently, techniques like
edge computing, combined with modern learn-
ing tools at the distributed edge, help minimize
transmission delays and enhance data security by
keeping computations closer to the source. More-
over, research efforts are being made to use the
THz band for extremely high data rates, ensuring
reduced reliability.

2) Redefining eMBB (eMBB+): The transition
from eMBB in 5G to immersive communication
in 6G represents a focus on higher data rates,
increased network capacity, and enhanced user
experiences. Specifically, immersive communica-
tion in 6G aims to deliver more interactive and
engaging experiences. From a high-end applica-
tion view, this shift can be enabled through the
adoption of technologies such as extremely large-
scale MIMO (XL-MIMO) and cell-free MIMO
(CF-MIMO) [6]. While XL-MIMO provides exten-
sive spatial degrees of freedom (DoF), CF-MIMO
ensures seamless connectivity beyond tradi-
tional cell boundaries, improving handover and
enhancing user performance at the cell edge.
Nonetheless, the focus of 6G is not limited to
high-end applications; features like network slicing
and extended RedCap strive to provide a seam-
less integration of low data rate applications.

3) Beyond mMTC (mMTC+): The shift from
mMTC to massive communication marks a sig-
nificant advancement in telecommunications.
This transition aims to form a versatile and inter-
connected communication ecosystem, enabling
it to support diverse users’ requirements. While
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TABLET. An Overview 6G Technologies and Application Support.

mMTC in 5G focuses on connecting a vast num-
ber of devices, massive communication focuses
on future developments, such as satellite integra-
tion, which potentially transform mobile and loT
networks.3

Key Findings and Essential Steps: Overall,
IMT 2020 extensions ensure better coverage,
speed, and scalability, opening the doors for
manifold benefits from household and industry
perspectives. For instance, HRLLC in manufactur-
ing is intended to offer seamless communication
between robotic systems and facilitate control of
production processes. On the other hand, HRLLC
makes it possible to support remote surgeries
and medical procedures where latency is para-
mount. Shifting to immersive communication is
more than an incremental improvement over its
predecessors with a broader exploration of com-
munication possibilities in 6G. Similarly, massive
communication aims to form a versatile and inter-
connected communication ecosystem, enabling it
to support diverse users’ requirements.

Indeed, it would be challenging to ensure
the required degree of reliability. For instance,
edge computing undoubtedly brings manifold
advantages, yet it supports limited computation,
storage, and communication resources compared
to traditional cloud solutions and heterogeneous
infrastructures. Similarly, deploying a large num-
ber of antennas brings more parallel channels,
but it comes at the cost of vast channel estima-
tion challenges over such a large array, especially
in high mobility scenarios where the coherence
window remains significantly small. Nonethe-
less, global efforts are being made to overcome
these limitations through complementary network
and wireless technologies. For instance, study

items (SI) from Release 15 and beyond involve
the identification of potential NTN scenarios,
architectures, fundamental NTN issues, and cor-
responding solutions. Further, it is to support 5G
NR’s basic features through both regenerative and
transparent satellite systems.*

6G INNOVATIONS: NEWLY ADDED CAPABILITIES

In addition to the extensions of 5G technologies,
IMT 2030 encompasses three new capabilities,
including IAAC, Ubiquitous connectivity, and
ISAC.

1) Ubiquitous Connectivity: Ubiquitous con-
nectivity envisions a network infrastructure well
beyond the traditional boundaries [8], ensuring
that the users experience a seamless connection
regardless their location or mobility. Nonetheless,
the ubiquitous deployment can only be brought
through the seamless connection of sensors and
devices, offering innovative solutions for modern
problems like agriculture experience via precision
farming techniques. Besides, such interactions
lead to a heterogeneous scenario, which can bring
through techniques like cell-free architectures,
including multiple access points that collaborate
to enhance reliability and reduce interference.

2) Integrated Sensing and Communication:
ISAC is another transformative capability which
brings together a seamless fusion of advanced
sensing technologies and robust communication
systems via the real-time gathering, processing,
and exchange of data [9]. Specifically, the syn-
ergy of sensing and communication prepares a
backbone for the applications that demand the
integration of sensor data, improved resource
utilization, and a more interconnected and
responsive ecosystem. For instance, ISAC-enabled

3 Notably, 3GPP has official-
ly launched research into
integrating satellite communi-
cations with 5G New Radio
(NR) technologies, known as
NTN. [7]

4 Besides, organizations

like the ITU are working on
spectrum harmonization of
NTN since satellites are likely
to cover beyond the physical
boundaries.
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5 The coexistence of
communication-sensing
paves the way for several
industrial opportunities,
including supporting novel
industrial features, e.g.,
production lines, equipment
monitoring, and logistics
coordination.

approaches are utilized for users’ localization
for simultaneous channel estimation and beam-
forming, leading to enhanced communication
performance, as shown in Table 1.

3) IAAC: The amalgamation of Al and com-
munication for 6G signifies a groundbreaking
step toward an intelligent, adaptive, and secure
wireless framework [10]. Incorporating Al-driven
predictive algorithms facilitates more optimized
resource management, predictive bandwidth
demands, and optimizing spectrum usage, leading
to a more reliable communication infrastructure.
Moreover, the integration extends to the net-
work’s edge, enabling intelligent edge computing
for faster response times in applications such as
AR and autonomous systems. Furthermore, Al
enhances network security by proactively detect-
ing and responding to potential threats, fortifying
the communication infrastructure against cyber
attacks.

Key Findings and Essential Steps: Overall, new
capabilities in 6G focus on network flexibility and
technology integration. Whereas ubiquitous con-
nectivity extends network infrastructure beyond
traditional limits, the coexistence of communica-
tion and sensing in ISAC improves communication
performance joint sensing and communication.
Besides, integrating Al into communication frame-
works provides more intelligent and adaptive
systems. Accordingly, the forthcoming network
will benefit from advanced sensing technologies
such as user localization and simultaneous chan-
nel estimation. Moreover, IAAC marks a pivotal
advancement, providing network security by
proactively detecting threats and supporting intel-
ligent edge computing for faster response times in
applications such as AR and autonomous systems.

Indeed, the implementation of such a network
requires collaborations among distinct tech-
nologies. Similar to other wireless frameworks,
reduced interference will be the key to seamless
device integration to enable smooth communica-
tion in diverse settings, where ISAC fusion can do
wonders with precise user localization and beam-
forming. Moreover, Al-driven algorithms must be
incorporated to optimize resource management
and spectrum usage, making networks more effi-
cient. Overall, ensuring such collaboration across
technologies requires solutions to such challenges,
standardizing protocols through organizations,
and fostering multi-stakeholder partnerships to
align efforts and goals. The next section primarily
focuses on 6G implementation challenges and
efforts.

PATHWAY T0 6G: ASSOCIATED CHALLENGES AND
EFFORTS

Referring to Fig. 1, the paper outlines three key
innovations, three notable extensions, and three
major challenges. This section delves into these
challenges and highlights ongoing efforts to
address them, as illustrated in Fig. 3.

ASSOCIATED CHALLENGES: AN INSIGHT

As discussed, 6G aims to unify a broad range
of use cases supported by diverse technologies
within a unified framework. Achieving this vision
necessitates a globally coordinated standardiza-
tion effort to ensure seamless integration, efficient
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FIGURE 3. Key 6G challenges and correspond-
ing efforts by organizations and emerging
technologies.

spectrum planning and management, and a trans-
parent strategy to strengthen security and privacy.
6C Standardization: Standardization is one of
the critical pillars in shaping the global 6G land-
scape, though it presents unique challenges that
must be addressed to realize a unified and future-
ready framework; a) one of the challenges lies
in establishing a consensus on key performance
requirements, use cases, and architecture mod-
els, b) another challenge arise in the form of
Al-enabled adoption as 6G aims to utilize Al at the
core of network operations, demanding standards
for training and deployment. Despite Al holds sig-
nificant potential to address the associated issues,
incorporating Al across the protocol stack poses
another critical challenge, c) moreover, the diver-
gence in regional and organizational priorities,
i.e., among standard bodies like 3GPP, ETSI, etc.,
may impose barriers to achieving global harmo-
nization, and d) finally, the inclusion of recently
emerging technologies, e.g., quantum communi-
cation, RIS, etc., may require redefining channel
models and network functionalities, making the
standardization process technically intensive.
Spectrum Planning and Management: This
emerges as another challenge due to the pursuit
of additional bands, increasing the technical, regu-
latory, and strategic hurdles, for instance; a) while
a few research studies find THz bands highly use-
ful to support terabit-per-second (Tbps) data rates
[2], global regulatory consensus is still lacking,
b) besides, operating in the higher perspective
range brings additional propagation challenges,
requiring innovations in adaptive modulation and
channel estimation techniques, c) yet another
challenge occurs due to the coexistence with
existing systems as backward compatibility with
5G and earlier systems must be carefully man-
aged to ensure smooth network evolution.
Security and Privacy: As 6G systems are envi-
sioned to support mission-critical and real-time
applications, securing the underlying Al models
becomes a critical aspect of 6G cybersecurity.
Threats such as data poisoning and adversarial
machine learning can significantly undermine the
integrity of the autonomous decision-making pro-
cess. Although several innovative solutions are
emerging to address these concerns, they bring
new challenges; a) ISAC, while promising, may
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expose sensitive environmental or user data if
not carefully managed, leading to potential pri-
vacy breaches, b) likewise, quantum computing
presents a dual-edged scenario as it enables
ultra-secure communication through quantum key
distribution but simultaneously threatens current
cryptographic systems in the long term [11], ¢)
furthermore, the convergence of communication,
computation, and storage at the network edge
introduces edge-centric security risks, as data
is processed and retained closer to end users.
Collectively, the key challenge is to design light-
weight, scalable security protocols that can
operate effectively across highly heterogeneous
and resource-constrained devices.

Key Findings and Essential Steps: In light of
the aforementioned challenges, it is clear that
while 6G presents several opportunities, it also
accompanies several challenges that require
a coordinated and forward-looking strategy.
Although IMT-2030 outlines key expectations
and formal groundwork for 3GPP Release 21,
the scope of 6G necessitates ongoing techno-
logical exploration and innovation. Crucially,
standardization efforts must be accelerated by
early-stage collaborative research and active pol-
icy engagement to ensure global coherence and
alignment. Simultaneously, the effective spectrum
utilization demands advancements in radio tech-
nologies, dynamic spectrum sharing mechanisms,
and adaptable licensing models, necessitating
harmonized regulatory frameworks for scalable
and reliable deployment. Furthermore, security
continues to be a foundational pillar for 6G, par-
ticularly with the integration of Al and sensing
technologies, which pose new challenges in ensur-
ing transparency, real-time responsiveness, and
data privacy. Addressing these concerns requires
the development of advanced encryption meth-
ods and privacy-preserving mechanisms that can
secure both communication and sensory data.

PROOF OF CONCEPT, FUTURE PROSPECTS, AND
RESEARCH DIRECTIONS

Among the key wireless advancements high-
lighted in previous sections, the continuously
growing demand for higher data rates remains
critical, emphasizing the need to utilize the THz
spectrum. Acknowledging the severe attenuation
challenges associated with THz frequencies, sub-
stantial research efforts are underway to address
and mitigate these issues. A promising technol-
ogy is OAM multiplexing, which efficiently utilizes
sub-THz communications. As a proof of concept,
this section demonstrates the transmission using
an OAM multiplexing performed by Sasaki et al.
[12]. The successful implementation of sub-THz
OAM multiplexing, one of the most technically
challenging 6G technologies, demonstrates the
feasibility of other emerging innovations, such as
ISAC, IAAC, and ubiquitous connectivity. This sec-
tion summarizes the directions of future research
and parallel activities.

PRoOF oF CoNCEPT: SuB-THz OAM TRANSMISSION

OAM multiplexing is based on the physical prop-
erty of electromagnetic (EM) beams with spatial
phase and amplitude distributions, where beams
with different OAM modes appear orthogonal. A
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FIGURE 4. An illustration of a) the wavefront of the OAM modes and spatial
phase distribution on a plane vertical to the propagation axis and b) sche-

matic design of a multi-layer 8 x 8 Butler matrix for OAM multiplexing [12].

FIGURES. Experimental setup in a shielded room [12].

1.58 Thps wireless transmission has been demon-
strated over a wideband Butler matrix, forming
a uniform circular array (UCA) in the sub-THz
band. An illustration of the OAM modes and asso-
ciated spatial phase distribution is given in Fig.
4(a), whereas Fig. 4(b) illustrates the schematic
design of a multi-layer 8x8 Butler matrix for OAM
multiplexing. Specifically, the Butler matrix is a
low-power passive analog circuit that generates
and separates OAM beams without digital signal
processing. The designed Butler matrix in Fig. 4(b)
provides mode isolation of more than 15 dB in
135 to 170 GHz, allowing up to sixteen streams
without harmful interference over the eight OAM
modes and dual polarization.

Fig. 5 illustrates the experimental setup in the
shield room, featuring the OAM multiplexing and
embedded with the given Butler matrix, where the
propagation axes of the oppositely arranged UCAs
are aligned using optical lasers before transmission.
All OAM waves are transmitted simultaneously. The
diameter of the UCAs and transmission distance
were 6 cm and 1 m, respectively. This distance can
be extended arbitrarily by enlarging the diameter of
UCAs or by using parabolic reflectors or a dielec
tric lens to expand the effective diameter of the
UCAs of the Butler matrix, and Yagi et al. reported
a successful distance extension to 20 m using para-
bolic reflectors [13].
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FUTURE RESEARCH DIRECTIONS AND VISIONS

As outlined above, implementing next-generation
networks faces several challenges, such as ensur-
ing communication reliability over the THz band,
managing the coexistence of low data rates and
high-end applications, optimizing spectral and
energy efficiency, and addressing privacy con-
cerns. In light of these challenges, the following
are some key future opportunities.

Energy/Spectral Efficient Adoption: Energy
efficiency is a key focus for IMT 2030, with ongo-
ing efforts to develop sustainable and green
technologies, along with energy-saving hardware
and protocols. This includes exploring advanced
network designs like self-organizing networks and
network slicing. Additionally, IMT 2030 combines
various technologies, requiring further research
into security, global interoperability, and smooth
communication across different networks and
devices. Moreover, innovations like RedCap
must be expanded to meet the needs of 6G and
beyond, ensuring user-friendly systems with fea-
tures like web-based case reports and real-time
data validation.

Leveraging 5G Numerologies: 6G focuses on
both high-end and low-data-rate IoT applications,
making it important to have a flexible network that
can support different needs. To address this, 3GPP
Release 18 and beyond highlight a key 5G New
Radio feature called multiple numerologies. This
allows the network to choose the best sub-carrier
spacing (SCS) based on the user’s needs, wire-
less conditions, and how quickly data needs to be
sent. However, the full potential of numerology
selection is still unexplored, offering opportuni-
ties for further QoS-based customization to meet
specific application needs with optimal service
quality.

Seamless RIS Integration: The dynamic nature
of wireless channels continues to pose significant
challenges, particularly in ensuring performance
over THz waves. To address this, wireless solutions
have increasingly focused on reconfiguring the
environment through engineered surfaces. Known
for its ability to control wireless signals, RIS is
being considered a key technology for future
wireless generations [14]. However, RIS intro-
duces substantial channel estimation overhead
due to the large number of elements involved,
presenting opportunities for research into
low-complexity RIS solutions. Overall, address-
ing these challenges holds immense potential for
transforming next-generation networks. RIS has
already proven its utility in various innovations,
including adaptive beamforming, data indexing,
physical layer security, and ubiquitous global con-
nectivity [15]. Moreover, research efforts in this
direction have already been initiated, e.g., the
ETSI formed industry specification groups (ISG) to
advance RIS research.

Advanced Security Solutions: A significant
challenge lies in ensuring data privacy, particularly
in Al-based networks that rely on shared data.
Innovative solutions are being explored to secure
both the physical and upper-layer algorithms to
address this. RIS has been suggested as a way to
enhance physical layer security. Meanwhile, upper-
layer encryption methods must be improved to
handle the complexities of Al-powered networks.

Interestingly, Al can strengthen and weaken
security, where machine learning models can be
optimized to detect threats, utilizing federated
learning as a valuable approach, allowing models
to operate on devices without directly sharing data.

CONCLUSION

This article provided a comprehensive overview of
the evolution of wireless communication technolo-
gies, from the foundations to recent advancements.
Then, we investigated the cutting-edge technolo-
gies in 5G and the ongoing progress towards 6G,
reviewing the recommendations of IMT-2030. Fur-
ther, we discussed specific features of IMT 2030,
including three IMT-2020 extensions and three
innovations. In addition, we identified and analyzed
three key challenges in implementing 6G, along
with global standardization efforts. Moreover, we
demonstrated a proof of concept by transmitting
THz signals using OAM multiplexing, a promising
technology for THz transmission. Finally, we iden-
tified research opportunities and future directions
inspired by IMT-2030 recommendations, paving
the way for continued exploration and innovation
in wireless communication.
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