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Abstract�Fifth generation (5G) mobile communication
systems have entered the stage of commercial deployment, pro-
viding users with new services, improved user experiences as well
as a host of novel opportunities to various industries. However,
5G still faces many challenges. To address these challenges, inter-
national industrial, academic, and standards organizations have
commenced research on sixth generation (6G) wireless communi-
cation systems. A series of white papers and survey papers have
been published, which aim to de�ne 6G in terms of requirements,
application scenarios, key technologies, etc. Although ITU-R has
been working on the 6G vision and it is expected to reach a
consensus on what 6G will be by mid-2023, the related global
discussions are still wide open and the existing literature has
identi�ed numerous open issues. This paper �rst provides a com-
prehensive portrayal of the 6G vision, technical requirements,
and application scenarios, covering the current common under-
standing of 6G. Then, a critical appraisal of the 6G network
architecture and key technologies is presented. Furthermore,
existing testbeds and advanced 6G veri�cation platforms are
detailed for the �rst time. In addition, future research directions
and open challenges are identi�ed to stimulate the on-going global
debate. Finally, lessons learned to date concerning 6G networks
are discussed.

Index Terms�6G vision, 6G key performance indicators
(KPIs), 6G application scenarios, 6G network architecture, 6G
key technologies, 6G testbeds, 6G challenges.
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I. INTRODUCTION

W ITH the rapid development of communication appli-
cations, communication technologies are undergoing

revolutionary changes generation after generation. Up till now,
the development of cellular mobile communication systems
has undergone �ve generations. From the �rst generation (1G)
analog communication systems to �fth generation (5G) digital
communication systems, each generation incorporates higher
frequencies, larger bandwidths, and higher data rates. Starting
from 2019, 5G has been of�cially commercialized, employ-
ing sub-6 GHz and millimeter wave (mmWave) bands, with
a peak rate of 20 Gbps. From the architecture�s perspective,
mobile communication systems have been evolving towards
more antennas, more advanced multiple access technologies,
and richer services, as shown in Fig. 1. The 5G base stations
exploit massive multiple-input multiple-output (MIMO) [1],
mmWave, and ultra-dense networking (UDN) technologies [2],
supporting up to 64 transceiver chains with more antenna ele-
ments. Currently, commercial 5G base station products using
128 antennas are mature, and HUAWEI is the �rst to release
a massive MIMO base station with 384 antennas [3]. In addi-
tion, 5G can support augmented reality (AR), virtual reality
(VR), and Internet of Everything (IoE).

A. 5G Limitations and Challenges

Although 5G offers signi�cant improvements over fourth
generation (4G) communication systems, it still has sev-
eral limitations. Currently, there are applications and services
requiring better communication performance that is beyond
5G�s capabilities, such as global coverage, ultra-high data rate
transmission, ultra-low latency, ultra-dense connection, high
precision positioning, ultra-reliable and safe connection, low
power consumption, high energy ef�ciency (EE), as well as
ubiquitous intelligence. To address these limitations, several
challenges need to be addressed. Global maritime communi-
cations and satellite communications in high-latitude regions
need to be further explored to achieve global coverage. Ultra-
high data rate transmission needs to be signi�cantly improved
so that the peak data rate can reach Tbps level, supporting
services such as ultra high-de�nition video and telemedicine.
At low transmission speed, the end-to-end (E2E) latency needs
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TABLE I
SUMMARY OF 5G LIMITATIONS AND CHALLENGES

to be less than 1 millisecond, while at high speed, the latency
should reach the microsecond level. The connection density
should reach 108 devices/km2, meeting the needs of connect-
ing dense crowds and industrial equipment. In addition, the
positioning accuracy needs to be improved to achieve an out-
door centimeter level and an indoor sub-centimeter level for
high precision positioning. A series of novel applications such
as tactile Internet, vehicle to everything (V2X), and wireless
data centers, have higher requirements for reliability. Energy
consumption is also a key issue for many applications, and
consequently the power consumption needs to be reduced and
the network EE needs to be increased by 100 fold. Moreover,
a great number of intelligent applications prompt communica-
tion systems to have a higher intelligence level. By analyzing
the gaps between 5G capabilities and future demands, Table I
summarizes the limitations and challenges of 5G, which are
expected to be explored and resolved in sixth generation (6G)
communication systems. Detailed analysis of 5G and 6G KPIs
will be introduced later.

B. Recent Developments

The evolution of wireless communication systems is roughly
an iterative process of every ten years. At present, the
research on 6G is in the early stage of exploration, and
a collection of countries and standardization organizations
around the world have announced their plans for 6G research.
In 2018, the Finnish government launched the �rst large
6G research program in the world. In the United States,
the Federal Communications Commission (FCC) opened the

Fig. 1. 1G-5G: Antennas, multiple access technologies, and services.

terahertz (THz) spectrum for 6G research and proposed
the idea of developing 6G based on �mmWave + THz
+ satellite� in Mar. 2019. In Oct. 2020, the Alliance for
Telecommunications Industry Solutions (ATIS) led the for-
mation of the NextG Alliance, which is a trade organization
specializing in the management of 6G development in North
America. In China, the Ministry of Science and Technology
of�cially launched the 6G research in Nov. 2019, and the
International Mobile Telecommunications 2030 (IMT-2030)
promotion group was established to promote 6G technology
research. In Apr. 2020, Japan�s Ministry of Internal Affairs
and Communications released Japan�s 6G strategic plan. In
South Korea, the time schedule for 6G was released in Jan.
2020, and it was expected to be commercialized in 2028. In
Apr. 2021, Germany announced an investment in 6G research,
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TABLE II
SUMMARY OF GLOBAL 6G PROJECTS

including a 6G Research Hub and a 6G Platform. In Europe,
the 6G Smart Networks and Services Industry Association
(6G-IA) has been set up for next-generation networks and
services. As an international organization for standardization,
the International Telecommunications Union (ITU) released
the initial schedule of 6G research in Feb. 2020. It is expected
that the research on the 6G vision and corresponding technical
propositions are likely to be completed by 2023. As exempli-
�ed in Table II, a series of pioneering projects focusing on
next-generation wireless networks have been initiated around
the world.

The above plans come with very active preliminary works
on 6G. A series of white papers and related survey papers have
been released, de�ning the envisioned requirements, applica-
tion scenarios, key performance indicators (KPIs) of 6G, and
discussing the network architecture as well as key enabling
technologies, etc. For example, Finland�s 6G �agship orga-
nization released the �rst 6G white paper [4] in Sept. 2019,
proposing the vision of �ubiquitous wireless intelligence� and
focusing on the key drivers, challenges, and related research
issues of 6G. After that, it also released a series of white
papers [22], covering networking, machine learning (ML)
applications, business, edge intelligence, security, and other
aspects of 6G. In [23], Rohde & Schwarz released a white
paper exploring the evolution of 5G to 6G and forecast-
ing 6G key technologies. In [24], Ericsson focused on the
vital role of arti�cial intelligence (AI) in the next genera-
tion of intelligent networks, identifying �ve distinct challenges
regarding the applications of AI in 6G. In China, the China
Center for Information Industry Development (CCID) took
the lead in releasing a white paper [25] on the 6G concept
and vision in Mar. 2020, and conducted an investigation [26]

on the global progress and development prospects of 6G in
Apr. 2021. In addition, HUAWEI [27], China Mobile [28],
China Unicom [29], UNISOC [30], DATANG Mobile [31],
have also carried out a series of initial research projects on 6G.
The IMT-2030 promotion group in China released 6G white
papers, de�ning business scenarios and potential key technolo-
gies [32], as well as typical applications and KPIs [33] for 6G.
In [34], NTT DOCOMO carried out research on the further
evolution of 5G and the requirements, use cases, and related
technologies of 6G, pointing out that the technology of mobile
communication system changes every ten years, and the cycle
of creating new value for the markets on mobile communica-
tion business is about 20 years. In [35], Samsung envisioned
that 6G would provide users with ultimate experience through
hyper-connectivity between humans and everything. Besides,
several alliances in the communication industry have also car-
ried out early works on 6G. The Next Generation Mobile
Networks (NGMN) alliance analyzed the driving factors of
6G from social goals, market expectations, and necessities,
and discussed the journey from 5G to 6G from the perspec-
tive of a 6G vision [36]. The 5G Infrastructure Association
(5GIA) released a white paper [37], looking forward to
6G in terms of driving force, necessities, key technologies,
and architecture. In addition, the 6G Alliance of Network
AI (6GANA) has been actively exploring the realization of
network AI and the construction of endogenous intelligent
6G networks [38]. Meanwhile, there are a large number of
6G survey papers [39], [40], [41], [42], [43], [44], [45], [46],
[47], [48], [49], [50], [51], [52], [53], [54], [55], [56], [57],
[58], [59], [60], which provide outlooks on 6G from different
perspectives such as vision, requirements, use cases, and key
technologies. These forward-looking 6G review works have
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TABLE III
A COMPARISON OF EXISTING 6G SURVEY PAPERS

also inspired a variety of researches on potential 6G-oriented
technologies.

C. Key Contributions

With the rapid development of the mobile communications
industry, there is an urgent need to solve the limitations of
5G and continue to develop 6G. Based on a series of existing
forward-looking 6G works, we provide a comprehensive dis-
cussion and summary of 6G. This paper aims to put forward
the de�nition of 6G covering the current common understand-
ing of 6G and to investigate the most recent developments in
6G thoroughly. A brief comparison of this survey paper with
existing 6G survey papers is given in Table III. The novelty
and contributions of this survey can be summarized as follows.

1) The global 6G vision, KPIs, and application scenarios
are critically appraised, covering the current common
threads of 6G research.

2) The development trends, research status, and standard-
ization progress of the 6G network architecture as
well as key technologies are examined. Furthermore, a
promising 6G network architecture is proposed.

3) Crucially, the existing 6G testbeds concerning the 6G-
style wireless channels, the pivotal 6G components, and
6G veri�cation platforms are reviewed for the �rst time.

4) Commencing from the global 6G vision, a suite of
open research directions and key challenges of 6G
are discussed, concluding with the lessons learned
from the critical evaluations of vast body of literature
cited.

The rest of the survey is organized based on the rationale of
outlining the rich state-of-the-art relying on 600+ authoritative
citations and crisp summary tables, followed by identifying
the critical knowledge gaps. The existing concepts are then
critically appraised in terms of their pros and cons as well as
trade-offs, paving the way for addressing the open research
problems by following a range of promising avenues, whilst
avoiding pitfalls.

An illustration of the outline of this survey paper is shown
in Fig. 2. To elaborate a little further in the above-mentioned
spirit, Section II introduces the 6G vision and compares it with
relevant papers, illustrating the comprehensive nature of the
emerging 6G vision. Section III details the 6G KPIs and appli-
cation scenarios. The relationships between these 6G KPIs
and compelling application scenarios as well as the inevitable
trade-offs between 6G KPIs are also discussed. In Section IV,
the evolution of the 6G network architecture is scrutinized
and a novel 6G network architecture is proposed. Section V
introduces the whole spectrum of key 6G enabling technolo-
gies relying on a four-pronged attack. The standardization
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Fig. 2. The outline of this survey paper.

progress of the 6G network architecture and key technolo-
gies are summarized at the beginning of Section VI. A unique
distinguishing aspect of this treatise is that in Section VI the
pioneering 6G-style wireless channel simulators and sounders,
the key technology evaluation testbeds and veri�cation plat-
forms are examined. Future research directions and challenges
on the road to making the 6G vision a reality are outlined in
Section VII. Finally, the key lessons learned from the critical
appraisal of the literature and our conclusions are offered in
Section VIII.

II. THE GLOBAL 6G VISION

6G is expected to be different from 5G in several aspects.
From the perspective of application requirements, 5G extended

the �Mobile Internet� in 4G to the �IoE�. Based on 5G, 6G
will continue to enhance the mobile Internet and IoE but will
also deeply integrate them with AI and big data to realize
the intelligent IoE. As for technical requirements, compared
with 5G, 6G will pursue wider coverage, higher rates, more
connections, ultra-low latency, ultra-high positioning accuracy,
integration of communications and sensing, more intelligence,
more security, and better substitutability. Note that 6G will be a
network that goes beyond communication. These application
requirements and technical requirements lead us to envision
what the 6G will be like.

While 5G is being rolled out globally, a number of research
initiatives have proposed ideas for the 6G vision. In Sept. 2019,
the 6G �agship led by the University of Oulu published the
world�s �rst 6G research white paper and proposed the vision
of �ubiquitous wireless intelligence� for 6G [4]. In Mar. 2020,
the white paper on 6G concept and vision published by the
CCID envisaged 6G to open up a uni�ed network of ubiquitous
intelligent connection between virtual and real worlds [25].
In Nov. 2020, UNISOC published a white paper, hoping 6G
can achieve the link between macro and micro, the fusion of
virtual and reality, the mapping between digital and physi-
cal, the crossing of past and future, and the matching between
technologies and requirements, emphasizing the importance of
AI [30]. In Dec. 2020, it was expected by DATANG Mobile
that the 6G capability of basic communication, intelligence,
wireless sensing, network security, and network computing
power would be enhanced [31]. In Apr. 2021, the NGMN
alliance analyzed driving factors of 6G and presented the over-
all vision of 6G in terms of 6G attributes and key design
considerations [36]. In June 2021, the IMT-2030 promotion
group envisaged the 6G vision of �intelligent connection of
everything and digital twins� [32]. In Aug. 2021, HUAWEI
looked forward that 6G would realize the �Intelligence-of-
everything�, the interconnection of people and things would
eventually evolve into an intelligence interconnection [27]. In
addition to 6G white papers that have been published by dif-
ferent organizations, the 6G vision has also been put forward
in numerous works [40], [41], [42], [46], [47], [48], [50], [51],
[52], [54], [59]. Three characteristics of 6G were envisioned
in [40], i.e., mobile ultra-broadband, super Internet of Things
(IoT), and AI. The authors of [41] believed that 6G will enable
the blueprint of connecting everything, full-dimensional cov-
erage, technology cross-integration, and human-like intelligent
autonomy. A six-F trend set was proposed for 6G in [42] as
�full spectra, full coverage, full dimension, full convergence,
full photonics, full intelligence�. In [46], the �human-thing
intelligence� interconnectivity and tactile communication were
envisioned for 6G. Saad et al. [47] emphasized the impor-
tance of technology convergence, and proposed a holistic 6G
vision in terms of applications, trends and technologies. The
authors of [48] identi�ed that 6G is for the interconnection of
physical, biological, and digital worlds. China Mobile [50]
summarized the 6G vision as �digital twin and ubiquitous
intelligence�. It was looked ahead in [51] that the human
society would become a ubiquitous intelligent mobile soci-
ety in the 6G era. In [52], You et al. in Southeast University
(SEU) and Purple Mountain Laboratories (PML) put forward
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Fig. 3. 6G vision: Global coverage, all spectra, full applications, all senses, all digital, and strong security.

the 6G vision of �global coverage, all spectra, full applications,
and strong security�. Based on extensive investigations, the
author in [54] pointed out the disruptive transformations from
previous generations to 6G. In [59], Wang et al. envisioned the
vision of �intelligent connection of everything, digital twin�.

Overall, the 6G vision can be descripted as �global cover-
age, all spectra, full applications, all senses, all digital, and
strong security�, as shown in Fig. 3. In order to achieve
global coverage, 6G will expand from terrestrial communi-
cation to an integrated space-air-ground-sea communication
network. In order to meet the application requirements of
huge traf�c and huge connection, the full spectra will be
fully mined by 6G communication networks, including sub-
6 GHz, mmWave, THz, and optical bands. In order to serve
various vertical industries, communications, computing, stor-
age, control, sensing, positioning, AI, and big data will be
deeply integrated, giving birth to full application scenarios
such as ISAC. 6G will also provide users with a full sensory
experience through holographic communications and storage,
immersive extended reality (XR), tactile Internet, and other
applications. Based on the digital twin, 6G will realize the
mapping between the digital world and the physical world, and
�nally realize the intelligent connection of �human-machine-
things-environment�. Strong security is embodied by taking
the security into account when designing the communica-
tion network, known as network endogenous security [61],
including physical layer security and network layer secu-
rity. Combined with AI, 6G will also achieve intelligent
endogenous security.

A. Global Coverage

Currently, communication services are largely limited to
terrestrial mobile communications, while remote areas and
special scenarios are still blind zones. In order to achieve
ubiquitous global coverage, 6G will expand from terrestrial

communications to space-air-ground-sea communications,
integrating satellite communications [62], unmanned aerial
vehicle (UAV) communications [63], terrestrial ultra-dense
communication networks, maritime communications [64],
underwater communications [65], and underground communi-
cations [66]. By integrating various communication networks,
6G will achieve seamless three-dimensional (3D) ubiquitous
coverage and connectivity, providing multiple communication
services. The global coverage can provide communication
services to users with outside the coverage of terrestrial com-
munication networks, such as the remote area Internet access,
enhanced on-board communications [54], and communications
in underground mines. In the event of terrestrial commu-
nication network outage due to disasters (e.g., �ood and
�re), space-air networks can provide fast, stable, and high-
quality emergency services. The full-space deep coverage can
also realize the full-space environment monitoring, deep-sea
exploration, and other services.

In June 2017, the Sat5G Alliance was established in Europe
to explore the integration of satellites and 5G networks [67].
In July 2019, the ITU-R M.2460-0 report discussed key chal-
lenges of integrating satellite systems into the next generation
of mobile communication systems [68]. The 3rd Generation
Partnership Project (3GPP) also carried out a series of non-
terrestrial network (NTN) standardization work. The 3GPP TR
38.811 standard [69] and the 3GPP TR 38.821 standard [70]
were published, aiming at exploring the astro-earth fusion
communication architecture. With the continuous development
of technologies and the deepening of standardization work,
6G will eventually achieve global coverage with the help of
space-air-ground-sea integrated communication networks.

B. All Spectra

As new high-data rate communication services and appli-
cations continue to evolve, the demand for wireless mobile
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traf�c is increasing exponentially. Existing communication
systems are facing the challenge of spectrum congestion in
the radio frequency (RF) band, which is insuf�cient for higher
rate services. The 5G has already made nearly full use of
sub-6 GHz and started to explore the mmWave band [71].
In the 6G era, in order to meet the technical requirements
of huge traf�c and huge connection, all spectra including
sub-6 GHz, centimeter wave (cmWave), mmWave, THz [72],
and optical wireless bands [73] will be fully exploited. The
THz band has the advantages of huge bandwidth and ultra-
high data rate [74], providing strong support for the 6G
wireless data center [75], nano Internet [76], ultra-short dis-
tance communications, and other new application scenarios.
The optical bands used for optical wireless communications
(OWCs) include infrared (IR), visible light, and ultravio-
let (UV) bands, with nearly thousands of THz of unused
spectral resources. Moreover, the visible light band has a
number of advantages, including being green and economi-
cal, no spectrum regulation, high security, no electromagnetic
(EM) interference [77]. In the scenario where RF commu-
nications are limited, OWCs have great application potential
and have spawned a series of optical communication tech-
nologies, including visible light communications (VLC), light
�delity (LiFi), optical camera communications (OCC), free
space optical (FSO) communications, and light detection and
ranging (LiDAR) [78].

As the �rst effort on the THz standardization work towards
6G, the IEEE 802.15.3d standard was released for the THz
band in the 300 GHz [79]. In terms of the standardization
for OWCs, existing work includes the IEEE 802.11 stan-
dard related to diffuse IR communications [80], the IEEE
802.15.7r1 aiming at short range OWCs [81], and the IEEE
802.15.13 working on multi-Gigabit/s OWCs [82]. In addition,
the IEEE 802.11bb task group had been working on integrat-
ing the light medium in the base IEEE 802.11 standards [83].
Based on the sub-6 GHz band and mmWave band of 5G, 6G
will explore higher frequency bands as needed, and �nally
realize the deep mining of the full spectra. Multiple frequency
bands will coexist and fuse with each other, to enable different
services.

C. Full Applications

With the diversi�cation of services and the continuous
development of communication systems, 6G will generate
massive data. New technologies, such as AI and big data,
will be fully utilized to explore the intelligent potential of
6G networks and realize a series of intelligent applications.
On one hand, these novel technologies will help the devel-
opment of more advanced and intelligent communication
systems, providing new ideas and paradigms in the research
of wireless channel modeling, network multiple access, rate
control, caching and reloading, secure and stable connec-
tions [74], [84]. On the other hand, the ubiquitous intelligent
6G networks will also provide intelligent applications, such
as smart cities, smart agriculture, and smart transportation. In
addition, 6G will not only provide communication services but
also other services that combine communications, computing,

storage, control, sensing, localization, and robotics, giving
birth to a series of diversi�ed service applications, such as
the ISAC [85], [86], [87].

In recent years, there has been continuous research interest
in wireless AI, which aims to integrate AI with wireless com-
munication networks. In June 2019, the 3GPP TR 23.791
de�ning the functional speci�cations for the data collection
and analysis in automated cellular networks was released [88].
Several organizations, including the open-RAN (O-RAN)
alliance, are also working on the combination of AI and wire-
less communication networks [89], [90]. Compared with the
wireless AI, the development of ISAC is still at a relatively
preliminary stage. It is hoped that various applications will
fuse deeply with each other, making joint contributions to the
realization of a smarter and more comprehensive 6G network.

D. All Senses

From 1G to 5G, the interconnection between people has
evolved into the interconnection between people and things.
In 6G, with the support of a variety of communication tech-
nologies, users will be provided with a full sensory experience
through holographic communications and storage, immersive
XR, tactile Internet, and other applications. People�s percep-
tion of reality is obtained through various sensory organs.
With the support of 6G providing reliable communications
with large bandwidth and low latency, all human�s �ve sense
information, including sight, hearing, touch, taste and smell
will be enabled through 6G communication networks and fully
reproduced in front of the user, achieving the fusion of virtu-
ality and reality [30]. It is envisioned that 6G communication
systems will realize multi-sensory interconnections, provid-
ing a wide range of applications in the entertainment, skill
learning, medical health, and other �elds [91], [92].

In June 2019, Qualcomm combined its technical advan-
tages in the XR �eld and mmWave frequency bands to launch
the world�s �rst XR platform that integrated 5G and AI, i.e.,
the Snapdragon XR2 platform [93]. Many technology com-
panies around the world, e.g., Qualcomm, Microsoft, Apple,
and HUAWEI, have conducted research on XR products. In
addition, the IEEE 1918.1 TI Standards WG [94] has also
been committed to the standardization of the tactile Internet,
discussing and studying the de�nition, KPI requirements,
application scenarios, architecture, interfaces, and other techni-
cal aspects of the tactile Internet [91]. It is believed that, under
the comprehensive promotion of future communication tech-
nologies and application requirements, 6G can �nally provide
users with a full sensory experience in a variety of scenarios.

E. All Digital

Thanks to the advancement of communications, sensing,
computing, storage, as well as the development of big data
and AI, in the 6G era, the digital twin technology will fur-
ther develop and evolve. The physical reality will be precisely
digitized, and the digital and physical worlds will map to
and in�uence each other [30]. The digital world is more
than a digital mapping of the physical world. Inferences and
predictions of the digital world can correspond to those of
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TABLE IV
A COMPARISON OF RELEVANT PAPERS ON THE 6G VISION

the physical world, accurately re�ecting and predicting the
physical world in real time [32] and serving as a refer-
ence for decision-making in the physical world. Through the
interconnection of the physical world and the virtual digital
world, 6G will realize the intelligent connection of �human-
machine-things-environment� including the �environment� of
the virtual world [25], driving a series of applications, such as
human body digital twins and digital twin cities [95].

At present, a number of standardization organizations have
carried out standardization works on digital twins [96], e.g.,
IEEE and ISO/IEC JTC1. At the same time, innovative high-
tech enterprises, such as Microsoft [97] and Siemens [98]
have also explored digital twin technologies and products. It
is believed that the 6G era will be a new era in which the
digital virtuality and physical reality are deeply integrated.

F. Strong Security

With the continuous development of communication
networks, security has become an important issue. In addition
to traditional security problems, such as virus and distributed
denial of service (DDoS) attacks, 6G will face a series of
new security threats, for instance, large-scale data breaches
and learning-empowered attacks with the development of
new application scenarios, new technologies, and huge user
information explosion [99]. On the basis of designing the
network to provide various new services, 6G also needs to
take security into consideration during its design to realize
strong security, including physical layer security and network
layer security. The quantum communication technology [100],
blockchain technology [101], and other potential security tech-
nologies will promote to constitute an endogenous security

mechanism to ensure that the 6G network is credible, man-
ageable and controllable. Combined with AI, 6G will also
realize the intelligence endogenous security, aiming at the
independent identi�cation and solution of network security
problems [102], [103].

The communication security has always been an important
focus of research. The ISO/IEC JTC1 SC27 standardization
group published a series of standards for information secu-
rity management, supply chain security management, network
virtualization security, including ISO/IEC 27005, ISO/IEC
27036, and ISO/IEC 27033-7. The 3GPP also published
3GPP TR 33.813[104] for network slicing enhanced security
research, and 3GPP TS 33.501 [105] for 5G system secu-
rity architecture and processes, etc. Besides, there are various
standardization organizations working on the 6G security, e.g.,
IEEE and ITU-T, as summarized in [106] The security is an
indispensable part of the 6G research. It is reasonable and nec-
essary to envision that the future 6G network will be a highly
secure and trusted network.

G. Summary

In summary, 6G will provide global coverage and be a
network offering a series of novel applications, such as intel-
ligent applications, full-sensory applications, and digital twin
applications. This will be enabled by deep mining of full spec-
tra and the integration of a range of new technologies. In
addition, 6G will be a network with endogenous security by
taking security into account.

A comparison of relevant papers on the 6G vision is given
in Table IV. It can be seen that the proposed consistent
description of the overall 6G vision in this paper is comprehen-
sive, covering most prospects on the 6G in current academic
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TABLE V
A COMPARISON OF RELEVANT PAPERS ON THE 6G KPIS

and industrial efforts. Besides, there are some new research
interests in the prospects of strong security, full sensory appli-
cations, and digital twins. They will be covered in this work
too.

III. 6G TECHNICAL REQUIREMENTS AND

APPLICATION SCENARIOS

Different application scenarios envisaged in the 6G vision
have different performance requirements for 6G communica-
tion systems. In this section, the 6G technical requirements
and application scenarios will be discussed in detail.

A. 6G Technical Requirements

ITU-R considered eight parameters to be KPIs of
International Mobile Telecommunications 2020 (IMT-2020),

while with the rapid development of mobile communication
networks, these indicators will not be suf�cient to cater for the
disruptive use cases and applications in 2030 and beyond. The
eight KPIs [107] used to assess 5G are still valid for 6G, but
the values need to be updated due to the development of tech-
nologies and the emergence of new applications. Besides, new
indicators are required for the evaluation of new services in
6G, including positioning, sensing, security, and intelligence.

In order to �ll this gap, a number of quantitative and
qualitative KPIs were proposed by different institutions and
scholars [4], [25], [27], [29], [30], [34], [35], [37], [41], [44],
[45], [47], [48], [50], [51], [52], [53], [54], [56], [57], [58],
[107], [108], [109]. A comparison of related works on 6G KPIs
is given in Table V. The table shows that the number of KPIs
proposed in the existing papers is limited and cannot capture
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Fig. 4. 6G KPIs.

all the important characteristics of 6G. Besides, the analysis
of KPIs in the literature is not thorough. In [4], [29], [30],
[34], [48], [53], [54], [108], the need for certain categories
of indicators, such as security and intelligence, was suggested
but corresponding KPIs were not de�ned. For some KPIs, the
reference values given by different papers vary greatly, such
as delay jitter and network EE [25], [108], [109], which may
cause confusion. Some new KPIs were proposed, but there
were no reference values given in the existing 6G survey
papers, such as cost ef�ciency, security capacity, and intelli-
gence level [52], [108]. Therefore, this paper aims to propose
more comprehensive and reasonable KPIs and de�ne their ref-
erence values based on extensive research and analysis. Fig. 4
presents the proposed 17 KPIs for 6G, and those marked in red
are not considered in 5G standardization. They are compared
with the indicators for 5G, providing readers with an intuitive
comparison. In Table VI, the classi�cation, de�nitions, refer-
ences, as well as comparison of 5G and 6G KPIs are given.
For 5G KPIs, corresponding references are labeled in the table.
The quantitative values of 6G KPIs are obtained through the
analysis of a number of literatures, which are explained in the
text. Next, the proposed KPIs will be categorized into four
classes and discussed as follows.

1) Data Rate & Delay: Due to the emergence of a number
of new services, higher rate and lower delay are inevitable for
6G communications. Three indicators are proposed to evaluate
6G performance in this regard. They are peak data rate, user
experienced data rate, and latency. For 6G networks, the peak
data rate can be 1 Tbps with the help of new technologies, such
as THz and OWCs, which can increase by more than 50 times
over 5G [27], [30], [35], [50], [53], [54], [57], [58], [109]. The
user experienced data rate, which is de�ned as the maximum

rate GB/userthat can be guaranteed with a probability of more
than 95% when required, will achieve 10 Gbps [27], [37], [50],
[51], [53], [108]. Latency, de�ned as the minimum delay of
air interface access, is expected to be 0.1 ms for some spe-
ci�c applications, such as intelligent driving, tele-surgery, and
industrial control [4], [25], [27], [29], [30], [34], [35], [44],
[48], [50], [51], [52], [53], [54], [108], [109]. Besides, delay
jitter is an important indicator to quantify the latency varia-
tions in communication systems. Thanks to the development
of deterministic networks [114], it can achieve 1 µs for 6G [4],
[25], [27], [29], [30], [34], [35], [44], [48], [50], [51], [52],
[53], [53], [54], [108], [109].

2) Capacity & Coverage: In order to support growing
demands for next-generation new scenarios, such as smart
factory and smart city, higher air traf�c capacity and con-
nection density are considered as essential conditions. The
area traf�c capacity is expected to achieve 10 Gbps/m2 [25],
[27], [29], [34], [44], [50], [53], and the connection den-
sity is expected to be 108 devices/km2 [4], [50], [52], [108].
Providing users with broader and seamless coverage is another
important requirement of 6G networks. For 6G, 3D global
coverage is expected to extend the 5G two-dimensional (2D)
terrestrial coverage [54]. The 5G network can only cover
land and some offshore areas, only 20% of land and 5% of
ocean [111], approximately equal to 10% of the whole earth.
The coverage percentage of 6G network is expected to be more
than 99% [51], [58]. In high-value areas, 6G coverage needs
to further improve EE and user experience, while in low-value
areas, it is important to reduce coverage costs [108].

3) Service Efficiency: In order to meet the need for sus-
tainable development, we propose three ef�ciency-related
indicators, taking the service ef�ciency at multiple levels into
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TABLE VI
COMPARISON OF 5G AND 6G KPIS

account. Owing to the development of advanced spectrum
management technologies, the spectrum ef�ciency (SE) of 6G
systems can triple that of 5G, reaching 90 bps/Hz [30], [44],
[51], [52], [54], [58]. Network EE refers to the number of bits
transmitted over 1 Joule. According to [108], the consumption
of a typical 5G base station is about 1-2 kW for an average
data rate of 10 Gbps. Therefore, network EE is about 107 bit/J
for 5G. For 6G, it is expected to increase by about 100 times
in order to provide more ef�cient services with the same or
lower energy consumption [27], [52], [108]. As a complement
to SE and EE, economic ef�ciency was introduced to evaluate
the effectiveness of the trade-off [115], [116], [117]. In [118],
a similar concept named cost ef�ciency was proposed as the
ratio of user�s data consumption bene�t and its data traf�c
cost. The trade-off between cost ef�ciency and EE for 5G
system was analyzed in [119]. However, it was not until the
advance of 6G system that the importance of cost ef�ciency
was gradually appreciated. For 6G, cost ef�ciency will help
equipment providers and service teams to consider the prof-
itability of the communication industry while providing quality
services to consumers. In [108], it was proposed that spending

on communication for a user is expected to be less than 1%
of gross domestic product (GDP) per capita. As a rough esti-
mate, the cost ef�ciency of 5G is about 10 Gb/$, with $10,000
GDP per capita and 100 GB/user/month communication cost.
The cost ef�ciency for 6G will become 500 Gb/$, based on a
doubling of GDP per capita and a 100-fold increase in service
traf�c.

4) Diversified Service Evaluation: 6G networks will largely
enhance and extend 5G applications [52]. With the increase
of applications, some indicators will be introduced to evaluate
the diversi�ed service quality for 6G communication systems.
High-speed mobile communication scenarios, such as high-
speed aircrafts and ultra-high-speed trains, place high demands
on mobility. The mobility of transceivers in 6G communication
systems can be more than 1000 km/h, which is a huge increase
compared with that in 5G [25], [29], [30], [44], [50], [51], [53],
[54], [57], [108], [109]. In [4], it was pointed out that limited
batteries would be an evident obstacle for the development
of IoT communication. Besides, in [27], it was stated that
scenarios such as smart city and smart home would have high
requirements on the battery life of sensing devices, and it would
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Fig. 5. Prospects of 6G operator/industry alliances for 6G application scenarios [120], [121], [122].

be necessary to improve the battery life to ensure the stable
availability of sensing devices. The longest battery life for
smart scenarios is expected to be 20 years [4], [27], [53]. The
development of the IoT places high demands on the reliability
of the communication system, that is, the correctness of the
transmitted information under a certain upper delay limit. From
Table V, it can be seen that reliability is not included in [107]
but has attracted considerable attention for 6G. Reliability
requirements of 6G networks are expected to be application
speci�c. For stringent scenarios such as strengthened ultra-
reliable and low latency communications (uRLLC), only one
erroneous bit is permitted in 10 million transmitted bits [48],
[53], [57], [109]. Sensing positioning and imaging are important
foundations for smart connections of all things. 6G positioning
accuracy is expected to reach 1 m for outdoor scenarios and
10 cm for indoor scenarios [4], [25], [108]. 6G sensing/imaging
resolution is expected to reach 1 mm [27]. In addition, two
important indicators, security capacity and intelligence level,
are proposed to qualitatively evaluate the service capability of
6G systems. It is believed that 6G communication systems can
achieve endogenous security through new technologies, such
as quantum communication and blockchain, so that the system
can have a higher security capacity. Related indicators have
been considered in [4], [29], [34], [45], [52], [53], [54], [108].
Besides, with the accelerated permeation of AI, the intelligence
level of the 6G communication system is expected to be greatly
enhanced [29], [30], [45], [52]. These two indicators have not
been quantitatively studied yet.

B. 6G Application Scenarios

In the 5G era, there are three main application scenarios,
i.e., enhanced mobile broadband (eMBB), massive machine
type communications (mMTC), and uRLLC, aiming to meet
high requirements for large bandwidth and high data rate,

large connection density, high reliability and low latency,
respectively. A number of relevant papers have demonstrated
their outlooks for 6G application scenarios. As exempli�ed
in Fig. 5, relevant operators and industry alliances have envi-
sioned several applications and use cases for 6G [120], [121],
[122]. It can be seen that the industry and operators are
highly interested in typical scenarios in different �elds, such as
immersive applications related to the personal �eld, robotics,
automation, and remote data collection in the commercial �eld.
Since diverse application scenarios have different requirements
on KPIs of communication systems, it is reasonable to clas-
sify application scenarios using KPIs, as for 5G. However,
most of these works only introduced several possible appli-
cation scenarios in 6G, but did not give a classi�cation for
these scenarios, including 6G white papers [25], [27], [29],
[30], [31], [32], [35] and a series of 6G survey papers [46],
[48], [49], [51], [57]. At the same time, classi�cations of
application scenarios in several works were not related to 6G
KPIs, e.g., applications for intelligent life, intelligent produc-
tion, and intelligent society in [50], immersive, intelligent, and
ubiquitous applications in [59]. Besides, classi�cations using
6G KPIs in other works are not comprehensive. For example,
the authors of [43] and [53] ignored a series of novel appli-
cations such as space-air-ground-sea integrated networks and
digital twin applications. You et al. [52] ignored new scenar-
ios that combine characteristics of typical scenarios de�ned in
5G. Jiang et al. [54] ignored the enhancement of 5G appli-
cations. Therefore, a comprehensive investigation of potential
6G application scenarios with a reasonable classi�cation is
urgently required.

Generally, 6G will continue to enhance and expand
the above application scenarios to achieve further-eMBB
(feMBB), ultra-mMTC (umMTC), and enhanced-uRLLC
(euRLLC). In 2030, these three scenarios will meet not only
traditional KPIs, such as data rate, connection density, and
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Fig. 6. Potential 6G application scenarios.

delay in communication systems, but also new KPIs in imag-
ing, positioning, sensing, security capacity, and intelligence
level, etc. Moreover, with the integration and development of
technologies, 6G will also develop several potential applica-
tion scenarios that combine characteristics of different kinds
of scenarios. In addition to the three scenarios strengthened
from 5G, it is envisioned that 6G will also provide additional
application scenarios including: 1) massive eMBB (meMBB),
aiming at high data rate, large bandwidth, and large connection
density, e.g., dense scene communications; 2) mobile broad-
band reliable and low latency communication (MBRLLC), for
scenarios with high data rate, large bandwidth, low latency, and
high reliability, e.g., wireless data centers and wireless brain-
machine interfaces; 3) massive uRLLC (muRLLC), requiring
low delay and high reliability while having large connections
for large-scale machine-type communication in special sce-
narios, e.g., smart transportation, smart factory, and industrial
IoT. Moreover, there could be other potential scenarios, such
as extremely low-power communications, digital twin appli-
cations, space-air-ground-sea integrated networks, as well as
long-distance and high-mobility communications. Our vision
for 6G application scenarios is shown in Fig. 6. Next, several
representative new application scenarios envisioned in the 6G
era will be discussed.

1) Wireless Data Center: With the development of science
and technology, various industries have produced a massive
amount of data, which plays a decisive role in supporting mod-
ern society. In addition, technologies, such as AI and big data,
are also expected to dig deeper into the hidden information
embedded in the data to achieve more intelligent applications.
In addition to focusing on technological development, these
massive amount of data also need enough space to store. At
present, data centers are mainly wired, with high complexity,
high maintenance costs, high power consumption, and large
space [46]. The demand for wireless data centers arises at

the moment. However, due to the challenges of implementing
ultra-high data rate transmission in existing wireless commu-
nication systems, they cannot meet the needs of data centers
for data storage, transmission, and scheduling. With the fur-
ther in-depth research of THz and the cloud data center, 6G
is expected to take advantage of the ultra-large bandwidth of
THz to achieve ultra-high data rate transmission [74], [123],
realizing the next-generation cloud-based wireless data cen-
ter [46], [75]. The data will be stored on multiple cloud
servers, and THz will serve as the transmission medium to
support deployments and operations of wireless data centers.

2) Tactile Internet: As summarized in Fig. 1, communi-
cation services in previous generations mainly focused on
the digitization of visual and auditory information. With the
advent of the 6G era, users� tactile information can also
be collected, digitized, and transmitted over the network,
�nally forming the tactile Internet. The basic characteristics
of the tactile Internet include the implementation of percep-
tion and synchronization actions, which can be used to transfer
�skills� [91]. Tactile robots will act as a multi-modal avatar
of human beings through the tactile Internet [124]. The users�
tactile information can be transmitted through the network,
and remote robots complete corresponding actions according
to the users� command. After acquiring the real-time sta-
tus remotely, users can interact and control accordingly. The
transmission of tactile information has very high requirements
on the network delay and reliability. In the future, doctors
can remotely guide robots to perform physical examinations
through the tactile Internet, and remote robots can help min-
ers to complete mining in high-risk areas. With the possible
realization of ultra-low latency and ultra-high reliability com-
munications, remote robotic surgery [92] may also become
possible.

3) Digital Twin Applications: At present, both academia
and industry are exploring the connection between the physical
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real world and the digital world. With the further develop-
ment and evolution of the digital twin technology, the physical
reality will be more precisely digitized. The digital world
and the physical world will map to and in�uence each other,
achieving simultaneous development [30], [99], [125]. What�s
amazing is that, with the help of AI and other intelligent
technologies, users� operations and predictions in the digital
world can correspond to the conditions in the physical world,
which provides a reference for decision-making in the phys-
ical world. Digital twins are expected to be used in many
�elds [31], [52], [95], [126], [127]. Typically, the city digital
twin system [95] is envisaged to include interconnected digital
twins of urban infrastructure, transportation networks, urban
ecological environment, power systems, and other systems,
providing a series of functions, such as the environmental
monitoring, emergency warning, and risk prediction. The real-
ization of the city digital twin will help the rapid and effective
decision-making of emergency plans and evaluation on urban
design management plans. Another example is the digital twin
body area network [52], which can simulate a virtual human
body through 6G and information and communications tech-
nology (ICT). It can track around the clock, predict diseases
in advance, and simulate the operations and medication on
the virtual human body. The ef�cacy of drugs can be pre-
dicted which can speed up drug development, reduce costs,
and improve the quality of human life. The combination of
digital twin body area network and cloud, fog, sensor layer
computing and other technologies will also help epidemic
management, such as corona virus disease 2019 (COVID-19),
including infection source search, drug development and other
aspects. The realization of these novel application scenarios
relies on smarter and more advanced 6G.

4) Wireless Brain-Machine Interface Applications: The
wireless brain-machine interface is a method to help users
control electronic devices through their brains, and is often
used to provide intelligent communication between users and
smart home applications or medical equipment [128], [129].
It transmits the users� brain signals to the electronic device,
and these signals are analyzed and converted into the command
and operations for the device [43]. The wireless brain-machine
interface is initially used in medical scenarios, providing a new
method of transmitting information on patients with neurolog-
ical injuries and diseases, such as paralysis and Parkinson�s, to
bring qualitative changes to the quality of their life. Recently,
BrainGate has implemented a high-bandwidth, high-precision,
and low-power wireless brain-machine interface system with
which two paralyzed testers can �perform� clicking and typ-
ing on a tablet computer using their brain signals only [130].
Also, the wireless system has been tested and its performance
is very close to that of wired computer peripherals. The
authors of [131] proposed a fully integrated wireless sensor
brain-machine interface, which can transmit key somatosen-
sory signals, �ngertip strength, and limb joint angles to the
brain, providing a new solution for transmitting somatosensory
feedback for the next generation of neuroprosthetics. In addi-
tion to applications in medical and health care scenarios, the
wireless brain-computer interface in 6G may also help users
better communicate with the environment and other users who

use wireless brain-computer interface-supported devices [47].
In the future, smarter 6G with higher speed, higher relia-
bility, lower latency, higher perception accuracy, and lower
power consumption will help the realization of wireless brain-
machine interfaces, providing impetus for the realization of a
smarter life.

5) Holographic Communication: In many science �ction
movies, there have been scenarios where the protagonist
communicates with another person�s virtual image, which is
expected to become a reality in the 6G era. People can see and
interact with holographic images of others, as if people were
communicating face to face in the same place. On the basis of
traditional 2D video communication, holographic communica-
tion can present high-precision real-time 3D images, requiring
very large bandwidth, low latency, and high-precision resolu-
tion. Information including the 2D resolution, color and 3D
tilt, angle and position will be transmitted through the com-
munication network [54]. In addition to real-time holographic
communications in the real world, holographic communica-
tion will also bring users the experience of connecting with
the past and the future [30]. Whether they are people who have
passed away, things that have disappeared, or things that have
not yet appeared, they can all be preserved and constructed
in a holographic manner. Users will be able to communicate
with these past and future holographic images, and get a new
experience in the past and future worlds.

6) Emergency Rescue Communication: From 1G to 5G, the
terrestrial mobile communication system has achieved higher
coverage, larger bandwidth, faster speed, lower delay, and
denser network. However, when an area suffers from large-
scale natural disasters, such as earthquakes, �oods, mudslides
or other severe accidents caused by humans, the terrestrial
communication network in the area may be completely para-
lyzed. People who need help cannot send out distress signals
in time, and the external rescue task will also be hindered.
Besides, there is not enough communication network coverage
in several scenarios, such as oceans and deserts. In the event
of accidents and emergencies, the golden 72 hours will be the
key to saving people�s lives. With the further realization of 3D
full space coverage in 6G, UAV [132], [133], [134] and satel-
lite communication networks [132], [135] will respond quickly
and be deployed on demand, providing emergency communi-
cations to help quick search and rescue. Taking the golden
rescue time into account, it is required to quickly provide a
large-bandwidth network deployment with suf�cient coverage
area. At the same time, because the non-terrestrial networks
have high battery requirements, it is hoped that the power
consumption can be as low as possible and the emergency
communication system can support for a longer period of time.

7) Immersive XR: XR is the collective term for VR, AR,
and mixed reality (MR). The VR enables users to interact with
another completely virtual digital world, while the AR pro-
vides users with an interactive experience of virtual objects
in real physical worlds. The MR integrates the VR and AR,
providing interactions for users with the real world, digital
VR world and completely virtual objects [43]. Although XR
has some practical applications in the 5G era, it is still in
the initial stage, similar to the video services of the mobile
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Internet [54]. With the continuous development of computing,
communication, sensing, imaging, storage, and other technolo-
gies, 6G will achieve a fully immersive XR. The virtual �ve
senses including sight, hearing, touch, smell, and taste will be
digitalized and transmitted. The video image resolution will
be higher, the color will be more real, and the delay will be
lower, giving users a more realistic and immersive feeling. In
the future, 6G�s ultra-high data rate, ultra-large bandwidth, low
latency, high reliability, high imaging resolution, high sensing
capabilities, and other characteristics will make immersive XR
applications possible, which can be used in a series of scenar-
ios such as entertainment, telemedicine, and remote industrial
control.

C. System Performance Analysis and Trade-Offs
Between KPIs

Due to the development of communication technologies and
the enrichment of service requirements, 6G will provide a
more comprehensive and high-quality communication experi-
ence and will exceed 5G in system performance on all fronts
as shown in Table VI. To evaluate 6G more thoroughly, the
proposed 17 KPIs can be used to analyze system performance
in terms of network transmission performance, network access
performance, network ef�ciency, and QoS.

Although 6G will have a step change in these 17 KPIs, the
KPIs often cannot be improved simultaneously in the same
system due to hardware impairments, actual propagation envi-
ronment and other limitations [136]. Moreover, performance
improvements in communication systems often come at the
cost of energy consumption. According to [137], the energy
consumption of 5G is more than three times that of 4G, and
thus it can be expected that the energy consumption of 6G
may exceed that of 5G. As a result, considering the resource
constraints, maintaining optimum performance in all aspects
is super�uous for a practical communication system. As men-
tioned previously, 6G systems will be extended to support
more abundant and various application scenarios. In addition
to communication, 6G is expected to offer new services, e.g.,
digital twins, AI, computing, localization, and sensing. Since
6G has a wide range of applications but system resources are
dif�cult to meet all the ultra-high performance demands simul-
taneously, the trade-offs of system performance metrics in each
scenario and application are inevitable. In [138], the authors
summarized the technical requirements in different 6G appli-
cation scenarios, including feMBB, umMTC, euRLLC, and
MBRLLC. For example, it was proposed that latency, jitter
and reliability are more signi�cant in euRLLC scenarios than
peak rate and connectivity. The different requirements for KPIs
appear in other 6G scenarios as well, and this is the theoreti-
cal foundation for analyzing the performance trade-offs. In this
survey paper, the 6G technical requirements for different appli-
cation scenarios are summarized in Table VII. For technical
requirements with existing quantitative ranges, e.g., data rate,
latency, and connection density, we investigate the quantitative
requirements of these KPIs in different application scenarios.
Note that each type of scenario does not require all indicators
to reach the extreme. So, we only provide quantitative speci�c

values for these indicators with high attention. However, for
the emerging security capacity and intelligence level that have
not been quantitatively studied yet, we only provide quali-
tative importance measure. As can be seen, there are great
differences between 6G requirements of KPIs in different
application scenarios. For example, digital twins impose high
demands on data rate, latency, area traf�c capacity, connec-
tion density, positioning, resolution, and intelligence level.
Extremely low-power communications require high level of
connection density and energy ef�ciency. A similar but sim-
pli�ed table was proposed in [54] and the table listed different
levels of demand for KPIs for different technologies. Hence,
trade-offs between KPIs based on their intrinsic relationships
and application scenarios have been a hot topic since 4G and
many scholars have conducted research on this fundamental
issue.

Among all the KPIs, SE and EE have been the most con-
cerned ones because every communication system upgrade is
accompanied by a magnitude increase in these two metrics.
For communication system operators, it is optimal to enhance
both SE and EE. Unfortunately, in actual system deployment,
EE decreases with SE enhancement, which means that it is
essential to achieve the optimal operation points in terms of
SE and EE for better overall performance [139]. In [140],
[141], the trade-offs between SE and EE for the relay system
were investigated while in [142] authors analyzed the same
trade-off for RIS-aided system. Based on the trade-off between
SE and EE, in [143] authors investigated power allocation
in satellite-vehicular networks and the hybrid time divi-
sion multiple access (TDMA) non-orthogonal multiple access
(NOMA) system design was proposed in [144]. Furthermore,
as a complementary KPI to SE and EE, cost ef�ciency has
also received wide attention. The SE, cost ef�ciency, and their
relationships were discussed for cellular networks in [145].
In [146], a quadrature space-frequency index modulation (IM)
scheme was proposed and the SE-EE-cost ef�ciency-economic
ef�ciency trade-off performance was investigated. An adap-
tive transmission scheme for integrated satellite-terrestrial
networks was invented in [147] and the trade-off among SE,
EE, symbol error rate, and economic ef�ciency based on the
proposed scheme was analyzed.

In addition to the trade-off between SE and EE, the study of
trade-offs between other KPIs is equally instructive for com-
munication system design. The data rate, latency, and their
trade-offs were investigated for secondary cellular networks
and UAV networks [148], [149]. Furthermore, the delay and
EE trade-offs also raise concerns. The trade-offs for D2D
communication and maritime wireless networks were analyzed
in [150], [151]. Reliability, as one of the most focused KPIs,
has similarly been extensively studied. Its trade-offs with secu-
rity, latency, and cost ef�ciency have been validated [152],
[153], [154], [155]. As to the trade-offs in different application
scenarios, in [156] the authors analyzed the delay and error-
rate performances and solved the delay-violation probability
minimization problem for the muRLLC scenarios in 6G cell-
free massive MIMO systems. In [157], the authors emphasized
the importance of EE and QoS in designing resource manage-
ment and network architecture for space-air-ground systems.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 



920 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 25, NO. 2, SECOND QUARTER 2023

TA
B

L
E

V
II

6G
R

E
Q

U
IR

E
M

E
N

T
S

O
F

K
P

IS
IN

D
IF

F
E

R
E

N
T

A
P

P
L

IC
A

T
IO

N
S

C
E

N
A

R
IO

S

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 



WANG et al.: ON THE ROAD TO 6G: VISIONS, REQUIREMENTS, KEY TECHNOLOGIES, AND TESTBEDS 921

The performance analysis of tactile Internet and the trade-offs
for URLLC massive MIMO systems were discussed in [158].
In short, the trade-offs between 6G KPIs for optimal system
performance have been widely recognized and the research on
SE, EE, capacity, reliability and other metrics has been fruit-
ful. However, due to the increased complexity of 6G systems
and the abundant application scenarios, there is still a need
for further research on 6G system performance analysis and
trade-offs between KPIs.

IV. 6G NETWORK ARCHITECTURE

With the continuous development of application require-
ments and technical requirements, the three major application
scenarios in current 5G are expected to be enhanced and
expanded in 6G. Novel application scenarios, such as digital
twins, integration of communication, computing, and sens-
ing, distributed AI applications, are also envisaged in 6G.
These enhanced and novel application scenarios put for-
ward higher requirements on the KPIs of the communication
system. In addition to the signi�cant enhancement of 5G
KPIs, communication systems are also required to acquire
new capabilities on positioning, sensing, imaging, intelligence
level, etc., as shown in Fig. 4. It is dif�cult to improve these
KPIs only by using new air interface technologies. Hence,
it is necessary to revolutionize the entire communication
network at the architecture level, to enable the network to
provide diverse applications and reduce the cost and energy
consumption.

From 1G to 5G, the communication network architecture
is developing in the direction of modularization, softwareiza-
tion, virtualization, and cloudi�cation. Key network architec-
tures in 5G include the network slicing, network functions
virtualization (NFV), software de�ned network (SDN), and
service-based architecture (SBA), making the network more
�exible and bringing improvements in multiple aspects includ-
ing application services and costs. However, there are still
many challenges in deploying these network architectures in
real networks. For the sake of application requirements, tech-
nical requirements, and cost considerations, the 6G network
architecture will integrate novel network architectures and
technologies on the basis of the further evolution of the
5G network architecture, moving towards the following �ve
directions: 1) 3D multi-network integrated; 2) secure and
trustworthy; 3) integration of communications, sensing, and
computing; 4) green, �exible, and lightweight; 5) natively
intelligent. Development trends of the 6G network archi-
tecture are summarized in Fig. 7. In addition, we have
speci�ed representative references to help readers understand
the corresponding concept for each key point of 6G network
architecture in Fig. 7. Some existing survey papers did dis-
cuss several potential architectural components, but they did
not analyze the evolution trend or propose any overall archi-
tecture for 6G, e.g., [43], [44], [47], [51], [52], [54], [56].
What�s more, the overall 6G network architecture introduced
in existing works [39], [41], [45], [48], [49], [50], [53],
[57] cannot cover all the design concepts. For example,
Huang et al. [39] ignored enhanced 5G architecture, �exible,

lightweight, and energy-ef�cient networks, deep fusion of
resources, and network security.

In this section, we will �rst review and summarize the
further evolution of the 5G network architecture, then intro-
duce the development trends of the 6G architecture one by
one comprehensively, and �nally we will propose a poten-
tial novel comprehensive network architecture for the 6G
communication network.

A. Further Evolution of the 5G Network Architecture

1) NFV: Traditional �xed hardware-based networks have
high deployment cost and low network �exibility. NFV is
a revolutionary network architecture that transforms �xed
networks to software-based programmable networks. Its
design concept is to decouple software and hardware [164].
With the help of virtualization technologies, multiple virtual-
ized servers can be deployed on one or more physical hardware
resources. Different servers can be con�gured on demand to
execute different network functions, thus providing network
support for diverse applications. Using the NFV to virtualize
the network can signi�cantly reduce the equipment, operation,
and maintenance costs of hardware, improve the ef�ciency of
network operation and management, shorten the development
cycle of network services, and make the network �exible and
scalable [52], [165]. The architecture of NFV mainly consists
of three components, i.e., the NFV infrastructure (NFVI), the
virtual network functions (VNFs), and the NFV management
and orchestration (NFV-MANO) [52].

In November 2012, the European Telecommunications
Standards Institute (ETSI) cooperated with several telecom
network operators to form the Industry Speci�cation Group
for NFV [166]. In recent years, a large number of NFV-related
studies have emerged. Related works on NFV can be divided
into three categories according to their focus [166], [167], i.e.,
the conceptual design of the integration of NFV with various
other networks, the research on resource allocation, orchestra-
tion, and other algorithms for NFV, and the literature review
of various aspects of NFV.

Recently, there are also plenty of research works on the
enhancement of NFV. In order to minimize the decrease
of NFV in the throughput and latency performance com-
pared with �xed network infrastructures, the demand for
optimization and acceleration technologies comes into being.
Linguaglossa et al. [168] presented a comprehensive overview
and derived corresponding guidelines on a range of acceler-
ation technologies, including low-level hardware acceleration
and high-level software acceleration solutions. The reinforce-
ment learning was used in [169] to reduce the performance
degradation of the �ow scheduling in heterogeneous envi-
ronments due to recently emerging programmable acceler-
ators. In order to achieve effective resource management
and allocation, improve the operating ef�ciency, and meet
high latency requirements of applications, Kianpisheh and
Glitho [170] proposed a joint access control and resource
allocation algorithm based on parallel VNF processes. The
experience network intelligence (ENI) working group estab-
lished by ETSI is committed to using AI and ML technologies
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Fig. 7. Development trends of the 6G network architecture and representative references.

to adjust and optimize the VNFs in dynamic requirements
and environments [54]. Network security is also an impor-
tant issue that needs to be considered when employing NFV.
Pattaranantakul et al. [165] presented a set of recommenda-
tions for protecting NFV-based services based on the estab-
lished threat classi�cation and analysis, and discussed the
latest security countermeasures. A joint research on the map-
ping between virtual networks and hardware devices in NFV,
routing strategies, and security defense issues were studied
comprehensively in [171].

In addition to the aforementioned software optimization
and acceleration, power allocation, access management, secu-
rity, etc., NFV also faces research challenges such as the
system complexity, cloud-native NFV-MANO [172], network
programming and automation [166], service quality and data
privacy in crowdsourced edge-based NFV [173], and edge
cloud virtualization technologies [174]. There is still a long
way to go to enhance and deploy NFV in real beyond 5G
(B5G) and 6G networks.

2) SDN: Different from decoupling software and hardware
in NFV, the SDN is based on the idea of decoupling the control
plane and the forwarding plane, aiming to separate network
control functions from forwarding functions [52], [175], [176].
The SDN architecture mainly includes the application plane,

control plane, and data (forwarding) plane [175]. In SDN, a
software-de�ned logical network is abstracted on the physical
network. Network control functions are centralized to the SDN
controller which interfaces with upper-layer applications and
instructs lower-layer network infrastructures that only retain
forwarding functions to complete forwarding operations. SDN
makes each layer relatively independent. This has a series of
advantages, such as programmability, �exibility, low costs, and
high ef�ciency [52], [54], [177].

Since the concept of SDN was proposed, research on various
aspects of SDN implementation and enhancement has made a
lot of progress. Limited by the heterogeneity and complex-
ity of optical devices, the transport network may be the last
part to fully realize SDN. A comprehensive survey on the cur-
rent status and future directions of transport SDN was given
in [178]. SDN has also been studied to integrate with various
other communication networks, e.g., smart grid communica-
tion [179], underwater wireless sensor networks [180], satellite
networks [181], and vehicular networks [182]. In [177], the
SDN was proposed to integrate with edge computing and
blockchain to improve the ef�ciency and security of wire-
less network virtualization. As for more in-depth algorithm
study, Das et al. [175] reviewed comprehensively on the SDN
controller placement problem, which is a key network design
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consideration that affects network latency, resiliency, EE, and
load balancing. The controller synchronization in distributed
SDN was quanti�ed and analyzed in [183]. In addition, the
characteristics of logically centralized control, global view
of the network, and dynamic resource allocation in SDN
bring some opportunities to achieve the network intelligence.
Xie et al. [184] provided an overview of research issues and
challenges in applying ML technologies to SDN. Note that,
while SDN has the advantages of programmability, �exibil-
ity and openness, it will also lead to new security issues that
can be easily overlooked. A detailed review and analysis on
typical security issues and solutions in SDN were conducted
in [176] according to the STRIDE threat model [185].

Moreover, in order to take full advantage of SDN,
the challenges of deploying SDN in 6G include switch
forwarding schemes in hybrid SDN [186], service vir-
tualization and �ow management [187], energy-ef�ciency
optimization [181], handover schemes [182] and freshness-
aware age optimization [188] for multipath transmission
control protocol (TCP) in SDNs.

3) SBA: With the development of mobile communications,
in order to support various applications, the core network
needs to perform more and more functions and become more
and more complex. However, different applications may only
require part of these network functions. Based on technologies
including cloud computing, virtualization, and micro-services,
the 5G core network adopts the SBA, which has been accepted
by 3GPP [189]. The network elements providing each service
are separate modules that are connected together to provide the
services of the core network. Different service network func-
tional modules are used for deployment according to the needs
of application services. Note that SBA realizes the modular-
ization of 5G core network functions in the form of service
function chains by means of NFV. The reference SBA for
5G core network and details of the modular functions can be
found in [52], [190], [191]. Similar to the design concept of
decoupling control functions in SDN, 5G core network func-
tions in SBA are divided into two classes, i.e., control plane
functions and user plane functions (UPFs) [192]. In addition
to the �exible and modular features originally brought by
SBA, the architecture also inherits the advantages of underly-
ing technologies [52], [193], including on-demand computing
of cloud computing, �exible and ef�cient resource manage-
ment of virtualization, �exibility, �ne-grained property, and
independent scalability of micro-services. The security con-
cepts, techniques, and challenges in the SBA were discussed
in [193]. In [194], the authors prototyped an SBA core network
in an NFV environment and proposed a load balancing strategy
that can signi�cantly reduce the delay of the control plane.

However, using the SBA only on the core network is not
enough to maximize the bene�ts of SBA. While studying how
to actually deploy SBA in the core network, research interests
also focus on the further evolution of SBA in 6G networks.

The future 6G communication network will be extended
on the basis of using SBA in the 5G core network, and
will further realize the SBA for the E2E network. In [195],
Zeydan et al. explored the potential of applying the SBA to
the radio access network (RAN), and introduced the design

concepts and implementation details of service-based RAN.
The de�nition of network services at RAN side, the interface
between service modules, and other details need to be further
studied. What�s more, a holistic E2E SBA, which extended the
design concept of SBA to the access network and user plane,
was proposed and applied to the integrated air-space-ground
network in [196]. The evolution and simulation of related pro-
tocols of the holistic SBA were also discussed and analyzed. In
order to apply SBA to a variety of networks more effectively,
SBA needs to be enhanced according to speci�c situations.
Looking forward to the 6G vision, a more �exible holistic
SBA with full coverage and full applications is a potential
candidate for the next-generation network architecture.

4) Network Slicing: In the 5G era, the communication
system has three scenarios: eMBB, uRLLC and mMTC.
Network requirements of these scenarios are quite different.
In order to support different application services, the com-
munication network needs to be �exible enough to provide
various services of high quality to the greatest extent while
considering the cost. Taking these factors into consideration,
the network slicing based on NFV, SDN, cloud and edge com-
puting [197] emerged. The core concept of the network slicing
is to multiplex independent logical networks virtualized on
the same physical network infrastructure to support different
application services [52], [198], [199]. In addition to services
to customers (ToC) directly, 5G network slices offer a range
of services to business (ToB), such as cloud games, power,
medical, ports, and industry. So far, there have been sev-
eral surveys [197], [198], [199], [200], [201] on state-of-art
network slicing. For instance, the authors of [198] reviewed
the current network slicing research in terms of taxonomy,
requirements, and research challenges. Debbabi et al. [199]
investigated the architecture of network slicing and focused on
the analysis and overview from the perspective of algorithms.

As a key network paradigm of 5G, network slicing brings
many advantages. However, the E2E integrity, slice special-
ization level, and intelligence level of 5G network slices are
still limited.

In the future, the network slicing will mainly develop
further in three directions. Firstly, research interests are focus-
ing on implementing holistic E2E network slicing systems.
In [202], a next-generation wireless communication network
architecture containing slices at three levels: cloud, RAN, and
application level, was proposed. Khan et al. [203] proposed
an E2E network slicing framework including RAN and core
network slicing for 5G vehicular Ad-Hoc networks. The
authors of [204] investigated an E2E network slicing system
architecture including RAN, transport network, and core
network. The software simulation and real hardware demo of
the proposed architecture were also demonstrated in [204].
Secondly, specialized/tailored network slicing is also one of
the directions of evolution. It was envisioned in [48] that
with further development of slicing and virtualization in the
future, network slices can become highly specialized. More
speci�cally, Cao et al. [205] proposed the TailoredSlice-6G
algorithm, which can realize the tailored resource alloca-
tion of slices in 6G networks to provide tailored slices.
In [206], a two-level soft customized RAN slicing scheme
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was proposed, which can satisfy QoS requirements of uRLLC
and eMBB services simultaneously. Lastly, there is a growing
research interest in achieving intelligent network slicing using
AI [207], digital twins [208], and deep reinforcement learning
(DRL) [209], [210], [211]. In [207], an AI-assisted next-
generation RAN functional architecture based on network slic-
ing was proposed, with AI-assisted network topology, network
protocol, and resource management. Based on a new graph
neural network model, Wang et al. [208] proposed a scalable
digital twin of network slicing which can accurately re�ect the
network behavior, predict E2E slice performance in unknown
environments, and provide intelligent network slicing manage-
ment. The authors of [209] proposed a novel hierarchical DRL
framework that incorporated the modi�ed deep determinis-
tic policy gradient (DDPG) and the double deep Q-network
algorithm to maximize the long-term QoS of services and
the SE of network slices. In [210] and [211], the DRL was
explored to adaptively learn optimal slicing strategies and �nd
optimal resource allocation strategies, respectively. In addition,
challenges such as slice isolation, dynamic slice creation and
management [52], and multi-tenant networks [212] are also
research topics that have attracted great interest in network
slicing. It can be expected that various application network
slices in the future will lead to a qualitative leap in our
lives.

B. Development Trends of the 6G Network

1) 3D Multi-Network Integrated: 5G networks, as well as
previous generations of communication networks, have mainly
focused on deploying network access points to provide con-
nectivity for communication devices on the ground. However,
communication in remote areas is limited by low wireless cov-
erage. In addition, communication systems that only rely on
terrestrial communication networks have poor robustness and
cannot provide timely communication in the event of various
disasters. The 6G network will be a 3D full-space network
deeply integrated with the ultra-dense terrestrial heterogeneous
communication network.

3D full-space integrated network: The future 3D full-space
integrated communication network is a 3D layered, integrated,
and cooperative network, which is built on terrestrial networks
but extended to space-based networks, aerial networks, maritime
networks, underwater networks [30], [213], and underground
networks. With various extended networks, the 6G full-space
integrated network can be �exibly con�gured and has the
advantage of high resilience [32]. For instance, a space-based
network can be deployed as an extended backhaul network that
helps terrestrial base stations access the core network, or as a
node with base station functions [30]. Besides, the space-based
extended network can also be enabled to carry part of func-
tions of the terrestrial core network, such as the access and
mobility management function (AMF), the user plane func-
tion (UPF), and the session management function (SMF) [30],
[51]. In addition to these advantages of high �exibility and
resilience, the 3D full-space integrated network architecture
also has the superiorities of improving communication cover-
age, rapid deployment and reducing network operating costs in

edge areas [49], and on-demand dynamic resource allocation
brought by the network globality [51].

At present, the research on the integrated 3D space-air-
ground-sea network is ongoing and some progress has been
made [213], [214], [215], [216], [217]. However, the construc-
tion of the 3D full-space network architecture still faces a
series of challenges, which will be discussed later.

Ultra-dense heterogeneous network (UDHN): In 5G, in
order to meet various needs of the network, ultra-dense
networks have been studied to integrate various enabling
technologies [218]. With the development of diverse com-
munication technologies and various networks, as well as the
increasing demand for communication density in various appli-
cations, ultra-dense heterogeneous networking will still be one
of the key development trends of 6G. Various networks will
continue to deepen the integration and combine up-to-date
technologies to form a multi-layer UDHN, which can improve
the overall QoS of the network and reduce costs [43].

In recent years, research challenges arising from UDN
and the heterogeneity of various networks have been the
focus of research. More recently, there have been several new
advances in addressing these research issues. In [219], a self-
optimization scheme for coverage and system throughput was
proposed for UDHNs. The adaptive cell selection method in
UDHNs was studied in [220]. Sun et al. [221] investigated
coordinated multiple points (CoMP) handover schemes for
UDHNs considering user movement trends. In addition, with
the continuous evolution of AI, new intelligent methods, such
as ML and deep learning (DL) were also used to solve typical
problems in ultra-dense networks [222], [223], [224].

2) Secure and Trustworthy: While it is critical to inno-
vate the network architecture to meet requirements of various
applications in the 6G communication network, security and
trustworthiness are also important aspects that cannot be
ignored. On one hand, the fusion of communication tech-
nologies with data technologies and industrial operation tech-
nologies, as well as the marginalization and virtualization
of facilities will lead to a more blurred 6G network secu-
rity boundary. Therefore, the traditional security trust model
can no longer meet the requirements of the 6G security and
trustworthiness [32]. On the other hand, with the change of
the network architecture and the emergence of new services
and new terminals, 6G networks will face novel security
threats [30], [52], e.g., the data privacy issue, security risks
of models and algorithms, as well as software or system
vulnerabilities. The new 6G network architecture should be
based on a more inclusive multilateral trust model, tak-
ing security issues into consideration at the beginning of
the network design, to achieve the endogenous security and
trustworthiness.

Multilateral trust network: The current communica-
tion system mainly adopts the centralized bridge trust
model [27]. However, the requirements and importance of
security in different application scenarios are usually different.
Porambage et al. [106] summarized the key requirements for
security in major 6G applications comprehensively. The diver-
sity of 6G scenarios makes the traditional security trust model
face many challenges. It is necessary to establish a multilateral
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trust model to cover the trustworthiness in different situations,
and to endogenously carry a more robust, smarter, and scal-
able security mechanism [27], [32]. A network that supports
multilateral trust includes three modes of trust models: bridge,
consensus, and endorsement. The core of multilateral trust is
the decentralized consensus of all parties, including the mode
of centralized authorization bridge and third-party endorse-
ment. A detailed introduction of the three trust models can be
found in [27]. The three trust modes are interrelated, making
the multilateral trust model more inclusive.

Safe and reliable network architecture: In Fig. 7, we
have summarized the evolution and development direction
of the 6G network architecture in multiple aspects. It is
worth noting that the evolving communication network archi-
tecture is also facing novel security threats. In [106], the
authors analyzed the security threats in several potential 6G
network architectures including RAN-core convergence, intel-
ligent network management and scheduling, edge intelligence,
and specialized 6G networks. While designing the 6G network
architecture, potential 6G security technologies are introduced
to ensure the network security, such as blockchain tech-
nologies [225], [226], quantum communications [227], and
physical layer security technologies [228]. The implementation
of standardized open network interfaces with high modular-
ity in O-RAN also provides some new ideas for improving
network security [229]. The network security will gradually
evolve from traditional security protection to the endoge-
nous security with self-adaptive, autonomous and self-growing
security capabilities [30]. The basic concepts, problems, prop-
erties, structures, and functional applications were introduced
in [230]. Moreover, Wang et al. [231] analyzed and applied
the endogenous security principle from both theoretical and
simulation perspectives. In addition to challenges of security
technologies, the integrated evolution design of security archi-
tecture and network architecture is also the key to realizing
an endogenous secure and reliable network architecture [32].
It is necessary to take both communication and security into
account and make the optimal trade-off between cost and
bene�t.

3) Integration of Communications, Computing, and
Sensing: The 5G network architecture introduced mobile
edge computing to reduce service latency and backhaul
costs, and to alleviate the traf�c pressure. To achieve the
vision of full applications and to meet the requirements of
lightweight and dynamic computing, the communication,
computing, and sensing functions in the 6G era will be deeply
integrated. Each network node will have the functions of
data transmission, computing, and sensing, providing better
services for various 6G application scenarios.

Multi-layer ubiquitous computing network: The emer-
gence of cloud computing and edge computing has improved
the network performance and supported a series of novel
services and applications. On one hand, cloud computing
centralizes resources and management in the cloud, provid-
ing terminal devices and users with �exible and on-demand
resource allocation, less management burden, �exible pricing
models, and convenient application and service provision-
ing [232]. On the other hand, edge computing satis�es the

network requirements of time-critical applications. The intro-
duction of fog computing connects the cloud and edge comput-
ing to form an integrated multi-layer computing network that
can �exibly handle computing tasks in various networks [52],
[232], [233]. With the continuous evolution of computing
technologies, in the 6G era, network nodes including cloud
computing centers, access networks, bearer networks, core
networks, and terminals will have certain computing resources
and capabilities. These diverse computing powers will be
connected and coordinated in a networked manner, forming
a multi-layer cloud-fog-edge-terminal ubiquitous computing
network, which can realize on-demand scheduling and ef�cient
sharing of computing services [30], [32].

Currently, several prospective studies have been initial-
ized on this topic. In [234], [235], China Mobile and China
Unicom have carried out conceptual research on the computing
network. Based on cloud-fog-edge collaborative networking,
Refat et al. [236] proposed a �exible mobile grammar teach-
ing tool. In [237], the performance evaluation and optimization
of three-layer cloud-fog-edge computing infrastructure were
investigated based on queuing theory. A mobility-driven real-
time cloud-fog-edge collaboration framework was proposed
in [233], which can ef�ciently deliver processed information
to user devices based on user mobility prediction and intelli-
gent decision-making. Furthermore, research problems in the
computing network have also aroused interests. In order to
achieve better resource allocation in the computing network,
the authors of [238] proposed a bandwidth allocation method
based on utility optimization. The sleep mechanism of base
stations was studied in [239], while the joint cloud-edge com-
puting model was used to improve the system computing
performance. In addition, the ITU-T study group 13 adopted
the standard ITU-T�Y.2501 [240], de�ning the computing
power network framework and architecture. At present, the
industry is transforming from the division scheme to the col-
laboration scheme of computing and networks, and is integrat-
ing computing and networks [32]. It is worth noting that there
are still many challenges in multi-layer ubiquitous computing
networks [30], including theoretical research on cloud-fog-
edge computing, demand for computing resources in different
scenarios, and perception and measurement of computing pow-
ers, as well as the computing network operation management
and control, multi-party cooperation, and operation mode from
the perspective of real network deployment.

Integrated networks of communications, computing, and
sensing: In addition to data transmission and computing capa-
bilities, each node in the 6G network will have certain sensing
capabilities to meet various new 6G application services that
require sensing, imaging, positioning, and other capabilities,
such as high-precision positioning, mapping, and reconstruc-
tion, and gesture/activity recognition [27]. Therefore, the 6G
network will evolve into an integrated network of communica-
tions, sensing, and computing, which is de�ned as a network
with both physical-digital spatial perception and ubiquitous
intelligent communications and computing capabilities [241].
The multi-layer cloud-edge-terminal computing network will
provide on-demand real-time scheduling and ef�cient sharing
of computing resources, serving ISAC business functions. The
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architecture of the integrated network is composed of three
layers, including distributed terminals, edge network, and core
cloud network. The communications, sensing, and computing
resources will be deeply integrated and mutually bene�cial,
providing ef�cient services for new intelligent applications
such as intelligent transportation, UAV networks, space-air-
ground-sea integrated networks, environmental detection, and
metaverse.

At present, the research on the integrated network of com-
munications, sensing, and computing is still in its early
stage, mainly focusing on concepts and requirements. In
2021, Zhang et al. proposed the concept of joint com-
munications, sensing, and computation enabled 6G intelli-
gent networks and outlined the application requirements and
network architecture [242], [243]. In 2022, the China Institute
of Communications released the �rst white paper [241] on the
integrated network of communications, sensing, and comput-
ing, which de�ned the application scenarios and requirements,
analyzed the enabling technologies, and predicted the direc-
tion of evolution towards intelligence. Related challenges will
be addressed later.

4) Green, Flexible and Lightweight: Achieving green, �ex-
ibility and lightweight is a continuous trend in the development
of the network architecture. This is also the key to allocat-
ing network resources dynamically and �exibly, enhancing
the network ef�ciency, and reducing network deployment and
operation costs. Beyond the �exible network slicing of 5G, the
network architecture of 6G will become greener, more �exible,
and more lightweight, using cell-free architecture, the RAN-
Core convergence architecture, and the fully-decoupled RAN
architecture and other promising techniques.

Cell-free/less architecture: Since 5G, the performance of
the communication system has been greatly limited by the
boundary effect of the traditional cellular architecture, which
refers to the phenomenon of poor communication quality and
strong interference from other users at the edge of the cell.
The traditional cellular network structure requires complex
co-processing and high deployment costs, which makes cur-
rent technologies extremely limited in their ability to mitigate
boundary effects. In addition, issues such as load balanc-
ing, interference management, and handover overhead, are
also thorny problems in traditional cellular architectures [52].
To address these challenges, cell-free (or cell-less) network
architecture with massive MIMO was proposed and quickly
became the focus of research [244], [245], [246], [247], [248],
[249], [250], [251], [252], [253], [254], [255]. A similar
user-centric no cell architecture has been shown in 2016 by
HUAWEI [256]. In the cell-free network architecture, areas
are no longer divided based on cellular grids. Massive MIMO
antenna arrays and access points are geographically distributed
in a large area and controlled by uni�ed central process-
ing units (CPUs), jointly serving user terminals with the
same resources. The cell-free massive MIMO architecture is
promising in next-generation systems due to its high network
coverage, low cost, high macro-diversity gain, low path loss,
as well as huge SE and EE [52], [246].

Since the cell-free architecture was proposed in [244],
research has been widely conducted to validate its advantages.

In [257], the authors analyzed the SE and EE for cell-free
massive MIMO system and the results demonstrated that
the cell-free architecture would provide the same QoS in a
greener way. A similar conclusion was also revealed in [258].
Moreover, due to the fact that cellular-free networks serve
users through access points, the network deployment could be
more �exible [245], [255]. As a result, its potential advantages
have led to a large number of studies on cell-free networks in
recent years. Focusing on the impact of hardware impairments,
Papazafeiropoulos et al. [247] investigated the performance of
scalable cell-free systems with low computational complexity.
The effects of phase drifts and noise in non-ideal hardware on
cell-free systems were studied in [248]. In order to improve the
transmission reliability in dynamic cell-free massive MIMO
networks, the authors of [249] proposed a learning-based
energy-delay-aware power control strategy. Ye et al. [250]
studied channel estimation methods in cell-free systems, and
proposed a high-precision channel covariance matrix estima-
tion scheme with �ngerprint-based localization. In addition
to theoretical studies in cell-free systems, researches have
also focused on the integration of cell-free networks with
other technologies. In [251], Datta et al. proposed and ana-
lyzed full-duplex cell-free massive MIMO systems that can
take full throughput and EE advantages of full-duplex com-
munications. Based on cell-free massive MIMO networks, a
novel federated learning framework in wireless environments
was proposed in [252]. So far, the cell-free architecture has
been applied to many new communication scenarios, includ-
ing mmWave communications [253], VLC [259], satellite and
UAV communications [260], and communications in indoor
factory environments [254]. To make the cell-free/less archi-
tecture into reality, there are still many issues to be explored.
The main research challenges and opportunities in cell-free
massive MIMO networks were reviewed in [255] comprehen-
sively, including issues such as the fronthaul link, estimation
of channel state information (CSI), and resource allocation.

RAN-Core convergence: Currently, the core functions of
the communication network are becoming decentralized, while
higher-level RAN functions are becoming centralized. In order
to make the 6G network more lightweight and �exible, the Bell
Labs [48], [261] proposed a novel network architecture con-
cept of RAN-Core convergence, which means that part of the
RAN architecture (centralized high-level RAN) and part of the
core network (sinking edge core network) can be uni�ed to a
single entity. On one hand, the complexity of the network and
the cost of transmission can be reduced. On the other hand, the
scalability of the network elements on the RAN side will be
increased. Note that issues such as network decomposition in
the RAN-Core converged network architecture and the coor-
dination of protocol suites between different networks require
further study [48].

Fully-decoupled RAN architecture: From 4G to 5G, the
architecture of the core network has been designed to sep-
arate the control plane from the user plane, which could
improve the �exibility of the network. However, on the RAN
side of 5G, each base station still needs to be equipped
with control functions and functions in the user plane (e.g.,
data transmission functions) [262]. So, there is still room for
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network architecture optimization. In [192], [262], a novel
architecture that fully decouples the RAN side was proposed,
and its advantages in terms of EE, reliability, mobility, and
�exibility were discussed. In the fully-decoupled RAN archi-
tecture, base stations are divided into control base stations
and data base stations, which perform control and data trans-
mission functions separately. Control base stations are usually
macro cell base stations with a large range, while data base
stations are micro-cell base stations. By multiplexing the sec-
ond generation (2G)/3G network infrastructure or spectrum
resources, terminals can transmit control signals through low-
frequency control channels and control base stations, which
improves spectrum utilization and makes network more �exi-
ble. Besides, the design concept of this architecture also takes
the resource allocation and power consumption into account.
Note that full decoupling is not achieved only by separating
control base stations and data base stations. The data base
stations for uplink and downlink transmission are completely
separated. In this way, control base stations can coordi-
nate spectrum resources more accurately, and the interference
between users will also be reduced. In addition, separating
the uplink and downlink base stations and deploying fewer
downlink base stations to serve larger areas can reduce the
power consumption of the network and terminals, which can
make the network greener and more energy ef�cient. Details
about the design concept of the fully decoupled RAN archi-
tecture can be found in [192]. Recently, Zhao et al. [263]
investigated the uplink joint base station reception issue in
the fully decoupled RAN architecture, and designed an effec-
tive parallel uplink base station selection strategy based on
SE maximization. However, the current research on the fully
decoupled RAN architecture is still in the early stage.

5) Natively Intelligent: It is widely believed that the 6G
will be more intelligent. In the 5G era, there have already
been studies to improve the intelligence level of the network.
The 5G core network has added the network data analysis
function (NWDAF), which improves the data collection and
analysis capabilities of the network. However, due to limited
data sources, lack of data privacy protection and support for
external AI services, the NWDAF cannot provide native AI
support for the network. With the fast development of AI
technologies (including DL [264], reinforcement learning, and
federated learning) and the enhancement of the comprehen-
sive capabilities of network nodes, such as communications,
computing, and sensing, 6G networks will support native AI
intelligence, which has two different aspects [265], i.e., AI
for Network (AI4Net) and Network for AI (Net4AI). On
one hand, novel AI technologies are used in network plan-
ning, maintenance and optimization, enabling self-operation,
self-maintenance, and self-repair capabilities of the network.
On the other hand, the network with native intelligence will
be able to provide more intelligent AI application services
for users. Currently, more and more research interests are
focused on natively intelligent network architecture, such as
cognitive service architecture, deep edge nodes and networks
(DEN2), self-sustaining networks (SSNs), and digital twin-
based network architecture. These technologies will help to
achieve natively intelligent 6G networks.

Cognitive service architecture: From 5G to 6G, diverse
application scenarios have emerged. This means changing ser-
vice scenarios, personalized user needs, and changing business
requirements. These factors, in turn, require 6G networks to be
�exible enough. Although the modular 5G core network with
the SBA can be deployed using different network modules
based on the needs of services, the SBA in the 5G core network
uses rough con�guration and lacks real-time sensing and
dynamic adaptability to changes in service requirements [52].
In [52], a novel cognitive service architecture, which has two
main features, i.e., the ability to accurately identify target
behaviors, scene semantics and user characteristics, as well as
the uni�ed service description method, was proposed. More
recently, the design concept and implementation details of
the cognitive service architecture were described in detail
in [266]. In order to realize the cognitive function of the
network, traditional network services are upgraded to cog-
nitive services, and real-time perception and AI reasoning
capabilities are added in addition to basic network functions.
On one hand, the upgraded SBA can perceive network sta-
tus such as the request �ow, resource and topology status,
and operation and maintenance events in real time. On the
other hand, the intelligent ability of AI can be used to real-
ize the online feature matching and local reasoning functions
of the network. The updating of the cognitive capabilities of
network functions and interfaces is accomplished by updat-
ing the knowledge graph of cognitive services. In addition,
in the cognitive service architecture, AI is also introduced to
enable the intelligent resource scheduling function module for
the 6G core network to improve the overall performance of the
network. More details about the cognitive service architecture
can be found in [266]. Especially, in addition to investigat-
ing the design concept of the cognitive service architecture,
Li et al. [266] also conducted a case study of the cognitive
service architecture through the session establishment process.
The results illustrated that the cognitive service architecture
can improve the performance of the system by simplifying
the process of network function interaction with the knowledge
graph of network services. In order to realize the cognitive ser-
vice architecture, it is necessary to focus on various enabling
technologies such as uni�ed network semantics, polymorphic
interfaces supporting cognitive services, service continuity
assurance, and general platforms for the computing network
integration.

DEN 2: In the future, 6G will serve novel industry scenar-
ios that require extreme performance and local data processing.
To this end, 6G is expected to deploy communication services
and intelligence at the edge, to gradually realize pervasive
intelligence of the network. The DEN2 was proposed in [52].
Its essential design concept is large-scale networking consist-
ing of collaborative and controllable deep edge node entities
which provide communication services, intelligence, comput-
ing, etc. A similar idea, called connected AI, was proposed
in [60]. A schematic diagram of the architecture of DEN2 was
given in [52], including the architecture of DEN2 operation,
DEN2 control and management, and networking architecture.
From the perspective of promoting the intelligence of deep
edge nodes, the key function of DEN2 is to support native
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AI, including data access, storage, processing, inference, and
knowledge distribution [52]. Through the networking of deep
edge nodes, DEN2 can promote the integration of resources
such as communication and computing and make full use of
these resources, further enhancing the intelligence level of 6G
networks.

SSN: In order to improve the ef�ciency of network
deployment, management, and maintenance and reduce the
cost of network operation, the self-organizing network (SON)
pursuing network management deployment and management
automation has been proposed, which has recently attracted
much attention [267], [268], [269]. However, a potential
paradigm shift for 6G is from SON to the SSN as SON is
limited to only adapting its functionality to speci�c environ-
mental conditions [47]. The main feature of SSN is the ability
to self-sustain and permanently maintain the performance of
the network in highly dynamic and complex environments
(including unknown environments).

So far, research on SSN is still in its infancy, and several
studies have focused on SSN at the RAN side. In traditional
network slicing, the network only performs operations for spe-
ci�c scenarios, and manual intervention is always required
to solve unforeseen network situations and problems [270].
To address this challenge, in [270], Mei et al. proposed
an intelligent self-sustaining RAN slicing framework. Driven
by AI technologies, the self-sustaining RAN slice architec-
ture combines self-management of multi-granularity network
resources, self-optimization and self-learning of slice control
performance, and adaptive control strategies under unpre-
dictable network conditions. It can autonomously maintain
high QoS performance of various services under different
network conditions. In addition, the authors of [270] also tried
to apply the proposed self-sustaining RAN slicing framework
to vehicular networks, and the case study illustrated the advan-
tages of �exibility, self-learning, and fast automatic adjustment
of the self-sustaining RAN slicing framework. We can believe
that with the further development of AI technologies and the
improvement of network intelligence, the future 6G network
will develop from the RAN side and gradually realize an
E2E SSN.

Digital twin-based network architecture: The 6G network
will be a ubiquitous network with endogenous security, provid-
ing the ultimate network experience, supporting diverse appli-
cation scenarios, and covering all scenarios. In order to realize
the 6G vision, the network architecture needs to be innovated
in many aspects. However, traditional network optimization
and innovation often rely on the physical networks, which take
a long time and have high implementation costs. In order to
make the network evolve more ef�ciently, the concept of dig-
ital twin [271], [272], [273], [274] has been applied to the
innovation and evolution of communication network in recent
years. This brings new opportunities and methods to improve
various KPIs of 6G networks, such as SE, EE, intelligence, and
security. The digital twin, which is de�ned as a physical prod-
uct, a virtual product, and the connection between them, was
�rst proposed by Grieves in 2003 [271]. With the continuous
advancement of modeling and simulation technologies, digital
twins are gradually being applied to various industries such as

manufacturing, aviation, healthcare, and 6G networks [272].
In [273], the authors discussed the relationship between the
digital twin and 6G. On one hand, more advanced and intelli-
gent 6G can promote the realization and application of digital
twins in various industries. On the other hand, the intelli-
gent digital twin can also facilitate the design, deployment,
operation, and maintenance of 6G networks. Until now, the
research on applications of digital twins in 6G networks is
still in the early stage, and there are various de�nitions or
implementations [60]. The widely recognized design concept
of the digital twin-based network architecture refers to a virtual
digital twin network that is constructed on the real physical
network, and they are interactively mapped in real time. The
twin network realizes the mapping and control of the physi-
cal network through closed-loop simulation and optimization.
The digital twin network can provide guidance for the deploy-
ment, management, and operation of the real 6G network,
and improve the autonomy and automation level of the 6G
network [32], [273], [274].

The digital twin-based network architecture has attracted
much attention, and a large number of studies have emerged in
recent years. In [262], [275], the authors proposed a cybertwin-
based network architecture in which digital cybertwins of the
end users hosted at the edge of the network can offer three
major functions: communication assistance, network behavior
logs, and digital asset ownership. On the basis of this work,
Li et al. [276] investigated the joint virtual network topol-
ogy design and embedding in the cybertwin-based 6G core
networks. To facilitate user-centric networking, Shen et al. [60]
proposed a digital-twin-based network architecture integrating
network slicing and AI. This framework could achieve �ne-
grain and �exible network management. In [277], a virtual
digital twin instance of a physical network was established
to capture the dependencies between anomalies and faults in
NFV environments in real time. The simulation results demon-
strated the effectiveness and advantage of digital twins to
assist in analyzing root causes of anomalies in NFV envi-
ronments. Naeem et al. [278] used the digital twin to assist
in the optimal allocation of network slice resources. They uti-
lized graphs to build digital twins of network slices and tried
to use graph neural networks to learn complex relationships
of network slices. The network state based on the digital twin
can �nally be forwarded to the deep distributed Q network
proposed in [278] to learn the optimal network slicing strat-
egy. In addition, some other works focused on issues in digital
twin-assisted edge networks, such as the application of digital
twins in the of�oading of intelligent computing tasks of IoT
devices and the selection of mobile edge servers [279], [280],
the communication ef�ciency and data privacy protection of
digital twin edge networks [281], and the optimization issues
on edge association [282], [283].

It can be seen that the current research on digital twins in 6G
networks is still at the preliminary stage, mainly involving the
application of digital twins in certain parts of the 6G network.
Due to the complexity of the 6G network, the research on
the holistic 6G network architecture using the digital twin is
indeed a very huge and complicated task. It is worth noting
that while the digital twin accelerates the development of 6G
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Fig. 8. A novel promising 6G network architecture (CSC: Communications, sensing, and computing).

networks, the construction of a real-time digital twin network
system also has higher requirements on the data rate, relia-
bility, delay, and other KPIs of the network. Therefore, the
6G network and the digital twin will integrate, promote each
other, and develop together.

C. A Novel Promising 6G Network Architecture

In order to realize the 6G vision, satisfy the 6G KPIs, and
serve diverse new application scenarios, the 6G network archi-
tecture will undergo a comprehensive innovation. On the basis
of further evolution of the 5G network architecture, the 6G
network architecture will develop towards �ve directions as
shown in Fig. 7. In this section, we propose a novel com-
prehensive network architecture for the 6G communication
network, as illustrated in Fig. 8. The architecture connects a
number of potential future network technologies/components
into a single framework. Since it has become a consen-
sus that the future 6G network will be a heterogeneous
integration of various networks, the architecture concept we
proposed is similar to the concept in several white papers and
projects, e.g., [37]. The innovation is that the proposed com-
prehensive architecture takes more potential components into
consideration, including the hierarchical intelligent multi-layer
ubiquitous computing network, new �exible architectures such
as the cell-free architecture, and new technologies to enhance
the network intelligence such as the digital-twin based network
architecture. Next, the proposed 6G network architecture will
be introduced.

First of all, with the development of computing, storage,
and other technologies, the 6G network will become more
intelligent, �exible, ef�cient, and ubiquitous. Cloud, fog, and
edge computing will be dependent and complementary to
each other, providing the networks with on-demand real-time
scheduling and ef�cient sharing computing resources, which
are essential to AI technologies. Based on this, an integrated

multi-layer and hierarchical intelligent network, including a
network intelligent cloud platform and data-driven edge intel-
ligent centers is expected to form. Among them, the fog
computing acts as a bridge, connecting the centralized cloud
and distributed edge networks. The mobile edge computing
(sinking of network functions) in 5G will continue to evolve,
making the 6G network decentralized. Edge intelligent centers
will support a series of communication networks. The cell-free
architecture integrated with ultra-massive MIMO antennas will
break the boundary effect in traditional cellular architectures,
and bring a series of improvements to the network, includ-
ing the SE and EE. Interestingly, recon�gurable intelligent
surface (RIS) has the ability to actively control the wireless
channel, which will be introduced detailedly in Section V-C2.
It has great potential for coverage enhancement and capacity
improvement of future wireless networks. The communica-
tion densities in various application scenarios are gradually
increasing, and the 6G network will be an UDHN. In addi-
tion, full spectra resources including mmWave, THz, and
VLC will be deeply exploited and utilized to build a variety
of networks to serve full coverage scenarios, i.e., space-air-
ground-sea integrated networks [284]. In particular, several
RAN-Core converged edge computing centers which integrate
high-level RAN functions with partially sinking edge func-
tions, can reduce the delay of transmission and can better
support applications with low latency requirements, such as
automatic driving and telemedicine. In the 6G network archi-
tecture, the RAN side will be further decoupled and the control
plane of the base station will be further separated from the user
plane, so that network resources can be used more �exibly and
ef�ciently.

Secondly, the NFV, SDN, and SBA will continue to develop
and evolve, providing the source and impetus for the realiza-
tion of overall E2E network slicing. What�s more, network
elements in 6G networks will have additional computing and
sensing capabilities. By deeply mining the communication,
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Fig. 9. Potential 6G key technologies.

sensing, and computing capabilities, large amount of training
data and distributed computing power will be possible. Thus,
some architectures which can improve network intelligent
level, such as cognitive service architecture, DEN2, and SSNs,
will become a reality sooner. Further, 6G networks will grad-
ually achieve native intelligence. From the perspective of
network security, 6G networks will use a multilateral trust
model, and combine various security technologies such as
blockchain technology and physical layer security to achieve
the endogenous security of the network. Note that edge intel-
ligent centers in 6G networks will be improved in various
aspects compared with those in 5G networks. The data-driven
6G edge intelligent centers will deeply integrate resources
including communications, sensing, computing, and AI, with
functions of task-centric dynamic service orchestration. In
addition, these edge intelligent centers will contribute to 6G�s
native intelligence and endogenous security.

Finally, with the help of AI technologies and
communication-sensing-computing integrated networks,
digital twins will help push forward the evolution of the 6G
network architecture. The real 6G network will be accurately
modeled to construct the corresponding digital twin network,
and the two will map to each other in real time. The twin
network can track the changes of the real network, and
predict the performance of the network optimization scheme
through closed-loop simulation and optimization, providing
optimization guidance for the deployment, management, and
operation of the real 6G network. With the development
of various enabling technologies, it is promising that the
proposed comprehensive 6G network architecture will �nally
become a reality.

V. KEY 6G TECHNOLOGIES

The ambitious 6G vision gives us an exciting blueprint for
future communications systems. On the basis of using all the

spectra and providing users with global coverage, the conno-
tation of the communication system will be further expanded
to realize the intelligent services that integrate communica-
tion, sensing and computing with security assurance. In this
regard, 5G key technologies are no longer suf�cient to sup-
port the aforementioned 6G vision. There have been several
works on potential key technologies for 6G. In [43], [46], [47],
[52], the authors listed several possible techniques without
classi�cation, which may be confusing and unable to pro-
vide readers with a holistic understanding of technological
development directions. Some articles only investigated a few
technologies [42], [53], or did not provide suf�cient insights
into the proposed techniques [41]. In [335], ITU-R reported
future technology trends towards 2030 and beyond, while it
was a draft version without literature review. In addition, some
proposed technologies have advantages while their applica-
ble scope is limited, so that they are less likely to become
key technologies in the future 6G, such as nanoscale com-
munications [44] and molecular communications [47]. Based
on existing research and the latest development of related
technologies, we point out 16 potential 6G key technolo-
gies and divide them into four evolution directions, as shown
in Fig. 9. For readers� reference, we also summarize several
representative surveys for 6G technologies in Table VIII.

A portion of potential 6G technologies are further evolu-
tions of 5G key technologies. 5G increased data rate through
mmWave technology, while 6G is expected to introduce THz,
OWCs, and advanced spectrum management technologies to
meet the rapidly increasing demand for data service. 5G key air
interface technologies, such as orthogonal frequency division
multiple access (OFDMA), massive MIMO and half duplex,
will be further enhanced in 6G. For example, modern random
access technologies like NOMA, ultra-massive MIMO, and
in-band full-duplex (IBFD) are expected to achieve further
enhancement in the capacity and ef�ciency of the communi-
cation system. In addition, academia and industry are actively
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TABLE VIII
REPRESENTATIVE SURVEYS FOR 6G TECHNOLOGIES

exploring new physical dimensions, such as orbital angular
OAM, RIS, and holographic RF, to achieve a revolutionary
breakthrough in the way of data transmission. What�s more,

there are a number of new technologies that are expected to be
used to increase the capabilities of communication networks.
For example, ISAC can give communication systems the
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opportunity to have converged sensing capabilities. AI is
expected to provide disruptive and intelligent solutions for all
layers of the communication system. Blockchain is promis-
ing to provide a guarantee for the security and reliability of
communication systems. Semantic communication is promis-
ing to explore a new way of information extraction to break
the transmission bottleneck of classic communication systems.

In this section, the concepts, applications, developments
and challenges of these potential 6G key technologies will
be discussed.

A. New Spectrum

1) THz: It is predicted that mobile data traf�c will increase
�vefold by 2024 [285]. Under the 6G vision mentioned before,
the rapid growth of video services and the emergence of new
applications, such as VR/AR, autonomous driving and IoTs,
have led to the increasing demand for high data rate trans-
mission and low latency services [336]. Most existing 5G
technologies are stuck in the mmWave band and can only
achieve average rates of up to 1 Gbps [285]. Facing non-
negligible spectrum congestion problems, 5G communication
systems are insuf�cient to meet the rapidly increasing demand
for 6G data services.

THz (0.1�3 THz) is the last unexplored spectrum gap
between mmWave and optical frequency ranges. THz is char-
acterized by high frequency, large bandwidth, high path loss,
severe molecular absorption, abundant diffuse scattering and
extremely narrow beam. Although there is still some distance
from practical applications, THz is regarded as one of the most
promising technologies for 6G because of its ability to provide
robust support for ultra-high data rate services [286].

THz technology is expected to play a signi�cant role in
applications including communication, sensing, imaging, and
positioning: 1) The THz communication system is promised
to support high data rate communication services from indoor
to outdoor, such as HD holographic video conferences, the
ultra-high resolution video formats, the downloading of HD
�lm �les, the VR technique, vehicle-to-vehicle (V2V) com-
munications, wireless fronthaul and backhaul links, and space
applications like inter-satellite communications [123], [285],
[286], [287]; 2) Because of the short wavelength, high link
directionality, and small antenna aperture, THz is less vulner-
able to free space diffraction, and can be applied to improve
communication security [123], [287]; 3) THz technology is
expected to be utilized in nanoscale devices, such as health,
military, environmental pollution monitoring and ultra-high-
speed on-chip communication [72], [123]; 4) THz technology
is able to support applications beyond communication, such
as spectrometers for explosive detection, gas sensing, secu-
rity body scanning, imaging in rescue and surveillance and
positioning with centimeter level accuracy [287], [336].

In order to make THz applications a reality, many tech-
nical bottlenecks still need to be overcome. First, hard-
ware devices suitable for THz need to be developed, such
as electronic or photonic devices that can generate high-
frequency EM waves, broadband and directional antennas,
and THz ampli�ers [72], [337]. Current complementary metal

oxide semiconductor (CMOS) technologies cannot deal with
frequencies greater than 300 GHz. Besides, it is essential to
fully understand the unique characteristics of the THz channel
and establish an accurate and general channel model for com-
munication system design and analysis [338]. THz-speci�c air
interface techniques and MAC protocols need to be explored
further [288], [289], [290]. What�s more, it is necessary to deal
with the problem of short communication distance caused by
the THz band�s severe propagation losses and power limita-
tion [287], [339]. Last, health and safety issues of THz need
to be analyzed and evaluated [285].

In 2008, IEEE 802.15 established the THz Interest Group.
In 2019, FCC announced a 10-year open test for 95 GHz�
3 THz. In 2022, X. You et al. proposed a photonics-aided
transparent �ber-THz-�ber transmission system, breaking the
publicly reported world record of THz communication system
real-time transmission rate to reach more than 100 Gbps trans-
mission for the �rst time [340], [341]. Global research on THz
is steadily developing. It can be expected that breakthroughs
in THz radiation and detection technology will bring signif-
icant changes to human life and social development in the
near future.

2) OWCs: Beyond the THz spectrum, OWCs provide high
density broadband communication service with the advan-
tages of ultra-low latency, inherent physical layer security, zero
EM interference, abundant free unlicensed spectrum, relatively
low costs, and simplicity of deployment, serving as a promi-
nent complementary to RF-based wireless communication
systems [4], [46], [49], [78], [342], [343].

The optical band consists of IR (760 nm�1mm wavelength),
visible light (360�760 nm), and UV (10�400 nm). With sim-
ple structures and low-cost equipment, the IR communication
system is suitable for long-distance data transmission, but it
is vulnerable to atmospheric effects such as fog [46]. Visible
light can provide communication services along with illumi-
nation, and it can also be used as a source of energy. Solar
cells can be used for simultaneous energy harvesting and high
speed data reception [344]. The concept of light-based IoT was
proposed in [345], [346]. New generation of lighting devices
are entering the market which are based on blue laser that
excite phosphor. In [347], a dual wavelength (blue converted to
white light plus IR) was presented and the aggregate data rate
was 26 Gbps. Compared to other light bands, UV has lower
background noise and higher atmospheric scattering, making
it promising for communications for non-line-of-sight (NLoS)
links [348]. However, UV light may have a negative impact
on health and safety, which needs to be fully evaluated before
practical application [349].

In recent years, increasing attention has been paid to opti-
cal wireless, which is considered promising from ultra-short
distance to ultra-long distance communications [78]. The
main optical wireless technologies can be divided into �ve
categories: VLC, LiFi, OCC, FSO, and LiDAR. VLC has
great application potential in indoor, underwater, and vehic-
ular communications, as well as localization systems [292].
Complementing wireless �delity (WiFi), LiFi can provide illu-
mination and multiuser communication services at the same
time. There is a growing interest in OCC because of its
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applications in V2X communications, indoor positioning, dig-
ital signage and VR. FSO communication systems are used
for high-data-rate communication in data centers, deep space
communication and underwater systems[350], [351]. LiDAR
serves as an engaging optical remote sensing technology, and
it has great potential to be used for transportation, airborne as
well as autonomous vehicular communication.

Three orders of magnitude larger spectrum resources are
available in the optical bands than the RF bands. However, the
utilization of spectrum resources is signi�cantly limited by the
electrical bandwidth of optoelectronic devices. In recent years,
the development of high performance optoelectronic devices
has been a topic of great interest in optical wireless research.
Exceptionally fast organic light emitting diode (OLED) with
bandwidth of hundreds of MHz were designed and applied in
VLC systems, achieving data rates of over 1 Gbps [352]. A
silicon photomultiplier was shown to achieve a bit error rate
(BER) of 10Š 3 at a data rate of 3.45 Gbps [353]. Channel
measurements and modeling are crucial for OWC channels
understanding and link design. A comprehensive review of
OWC channel research was published in 2018 [291]. OWC
channel is not isotropic. Therefore, it is essential to consider
the effect of device orientation on the channel gain [354],
[355]. In order to prevail over the effect of random orientation
and blockage, multi-directional transmitter with adaptive spa-
tial modulation was proposed in [354]. It was suggested that
time domain spatial modulation would be a feasible option
for next-generation orthogonal frequency division multiplexing
(OFDM) based optical spatial modulation [356]. A NOMA
scheme for the beam steering and user clustering scenario was
proposed to exploit the space diversity of VLC systems, and
it can provide 10 Mbps sum rate gain for each NOMA user
pair [357]. Moreover, the security of OWC has likewise been
extensively investigated. In [358], a physical layer security
technique was proposed for multi-user VLC systems.

3) Spectrum Management: To address the shortage of spec-
trum resources, in addition to exploring the unused spectrum
at higher frequencies, it is also important to improve the
utilization of the limited spectrum. Facing the fact that traf-
�c demand is highly dynamic and environment-dependent,
the under-utilization of frequency bands needs to be tackled
urgently. Effective spectrum management based on cognitive
radio (CR) [293], symbiotic radio (SR) [294], and dynamic
spectrum sharing technique [295] is seen as an important
method to improve the SE and EE of 6G communication
systems [25], [35], [51], [52], [54].

The concept of CR was �rst introduced in 1999 by
Mitola [359]. In 2003, FCC recommended that any radio with
adaptive spectrum awareness should be referred to as CR.
Haykin [360] proposed a brain-empowered CR technology
and de�ned it as an intelligent wireless communication system
that can sense the external environment to adjust accordingly.
Zhang et al. [361] proposed CR-based vehicular networks that
apply deep Q-learning to deal with highly dynamic topology
due to changes in vehicle distribution available spectrum. As
one of the most recent evolutions of CR, SR leverages CR
and ambient backscatter communication (AmBC) technologies
to embed information in the ambient RF signal for mutually

bene�cial spectrum sharing, allowing secondary systems to
share the spectrum, energy and infrastructure of the primary
system with high ef�ciency [294]. AmBC-based SR tech-
nology is promising in passive IoT, assisting spectrum and
energy ef�cient communication design [362], [363]. Intelligent
and dynamic spectrum sharing has been an active research
topic in recent years. Sharma et al. [364] proposed that
full duplex wireless technology, making concurrent sensing
and transmission possible, can improve the spectrum utiliza-
tion ef�ciency via dynamic spectrum sharing. Naparstek and
Cohen [365] proposed a distributed dynamic spectrum access
technique based on deep Q-learning. Blockchain-empowered
dynamic spectrum sharing is promising to improve distribu-
tion, security and automation, and AI is expected to enhance
the performance of pattern recognition and decision-making
in dynamic spectrum sharing [366], [367].

B. Enhanced Air Interface

1) New Waveforms and Modulation: 6G has more diverse
and complex application scenarios to support its �global cov-
erage, full applications, strong security, all spectra, all senses,
and all digital� vision. 6G will achieve a Tbps-level data rate,
supply dense connections, provide a wider range of cover-
age, and pursue more intelligent and safer services. These
improvements pose new challenges to waveform design and
modulation.

The unique characteristics and requirements of application
scenarios need to be considered when designing waveforms,
which are closely related to the performance of the commu-
nication system. During the development of the 5G standard,
multi-carrier systems, which have high SE but also a high
peak-to-average ratio, such as OFDM, are mainly used. More
existing waveforms are detailed in [27]. In order to �exibly
adapt to the possible application scenarios of the 6G communi-
cation system, new waveform designs are expected to provide
better performance in a targeted manner. Compared with low
frequency, the potential high frequency scenarios of 6G lead
to more challenges, such as large transmission path loss and
the need for ef�cient high-frequency broadband power ampli-
�ers. In [368], a single-carrier system with low peak to average
power ratio (PAPR) was studied to address these challenges.
For high mobility scenarios, waveforms in transform domain,
such as orthogonal time frequency space (OTFS), can describe
information such as delay and doppler more accurately [296].
As for high throughput scenarios, systems such as spec-
trally ef�cient frequency domain multiplexing (SEFDM) [297]
and overlapped x domain multiplexing (OVXDM) [369] can
be used to obtain higher SE. ISAC technology (which will
be introduced later) imposes new requirements on waveform
design, expecting simultaneous communication and sensing
with the same waveform [86].

Modulation has a great in�uence on the effectiveness and
reliability of the communication system. Currently, quadra-
ture amplitude modulation (QAM) modulation is widely
used and is adopted by the long-term evolution (LTE) and
new radio (NR) standards. In recent years, some other
modulation techniques have attracted attention due to their
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advantages in shaping gains, PAPR, and robustness, includ-
ing selected QAM, irregular QAM, constellation interpolation,
multidimensional modulation, and IM [27], [298].

2) New Coding: Ef�cient channel coding technology can
improve the capacity, reliability and quality of the services
in the communication systems. Guided by Shannon�s theory,
error-correcting codes (ECCs) realize a leap from algebraic
coding to probabilistic coding, which had great success in
improving the capacity, reliability, and quality of service in
communication systems [299]. By introducing randomness and
sparsity in coding and propagating soft messages based on
factor graphs in decoding, advanced probabilistic codes can
approach or even achieve the Shannon limit. Among them, the
most representative ECCs are Turbo codes [370], low-density
parity-check (LDPC) codes [371], and polar codes [372],
which are the standard codes for 4G data channels, 5G data
channels, and 5G control channels, respectively. Though their
de-facto decoding algorithms and implementations are dif-
ferent [300], they are all derived based on Bayes� theorem
and competitive for 6G ultra-high speed and ultra-low power
consumption requirements, which impel a uni�ed decod-
ing framework for complex and variable scenarios in 6G
communication systems.

As linear block codes, the three ECCs can be decoded by
a belief propagation (BP) decoder that employs the famous
sum-product algorithm on a bipartite Tanner factor graph [373]
but is only bene�cial to LDPC codes due to their high spar-
sity. By adding auxiliary state variables in the factor graph,
the sum-product algorithm becomes the Bahl, Cocke, Jelinek,
and Raviv (BCJR) algorithm for Turbo codes [373], [374],
which propagates messages on trellis graphs in both forward
and backward directions. With belief pushing in a succes-
sive message-passing schedule, the BP decoder evolves to
the classical successive cancellation (SC) decoder for polar
codes [375], with which polar codes are proved to achieve
Shannon capacity when the code length is in�nite [372].
Limited by 5G control channels, the rate of channel polar-
ization degrades for �nite code lengths, and neither SC nor
BP decoding can meet the performance requirement. The
increase of codeword search space is necessary, which results
in algorithms such as SC list/�ip [376], [377], and BP list/�ip
decoding [378], [379]. Though originated from the same
decoding rule, the encoding schemes of Turbo, LDPC, and
polar codes can be further enhanced, such as the generator
polynomial of Turbo codes [380] and the information set of
polar codes [381], thus facilitating the uni�ed decoding factor
graphs and simpli�ed decoding algorithms to improve the EE
of the decoder in 6G. The approximation for exponential oper-
ations in message-passing has promoted the circuit realization
of these three ECC decoders, which results in the windowed
Max-log-BCJR decoder for 4G LTE Turbo codes [382], adap-
tive min-sum-BP decoder for 5G NR LDPC codes [383],
and node-based SC decoder for 5G NR polar codes [384].
A uniform design of ECCs at the circuit level is a key
technology of 6G, such as Turbo/LDPC decoders [385] and
LDPC/Polar decoders [386]. Driven by ultra-low latency and
ultra-reliability of 6G communication systems, a short code
length will be adopted for ECCs, where the randomness,

sparsity, and channel polarization of the above three ECCs
are debilitated, thus degrading the good performance of their
de-facto decoding algorithms. One alternative approach is to
employ the near-maximum likelihood decoding schemes for
classical algebraic coding, which are also uniform schemes
for any linear block codes, such as ordered statistics decod-
ing (OSD) [387] and the recently proposed capacity-achieving
guessing random additive noise decoding (GRAND)[388].
Another promising solution for short-length scenarios is to use
concatenated codes, like Ar�kan�s new polarization-adjusted
convolutional (PAC) codes [389]. By fully exploiting the mas-
sive antennas in MIMO systems, a spatiotemporal 2-D coding
scheme concatenates codes from the time domain to the space
domain, to improve the reliability and transmission rate in a
short decoding latency [390].

3) Modern Random Access: LTE employs OFDMA and
5G NR uses optimized OFDM-based waveforms and multiple
access, both of which are orthogonal multiple access (OMA)
technologies. The connection density of 6G communication
systems will increase by tens of times compared to that of
5G. NOMA is recognized as the most promising modern ran-
dom access technology for 6G, meeting the needs of low
costs, high reliability, low latency, massive connectivity, and
high throughput in the complex and variable scenarios of 6G
communication systems [27], [30], [32], [52], [54].

In [391], NTT DOCOMO �rst introduced the concept of
NOMA and demonstrated that NOMA technology can improve
the capacity and cell-edge user throughput performance.
In contrast to traditional OMA technology, the core idea
of NOMA is to encourage multiple terminals to reuse
the same radio resources in the time, frequency and/or
code. NOMA actively introduces interference information
at the transmitter side and demodulates it using a succes-
sive interference cancellation receiver. NOMA is expected to
improve spectrum ef�ciency, increase system capacity, reduce
system latency due to scheduling and queuing, and ease
reliance on accurate CSI and feedback quality at the cost of
complexity [301], [392].

NOMA schemes can be divided into three categories,
including power domain NOMA such as multi-user overlay
coding, code domain NOMA such as sparse code multiple
access, and interleave based NOMA such as interleave division
multiple access [302].

In [393], the combination of NOMA and emerging wire-
less technologies such as massive MIMO, mmWave, cogni-
tive and collaborative communication, VLC, physical layer
security, energy harvesting, and wireless caching was com-
prehensively summarized. It was shown that NOMA with
these technologies can further improve the performance of
future communication networks, such as scalability and green-
ness. In [394], arti�cial noise was exploited to secure the
con�dential information of massive MIMO-NOMA networks,
and thus, to maximize the sum secrecy rates and EE of
the system. Recently, a novel framework of NOMA-assisted
RIS was proposed for the deployment and passive beam-
forming design and was shown to further improve EE [395].
In [396], NOMA and ambient backscatter were combined
as two promising technologies for developing SE and EE
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systems and the reliability and security of these systems were
investigated.

In general, NOMA has shown a non-negligible potential
and received a lot of attention from academia and indus-
try [301]. However, NOMA was not �nally adopted in 5G due
to some technical reasons and debates. The following chal-
lenges have to be addressed before the practical application
of NOMA. First, high-performance, low-complexity multi-
user interference cancellation algorithms should be explored.
Besides, the enhancement of the security and trust shall be
taken into account. What�s more, a common and uni�ed 6G
NOMA framework needs to be developed [392].

4) Ultra-Massive MIMO: As one of the key technologies
for 5G, the initial idea of massive MIMO was �rst proposed
by Marzetta from Bell Labs in 2009 [397] and has received
much attention because of its ability to improve the SE sig-
ni�cantly. When the number of antennas serving each user is
greater than 10, it can be considered as massive MIMO. In
6G, larger antenna arrays will be exploited, using hundreds
or even thousands of antennas, which is known as ultra-
massive MIMO. It has the ability to achieve higher SE and
EE, wider and more �exible network coverage, and higher
positioning accuracy in more diverse frequency range [303].
Ultra-massive MIMO has an exciting application prospect
because of its unique characteristics. Firstly, further expan-
sion of the antenna scale can provide spatial beams with very
high spatial resolution and processing gain, thus improving
the multiplexing capability and interference suppression of the
network. It is promising to improve SE and reduce energy
consumption of the system. Besides, the ultra-massive MIMO
array has the ability to adjust beams in three dimensions, thus
can provide non-terrestrial coverage. What�s more, the ultra-
massive MIMO array has extremely high spatial resolution,
which can improve positioning accuracy in complicated wire-
less communication environments and achieve accurate 3D
positioning.

In summary, important issues and trends in ultra-massive
MIMO are listed as follows. 1) With the further increase of
the antenna scale, the near-�eld effect and wideband effect
will be more prominent. The approximation of plane wave-
front no longer holds and the spherical wavefront needs to be
considered due to the utilization of large antenna arrays [338].
The spatial- and frequency-wideband effects lead to the chan-
nel sparsity in the angle domain and the delay domain [398].
For the near-�eld and wideband effects, plenty of research
has been conducted in the �elds of channel modeling, chan-
nel estimation, beam assignment, codebook design, and beam
training [399], [400], [401]; 2) In order to utilize more abun-
dant spectrum resources, ultra-massive MIMO is expected
to utilize higher frequency bands, such as mmWave and
THz. For ultra-massive MIMO in higher frequency bands,
research is being carried out, focusing on integrated cir-
cuit design, channel characteristics, modulation techniques
and so on [339], [402], [403]; 3) In addition to the tradi-
tional centralized active antenna array, ultra-massive MIMO
is expected to take a more �exible and diverse approach
for implementation. By using RIS (which will be introduced
later), instead of traditional active antennas, network coverage,

multi-user capacity, and signal strength can be signi�cantly
improved [404], [405], [406]; 4) The distributed ultra-massive
antenna system can deploy a large number of distributed anten-
nas over a wide geographical area to build cell-free network,
which is conducive to achieving consistent user experience,
obtaining high SE, and reducing the transmission energy con-
sumption of the system [255], [304], [407]; 5) The introduction
of AI for ultra-massive MIMO technology helps to achieve
intelligence in multiple aspects such as channel estimation,
channel sounding, beam management, and user detection. How
to meet real-time requirements and obtain training data needs
to be addressed [408], [409]; 6) Ultra-massive MIMO is also
expected to be combined with space-air-ground-sea integrated
networks. It will bring great performance gain for a series of
expanded application scenarios such as satellite communica-
tions [410], skywave communications [411], and underwater
acoustic communications [412].

5) IBFD: Different from the commercially available
frequency-division duplex (FDD) and time-division duplex
(TDD), IBFD technology enables a radio to transmit and
receive in the same frequency band at the same time,
which can theoretically double the spectrum ef�ciency, expand
wireless transmission capacity, and enable a more �exi-
ble and ef�cient network access. IBFD is one of the key
technologies being explored for future wireless communica-
tions [30], [32], [49].

IBFD has a long history and has been used in the design
of continuous wave radar systems since the middle of the
last century [413]. However, due to technical limitations,
there has been no further practical application. It is only
in recent years that IBFD has reignited research interest.
In [305], IBFD relaying was investigated as a typical appli-
cation. In [414], a full-duplex technique was proposed to
enable simultaneous communication between multiple ambient
backscatter nodes. In [415], an IBFD architecture using mono-
static antenna was presented and detailed laboratory tests were
conducted to investigate its performance. In [416], frequency
hopping technique and an additional operation mode called
transmission-detection were proposed to improve the through-
put of IBFD nodes under jamming attacks. In [417], IBFD
was applied in a radar-communication system enabling joint
communication and opportunistic wireless sensing for the �rst
time.

In order to make the practical application of IBFD possible,
the primary challenge is to develop in-band self-interference
cancellation (SIC) techniques with moderate implementation
complexity and cost. SIC technique can be divided into elec-
tronic SIC and optical SIC. In [306], the electronic SIC
techniques applied to sub-6 GHz were investigated in detail
and the total isolation performance resulting from combining
different approaches was analyzed. In [418], a 2.4 GHz dual-
polarized microstrip patch antenna with extremely high inser-
tion isolation for IBFD transceivers based on a shared antenna
structure was presented. In [419], an iterative estimation and
cancellation technique for nonlinear IBFD transceivers was
presented. In [420], a theoretical analysis technique for IBFD
systems using parallel Hammerstein self-interference can-
cellers in digital-domain was developed. As the bandwidth
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increases, the dif�culty of implementing self-interference sup-
pression will gradually rise. There are more challenges in
applying IBFD technology to the THz and OWC bands of
6G systems. OSIC has gradually attracted research interest
because of its large bandwidth and high accuracy. In [421],
a full RF characterization of an integrated microwave pho-
tonic circuit for SIC was conducted as the �rst test for an
�RF-IN and RF-OUT� photonic integrated circuit. In [422],
a photonics-assisted frequency conversion and SIC approach
was proposed and experimentally demonstrated for IBFD
communication.

C. New Physical Dimensions

To cope with the booming development of massive IoT,
6G communication is expected to achieve higher data rate
using the existing spectrum resources. In addition to rely-
ing on traditional air interface technologies, such as multiple
antennas, modulation, coding, and duplexing, �nding new
physical dimensions and transmission carriers to achieve rev-
olutionary breakthroughs can also help to improve SE further.
OAM, RIS, and holographic radio are the most promising ones
among them.

1) OAM: OAM is an inherent physical quantity of EM
waves. It is a dimension in addition to frequency, phase and
space, providing a new dimension for modulation in wireless
communications. EM waves with OAM, also known as vor-
tex EM waves, have an angular momentum phase wavefront
instead of the traditional plane wavefront. Speci�c anten-
nas are used to generate orthogonal modes, each associated
with a different orbital angular momentum mode carrying dif-
ferent information. Thus multiple OAM modes can coexist
and transmit data simultaneously over a single communica-
tion link. Taking advantages of the orthogonal characteristics
of different OAM modes, it is promising to achieve a high
spectrum-ef�ciency and increase the channel capacity without
any additional frequency band [27], [32], [51], [52].

Since Allen et al. [423] discovered that the optical vortex
with a spiral wavefront can carry OAM in 1992, research on
OAM has been extended to both radio and acoustic �elds.
Chen et al. [307] presented a summary of generation and
detection of optical, radio, and acoustic OAM. Recently, OAM
technology has attracted attention to explore new dimensions
in not only mmWave band but also THz region [308].

OAM technology has huge potential to provide high
data rates service in free-space optical, optical �ber,
radio communications, as well as acoustic communication
systems [307], [424]. In addition, the combination of OAM
and MIMO communication is promising to achieve higher
capacity and SE [27], which can be classi�ed into two
types [425]. One is that the signal is transmitted from OAM
antennas and received by conventional antennas, and vice
versa. The diversity of OAM modes is utilized to decrease
spatial correlation function, thus increasing capacity and SE.
Theoretical and numerical results proved that the OAM-based
MIMO system equals to the conventional MIMO system with
larger element spacing, making it possible to bring higher
SE [426]. In [427], an OAM-based MIMO communication

system with two OAM modes was proposed and its through-
put was improved upon traditional MIMO by up to 30.50%.
The performance of this kind of OAM-based MIMO system in
the multipath scenario was analyzed in [428]. It was found that
in the small angular spread scenario, the capacity of OAM-
based MIMO system was superior to that of the conventional
MIMO system. Another is that the signal is transmitted and
received both by OAM antennas. The most common OAM
antenna con�guration is the uniform circular array (UCA).
Although the UCA-based OAM is a subset of the conventional
MIMO [429] and thus its SE is still constrained by the upper
bound of MIMO, it has low complexity and is effective in
the line-of-sight (LoS) scenario due to orthogonality between
OAM modes compared with the conventional MIMO system.
Yagi et al. [430] demonstrated over 200 Gbps transmission
using a dual-polarized OAM-based MIMO multiplexing with
UCAs. Besides, OAM multiplexing can be combined with
other multiplexing technologies. Hu et al. [431] proposed a
time-switched OFDM-OAM MIMO to achieve a very high
sum-rate and spectrum ef�ciency with low computational com-
plexity. Moreover, analysis in the multipath and misalignment
scenario were performed as well. In [432], a hybrid orthogonal
division multiplexing scheme with phase difference compen-
sation, incorporating both OAM and OFDM, was proposed
to achieve high capacity in sparse multipath environments.
Amin and Shin [433] integrated OAM-MIMO multiplexing
system with NOMA, enhancing the channel capacities of the
downlink for multiple users. OAM can enhance radar tech-
niques. Therefore, OAM-based sensing systems have been
introduced as a new microwave-sensing technology [309].

A number of challenges remain before OAM technology
can be implemented in practice. Beam divergence and mis-
alignment severely reduce the transmission distance of OAM
EM waves. Besides, re�ection and refraction can destroy the
orthogonality of OAM waves. Thus, it is still an open problem
for OAM applications in NLoS scenarios. As a basis for
system analysis, channel measurements and modeling are still
lacking for OAM. For future commercialization, component
process, antenna design, and signal processing are the key
technical dif�culties to be overcome.

2) RIS: RIS is a surface composed of a large number of
programmable 2D meta-materials of sub-wavelengths, each of
which is capable of dynamically, intelligently, and indepen-
dently manipulating incident signal to obtain the expected
re�ected signal or transmission signal. It is thus expected
to form EM �elds with controllable amplitudes, phases,
polarizations, and frequencies to enhance the communication
performance. Compared with the transmitters with conven-
tional structures, RIS technology is low-cost, low-energy, and
easy to deploy, which can signi�cantly increase network trans-
mission rate, enhance signal coverage, and improve frequency,
energy, and cost ef�ciency [32], [43], [310], [311].

RIS is one of the promising technologies for upcoming
6G networks, with promising applications in creating smart
ratio environment [312], [434], improving massive connectiv-
ity, enhancing coverage, avoiding coverage holes, replacing
relays [313], boosting cell-edge transmission rate, achieving
green communication, assisting EM environment sensing or
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high precision positioning [32], improving communication
reliability [45], enhancing wireless body sensor networks [46],
and metasurfaces holographic technologies [27], [435]. More
details of the applications of RIS can be found in [314], [315].

In recent years, a lot of research for RIS has been carried
out. In 2011, Generalized Snell�s law was proposed and the
development of EM metasurface was greatly enriched [436]. In
2014, Cui et al. proposed the concept of coding metamaterials,
digital metamaterials and programmable metamaterials [437].
A lot of channel research has been conducted for RIS and
becomes a baseline for further theoretical studies and practi-
cal applications. In [438], three free-space path loss models
for RIS-assisted wireless communications were developed for
far-�eld, near-�eld and near-�eld broadcasting cases. In addi-
tion, experimental measurements were carried out to further
validate the proposed models. A physical and widely applica-
ble RIS channel model was proposed for mmWave frequencies
and its corresponding open-source SimRIS Channel Simulator
was introduced in [439]. Numerous experiments and tests have
been conducted to explore the capabilities of the RIS proto-
type system to improve system ef�ciency, increase throughput,
enhance coverage, etc. In [440], RIS-based resource allocation
methods were developed for downlink multiuser multiple-
input single-output (MISO) systems, which can provide up
to 300% higher EE compared to using conventional relay-
ing. Basar et al. proposed the concept of RIS-assisted IM
for massive MIMO wireless networks, having the potential
to provide considerably high SE at low signal to noise ratio
(SNR) [441]. The trade-off between EE and SE for RIS-
assisted MIMO uplink communication systems was studied
in [142]. In [442], a dual-polarized RIS was proposed to real-
ize low cost ultra-massive MIMO transmission architecture
towards future networks. By leveraging RIS in a downlink
NOMA system, the rate performance was improved signi�-
cantly [443]. In [444], advances in DRL were leveraged to
optimize the joint design of transmit beamforming matrix at
the base station and the phase shift matrix at the RIS. The
effectiveness of coverage enhancement of deploying RISs in a
mmWave cellular network was clari�ed by Nemati et al. [445].
In [446], the system-level simulation was conducted to validate
the fact that RIS could improve outdoor and indoor coverage
and ergodic rate. J. Yuan et al. introduced multiple RISs to a
downlink MISO CR system, increasing the achievable rate of
secondary users signi�cantly [447].

Multiple technical challenges remain for the future devel-
opment and wide application of RIS, such as constraints of
hardware capabilities, baseband algorithms, architectures of
wireless networks, and networking methods. Also, the cost and
energy consumption of RIS devices in high frequency band,
as well as the deployment scale and methods of RIS systems
still need further works.

3) Holographic Radio: Holographic radio leverages the
holographic interference of EM waves to achieve dynamic
reconstruction of EM space with real-time precision con-
trol. Utilizing a spatially continuous microwave aperture, it
is a new method to achieve spatial multiplexing. Holographic
radio is able to meet the demands for ultra-high SE, ultra-
high traf�c density, and ultra-high capacity. It contributes to

the convergence of imaging, sensing and wireless commu-
nication to support the intelligence of EM space [32], [47].
Holographic radio is also known as holographic MIMO, which
refers to the ultimate form of multi-antenna system with �nite
aperture [27], [448].

Rather than viewing unwanted signals as a harmful phe-
nomenon, holographic radio is promising to exploit the
interference as a useful resource for enhancement of EE [42].
Besides, holographic radio can obtain the RF spectral holo-
gram of the RF transmitting sources by utilizing holographic
interference imaging, thus can save the overhead in CSI or
channel estimations [316]. In the near future, holographic radio
will give full play to its potential in applications such as smart
factories, high-precision positioning, precise wireless power
supply, and data transmission for a massive number of IoT
devices [32].

The realization of continuous aperture antenna array is one
of the most primary technical dif�culties of holographic radio.
Currently, there are two approaches to realize a continuous
microwave aperture approximately. The �rst approach is to
densely pack sub-wavelength unit cells to realize continuous
or quasi-continuous apertures, which is referred to as recon-
�gurable holographic surface (RHS) [449], [450]. Utilizing
tightly coupled arrays of broadband active antennas is a more
promising approach [27], which relies on a high-power uni-
traveling-carrier (UTC) photodetector (PD)-coupled antenna
array. The UTC-PD is bonded to a photodiode-coupled array
antenna, which has the advantages of low costs and low power
consumption [42], [451].

How to develop holographic radio communication theory,
how to establish reliable channel models, and how to per-
form low latency and high reliability data processing on the
massive data generated by holographic radio systems are still
open problems.

D. More Capabilities

In this part, technologies that may strengthen 6G systems
in all levels will be introduced. AI, ISAC, and blockchain can
provide 6G systems with new capabilities of intelligence, sens-
ing, and security, respectively. Semantic communication will
expand communication systems capabilities greatly, making
intelligent connection of everything a reality.

1) AI: Over the last decade, AI has developed rapidly and
shown its overwhelming advantages in a vast array of indus-
tries. ML and DL are important subsets of AI, able to learn
and develop over time. AI technologies have high robust-
ness, adaptive learning ability, and strong understanding and
reasoning ability, which equip them with great application
potential in many aspects, especially for scenarios where sig-
ni�cant amounts of data are available for training. At the
same time, the communication system is developing at a
high speed, enabling larger throughput, lower latency, greater
number of connections, and more intelligent services. The
introduction of new demands and technologies has led to an
increase in the data volume and complexity of communication
networks, imposing serious limitations on traditional commu-
nication algorithms. AI is expected to be applied to all layers
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of 6G networks. It will simplify network management and
optimization, making communication systems more ef�cient
and intelligent [32], [52], [317], [452]. A similar outlook for
AI was expressed in [60] and the authors proposed a four-level
AI architecture for pervasive network intelligence.

AI will bring a disruptive change to the traditional air
interface design. In the physical layer, AI is employed in wire-
less channel research to enable the modeling and prediction of
complicated channels based on a large number of propagation
environment parameters [319], [453], [454]. Due to the high
computational complexity of conventional channel estima-
tion techniques, there are many efforts attempting to perform
channel estimation and signal detection utilizing AI [455],
[456]. Besides, AI can also be applied to E2E transceiver
design [457], [458], channel encoding and decoding tech-
niques [459], [460], as well as modulation and waveform
design [461], [462]. AI has the ability to ef�ciently extract and
express large dimensional feature space. Therefore, its appli-
cation in the �eld of MIMO technology, where the antenna
dimension has grown signi�cantly, has also received a lot of
attention [463], [464]. In the medium access control (MAC)
layer, AI is widely used for active user detection [465], [466],
access control [467], and wireless link scheduling [468]. In
addition, MAC protocols are expected to be designed auto-
matically thanks to recent developments in deep multiagent
reinforcement learning [469]. A deep neural network-based
transmission scheduling scheme was introduced in [470].
What�s more, AI can play a part in achieving higher wireless
positioning accuracy [471].

In the upper layers of networks, AI is expected to be more
widely used and bring disruptive changes to the network archi-
tecture, leading to pervasive network intelligence [38], [60],
[472]. First, AI can be used to design ef�cient resource alloca-
tion and interference management schemes. In [473] and [474],
deep neural network was utilized to solve the interference
management problem, achieving better power control results
while requiring less computational resources. In [367], a
blockchain and AI-empowered dynamic resource sharing archi-
tecture was proposed to implement ef�cient pattern recognition
and decision-making. In addition, as data traf�c increases,
network traf�c control becomes an important issue. AI can be
used to predict the network traf�c, and then, the corresponding
resource control algorithms are adopted to reduce congestion.
In [475], ML algorithms for traf�c management of 5G networks
were discussed. In [320], main AI algorithms applied to trans-
port layer congestion control were summarized. Besides, AI can
be used for network demand prediction and caching, helping
to reduce latency and decrease operational costs [476]. In the
face of the explosive growth of application data, the AI-based
distributed computing technology can further release the poten-
tial of computing and data resources of edge nodes [477]. In
addition to applying AI to solve speci�c problems at each layer
of the network, an intelligent-endogenous network architecture
based on DL and knowledge graph was proposed [478]. The
network can automatically change in response to new service
requirements, which is expected to further unlock the scalabil-
ity, iterative enhancement, and model generalization application
capabilities of AI. Besides, a dynamic RAN slicing scheme

based on a two-layer constrained reinforcement learning was
introduced in [479].

A number of issues need to be addressed in the progress
of applying AI to air interface design. AI cannot completely
replace conventional methods and there is a need to identify
the application area of learning methods [318]. Besides, future
research needs to explore suitable AI learning techniques for
speci�c problems [480]. Challenges for network AI will be
discussed later.

2) ISAC: As one of the six visions of the 6G communica-
tion systems, �Full Applications� puts forward the need for the
integration of communication network and perceptive network.
In a broad sense, the perceptive network refers to a system that
can perceive the attributes and states of all services, networks,
users, terminals, and environmental objects [321]. ISAC is an
important supporting technology for realizing 6G integrated
network. Perception and communication systems are inte-
grated to ef�ciently utilize congested wireless resources and/or
hardware resources, and mutually assist each other to improve
the ef�ciency of hardware, spectrum, time, and energy [85].

Over the past few decades, communication and perceptive
technologies have been developed in parallel, and the two
systems are relatively independent. However, with the devel-
opment of communication technologies, the perceptive system
and the communication system are more and more coupled.
They both tend to utilize consistent high-frequency and large-
aperture antennas, and are expected to use similar signals and
data processing methods [322].

The emergence of the concept of ISAC can date back to
the 1960s. In [481], Mealey used coded pulses to transmit
information from ground-based radars to spacecraft. However,
there were few further developments afterwards. Recently,
with the development of related technologies, ISAC has
received widespread attention. A large number of theoret-
ical designs and system implementations of related tech-
nologies have been carried out by domestic and foreign
scholars. Sturm Wiesbeck discussed the waveform design
and signal processing for ISAC and implemented the �rst
ISAC system utilizing OFDM waveforms [482]. The �rst
information theoretical analysis of ISAC was conducted by
Chiriyath et al. [483]. An ISAC implementation for vehicle
communication scenarios was realized in [484]. Liu et al. pro-
vided an overview of the applications, research status, and
future directions of ISAC design [86]. Focusing on signal
processing, Zhang et al. summarized the related technolo-
gies of ISAC [323]. Cui et al. provided a general survey of
the progress of ISAC, listed the use cases of ISAC under
the IoT architecture, and introduced several challenges and
opportunities for future development [85]. In [324], joint
radar-communication strategies for autonomous vehicle were
surveyed. In [325], an overview research on integrated local-
ization and communication was proposed. What�s more, IEEE
802.11bf was established in 2020, focusing on wireless local
area network (WLAN) sensing. Besides, 3GPP SA1 started a
study item on ISAC in March 2022.

Research challenges include building high-precision ISAC
measurement equipment, designing reasonable measurement
scenarios, selecting ef�cient transmission frequency bands,
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evaluating the correlation between sensing channels and com-
munication channels, and establishing accurate ISAC channel
models. On this basis, it is necessary to consider how to inte-
grate both communication and sensing requirements in terms
of hardware architecture, system design, waveform design,
and anti-jamming signal processing on the basis of avoiding
interference and collisions [321].

3) Blockchain: Blockchain technique was �rst proposed
for cryptocurrency in 2008 [485]. Using distributed databases
connected by hash pointers, blockchain has the characteris-
tics of decentralization, transparency, anonymity, immutability,
traceability, and resiliency [326]. Because of the �atter struc-
ture and more frequent data transformation in 6G network,
the traditional centralized security authentication and access
control mechanisms will no longer be fully applicable [225].
Blockchain, considered as one of the essential technologies for
6G communication systems [32], [43], [52], provides a promis-
ing solution to the trust-and security-related issues among
distributed and heterogeneous network devices and infrastruc-
tures. In 2018 Mobile World Congress Americas (MWCA),
FCC outlined their vision for deploying blockchain in future
6G networks. In [486] a blockchain-RAN (B-RAN) architec-
ture was proposed for decentralized secure radio access.

A series of studies on the application of blockchain in
the �eld of communication are underway. Because of its
characteristics of tamper resistance, decentralization, �ne-
grained auditability, and imbedded asymmetric encryption,
blockchain is expected to provide both the data security and
privacy protection. In [487], a blockchain-based distributed
domain name system was proposed to defend against DDoS
attacks. In [488], blockchain was used to privacy protec-
tion of identity and con�dential data of users in wireless
networks. Besides, blockchain can promote more ef�cient
resource sharing in a wide range of separated network enti-
ties. In [327], blockchain-based spectrum management was
proposed to provide secure and highly ef�cient decentralized
spectrum sharing. In [489], blockchain was used in network
slicing to promote slice leasing for the �rst time. In [490],
blockchain-empowered MEC was proposed to guarantee the
security and traceability of computing and storage capaci-
ties sharing. In [328], blockchain solutions were investigated
to balance transparency, ef�ciency, and privacy requirements
in decentralized data management. Furthermore, blockchain
plays an important role in massive IoT, ensuring the security
and data privacy, traceability of massive data, and interop-
erability across devices. In [329], blockchain and IoT were
combined to store, access, and manage real-time sensory
data from patients in a secure and ef�cient way. In [491], a
hierarchical and scalable blockchain-based trust management
protocol was proposed for IoT systems, which was proved to
be superior to existing solutions in terms of scalability, mobil-
ity support, communication, and computation costs. In [330],
the adoption of blockchain for supporting the information
exchange in Internet of Vehicles (IoV) was comprehensively
surveyed. In [492], a blockchain-based collaborative crowd-
sensing (BCC) scheme was proposed for IoV, promoting the
security and ef�ciency of autonomous vehicles crowdsensing.
In the �eld of smart grid, blockchain can be applied to promote

privacy-preserving and ef�cient data aggregation [331]. One
last application to note is the federated-style learning, which
is inherently supported by blockchain. In [282], a blockchain
empowered federated learning framework was proposed to
share intelligence in an open and compatible manner, thus
improving the ef�ciency and security of digital twin wireless
networks.

Although blockchain is expected to facilitate the develop-
ment of 6G networks in various aspects, its decentralized char-
acteristics will cause problems, such as relatively long latency,
inef�cient storage, and limited throughput performance. Thus,
it may only be useful for certain application scenarios. Besides,
the current underlying technology platforms of blockchain
show a fragmented state, and there is a need to establish uni-
�ed standardization and regulation to promote the integration
of individual systems.

4) Semantic Communication: Semantic communication is
a communication method in which semantic information is
extracted from a source and encoded for transmission in a
noisy channel. Rather than requiring error-free transmission
at the bit level, semantic communication relies primarily on
building a semantic knowledge base that is pervasive and
comprehensible among a large number of human users and
machines. It is expected to break through the bottleneck of
transmission in classical communication systems and liber-
ate communication networks from the traditional architecture
based on data protocols and formats. Semantic communica-
tion is promising to further improve communication ef�ciency
and reliability, enhance the quality of human-oriented services,
and realize the true seamless intelligent connection of every-
thing [265], [493].

In 1948, classic information theory was proposed by
Shannon [494]. Later, Weaver indicated that semantic problem
concerns how precisely the transmitted symbols can convey the
desired meaning, inspiring thinking and research of semantic
information [495]. The concept of semantic information theory
was proposed in [496] and was further re�ned in [497], [498],
[499]. In [500], the key point of semantic information theory
was considered to be the understanding of content and the
ability of logical deduction. In [501], it was proved that the
representation of semantic information is unique. In [493],
the limitations of classic point-to-point semantic communi-
cation were analyzed, and a resource-ef�cient semantic-aware
networking architecture based on federated edge intelligence
was proposed to reduce resource consumption and improve
communication ef�ciency. In [502], a new semantic represen-
tation framework was proposed to set up an intelligent and
ef�cient semantic communication network architecture, which
had a lower bandwidth requirement, less redundancy, and more
accurate intent identi�cation.

Recently, semantic communications has been utilized in
E2E communication systems to address the bottlenecks in tra-
ditional block communication systems. Several related studies
have considered different types of sources, focusing on image
and text transmission [319], [503], [504], [505]. Semantic
communication can also be applied in speech signal pro-
cessing to convert speech signals into textual information in
automatic speech recognition, where the characteristics of the
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speech signal, such as speech rate and intonation, are not
concerned [506].

At present, semantic communication technology is still
under rapid development, and many basic concepts need to
be developed and improved [265], [493]. First, the accuracy
of semantic fundamental elements determines the reliabil-
ity in practical applications and is the most fundamental
issue in semantic communication. Second, how to design an
effective semantic error-tolerant and error-correcting mech-
anism remains unknown. Moreover, a simple and versatile
solution for fast semantic information detection and pro-
cessing that can be implemented in resource-limited devices
is still lacking. Semantic information models between dif-
ferent entities are dif�cult to share, exacerbating the chal-
lenge of adopting semantic communication in communication
systems. Besides, semantic communication also puts forward
completely new requirements for network security, which
requires the establishment of a perfect censorship mecha-
nism to prevent the semantic knowledge graph from being
maliciously tampered and a safe and reliable storage and
a recall mechanism to prevent the leakage of user�s private
information.

5) Energy-Neutral Devices: Passive (energy-neutral)
devices rely on power harvested from the ambient environ-
ment to support their operation. The most important category
is devices that harvest RF power, either from speci�c power
transmitters or from ambient signals. Typically, these devices
comprise a capacitor that is charged by the incoming RF �eld
and communicate via backscattering. With backscattering,
there is no RF chain, but the devices modulate the load
impedance of their antenna to change the backscattered �eld;
this change is then detected by the network node commu-
nicating with the device [334], [507], [508], [509], [510],
[511], [512]. From an electronics viewpoint, a load-modulated
backscattering antenna is similar to an atom in a RIS (see
Section V-C2).

Energy-neutral devices will enable a host of new applica-
tions, from massive sensor telemetry to tracking of goods and
people in factories, hospitals, and smart cities, for instance.
Particularly, building and deploying massive amount of elec-
tronics without batteries is attractive, since no battery charging
or replacement is required, and since toxic materials required
for conventional batteries can be avoided.

One of the main challenges with backscattering communi-
cation is the link budget. With � being the path gain from
the network node to the device, the total path gain from the
network node to the device and back scales as � 2. To over-
come the high path loss, either a directional antenna must be
used (at the network node and/or the device), or one must
rely on antenna arrays at the network side [333], [513], [514],
[515]. Massive MIMO, the core physical-layer technology in
5G and 6G, enables an array gain proportional to the number
of antennas both in receive and transmit mode. When operat-
ing in reciprocity-based (TDD) mode, this scaling holds even
with estimated channels [516]. Exploiting this insight, mas-
sive MIMO technology is viewed as a fundamental enabler
for communication with backscattering devices and technol-
ogy is currently being developed, for example, in the European

H2020-REINDEER project [12]. Another challenge is the cost.
More devices are deployed in large scale so that the over-
all cost will be magni�ed if the individual device takes on a
high cost.

VI. 6G TESTBEDS

In Section IV�V, we have introduced a number of potential
network architectures and technologies. Currently, standardiza-
tion organizations have carried out a series of forward-looking
works. We have investigated study items and work items in
3GPP (R18-R19), IEEE standards, technical groups in ETSI,
as well as study groups in ITU-T and ITU-R [517], [518],
[519], [520], [521]. Details of the standardization efforts on the
6G network architecture and potential technologies are sum-
marized in Table IX and Table X, respectively. The summary
also provides readers with an overview of the standardiza-
tion process. However, several technologies have not been
investigated by standardization organizations and not been
summarized in the tables. In order to accelerate the techni-
cal research as well as the subsequent standardization work,
studying 6G testbeds is one of the indispensable tasks.

To investigate the developments of testbeds used to explore
channel characteristics, verify the key technologies, and eval-
uate the whole communication system, different 6G testbeds
have been given for different purposes in this section. We
will focus on three types of such testbeds, testbeds for 6G
channels, testbeds for 6G key technologies, and testbeds for
comprehensive 6G system veri�cation.

A. Testbeds for 6G Channels

Channel characterization, measurements, and modeling
are the foundations of system design, theoretical analysis,
performance evaluation, optimization, and deployment. Any
new frequency bands, new scenarios, and new communica-
tion technologies will lead to new channel characteristics.
Therefore, with the development and evolution of commu-
nication systems, channel research has played an indispens-
able role at all levels of the communication systems. In
general, the wireless signal includes large-scale fading and
small-scale fading. Large-scale fading includes path loss
and shadowing, while small-scale fading includes multipath
fading. Large-scale fading plays an important role in wire-
less networking, including link budget calculation, network
planning, optimization, and resource allocation, while small-
scale fading is mainly utilized in wireless transmission, such
as channel estimation, modulation, and coder design. Other
applications, such as channel capacity analysis, localization,
and positioning, consider both large-scale and small-scale
fading.

With the emergence of new application scenarios and
new technologies, 6G channels will have new characteristics.
Therefore, it is essential to provide future 6G research with
applicable channel testbeds. Existing testbeds for channels are
divided into software channel simulators and hardware chan-
nel sounders. The latest developments will be introduced as
follows.
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TABLE IX
STANDARDIZATION OF 6G NETWORK ARCHITECTURE [517], [518], [519], [520], [521]

TABLE X
STANDARDIZATION OF 6G POTENTIAL TECHNOLOGIES [517], [518], [519], [520], [521]

1) 6G Pervasive Channel Simulator: Channel simulators
aim to simulate the propagation characteristics of real channel
environments by using different channel models. The most
critical issue for 6G channel modeling is to fully consider
the characteristics of 6G all-spectra and all-scenario chan-
nels. A pervasive 6G wireless channel modeling theory was
proposed by Wang et al. in [522]. Using a uni�ed channel
modeling framework and method, the pervasive 6G wireless
channel modeling theory adopts a uni�ed channel impulse
responses (CIR) expression and comprehensively considers
integrating statistical properties of 6G channels for all spec-
tra and all scenarios. Based on this, a 6G pervasive channel
model applicable to 6G all-spectra and all-scenarios is con-
structed to accurately re�ect the characteristics of different
channels.

In Fig. 10, the 6G pervasive wireless channel modeling
theory is illustrated, which can be used to guide the construc-
tion of standardized 6G channel models. In terms of channel
modeling framework and method, non-predictive models such
as the geometry-based stochastic model (GBSM) and ray trac-
ing (RT), as well as AI/ML-based predictive models can be
adopted. 5G and previous standardized channel models such
as 3GPP TR 38.901 and IMT-2020 mostly adopt the GBSM
modeling method. It is expected that the standardized 6G chan-
nel models will mainly adopt the GBSM modeling method
for the same reasons, while RT and AI/ML modeling methods
can be used for individual frequency bands and scenarios as
supplements.

Guided by the 6G pervasive channel modeling theory, a
6G pervasive channel model (6GPCM) based on a GBSM
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Fig. 10. A pervasive wireless channel modeling theory [522].

framework was �rst proposed in [522]. It aims to construct
a benchmark for 6G pervasive GBSM, which is expected
to serve as a pioneer in the exploration of 6G standard-
ized channel models. The proposed model is generally suit-
able for all spectra including sub-6 GHz, mmWave, THz,
IR and VLC, global-coverage scenarios including low-earth-
orbit (LEO) satellite, UAV, and maritime communication, and
full-application scenarios such as ultra-massive MIMO, IIoT,
and RIS channels in 6G communication systems. Parameter
database for all spectra and scenarios can be constructed by
using channel measurement �tting from existing standardized
channel model documents. Considering the cost and limita-
tions of channel measurements, RT and AI/ML-based methods
can also be chosen to achieve channel parameter acquisition
for different spectra and scenarios to complete the channel
model parameter database. By adjusting the parameters of
the channel model, the 6GPCM can be simpli�ed to simulate
channels for speci�c spectra and scenarios as special cases.
By analyzing the 6GPCM, the complex mapping relation-
ship among channel model parameters, channel characteristics
and communication system performance can be investigated
thoroughly. The 6GPCM is extremely important for the stan-
dardization of 6G channel models, as well as the investigation
of theories, technologies, and system integration for the 6G
space-air-ground-sea integrated network.

2) Channel Sounders: As a way to actively recognize chan-
nels, channel sounders are of great importance for establishing
6G all-spectra, global-coverage, and full-applications standard-
ized channel models. A channel sounder is usually composed
of a Tx, a Rx, and a data acquisition unit, which is a chan-
nel measurement platform to exploit the characteristics of
unknown propagation environments [523]. In order to evalu-
ate the performance of channel sounders, some key properties

are de�ned, e.g., bandwidth, delay range, channel snapshot
(CS) repetition rate, and dynamic range [524]. First, the band-
width and delay resolution are reciprocals of each other. The
larger the bandwidth is, the higher the delay resolution will be,
but usually the higher the cost or complexity of equipment as
well. Second, the delay range refers to the maximum propaga-
tion distance detected by the channel sounder in the dynamic
range. In general, the delay range required for indoor scenarios
is relatively small, about a few hundred nanoseconds, while
many microseconds for outdoor scenarios. Third, the CS rep-
etition rate is an important indicator of channel measurements
in mobile scenarios. Based on the Nyquist sampling theorem,
the signal can be recovered perfectly when the sampling rate is
higher than twice of the signal bandwidth. The bandwidth of
a mobile channel equals to the maximum Doppler frequency,
so the CS repetition rate needs to be greater than twice the
maximum Doppler frequency. Last, the dynamic range is cal-
culated by the difference between the strongest identi�able
multipath component (MPC) power and the noise �oor [525].
The dynamic range can be improved by averaging over many
CSs and increasing the length of probe waveform.

6G channel sounders for measurements can be used to
investigate the properties of all-spectra, global-coverage, and
full-applications channels. In Table XI, the speci�c con�gu-
rations of these channel measurement campaigns are shown,
and the detailed statements are as follows.

According to channel measurement frequency, channel
sounders can be divided into sub-6 GHz, mmWave, THz, and
OWC channel sounders. In [526], a time domain channel
sounder was used to conduct channel measurement at 3.5 GHz
in outdoor mobile scenarios. An omnidirectional antenna was
used at both Tx and Rx sides. In [527], 0.7 GHz, 2.3 GHz, and
3.7 GHz cross-band channel measurements were conducted in
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TABLE XI
SUMMARY OF 6G CHANNEL SOUNDERS FOR MEASUREMENTS

Urban Macro scenarios by two sets of time-domain channel
sounders. Two of these three frequency bands were measured
simultaneously at each channel measurement. At the Rx side,
4 × 4 dual-polarization planar antenna array was used for
0.7 GHz channel measurements, and 8 × 4 dual-polarization
planar antenna array was used for 2.3 GHz and 3.7 GHz chan-
nel measurements. At the Tx side, a single omnidirectional
antenna was used for all frequency bands channel measure-
ments. In [528], a time domain channel sounder was used to
conduct SISO and MIMO channel measurements in a large
indoor of�ce environment. For SISO channel measurements,
two omnidirectional antennas were used as the transmitting
and receiving antennas. For MIMO channel measurements,
the 4 × 4 dual-polarization planar antenna array was used
at the Tx side and the 4 × 8 dual-polarization cylindrical
antenna array was used at the Rx side. In [529], a 32 × 56
MIMO channel measurement at 3.5 GHz was implemented via
time-division multiplexing (TDM). The high-speed electrical
switches were con�gured at both Tx and Rx sides. In order
to investigate the path loss at mmWave, a 28 GHz channel
sounder based on a vector network analyzer (VNA) was con-
structed in an outdoor scenario in [530]. The rotating platforms
were used at both the Tx and Rx sides to obtain spatial charac-
teristics of channels. Moreover, a VNA based (i.e., frequency
domain) channel sounder was presented in [531]. Both the

measurement frequency and bandwidth of this channel sounder
are up to 40 GHz and 500 MHz, respectively. In [532], a 140-
220 GHz THz channel sounder based on a VNA and frequency
extenders was constructed to conduct a LoS measurement cam-
paign. By analyzing the power delay pro�le of measurements,
multipaths were not neglected in the LoS channels. In [533],
a 220-330 GHz THz channel sounder with a bandwidth of
2 GHz was constructed to investigate the frequency depen-
dence of path loss in indoor static scenarios. Both Tx and Rx
of this sounder were equipped with high-gain directional horn
antennas. In [534], a frequency-domain channel sounder was
constructed to conduct indoor channel measurements for LiFi
communications using IR LEDs with centroid wavelength at
850 nm. Both transceivers have wide �led-of-view (FoV) and
beamwidth, which can well support mobile scenarios. By using
a time-domain channel sounder, an outdoor V2V channel mea-
surement at the VL band was shown in [535]. A commercial
car headlamp was used on the Tx side, and a PD installed on
a car was used on the Rx side.

Also, based on the coverage scenarios of channel mea-
surement, channel sounders can be mainly divided into UAV,
maritime, and mine channel sounders. To study the wireless
propagation channel in maritime communication scenarios,
the corresponding channel sounders are needed for channel
measurement. In [536], a time-domain channel sounder was

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 



944 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 25, NO. 2, SECOND QUARTER 2023

used to measure the channel characteristics in a sea port sce-
nario. The vertically polarized omnidirectional antennas were
equipped at both Tx and Rx sides. A channel measurement
campaign at an open sea environment was conducted by a
time domain channel sounder [537]. The channel sounder
worked at 2.075 GHz with a bandwidth of 200 MHz. Two
vertically polarized antennas were equipped at the Tx and
Rx sides. UAV channel sounders are usually miniaturized
and lightweight, as they need to be mounted on the UAV.
In [538], channel measurements at C-band and L-band in
an air-to-ground scenario were conducted by a UAV chan-
nel sounder. The sounder measured the time-varying CIR via
the collection of PDPs. In [539], a time domain UAV chan-
nel sounder was constructed to conduct channel measurement
at 3.1-4.8 GHz in an air-to-ground scenario. Omnidirectional
antennas were used at both the UAV and GS sides. In gen-
eral, the structure of underground mines can be divided into
two categories, i.e., tunnel mines and room-and-pillar mines.
In [540], a time domain channel sounder was used to conduct
channel measurement at 3 GHz in a room-and-pillar mine. An
omnidirectional biconical antenna was used at both Tx and Rx
sides. In [540], a frequency-domain channel sounder was used
to conduct channel measurement at 60 GHz in a tunnel mine.
Directional MIMO antennas were used at both Tx and Rx
sides.

Finally, based on the application scenarios, current channel
sounders can be divided into those for massive MIMO, RIS,
IIoT, and ISAC. Massive MIMO channel sounders are usually
equipped with large-scale antenna arrays. In [542] the chan-
nel measurements were conducted at 5.3 GHz by using the
ultra-massive MIMO channel sounder. The Tx antenna array
was equipped with 8 omnidirectional antennas. A uniform
linear array (ULA) up to 4.3 m with antenna element spac-
ing of 0.6 wavelengths was used at the Rx side. In [543],
a massive MIMO time domain channel sounder was con-
structed to conduct channel measurements at 1.4725 GHz in
an outdoor stadium. The Tx side was equipped with a vir-
tual ULA with 128 antenna elements. The Rx side consists
of 2-element antenna. In [544], RIS channel measurements
are carried out at 5.4 GHz employing a RIS channel sounder.
The whole measurement system consists of Tx, RIS hard-
ware, and Rx. The Tx and Rx sides were equipped with a
planar array with 32 uniformly spaced antenna elements and
a cylindrical array with 64 antenna elements, respectively. RIS
hardware consists of 9 same sub-arrays. In [545], RIS-assisted
mmWave channel measurements were conducted in the indoor
laboratory and of�ce environments by a RIS-enabled channel
sounder. The channel sounder consists of a four-port VNA, the
RIS, one monopole antenna, and an antenna positioner. The
ISAC channel sounders consist of two parts: communication
channel sounding and sensing channel sounding. In [546], the
authors conducted SISO and MIMO channel measurements
in a mechanical and automobile workshop. The height of the
Tx antenna is 4.5 m, which is approximately the height for
the placement of wireless access points. The height of the
Rx antenna is 0.3 m and 1 m to simulate the communication
scenarios of the auto guided vehicle and wireless switches.
The detailed description of the time-domain channel sounder

can be referred to [528]. In [547], a sensing channel measure-
ment was conducted in an anechoic chamber by a THz ISAC
channel sounder to verify the imaging accuracy of the sensing
channel. The Tx antenna was a 140 GHz horn antenna, and Rx
was a sampling surface. To validate the detect ability of the
sensing targets, the channel measurement was conducted at
26 GHz by using an ISAC channel sounder [548]. A ULA
equipped with 16 quasi-antenna elements was used on the
Tx side. Then, the detection probability was calculated and
analyzed.

B. Testbeds for 6G Key Technologies

In order to design and verify new technologies, several
testbeds for 6G key technologies have been proposed by differ-
ent organizations in recent years. Table XII gives an overview
of representative testbeds. Details will be discussed as follows.

1) Testbeds for mmWave: It is an essential work to build
the mmWave massive MIMO testbed for practical use.
During the 5G research era, various organizations including
AT&T, HUAWEI, NTT DOCOMO, New York University,
and Intel/Fraunhofer have made extensive measurements of
channel characteristics in the mmWave frequency band from
30 GHz to 100 GHz. According to the measurement and
ray tracing results, [575] was developed to introduce corre-
sponding channel characteristics and modeling. Samsung [576]
and Qualcomm [577] have presented 28 GHz mm-Wave
MIMO Prototypes in 2014 and 2018, respectively, as well
as corresponding measurement results. Recently, Anjos et al.
from the University of Leuven presented a recon�gurable
millimeter-wave tile-based antenna array platform named
Flexible Organization and Recon�guration of Millimeter-wave
Antenna Tiles (FORMAT) [549], aiming at offering an assem-
bled hardware solution to demonstrate various antenna array
concepts and thus providing valuable insights to beyond-5G.
By employing FORMAT hardware at both base station and
user terminal, a wireless link was set up to demonstrate
a 4.8-Gbps downlink speed with 64 QAM modulation at
28.5 GHz.

Another real-time millimeter-wave massive MIMO testbed
named LuMaMi28 was presented in [550] by groups from
Lund University. LuMaMi28 consists of a base station with 16
transceiver chains and multiple users equipped with a beam-
switchable antenna array. Corresponding measurement results
for mmWave massive MIMO performance with both static and
mobile users in different actual scenarios were also provided
in this paper.

In response to the limited coverage of mmWave due to its
susceptibility to atmospheric attenuation, researchers demon-
strated a promising real-time photonics-assisted mm-Wave
communication technology to overcome the wall loss for
mmWave and thus promote indoor coverage in [551]. This
technology also incorporates Ka-band large-scale phased-array
antenna and FPGA-based automatic beam tracking technique,
which allows terminals to move freely within a max range of
± 50� . It was also demonstrated that this photonics-assisted
mm-Wave communication system can achieve 1.5 Gbps
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TABLE XII
TESTBEDS FOR 6G KEY TECHNOLOGIES

real-time bi-directional uncompressed high-de�nition video
transmissions at 26.5�29.5 GHz.

2) Testbeds for THz: To tackle the emerging 6G testing
challenges with up to 10 GHz of bandwidth, many instru-
ment manufacturers have launched a variety of sub-THz
testbed instruments to address a multitude of frequency bands,
frequency bandwidths, and waveform types for experimen-
tal demonstration purpose, such as Keysight and National
Instruments (NI). Researchers from Northeast University
presented an integrated testbed for ultra-broadband wire-
less communications at true THz-band frequencies called
TeraNova in [552]. The system consists of a transmitter and
a receiver based on Schottky-diode frequency multiplying and
mixing chains able to up- & down-convert an intermediate
frequency (IF) signal between 1 and 1.05 THz. Researchers
then characterized the THz channel in the vicinity of the �rst
absorption-de�ned window above 1 THz, as well as the ther-
mal noise and the absorption noise in the TeraNova system.
Through the analysis of the testing results, experiments using
this platform also reveal several bottlenecks of THz researches
at the physical layer to be overcome.

Photonics-aided THz-wave can break the bottleneck of
electronic devices and thus attracted dozens of attention.

Zhang, et al. from the Purple Mountain Laboratories intro-
duced their 352-Gbps THz wired transmission experiment at
325 GHz in [578]. Hollow-core �ber composed of a poly-
carbonate substrate tube and a silver �lm plated inner layer
with 0.3 µm thickness was exploited in this THz wired trans-
mission, which realized the record-high 352 Gbps single line
rate and 8.6 bps/Hz net spectrum ef�ciency by employing
the 32 Gbaud PS-4096 QAM signals. Besides, Zhang, et al.
also showcased a real-time transparent �ber-THz-�ber 2 × 2
MIMO transmission system based on photonic up-/down-
conversion at 370 GHz THz band in [340], which can offer a
100 GbE (103.125 Gbps) streaming service platform to play
real-time movie and live surveillance video. Such Photonics-
aided THz-wave architecture exhibits its superiority of high
frequency, large bandwidth, and low transmission loss of opti-
cal devices, and can be seen as a promising solution for the
seamless integration �ber-THz-�ber network in the future 6G.

3) Testbeds for RIS: In [553], researchers conducted �eld
trials to con�rm that RIS is indeed a promising technology
to improve communication performance. The developed RIS
prototype is made of 1100 controllable elements working at
5.8 GHz band, and is con�gured by exploiting the geomet-
rical array properties and a practical receiver-RIS feedback
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link. It can achieve 26 dB power gain compared to the bench-
mark where the RIS is replaced by a copper plate for indoor
scenarios.

Normal RIS systems can only manipulate signals re�ected
on the same side, which to some extend restricts the service
coverage. An intelligent omni-surfaces (IOS) was proposed
in [554], which can support full-dimensional communications
by employing its re�ective and refractive properties. The phys-
ical structure of IOS and corresponding testbed were presented
in [555]. Another RIS prototype that can control the phase
shifts of incident waves continuously was proposed in [556].
Through experimental measurements, with the aid of full-wave
simulations the properties of the proposed RIS prototype were
also characterized.

In [557], groups from the University of Surrey presented a
RIS testbed in the sub-6 GHz band, which was fabricated to
operate at 3.5 GHz. The RIS testbed owns a surface composed
of 2430 unit cells with conductive patches and a control unit
that can control the response of the surface. It was demon-
strated that, in the case of no LoS between the Tx and the
Rx, the RIS can successfully con�gure itself to direct the
re�ected waves towards the target under different incident
angles.

In [558], A 1-bit RIS testbed consisting of 16 × 16 unit cells
was demonstrated. With a compressive sensing-based adaptive
beamforming algorithm that can manipulate the beam towards
the receiver, the RIS system can signi�cantly improve the
BER and SNR under different modulation schemes. Another
RIS prototype considering mmWave frequency was presented
in [559]. Such prototype contains the hosts for parame-
ter setting and data exchange, the universal software radio
peripherals, and also the RIS having 256 2-bit elements. The
measurement results have con�rmed the effectiveness of this
RIS prototype that it can achieve a 21.7 dBi antenna gain at
2.3 GHz and a 19.1 dBi antenna gain at 28.5 GHz.

4) Testbeds for ISAC: HUAWEI completed the world�s �rst
5G-advanced ISAC technology veri�cation at the Huairou
Out�eld in Beijing to validate the capability of ISAC of per-
ceiving vehicles and people in various business scenarios,
such as smart transportation and campus intrusion detec-
tion [560]. The 3GPP 5G signal in the millimeter-wave band
was employed in this test. Under the condition that the pro-
portion of sensing resources not exceeding 15%, the detection
distance of the integrated 5G ISAC sensor is more than
500 meters, and the detection accuracy rate of vehicles and
people reaches 100%, which veri�es the performance advan-
tages of 5G-Advanced ISAC in KPIs such as detection distance
and positioning accuracy over the mainstream traf�c radar.

To meet the high-speed communication and high-precision
sensing requirements of medical and industrial scenarios in
the future, HUAWEI also proposed an ISAC-OW technol-
ogy, and provided corresponding prototype veri�cation [561].
Such prototype can precisely sense and locate mobile robots
through visible and infrared optical wireless links, while at
the same time transmitting wireless real-time high-de�nition
videos between mobile robots and the controller via an optical
link. In addition, the ISAC-OW prototype can also monitor
heart rate and breathing status in real-time without contact,

with detection accuracy comparable to commercial smart-
watches. Through the design of ISAC integrated waveform,
hardware architecture and signal processing algorithm, the
prototype achieves centimeter-level indoor positioning and
high-speed wireless optical communication.

Due to the high accuracy of sensing and resolution, as
well as the advantage in portability, the THz sensing has
attracted massive research attention. HUAWEI has set up a
THz-ISAC (Integrated Sensing and Communication at THz
band) prototype suitable for the 100�300 GHz frequency band
to explore and verify the technical feasibility of high-precision
sensing and imaging on the terminal side and outdoor medium-
distance ultra-high-speed transmission [562]. Measurement
results have demonstrated that with the assistance of virtual
aperture, the prototype can realize millimeter-level resolution
imaging of occluded objects and outdoor medium-distance
and long-distance 240 Gbps high-speed line-of-sight over-the-
air transmission.

In order to verify that the dual-function radiation wave-
form can complete both radar sensing and communication
functions simultaneously, researchers from University College
London developed an OFDM-based MIMO software-de�ned
radio (SDR) testbed in [563]. By carrying out actual over-
the-air experiments, they successfully demonstrated that the
measured results of BER, which show the communication
performance using dual-function waveform, can achieve com-
parable BER performance with that of the pure communication
system, while keeping �ne radar beampatterns at the same
time.

5) Testbeds for Cell-Free Systems: As a strong candi-
date for 6G networking, cell-free systems need to be tested
and veri�ed to explore the limitations for practical imple-
mentation. Ericsson developed a distributed MIMO (another
name for cell-free MIMO systems) deployment named radio
stripes in 2019 [564] to serially process signals. Samsung
presented a Distributed-Full Duplex-MIMO (D-FD-MIMO)
system in [565], which employs a 2D planar antenna array
at the base station to exploit the channel diversities in both
elevation and horizontal domain. In 2021, HUAWEI deployed
and tested a user-centric 5G indoor distributed massive MIMO
solution [566], successfully increasing the user experience
rate by 30% while maintaining a stable Gbps rate experi-
ence during user movement. A smart connectivity platform
project named REINDEER was jointly launched by KU
Leuven, Linköpings universitet, Ericsson and other scienti�c
research institutions in 2021 [12]. The project is commit-
ted to designing cell-free protocols and real-time real-space
interactive application processing algorithms with distributed
intelligence, and to achieving energy-ef�ciency, scalability,
and secure connectivity. Funded by this program, an open
6G modular testbed called Techtile for communication, sens-
ing and federated learning was proposed in [567] in 2022.
Techtile owns 140 distributed computing resource units, as
well as SDRs, sensors and LED resources. It can not only
provide a platform to assess different networks and computing
topologies (local-versus-central), but also support experimen-
tal research on hyper-connected interactive technologies. In
order to address the scalability and synchronization issues
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of cell-free networks, all tiles of this testbed are connected,
synchronized and powered based on Ethernet, and each tile
is equipped with a SDR and a power supply. Such a �exi-
ble structure also allows the emulation of different distributed
structures, such as mesh or tree.

Groups from Southeast University built up a cloud-based
cell-free distributed massive MIMO system in [568], which
supports demonstration in MIMO scenarios up to 128 × 128
antenna scale with 10.185 Gb/s throughput and more than 100
b/s/Hz spectrum utilization. Based on this testbed, a uni�ed
Bayes-network based baseband signal processor [579], [580] is
designed, and the related application speci�c integrated circuit
(ASIC) chip has been taped out and tested. Furthermore, they
constructed a 6G-TKµ cell-free massive MIMO testbed [569],
including a cell-free massive MIMO test system based on com-
mercial 4.9 GHz remote radio units (RRU), and a scalable
large-scale distributed phased array test system. By using the
�exible frame structure, such testbed can achieve air interface
calibration between the RRU and the terminal within 134 µ s.
In addition, this testbed can also realize a parallel transmis-
sion of 16 data streams, with the spectral ef�ciency more than
200 bps/Hz.

6) Testbeds for OWC: OWC provides a direct path to lever-
age beyond RF spectrum for future 6G systems because of the
availability of a wide range of optical transmitter and receiver
devices. Testbeds in OWC can be classi�ed in three categories:
indoor mobile multiuser wireless networking referred to as
LiFi, point-to-point FSO primarily for outdoor use cases, and
OCC using embedded cameras as data detectors.

Eindhoven University demonstrated 40 Gbps user data rate
in a multiuser scenario using a decentralised beam steering
architecture [581]. Fudan University has numerous VLC/LiFi
testbeds and experimental systems. In a recent paper, this
group have demonstrated a VLC MIMO link with Tomlinson-
Harashima precoding [582]. pureLiFi Ltd in collaboration with
the LiFi Research and Development Centre (LRDC) at the
University of Strathclyde have developed a LiFi testbed for
a classroom and demonstrated real-time handover, multiuser
access and mobility support in a real-world environment [570].
LiFi lends itself to simultaneous high speed data transmission
and LiDAR. Kyocera Soraalaser (KSLD) has demonstrated
this capability based on laserlight devices [347]. A collabo-
ration between KSLD and the LRDC led to the development
of a wavelength division multiplex (WDM) LiFi demonstra-
tor capable of 105 Gbps using wavelengths in the visible and
infrared spectrum. This demonstrator was showcased at CES
2022 [583].

FSO can be used to build high speed terrestrial back-
haul networks, and ensure that 6G is available everywhere.
The German Aerospace Centre (DLR) in cooperation with
ADVA Optical Networking showcased 13.16 Tb/s over a
distance of 10.45 km using commercial coherent �ber optic
transceivers [584]. Mitsubishi Electric in Japan demonstrated
the transmission of 14 Tb/s over a 220 m [571]. This demon-
strator used a 2-dimensional optical transmitter array of size
3 × 3 array to guarantee that the system complied with class
I eye safety regulations. A group at the Key Laboratory for
Space Utilization in China demonstrated a real-time FSO link

of 100 Gbps over a 2.1 km horizontal atmospheric link [585].
In [572], an experimental platform for deep space FSO tech-
nology is shown. The testbed is based on a transmission
link (operating on 1550 nm wavelength) realized with �bre
optics technology. It contains a self-developed channel emula-
tor, background noise module and a superconducting nanowire
single-photon detector (SNSPD) as receiver. Recently, solar
cells have been considered as high speed detectors for FSO
systems to enable low cost systems because the massive
MIMO solar panel constitutes a very large receiver aperture
obviating the need for expensive beam acquisition and tracking
units [573].

OCC uses embedded cameras to establish a light-based
wireless link, and can achieve data rates up to around 1 Mbps
due to the nature of the optical sensor. The advantage of
OCC is the availability of already integrated camera sensors
in smartphones. OCC exploits the rolling shutter effect of a
camera sensor to achieve orders of magnitude higher data
rates than the typical framerates of a camera. Lain et al. have
developed an OCC testbed using direct current optical orthog-
onal frequency division multiplexing (DCO-OFDM) [574].
Signify has trialed OCC at Carrefour Lille in France and
developed a precise indoor navigation system based on OCC.

C. 6G Comprehensive Verification Platforms

In 6G, communication systems will not only undertake
multi-band, multi-dimensional and high-performance com-
munication needs, but also integrate new capabilities such
as communication, sensing, computing and arti�cial intel-
ligence [586]. To evaluate the key performances of 6G
communication systems, such as throughout, spectral ef�-
ciency, and delay, the real data testbed for 6G is required.
Hence, the Purple Mountain Laboratories is constructing a 6G
comprehensive veri�cation platform named as �TKµ� [587].
This testbed mainly includes cell-free ultra-massive dis-
tributed MIMO communication, RIS-assisted 6G wireless
communication, space-air-ground integrated communication,
mmWave/THz communication, and grading intelligence part.
It will be able to validate Tbps-level for peak rate, kbps/Hz-
level for spectral ef�ciency, µ s-level for delay, and endoge-
nous security and intelligence. First, cell-free ultra-massive
distributed MIMO adopts physical layer sinking, fronthaul
networks, and decentralization merge to achieve cell-free
networks, which is capable of breaking the boundary effect in
traditional cellular architectures. Further, the cell-free archi-
tecture integrated with ultra-massive MIMO antennas is con-
structed to guarantee the spectral ef�ciency of kbps/Hz-level.
Second, RIS-assisted 6G wireless communications are also
incorporated into the �TKµ� 6G comprehensive veri�cation
platform to enhance the coverage of EM radiation and the rank
of channel matrix, eliminate signal interference, focus energy,
improve positioning accuracy, and improve information and
power transmission, etc. Third, due to the limited cover-
age and network capacity for the ground network, it can no
longer meet the explosive demand for high-speed and reli-
able network access anytime and anywhere on the earth.
Hence, the space-air-ground integrated communication had
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Fig. 11. Future research directions and challenges for 6G.

been widely researched in the academia and industry [588].
The �TKµ� 6G comprehensive veri�cation platform will com-
bine space-air-ground-sea integrated techniques to achieve full
coverage. Fourth, compared with sub-6 GHz, the mmWave
and THz frequency can provide suf�cient bandwidths to
increase the peak rate for communication. Previous work
shows that mmWave/THz bands are suitable for mobile,
backhaul, and indoor wireless communications [589], [590].
Therefore, mmWave/THz techniques are further taken into
account in the �TKµ� 6G comprehensive veri�cation platform,
which can guarantee the peak rate of Tbps-level and delay
of µ s-level. Most importantly, the grading intelligence part is
an integrated multi-layer and hierarchical intelligent network,
which includes the data-driven edge intelligent center and the
network intelligent cloud platform. By using the cloud, fog,
and edge computing techniques, the data-driven edge intel-
ligent center can directly interact with the communication
networks and handle the generated data to ensure endogenous
security and intelligence. In addition, the data-driven edge
intelligent center will also share the communication data with
the network intelligent cloud platform for further processing
the data.

In addition, a joint research and design (R&D) team
formed by China Mobile Research Institute and Beijing
University of Posts and Telecommunications designed and
developed a prototype 6G universal prototype platform [591].
The system adopts a universal baseband platform, supports
multiple operating bands including visible light, and incorpo-
rates various capabilities such as communication and arti�cial
intelligence, and supports �exible expansion and cloud-based
technologies. Using this system, joint validation of various
key 6G technologies can be performed, to help upgrade
and iterate the technology and select technology solu-
tions for 6G standardization. First, the system implements
a fully open E2E link for each algorithm module, and
improves the ef�ciency of the prototype system through algo-
rithm structure optimization, AVX512 assembly instruction
optimization, and multi-threading optimization. Second, the
system achieves baseband heterogeneous acceleration and
open module capability. Third, the system�s visible light

communication link has achieved multiple joint processing and
aggregation capability. Next, the joint R&D team will continue
to upgrade the system and further explore the new software
and hardware open architecture of the 6G common prototype
veri�cation system with multiple capability fusion. Moreover,
it will also use the system as a public veri�cation platform
to cover the whole process of 6G key technology R&D, stan-
dardization and industrialization to explore new paths for 6G
development.

HUAWEI 6G Research Team also posted their prototype
for short-range communications at 70 GHz that could achieve
ultra-low power consumption, ultra-high throughput and ultra-
low latency [592]. Short-range communications exploits high
frequency bands such as mmWave and THz to enable a truly
immersive experience that allow free movements over the �last
meters� of the communication link, and thereby provide an
extreme connection service for business scenarios such as
immersive interactions based on XR and holographic commu-
nications. With several advanced technologies adopted, such
as low-power polar encoding/decoding, low-power 1-bit ADC,
and adaptive beam sweeping with a high-speed short-range
phased array, HUAWEI 6G Research Team demonstrated a
communication throughput over 10 Gbps with sub-millisecond
latency, as well as 4K VR services in real time. The short-
range transmission rate can achieve several times that of wired
communication methods, while the overall power consumption
of the prototype is less than 560 mW.

VII. FUTURE RESEARCH DIRECTIONS AND

CHALLENGES FOR 6G

In order to achieve the 6G vision of �global coverage, full
applications, strong security, all spectra, all senses, and all
digital�, a lot of issues and research directions need to be
further explored. Moreover, 6G communication theories are
in urgent need of breakthroughs. These research directions
bring both challenges and new opportunities to 6G research,
as summarized in Fig. 11. In this section, we will �rst dis-
cuss the challenges in fundamental theories, i.e., novel channel
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research, EM information theory, uniform baseband signal pro-
cessing, and trade-off between 6G KPIs. Then, we will analyze
and point out future research directions and key challenges
to approach the 6G vision. Finally, challenges for the overall
system research will be introduced, including achieving green
networks and establishing testbeds for the 6G developments.

A. Fundamental Theories

1) Novel Channel Research: The traditional channel
research often follows four steps: channel measurement, chan-
nel parameter estimation, channel characteristic analysis, and
channel modeling. This passive way of recognizing channels
has a number of limitations. The channel measurement is
time-consuming, expensive, and labor-intensive. In addition,
channel measurements in reality can never cover all frequency
bands or scenarios. The large amount of data and high com-
putation complexity also bring challenges to the channel
parameter estimation. The channel characteristics can be ana-
lyzed only at known frequencies and in known scenarios,
and it is unable to fully explore the complicated relation-
ship between new characteristics and frequencies/scenarios.
Finally, the traditional channel modeling is unable to predict
channel characteristics of unknown frequency bands/scenarios
in the future. For 6G, channel researches need to evolve
from passively recognizing channels to actively recognizing
and control channels, including 6G standardized pervasive
channel modeling [522], AI-based predictive 6G channel
modeling [593], [594], [595], [596], scenario adaptive channel
modeling, and RIS channel modeling [597], [598].

2) EM Information Theory: The EM theory and
information theory are the two theoretical cornerstones
of wireless communications. The EM theory is a theory on
the generation and propagation of electromagnetic waves. The
information theory is a theory on how information can be
transmitted accurately and ef�ciently with limited bandwidth
and power. The EM theory is based on continuous time
and space, and can be used to obtain the continuous-space
EM �eld distribution. However, using the EM theory alone
cannot calculate the channel capacity. Information theory can
be utilized to calculate the discrete-space channel capacity,
but not the continuous-space channel capacity. The EM
theory and information theory are connected by the antenna
theory and wireless propagation channel modeling theory. In
particular, the wireless propagation channel, originating from
antennas and carries information via EM waves, serves as the
bridge linking the EM theory and information theory. The
relationships between these four classic theories are shown in
Fig. 12.

Note that with the development of 6G key technologies,
some problems cannot be solved by the above individual the-
ory, which brings both challenges and opportunities for the
integration of the four theories. For example, as 6G wireless
communication networks expand from local terrestrial cov-
erage to global coverage of space-air-ground-sea integrated
networks, the numbers of users, base stations, relays, and/or
RISs continue to increase. The positions of base stations and
users in moving networks such as LEO satellite, UAV, and

Fig. 12. Relationships between the EM theory, information theory, antenna
theory, and wireless propagation channel modeling theory.

vehicular networks tend to change continuously. Therefore,
6G wireless communication networks show a trend of evo-
lution from discrete space to continuous space, requiring
the acquisition of CSI and calculation of channel capacity
at any position in the continuous space to facilitate system
design. In this case, the integration of the above four theo-
ries is inevitable. Additionally, with the increase of antenna
size and antenna elements in ultra-massive MIMO, Tx/Rx
antennas become more closely related to the environment.
In other words, Tx/Rx antennas and the underlying wireless
propagation channel become inseparable and therefore, the
integration of antenna theory and wireless propagation channel
modeling theory is necessary. Furthermore, as the antenna ele-
ment spacing decreases in holographic MIMO, the evolution
of antenna arrays from discrete to continuous apertures brings
new demands on channel characterization, antenna design, and
continuous-space channel capacity calculation. Again, the inte-
gration of the above four theories is required. In summary,
compared with 5G, 6G wireless communication networks put
forward new applications and technical requirements, which
go beyond the application scopes of every individual the-
ory. The developments of classic theories have encountered
bottlenecks. Thus, it is urgent to study the integration of
EM theory and information theory, i.e., EM information the-
ory [599], [600], which will serve as a theoretical foundation
for 6G wireless communication networks and help achieve
new breakthroughs.

3) Unified Baseband Processing: With the error-correcting
capability, channel coding has always played an indispens-
able role in communication systems. In order to meet �exible
and various scenarios in 6G communication systems, enhanced
coding schemes and simpli�ed decoding algorithms, together
with their uni�ed implementations are essential. However,
only focusing on optimizing a single channel coding module
is sometimes not enough to meet the stringent requirements
imposed by 6G, and a wider research view into the design and
implementation for the whole baseband processing is much
more important.

Iterative and Joint Baseband Processing: Iterative
receivers have long been regarded to enjoy higher system
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capacity and link reliability than existing separate baseband
processing [601]. They iteratively exchange soft information
among two or more of the channel estimator, MIMO detector,
NOMA detector, channel decoder, and source decoder [602],
[603], [604], [605], [606], [607], [608], [609]. However,
the increased usage of each module caused by iterations
may burden the system with high latency and computational
complexity. As most modules are dedicated to solving
the maximum a posterior estimation problem, they can be
processed in a uni�ed Bayesian network by exploiting their
similarities, therefore improving the EE of the iterative
receiver. Since the signal �ow is serial, another approach is
to regard multiple modules as a whole with the �nal output
as the estimation object for joint processing, such as joint
detection and decoding [610], [611].

Unified Architectures for Baseband Processing: Based on
the iterative or joint baseband processing, ef�cient uni�ed
hardware architecture and corresponding implementations are
highly essential to ful�ll different practical applications. In
pre-6G communication systems, the design and implementa-
tion for each module are isolated, and the lack of system-level
design thinking would result in an additional cost of hard-
ware resources. To improve the �exibility, compatibility, and
hardware ef�ciency of the implementations for 6G baseband
processing, very large scale integration (VLSI)-digital sig-
nal processing (DSP) methodology [612], involving retiming,
folding, and unfolding, can be adopted to design a uni-
�ed architecture with �xed processing elements, optimized
network interconnection, and iteration timing schedules.

Hardware Auto-generation for Baseband Processing:
With much more diverse and complex applications in 6G
communication systems, the customized electronic design
automation (EDA) tools for baseband processing are essential,
which can lower the entry barriers of circuit designs for various
scenarios and realize the customer demands. A well-designed
EDA tool can automatically generate the circuit design based
on the performance required from the customer. Based on the
uni�ed Bayesian network, most of the processing units can
be formalized to accelerate the auto-generation methodology,
based on which a design space is created for con�gur-
ing the best parameters in the hardware [613], [614]. With
complicated requirements, AI can help the design space explo-
ration. It can also help to determine the approximation-caused
compensating parameters, quantization schemes, and iteration
schemes in the auto-generation hardware design [452].

4) Trade-Off Between 6G KPIs: Nowadays, the research on
the trade-offs between KPIs has been widely carried out, but
the existing research results mainly focus on SE, EE, capac-
ity, delay and other metrics, while the research on the new
KPIs proposed in 6G is limited. Therefore, it is a promising
direction to investigate the intrinsic connection and trade-offs
between all 6G metrics. In addition, 6G has numerous appli-
cation scenarios, but the system resources are insuf�cient to
let each application scenario perform well in all aspects. There
have been several works that analyzed the technical require-
ments for KPIs in different 6G application scenarios, but there
still exist research gaps in the trade-offs between KPIs for spe-
ci�c scenarios. In addition, as the 6G frequency band is getting

higher and 6G technologies such as ultra-massive MIMO are
maturing, the importance of Shannon information theory in
system performance analysis is gradually coming to light. It
is essential to analyze the impact of antennas, coding and other
factors on the KPIs such as delay, reliability, and capacity from
the information theory point of view to provide guidelines for
the design and deployment of 6G communication systems.

B. Challenges to Approach the 6G Vision

1) Space-Air-Ground-Sea Integrated Networks: The space-
air-ground-sea integrated network is an inevitable trend and
also a key technology to realize the vision of 6G global cov-
erage. However, the space-air-ground-sea integrated network
is still under development, and there are still many theoreti-
cal and engineering issues to be studied in network planning,
construction, maintenance, and optimization. First of all, com-
munication channels are the basis for subsequent research and
development of communication systems and networks. Diverse
frequency bands and scenarios bring great challenges to the
channel measurement and modeling, and it is necessary to
consider how to integrate unique channel characteristics in
satellite [615], [616], UAV [617], [618], ocean [619], [620],
and ground scenarios in a pervasive channel model [74].
Furthermore, the architecture design, mobility management,
network protocol, resource allocation, routing strategy, EE
enhancement, and other issues in the space-air-ground-sea
integrated network are also in urgent need of innovation. It is
necessary to design a safe and ef�cient network architecture,
so that diverse communication systems can be smoothly inte-
grated to provide users with reliable and safe communication
services [621]. Ef�cient, safe, and anonymous authentication
protocols for the integrated networks are also of great impor-
tance [622]. Considering different types of mobility in vari-
ous scenarios, innovative mobility management solutions are
required to achieve seamless mobility management between
homogeneous and heterogeneous networks [52]. In addition,
the characteristics of high mobility and dynamic network
topology in the space-air-ground-sea integrated network need
to be considered in the design of network protocols, resource
allocation, and routing strategies [52], [623], [624], [625]. In
terms of network maintenance and optimization, it is nec-
essary to consider the power supply of the communication
platform and the load of UAVs and other equipment in the
space-based and air-based networks, which has high require-
ments for the overall EE of the network. At the same time, it
is necessary to consider how to make compromise between
the network performance improvement and the cost [626].
What�s more, how to use AI, DL, and other intelligent tech-
nologies to optimize the network architecture and improve the
overall network performance [217], [627] is also one of the
current challenges.

2) RF-Optical Heterogeneous and Hybrid Networks: To
achieve the vision of 6G full spectrum, it is a promising
development of 6G that systems of different frequency bands,
including RF and the whole optical wireless bands, will
be integrated to realize heterogeneous and hybrid systems
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and networks that support all frequency bands. The RF-
optical heterogeneous hybrid networks cover a series of hybrid
networks, and their applications cover various scenarios, e.g.,
indoor, outdoor V2V, free space, and underwater [73]. There
are mainly two categories of hybrid networks, RF/Optical
hybrid systems, which include mmWave/VLC systems, indoor
WiFi/LiFi, underwater acoustic/optical communication, and
optical/optical hybrid systems, which include VLC/OCC and
FSO/OCC. However, the realization of RF-optical hetero-
geneous systems and networks face a series of challenges.
On one hand, like other heterogeneous networks (such as
space-air-ground-sea integrated networks), RF-optical hetero-
geneous networks face common challenges of heterogeneous
networks, including mobility management (network switch-
ing), transmission network protocols design, load balancing,
heterogeneous network synchronization, resource allocation
and EE improvement [628], spectrum allocation [629], as well
as joint access points and power allocation [630]. On the other
hand, due to the large frequency gap between the RF and
optical bands, there are several special challenges that RF-
optical heterogeneous networks need to solve. First of all, it
is necessary to consider the transceivers with different char-
acteristics in RF and optical communication networks. For
instance, when users are moving, the heterogeneity of access
points brings great challenges to frequent handovers [631].
The hybrid systems need to integrate the optoelectronic char-
acteristics and meet the different bandwidth requirements of
different transmission media, which brings great dif�culty to
the fusion of RF/optical hardware systems and channel mod-
els [522]. Secondly, the network selection criteria of different
optical wireless networks are usually different, which are also
different from the existing RF communication networks. It is
necessary to consider how to design the optimal network selec-
tion strategy [73]. In addition, due to the limited energy of
terminal equipment, the large in�uence of mobility on uplink
OWCs, and the interference of uplink OWCs on the light-
ing, there are still great limitations in the uplink OWCs [73].
Finally, the challenge of system security brought by the
heterogeneous systems cannot be ignored [632].

3) AI-Enabled Wireless Communication Networks: In
recent years, the rapid development of AI technologies
has greatly pushed the development of B5G/6G wireless
communications. In the 6G era, in order to realize AI-enabled
intelligent wireless communication networks, the network
AI is an important supporting technology, which provides
a complete AI environment in the network, including AI
infrastructure, AI work�ow logic, data and model services,
etc [633]. Note that although AI technologies are developing
rapidly and some new techniques mentioned before may
contribute to the network AI, it is still in the early stage of
research, and there are still many problems to be explored
and solved. First of all, data is the foundation of wireless
network AI research. Therefore, how to collect and use data in
wireless networks and establish a shared data set for research
is the primary problem to be solved [317]. When applying
AI to the network, it is also necessary to pay attention to
the performance of AI services, and better AI performance
can be achieved through the selection of AI algorithms and

network resource allocation. The key challenge is to model
the relationship between the AI performance and the network
con�guration as well as an online network con�guration
scheme that adapts to network dynamics [634]. Besides,
noting that more advanced and accurate AI models typically
consume a lot of energy and incur signi�cant environmental
costs, there is an urgent need to study how to improve EE
and reduce energy consumption and costs before large-scale
deployment of AI services [635]. Finally, although AI tech-
nologies have many advantages, issues of privacy and data
security also need to be seriously considered. In the future,
the dynamic nature of data collection, data transmission, and
data distribution in the network will lead to the risk of user
information leakage, bringing great challenges to the privacy
and security of the network [636].

4) Integrated Communications, Sensing, and Computing
Networks: The 6G network will realize the integration of
mobile communication, intelligent perception, and comput-
ing power services, with high-level integration and mutual
enhancement [241]. The integrated network of communi-
cation, sensing, and computing is a novel comprehensive
network developed by integrating three technologies. The cur-
rent research is mainly on the basic work of ISAC and
computing network, such as waveform design and signal pro-
cessing [482], sensory mobile network [637], network level
sensing [638] in ISAC, computing power of�oading [639],
collaboration of multi-layer computing power resources [233],
[237], [239], and cloud-edge-terminal resource allocation for
the multi-layer ubiquitous computing network. For the inte-
grated network of communication, sensing, and computing,
there are still many challenges in the future, including devel-
opment of ISAC technologies, networked sensing technologies
and computing power network technologies enabled by inte-
gration of communication, sensing, and computing [241]. In
order to realize the networked sensing with communication,
sensing, and extra computing, both the access network and
the core network need to have capabilities of communication,
sensing, and computing. Therefore, requirements are put for-
ward for the transceiver and processing modules, topology,
MAC, routing algorithm, and resource allocation. In addition,
multi-point networking collaborative sensing and customized
sensing requirements are also issues that need to be con-
sidered. Finally, on the basis of the multi-layer ubiquitous
computing network, it is also necessary to study how to pro-
vide rich prior information for the optimal scheduling decision
of distributed computing power through the network sensing
function. In turn, it is challenging to perform customized fea-
ture extraction and information fusion for the sensing data
through distributed computing power shared in real time.
Besides, how to improve the ubiquitous computing power
through the enhanced communication performance is also an
interesting issue that needs to be explored in the future.

5) Endogenous Security Networks: In the future 6G
network, various security technologies, such as blockchain,
physical layer security, mimic defense network, and secure
multi-party computing, will be introduced to achieve the
endogenous network security. These diverse technologies bring
opportunities along with a number of challenges. For example,
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there have been a series of theoretical studies [640], [641],
[642] on the physical layer security, this kind of technol-
ogy is still far from practical applications on a large scale.
The obstacles brought by the existing network framework,
the scalability of the underlying air interface, the limita-
tion of network resources, and diverse new scenarios have
brought great challenges to the physical layer security tech-
nology [643]. In recent years, mimic defense network has
also attracted research interest, which uses dynamic heteroge-
neous redundancy architecture and negative feedback mech-
anism to improve the system�s ability to deal with unknown
threats [644]. However, the wireless endogenous information
security, wireless endogenous functional security, and other
issues still need to be further explored [230]. In addition,
the secure multi-party computation is a cutting-edge cryp-
tographic technology. Its future research challenges include
secure multi-party computation schemes suitable for different
scenarios [645] and in malicious model environments [646], as
well as ef�cient and secure multi-party computation protocols,
malicious security protocols, and special security protocols for
speci�c applications [647].

6) Immersive Interactive Network: Providing applications
using all-senses is an important vision of 6G network, and
the immersive interactive network is an important tech-
nology to meet this vision. It will transmit multi-sensory
information including the visual, auditory, tactile, taste, and
smell information, thus providing users with a near-real vir-
tual experience. The goal of immersive interactive network
is to realize real-time control of novel applications such as
immersive cloud XR, holographic communications, intelli-
gent interaction, and sensory interconnection [32]. The current
communication network mainly transmits vision and auditory
information. The immersive interactive network in the 6G era
needs to transmit the tactile, taste, and smell information,
which has extremely high requirements on the transmis-
sion rate, reliability, and delay of the network. Currently,
the research on immersive interactive networks is still in its
infancy. Several existing studies include the network archi-
tecture, KPIs, and vision of the tactile Internet [91], [648],
[649], enabling technologies of the human bond communi-
cation [650], possible technologies and optimization schemes
for immersive services [651], and the adaptation of high-speed
wireless communication protocols for the haptic data transmis-
sion [652]. However, there are still a lot of blanks to be �lled.
In the future, the technical challenges of immersive interactive
networks mainly include two aspects, i.e., the acquisition and
transmission of multimodal information and the realization of
high-performance intelligent network. On one hand, compared
with vision and auditory information, it is still challenging to
acquire, store, and transmit sensory information such as the
touch, taste, and smell information. On the other hand, the
immersive interactive network will transmit a large amount
of multi-sensory data. Therefore, it is necessary to consider
the coordinated control of the transmission of concurrent data
streams according to speci�c scenarios and business model.
Besides, issues such as ensuring network latency requirements,
designing applicable network routing, and guaranteeing system
security under large amounts of data are quite challenging.

At present, it is also a hot issue to introduce edge comput-
ing [653], [654], ML [649], [655], and other technologies to
effectively improve the intelligence level and performance of
the network.

7) Digital Twin Network: Digital twin is a key technol-
ogy to support the realization of 6G all-digital vision. On
one hand, developing from 5G, the 6G network with greatly
improved performance will provide a series of novel dig-
ital twin applications, such as the digital twin body area
network [52] and digital twin city [95]. On the other hand,
applying the digital twin technology to the communication
network can accelerate the realization of a more secure, ef�-
cient, intelligent, and visualized 6G network through real-time
mapping and interaction between the physical network and
the twin network. The vision of network digital twin puts
forward high requirements for the network, including holo-
graphic network virtual-real interaction mapping, full life cycle
management, and real-time closed-loop control [656], which
also brings a series of dif�culties to the realization of network
digital twin. Firstly, the 6G network will contain large-scale
network elements connected with complex network topologies.
Therefore, it is a huge challenge to model the real physi-
cal network in real time. In particular, the wireless channel
digital twin is an indispensable part of the network digi-
tal twin. A real-time and accurate scenario-adaptive channel
model needs to consider how to characterize the propagation
environment accurately in real time and how to predict the
possible future changes of wireless channels. In addition, con-
sidering the inconsistency in the technical implementation and
supported functions of equipment from different manufacturers
in the network, attention should be paid to the compatibil-
ity of network equipment in the process of data acquisition,
processing, and modeling [656]. Besides, the large-scale 6G
network brings great challenges to the data collection, storage,
management, and processing. It is also necessary to explore
how to mathematically construct complex network topology
relationships in large-scale networks [656], [657].

C. System Research

1) Green Networks: Since 5G, green communication
and sustainable development have caught the attention of
researchers on a global scale. With the further development
of 6G technologies, applications, and social perceptions, the
concept of green networks is gaining more attention. The
development of energy-neutral devices is expected to make
communication systems more energy ef�cient and enable new
application scenarios where terminal power consumption is
limited, such as IoT, satellite communication, and UAV com-
munication. Besides, from the environmental and economic
point of view, the development of green network is also
extremely necessary. Green networks require the achieve-
ment of low EM �elds, which aims to reduce the threat
of EM emissions and avoid any health impact. Thus, effec-
tive evaluation, testing, and control of EMF security have
become one of the pressing issues for 6G scale deployment.
What�s more, it is important to research and develop near
zero power consumption technologies, such as RF energy
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harvesting, backscattering, and low-power computing, which
help to break the battery capacity limitation and achieve envi-
ronmentally friendly networks. In addition, AI technologies
use large amounts of data to train networks, consuming large
amounts of computing resources and energy, against the need
for sustainable development [658]. Therefore, green AI, which
can obtain new results without increasing the computational
cost, is getting more and more attention [659]. It is essential to
design energy ef�cient AI models for 6G green communica-
tion, considering computational complexity, hardware design
and network deployment issues need to be considered [660].

2) 6G Testbeds: Some application scenarios of 6G, such as
THz, optical communication, ultra-wideband, ultra-high speed
transmission, and ultra-massive MIMO, bring challenges to the
construction of channel sounders. Power ampli�ers for high
frequency bands, such as THz and optical frequency bands
are very dif�cult to manufacture. In addition, the measurement
bandwidth of channel sounders is limited by the sampling rate
of the Analog to digital converter (ADC) and Digital to ana-
log converter (DAC). At the same time, how to store the data
generated by the high-speed ADC to the disk array in real
time is another dif�cult problem. In ultra-high speed transmis-
sion scenarios, a high-speed CS repetition rate is required. In
ultra-massive MIMO scenarios, channel sounders are required
to support a large number of channels. A low-cost solution
is channel expansion using high-speed solid-state switches.
However, this method will prolong the measurement time of a
single CS, and how to ensure the synchronization of switching
needs to be considered.

In addition, with the continuous development of 6G
research, more and more simulation platforms have been set
up to verify the underlying theory and practicability of various
6G key technologies, and to discover the defects and limita-
tions of actual implementations. From the current testbeds of
various 6G key technologies, it can be observed that fusion
is an inevitable developing trend. ISAC combined with THz
brings high communication data rate and high sensing accu-
racy, while the combination of mmWave and optical access
network can overcome wall loss and thus brings a larger cov-
erage area. Facing the high service quality requirements of
6G, different combinations of key technologies using differ-
ent frequency bands and network architectures will become a
promising, creative and challenging research direction. How to
�nd the right combination and how to correctly build a testbed
for these combined technologies will become a challenge for
the future development.

Furthermore, 6G comprehensive testbed is a complex com-
munication system, which is required to verify all 6G key
technologies. Hence, the system needs to upgrade continu-
ously according to the development the 6G key technologies.
However, the research on key technologies applied to 6G,
such as ISAC, RIS, ultra-massive MIMO antennas, OWC, AI,
space-air-ground-sea integrated networks, and edge intelligent
platform, is not yet clear. Therefore, the 6G comprehensive
testbed needs to evolve with the evolution of key technologies.
Moreover, a large amount of communication data puts for-
ward higher requirements on the processing capability of the
intelligent cloud platform. How to further explore and storage

the new software and hardware open architecture of the 6G
comprehensive testbed integrated with powerful data process-
ing capabilities, and use the system as a public veri�cation
platform is an issue that needs to be considered in the future.

VIII. LESSONS LEARNED AND A BRIEF SUMMARY

At the time of writing 6G research is still in its infancy.
In this section, we will outline the lessons learned and con-
clude with a summary based on the critical appraisal of the
literature.

A. Lessons Learned

Given the challenging vision of aiming for �seamless global
coverage, for the harmonization of heterogeneous frequency
bands obeying widele different propagation properties, com-
pelling telepresence-style meta-verse applications for the feast
of all human senses, while maintaining both ultimate secu-
rity as well as anonymity of the communicating partie�, 6G
networks will undoubtedly expand the conventional concept of
communication services. As shown in Fig. 13, relying on the
in-depth survey of 6G research and developments, we highlight
some of the lessons learnt, as follows:

1) Scenario-based design: 6G networks will provide
substantial performance improvements in terms of
the existing communication services. However, they
will also enrich the services beyond the realms of
communications and create new hitherto unexplored
bene�ts in terms of sensing, localization and over-the-
air-computing, just to name a few. These will pave
the way for the seamless integration of the industrial
�vertical domains�. The 5G systems have already given
cognizance to the widely heretogeneous requirements of
sophisticated application scenarios and hence introduced
the eMBB, mM2M and URLLC operational modes. In
line with its extremely demanding speci�cations, the 6G
system is expected to exhibit further proliferation of the
operational modes in support of more speci�c scenar-
ios and �vertical industrial� applications. This requires
extremely re�ned multi-component optimizations tools,
which are capable of �nding all so-called Pareto-optimal
operating points [661]. More explicitly, instead of sim-
ply setting for example the maximum affordable transmit
power and the maximum outage probability as a con-
straint and optimizing the sum-rate of a network as
a single-component objective function, all three would
have to be jointly optimized. This sophisticated stochas-
tic optimization problem would then �nd all optimal
operating points. As a result, none of the above-
mentioned metrics can be improved without degrading
at least one of the others. As a compelling bene�t,
the system controller would always activate the most
appropriate operating mode for a speci�c application
scenario.

2) Reasonable planning: The 6G enabling technologies
may be broadly divided into two categories, namely
based on evolutionary enhancements of 5G and brand-
new technologies. On one hand, each of these enabling
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Fig. 13. Lessons Learned.

technologies has its own strengths and weaknesses,
which have to be critically appraised. On the other hand,
a suite of novel 6G enabling technologies have been
developed over the recent years, which have reached
different stages. As it was discussed in Section VI, tech-
nologies such as THz, RIS, and Cell-free solutions have
already entered their technical veri�cation stage, while
technologies such as digital twins, semantic communi-
cation and meta-verse are still far away from reaching
suf�cient maturity for testbed-based veri�cation, hence
require radical further research. It is recommended to
plan R&D and deployment reasonably, which can reduce
costs and maximize 6G network capabilities.

3) Attach importance to basic research: Basic research con-
stitutes one of the key pillars of 6G research, paving the
way for some breakthroughs in 6G. For example, wire-
less channel measurements and channel modeling for a
wide range frequency bands and scenarios will lay the
foundations for the standardization of the 6G channel
models, overall technical speci�cations and architec-
tures. Recent advances in EM information theory will
also provide new foundations for the application of 6G
technologies.

4) Mutual benefit of AI+6G: AI technologies will be deeply
integrated into all open system interconnection (OSI)
layers of 6G networks and they will in�uence each
other in a symbiotic manner. For example, on one
hand, AI technologies can help improve the level of
intelligence in 6G networks. On the other hand, the
network will attain enhanced performance as a bene-
�t of intelligent AI assistance, especially in the face of
uncertainty, when its learning capability will come to
rescue. services. However, further research is required
for their coordinated development.

5) Pay attention to green technologies and efficiency indi-
cators: It is essential to aim for green and environ-
mentally friendly designs all the way from research to
pre-development and network roll-out. There is a gen-
eral consensus that protecting the environment and cost

control have never been more important, given the esca-
lation of tele-traf�c. On one hand, we should dedicate
careful research attention to the conception of energy-
neutral devices and green networks relying on sophis-
ticated joint information and energy networking [662].
On the other hand, ef�ciency indicators should be con-
sidered as an essential issue for the research and design
of 6G systems.

6) Call for international cooperation: In the interest of
seamless global roaming, we have to aim for global stan-
dards and a globally uni�ed 6G ecology. This calls for
international cooperation and development of 6G.

B. A Brief Summary

In summary, 6G will enrich the suite of global commu-
nication services by ushering in new application scenarios,
bringing fresh technological experiences and supporting eco-
nomic growth. We have critically appraised the recent solu-
tions disseminated in a large body of the relevant literature,
highlighting the associated developments and challenges. We
have discussed the associated vision for 6G, indicating that 6G
will be developed in six directions, aiming for global coverage,
relying on a wide range of spectral bands, attractive applica-
tions, stimulating all human senses, while hinging on pervasive
digital intelligence, and strong security. Then, a discussion of
the 6G KPIs and application scenarios offering exciting exten-
sions of its 5G counterpart has been presented. The expected
system performance and the associated trade-offs between 6G
KPIs have also been discussed. Next, we have conducted an
in-depth survey of the emerging 6G network architecture and
technology developments. Following this, recent efforts on 6G
testbed development have been highlighted, with special atten-
tion dedicated to the systems� critical elements. A host of open
challenges facing 6G research and the corresponding research
directions have also been analyzed from the perspective of
fundamental research, green networks and the associated key
technologies developed for supporting the proposed 6G vision,
and 6G testbed developments. Finally, the associated lessons
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have been summarized. In conclusion, 6G research and stan-
dardization still face numerous open challenges. This work
has revealed the envisioned appealing features of 6G and it is
hoped that it has provided fresh motivation and inspiration for
the community�s 6G research.

APPENDIX

List of Abbreviations

1G the �rst generation
2D two-dimensional
2G the second generation
3D three-dimensional
3G the third generation
3GPP 3rd Generation Partnership Project
4G the forth generation
5G the �fth generation
5GIA 5G Infrastructure Association
6G the sixth generation
6GANA 6G Alliance of Network AI
6G-IA 6G Smart Networks and Services Industry

Association
6GPCM 6G pervasive channel model
7G the seventh generation
ADC analog to digital converter
AI arti�cial intelligence
AmBC ambient backscatter communication
AMF access and mobility management function
AR augmented reality
ASIC application speci�c integrated circuit
ATIS alliance for telecommunications industry

solutions
B5G beyond 5G
BCC blockchain-based collaborative

crowdsensing
BCJR Bahl, Cocke, Jelinek, and Raviv
BER bit error rate
BP belief propagation
B-RAN blockchain-RAN
CCID China Center for Information Industry

Development
CIR channel impulse response
CoMP coordinated multiple points
COVID-19 corona virus disease 2019
CPUs central processing units
CR cognitive radio
CS channel snapshot
CSI channel state information
DAC Digital to analog converter
DDoS distributed denial of service
DDPG deep deterministic policy gradient
DEN2 deep edge node and network
DL deep learning
DRL deep reinforcement learning
DSP digital signal processing
E2E end-to-end
ECCs error-correcting codes
EDA electronic design automation

EE energy ef�ciency
EM electromagnetic
eMBB enhanced mobile broadband
eni experience network intelligence
ETSI European Telecommunications Standards

Institute
EU European Union
euRLLC enhanced-uRLLC
FCC Federal Communications Commission
FDD frequency-division duplex
feMBB further-eMBB
FORMAT Flexible Organization and Recon�guration

of Millimeter-wave Antenna Tiles
FSO free space optical
FTN faster than Nyquist
GBSM geometry-based stochastic model
GDP gross domestic product
GRAND guessing random additive noise decoding
HD high de�nition
HST high-speed train
IBFD in-band full-duplex
ICT information and communications

technology
IF intermediate frequency
IIoT industrial IoT
IM index modulation
IMT-2020 International Mobile Telecommunications

2020
IMT-2030 International Mobile Telecommunications

2030
IoE Internet of Everything
IoT Internet of Things
IoV Internet of Vehicles
IR infrared
ISAC integrated sensing and communication
ISAC-OW ISAC with optical wireless
ITU International Telecommunications Union
KPIs key performance indicators
KSLD Kyocera Soraalaser
LDPC low density parity check code
LEO low-earth-orbit
LiDAR light detection and ranging
LiFi light �delity
LRDC the LiFi Research and Development Centre
LTE long-term evolution
MAC medium access control
MBRLLC mobile broadband reliable and low latency

communication
meMBB massive eMBB
MIMO multiple-input multiple-output
MISO multiple-input single-output
ML machine learning
mMTC massive machine type communications
mmWave millimeter wave
MPC multipath component
MR mixed reality
muRLLC massive uRLLC
MWCA Mobile World Congress Americas
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NFV network functions virtualization
NFVI NFV infrastructure
NFV-MANO NFV management and orchestration
NGMN Next Generation Mobile Networks
NLOS non-line-of-sight
NOMA non-orthogonal multiple access
NR new radio
NTN non-terrestrial networks
NWDAF network data analysis function
OAM orbital angular momentum
OCC optical camera communications
OFDM orthogonal frequency division multiplexing
OFDMA orthogonal frequency division multiple

access
OLED organic light emitting diode
O-RAN open-RAN
OSD statistics decoding
OTFS orthogonal time frequency space
OVXDM overlapped x domain multiplexing
OWCs optical wireless communications
PAC polarization-adjusted convolutional
PAPR peak to average power ratio
PD photodetector
PDPs power delay pro�les
PML Purple Mountain Laboratory
QAM quadrature amplitude modulation
QoS quality of service
R&D research and design
RAN radio access network
RF radio frequency
RHS recon�gurable holographic surface
RIS recon�gurable intelligent surfaces
RT ray tracing
SBA service-based architecture
SC successive cancellation
SDN software de�ned network
SE spectral ef�ciency
SEFDM spectrally ef�cient frequency domain

multiplexing
SEU Southeast University
SIC self-interference cancellation
SMF session management function
SNR signal to noise ratio
SON the self-organizing network
SR symbiotic radio
SSN self-sustaining network
TCP transmission control protocol
TDD time-division duplex
TDMA time division multiple access
THz terahertz
UAV unmanned aerial vehicle
UDHN ultra-dense heterogeneous network
UDN ultra-dense networking
ULA uniform linear array
umMTC ultra-mMTC
UPF user plane function
uRLLC ultra-reliable and low latency

communications

UTC uni-traveling-carrier
UV ultraviolet
V2V vehicle-to-vehicle
V2X vehicle to everything
VLC visible light communications
VLSI very large scale integration
VNA vector network analyzer
VNFs virtual network functions
VR virtual reality
WDM wavelength division multiplex
WiFi wireless �delity
WLAN wireless local area network
XR extended reality

ACKNOWLEDGMENT

Thanks are also extended to Xichen Mao, Yinglan Bu,
Wenxie Ji, Zihao Zhou, Yue Yang, Lijian Xin, Hengtai Chang,
and Duoxian Huang, who have provided valuable assistance
and advice during this work.

Cheng-Xiang Wang, Xiaohu You, Xiqi Gao, Xiuming Zhu, Zixin Li, Chuan
Zhang, and Yongming Huang are with the National Mobile Communications
Research Laboratory, School of Information Science and Engineering,
Southeast University, Nanjing 210096, China, and also with the Pervasive
Communication Research Center, Purple Mountain Laboratories, Nanjing
211111, China (e-mail: chxwang@seu.edu.cn; xhyu@seu.edu.cn; xqgao@
seu.edu.cn; xm_zhu@seu.edu.cn; lizixin@seu.edu.cn; chzhang@seu.edu.cn;
huangym@seu.edu.cn).

Haiming Wang is with the School of Information Science and Engineering
and the State Key Laboratory of Millimeter Waves, Southeast University,
Nanjing 210096, China, and also with Pervasive Communication Research
Center, Purple Mountain Laboratories, Nanjing 211111, China (e-mail:
hmwang@seu.edu.cn).

Yunfei Chen is with the Department of Engineering, University of Durham,
DH1 3LE Durham, U.K. (e-mail: Yunfei.Chen@durham.ac.uk).

Harald Haas is with the LiFi Research and Development Center,
Department of Electronic and Electrical Engineering, University of
Strathclyde, G1 1XQ Glasgow, U.K. (e-mail: harald.haas@strath.ac.uk).

John S. Thompson is with the Institute for Digital Communications,
School of Engineering, University of Edinburgh, EH9 3JL Edinburgh, U.K.
(e-mail: john.thompson@ed.ac.uk).

Erik G. Larsson is with the Department of Electrical
Engineering (ISY), Linköping University, 581 83 Linköping, Sweden
(e-mail: erik.g.larsson@liu.se).

Marco Di Renzo is with UniversitØ Paris-Saclay, CNRS, CentraleSupØlec,
Laboratoire des Signaux et SystŁmes, 91192 Gif-sur-Yvette, France
(e-mail: marco.di-renzo@universite-paris-saclay.fr).

Wen Tong is with the Wireless Advanced System and Competency Centre,
HUAWEI Technologies Canada Company Ltd., Ottawa, ON K2K 3J1, Canada
(e-mail: tongwen@huawei.com).

Peiying Zhu is with the Wireless Technology Lab, HUAWEI Technologies
Canada Company Ltd., Ottawa, ON K2K 3J1, Canada (e-mail: peiy-
ing.zhu@huawei.com).

Xuemin Shen is with the Department of Electrical and Computer
Engineering, University of Waterloo, Waterloo, ON N2L 3G1, Canada (e-mail:
sshen@uwaterloo.ca).

H. Vincent Poor is with the Department of Electrical and Computer
Engineering, Princeton University, Princeton, NJ 08544 USA (e-mail: poor@
princeton.edu).

Lajos Hanzo is with the School of Electronics and Computer Science,
University of Southampton, SO17 1BJ Southampton, U.K. (e-mail: lh@
ecs.soton.ac.uk).

REFERENCES

[1] L. Lu, G. Y. Li, A. L. Swindlehurst, A. Ashikhmin, and R. Zhang,
�An overview of massive MIMO: Bene�ts and challenges,� IEEE J.
Sel. Topics Signal Process., vol. 8, no. 5, pp. 742�758, Oct. 2014.

[2] M. Kamel, W. Hamouda, and A. Youssef, �Ultra-dense networks: A
survey,� IEEE Commun. Surveys Tuts., vol. 18, no. 4, pp. 2522�2545,
4th Quart., 2016.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 



WANG et al.: ON THE ROAD TO 6G: VISIONS, REQUIREMENTS, KEY TECHNOLOGIES, AND TESTBEDS 957

[3] �384 Antenna Elements! Huawei�s Third Generation Massive MIMO
Continues to Lead the Way (in Chinese).� Accessed: Aug. 7, 2022.
[Online]. Available: https://www.sohu.com/a/525177315_110683

[4] �Key drivers and research challenges for 6G ubiquitous wire-
less intelligence,� 6G Flagship, Oulu, Finland, White Paper,
Sep. 2019. [Online]. Available: https://www.mobilewirelesstesting.
com/wp-content/uploads/2019/10/5G-evolution-on-the-path-to-6G-
_wp_en_3608-3326-52_v0100.pdf

[5] �Key R&D Projects 2019: Wideband Communications and New
Networks.� Accessed: Jul. 10, 2022. [Online]. Available: https://service.
most.gov.cn/u/cms/static/201812/12164952skqa.pdf

[6] �Arti�cial Intelligence Aided D-Band Network for 5G Long Term
Evolution.� Accessed: Jul. 24, 2022. [Online]. Available: https://cordis.
europa.eu/project/id/871464

[7] �Key R&D Projects 2020: Wideband Communications and New
Networks.� Accessed: Jul. 10, 2022. [Online]. Available: https://service.
most.gov.cn/u/cms/static/201910/10093904wgzg.pdf

[8] �Research and Development on Satellite-Terrestrial Integration
Technology for Beyond 5G.� Accessed: Jul. 24, 2022. [Online].
Available: https://www2.nict.go.jp/spacelab/en/pj_stit.html

[9] �Guidelines for the Declaration of 2021 Projects for the �Multimodal
Networks and Communications� Key Project (in Chinese).� Accessed:
Jul. 27, 2022. [Online]. Available: http://gdstc.gd.gov.cn/attachment/0/
422/422266/3296387.pdf

[10] �6G SENTINEL�The Next Generation of Mobile Communications.�
Accessed: Jul. 11, 2022. [Online]. Available: https://www.fraunhofer.
de/en/research/lighthouse-projects-fraunhofer-initiatives/fraunhofer-
lighthouse-projects/6g-sentinel.html

[11] �Project RISE-6G.� Accessed: Jul. 10, 2022. [Online]. Available:
https://rise-6g.eu/

[12] �REINDEER�Resilient Interactive Applications Through Hyper
Diversity in Energy Ef�cient RadioWeaves Technology.� Accessed: Jul.
11, 2022. [Online]. Available: https://reindeer-project.eu/

[13] �Project Hexa-X.� Accessed: Jul. 10, 2022. [Online]. Available: https://
hexa-x.eu/

[14] �RINGS.� Accessed: Jul. 24, 2022. [Online]. Available: https://beta.nsf.
gov/funding/opportunities/resilient-intelligent-nextg-systems-rings

[15] �Guidelines for the Declaration of 2022 Projects for the �Multimodal
Networks and Communications� Key Project (in Chinese).� Accessed:
Jul. 27, 2022. [Online]. Available: https://www.nwu.edu.cn/system/
_content/download.jsp?urltype=news.DownloadAttachUrl&owner=160
6286746&wb�leid=6561042

[16] �KT and Hanwha Systems Are Jointly Developing 6G
Quantum Cryptography Technology.� Accessed: Jul. 24, 2022.
[Online]. Available: https://www.kedglobal.com/cn/6g/newsView/
ked202207120033

[17] �Open6GHub�6G for Society and Sustainability.� Accessed: Oct. 21,
2022. [Online]. Available: https://www.open6ghub.de/en/#

[18] �6GStart: Starting the Sustainable 6G SNS Initiative for Europe.�
Accessed: Oct. 26, 2022. [Online]. Available: https://5g-ppp.eu/6gstart/

[19] �6GTandem: A Dual-Frequency Distributed MIMO Approach for
Future 6G Applications.� Accessed: Oct. 21, 2022. [Online]. Available:
https://security-link.se/6gtandem/

[20] �Hexa-X-II, the Second Phase of the European 6G Flagship Initiative.�
Accessed: Oct. 21, 2022. [Online]. Available: https://hexa-x.eu/hexa-x-
ii-the-second-phase-of-the-european-6g-�agship-initiative/

[21] �TERA6G.� Accessed: Oct. 21, 2022. [Online]. Available: https://www.
hhi.fraunhofer.de/en/departments/pc/projects/tera6g.html

[22] �6G White Paper.� Accessed: Apr. 27, 2022. [Online]. Available:
https://www.oulu.�/6g�agship/6g-white-papers

[23] Rohde & Schwarz. �5G Evolution�On the Path to 6G: Expanding
the Frontiers of Wireless Communications, White Paper.� Aug. 2020.
[Online]. Available: https://www.mobilewirelesstesting.com/wp-
content/uploads/2019/10/5G-evolution-on-the-path-to-6G-_wp_en_3
608-3326-52_v0100.pdf

[24] �Arti�cial intelligence in next-generation connected systems,�
Ericsson, Stockholm, Sweden, White Paper, Sep. 2021. [Online].
Available: https://www.ericsson.com/en/reports-and-papers/white-
papers/arti�cial-intelligence-in-next-generation-connected-systems

[25] �6G concepts and vision,� CCID, Beijing, China, White Paper,
Mar. 2020. [Online]. Available: http://www.ccidwise.com/uploads/soft/
200311/1-200311133959.pdf

[26] �6G global progress and development prospects,� CCID, Beijing,
China, White Paper, May 2021. [Online]. Available: https://www.
ccidgroup.com/info/1096/33111.htm

[27] W. Tong and P. Zhu, 6G, The Next Horizon: From Connected People
and Things to Connected Intelligence, 1st ed. Cambridge, U.K.:
Cambridge Univ. Press, 2021.

[28] �6G wireless endogenous AI architecture and technology,� China
Mobile, Beijing, China, White Paper, 2022. [Online]. Available: https://
mp.weixin.qq.com/s/xh-gau4p5pn3YYaHRephAw

[29] �6G white paper,� China Unicom, Beijing, China, White Paper,
Mar. 2021. [Online]. Available: http://pg.jrj.com.cn/acc/Res/CN_RES/
INDUS/2021/3/31/165c9786-7d10-4c98-86a7-3c2b8eb7428d.pdf

[30] �6G: Unbounded, with AI,� UNISOC, Shanghai, China, White
Paper, Nov. 2020. [Online]. Available: http://unisocdata.oss-cn-
shanghai.aliyuncs.com/other/20201126/202011261130506G

[31] �Global coverage and smart scenario connections-white paper on 6G
vision and technology trends,� DATANG Mobile, Beijing, China, White
Paper, Dec. 2020. [Online]. Available: http://www.future-forum.org/cn/
leon/a/up�les/�le/202104/2021040816110207207.pdf

[32] �White paper on 6G overall vision and potential key technolo-
gies,� IMT-2030 (6G) Promotion Group, White Paper, Jun. 2021.
[Online]. Available: http://www.caict.ac.cn/kxyj/qwfb/ztbg/202106/
P020210604552573543918.pdf

[33] �6G typical scenarios and key capabilities,� IMT-2030 (6G) Promotion
Group, White Paper, Jul. 2022. [Online]. Available: https://mp.weixin.
qq.com/s/3KjcE1dIDCbkixNKx3MbEQ

[34] NTT DOCOMO INC. �5G Evolution and 6G, White Paper.� Jan. 2020.
[Online]. Available: https://www.nttdocomo.co.jp/english/binary/pdf/
corporate/technology/whitepaper_6g/DOCOMO_6G_White_PaperEN_
20200124.pdf

[35] Samsung research. �6G the Next Hyper-Connected Experience for All,
White Paper.� Jul. 2020. [Online]. Available: https://cdn.codeground.
org/nsr/downloads/researchareas/6G

[36] �6G drivers and vision.� Next Generation Mobile Networks Alliance.
Apr. 2021. [Online]. Available: https://www.ngmn.org/wp-content/
uploads/NGMN-6G-Drivers-and-Vision-V1.0_�nal_New.pdf

[37] �European vision for the 6G network ecosystem,� 5G Infrastruct.
Assoc., Heidelberg, Germany, White Paper, Jun. 2021. [Online].
Available: https://5g-ppp.eu/wp-content/uploads/2021/06/WhitePaper-
6G-Europe.pdf

[38] �From cloud AI to network AI,� 6G Alliance Netw. AI, Washington,
DC, USA, White Paper, May 2021. [Online]. Available: https://www.
6g-ana.com/upload/�le/20210619/6375969458505193666851527.pdf

[39] T. Huang, W. Yang, J. Wu, J. Ma, X. Zhang, and D. Zhang, �A survey
on green 6G network: Architecture and technologies,� IEEE Access,
vol. 7, pp. 175758�175768, 2019.

[40] L. Zhang, Y.-C. Liang, and D. Niyato, �6G visions: Mobile ultra-
broadband, super Internet-of-Things, and arti�cial intelligence,� China
Commun., vol. 16, no. 8, pp. 1�14, Aug. 2019.

[41] Z. Zhang et al., �6G wireless networks: Vision, requirements, architec-
ture, and key technologies,� IEEE Veh. Technol. Mag., vol. 14, no. 3,
pp. 28�41, Sep. 2019.

[42] B. Zong, C. Fan, X. Wang, X. Duan, B. Wang, and J. Wang, �6G
technologies: Key drivers, core requirements, system architectures,
and enabling technologies,� IEEE Veh. Technol. Mag., vol. 14, no. 3,
pp. 18�27, Sep. 2019.

[43] M. Z. Chowdhury, M. Shahjalal, S. Ahmed, and Y. M. Jang, �6G wire-
less communication systems: Applications, requirements, technologies,
challenges, and research directions,� IEEE Open J. Commun. Soc.,
vol. 1, pp. 957�975, 2020.

[44] L. U. Khan, I. Yaqoob, M. Imran, Z. Han, and C. S. Hong, �6G wireless
systems: A vision, architectural elements, and future directions,� IEEE
Access, vol. 8, pp. 147029�147044, 2020.

[45] G. Gui, M. Liu, F. Tang, N. Kato, and F. Adachi, �6G: Opening new
horizons for integration of comfort, security, and intelligence,� IEEE
Wireless Commun., vol. 27, no. 5, pp. 126�132, Oct. 2020.

[46] L. Bariah et al., �A prospective look: Key enabling technologies, appli-
cations and open research topics in 6G networks,� IEEE Access, vol. 8,
pp. 174792�174820, 2020.

[47] W. Saad, M. Bennis, and M. Chen, �A vision of 6G wireless systems:
Applications, trends, technologies, and open research problems,� IEEE
Netw., vol. 34, no. 3, pp. 134�142, May 2020.

[48] H. Viswanathan and P. E. Mogensen, �Communications in the 6G era,�
IEEE Access, vol. 8, pp. 57063�57074, 2020.

[49] M. Giordani, M. Polese, M. Mezzavilla, S. Rangan, and M. Zorzi,
�Toward 6G networks: Use cases and technologies,� IEEE Commun.
Mag., vol. 58, no. 3, pp. 55�61, Mar. 2020.

[50] G. Liu et al., �Vision, requirements and network architecture of
6G mobile network beyond 2030,� China Commun., vol. 17, no. 9,
pp. 92�104, Sep. 2020.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 



958 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 25, NO. 2, SECOND QUARTER 2023

[51] S. Chen, Y.-C. Liang, S. Sun, S. Kang, W. Cheng, and M. Peng,
�Vision, requirements, and technology trend of 6G: How to tackle the
challenges of system coverage, capacity, user data-rate and movement
speed,� IEEE Wireless Commun., vol. 27, no. 2, pp. 218�228,
Apr. 2020.

[52] X. You et al., �Towards 6G wireless communication networks:
Vision, enabling technologies, and new paradigm shifts,� Sci.
China Inf. Sci., vol. 64, no. 1, Jan. 2021, Art. no. 110301,
doi: 10.1007/s11432-020-2955-6.

[53] J. R. Bhat and S. A. Alqahtani, �6G ecosystem: Current status and
future perspective,� IEEE Access, vol. 9, pp. 43134�43167, 2021.

[54] W. Jiang, B. Han, M. A. Habibi, and H. D. Schotten, �The road towards
6G: A comprehensive survey,� IEEE Open J. Commun. Soc., vol. 2,
pp. 334�366, 2021.

[55] U. Gustavsson et al., �Implementation challenges and opportunities in
beyond-5G and 6G communication,� IEEE J. Microw., vol. 1, no. 1,
pp. 86�100, Jan. 2021.

[56] C. D. Alwis et al., �Survey on 6G frontiers: Trends, applica-
tions, requirements, technologies and future research,� IEEE Open J.
Commun. Soc., vol. 2, pp. 836�886, 2021.

[57] H. Tataria, M. Sha�, A. F. Molisch, M. Dohler, H. Sjoland, and
F. Tufvesson, �6G wireless systems: Vision, requirements, chal-
lenges, insights, and opportunities,� Proc. IEEE, vol. 109, no. 7,
pp. 1166�1199, Jul. 2021.

[58] D. C. Nguyen et al., �6G Internet of Things: A comprehensive survey,�
IEEE Internet Things J., vol. 9, no. 1, pp. 359�383, Jan. 2022.

[59] Z. Wang et al., �Vision, application scenarios, and key technology
trends for 6G mobile communications,� Sci. China Inf. Sci., vol. 65,
no. 5, May 2022, Art. no. 151301, doi: 10.1007/s11432-021-3351-5.

[60] X. Shen, J. Gao, W. Wu, M. Li, C. Zhou, and W. Zhuang, �Holistic
network virtualization and pervasive network intelligence for 6G,�
IEEE Commun. Surveys Tuts., vol. 24, no. 1, pp. 1�30, 1st Quart.,
2022.

[61] J. Wu, �Development paradigms of cyberspace endogenous safety and
security,� Sci. China Inf. Sci., vol. 65, no. 5, May 2022, Art. no. 156301,
doi: 10.1007/s11432-021-3379-2.

[62] O. Kodheli et al., �Satellite communications in the new space era: A
survey and future challenges,� IEEE Commun. Surveys Tuts., vol. 23,
no. 1, pp. 70�109, 1st Quart., 2021.

[63] M. Mozaffari, W. Saad, M. Bennis, Y.-H. Nam, and M. Debbah,
�A tutorial on UAVs for wireless networks: Applications, challenges,
and open problems,� IEEE Commun. Surveys Tuts., vol. 21, no. 3,
pp. 2334�2360, 3rd Quart., 2019.

[64] C. Yu, J. Li, C. Zhang, H. Li, R. He, and B. Lin, �Maritime broad-
band communications: Applications, challenges and an offshore 5G-
virtual MIMO paradigm,� in Proc. IEEE ISPA/BDCloud/SocialCom/
SustainCom, Exeter, U.K., Dec. 2020, pp. 1286�1291.

[65] M. Jouhari, K. Ibrahimi, H. Tembine, and J. Ben-Othman, �Underwater
wireless sensor networks: A survey on enabling technologies,
Localization protocols, and Internet of Underwater Things,� IEEE
Access, vol. 7, pp. 96879�96899, 2019.

[66] N. Saeed, M.-S. Alouini, and T. Y. Al-Naffouri, �Toward the Internet
of Underground Things: A systematic survey,� IEEE Commun. Surveys
Tuts., vol. 21, no. 4, pp. 3443�3466, 4th Quart., 2019.

[67] K. Liolis et al., �Use cases and scenarios of 5G integrated satellite-
terrestrial networks for enhanced mobile broadband: The SaT5G
approach,� Int. J. Satellite Commun. Netw., vol. 37, no. 2, pp. 91�112,
Mar. 2019.

[68] �Key elements for integrating of satellite systems into next genera-
tion access technologies.� ITU-R, Geneva, Switzerland, Rep. ITU-R
M.2460-0, Jul. 2019. [Online]. Available: https://www.itu.int/pub/R-
REP-M.2460-2019

[69] �Study on new radio (NR) to support non-terrestrial networks (release
15), V15.4.0,� 3GPP, Sophia Antipolis, France, Rep. TR 38.811,
Sep. 2020. [Online]. Available: https://portal.3gpp.org/desktopmodules/
Speci�cations/Speci�cationDetails.aspx?speci�cationId=3234

[70] �Solutions for NR to Support Non-Terrestrial Networks (NTN)
(Release 16), V16.1.0,� 3GPP, Sophia Antipolis, France, Rep. TR
38.821, May 2021. [Online]. Available: https://portal.3gpp.org/
desktopmodules/Speci�cations/Speci�cationDetails.aspx?speci�cationI
d=3525

[71] T. S. Rappaport, Y. Xing, G. R. MacCartney, A. F. Molisch, E. Mellios,
and J. Zhang, �Overview of millimeter wave communications for �fth-
generation (5G) wireless networks�With a focus on propagation mod-
els,� IEEE Trans. Antennas Propag., vol. 65, no. 12, pp. 6213�6230,
Dec. 2017.

[72] K. Tekb�y�k, A. R. Ekti, G. K. Kurt, and A. Görçin, �Terahertz band
communication systems: Challenges, novelties and Standardization
efforts,� Phys. Commun., vol. 35, Aug. 2019, Art. no. 100700.

[73] M. Z. Chowdhury, M. K. Hasan, M. Shahjalal, M. T. Hossan, and
Y. M. Jang, �Optical wireless hybrid networks: Trends, opportunities,
challenges, and research directions,� IEEE Commun. Surveys Tuts.,
vol. 22, no. 2, pp. 930�966, 2nd Quart., 2020.

[74] C.-X. Wang, J. Huang, H. Wang, X. Gao, X. You, and Y. Hao, �6G
wireless channel measurements and models: Trends and challenges,�
IEEE Veh. Technol. Mag., vol. 15, no. 4, pp. 22�32, Dec. 2020.

[75] S. Ahearne et al., �Integrating THz wireless communication links in
a data centre network,� in Proc. IEEE 2nd 5G World Forum (5GWF),
Dresden, Germany, Sep. 2019, pp. 393�398.

[76] I. Akyildiz and J. Jornet, �The Internet of Nano-Things,� IEEE Wireless
Commun., vol. 17, no. 6, pp. 58�63, Dec. 2010.

[77] Z. Ghassemlooy, S. Arnon, M. Uysal, Z. Xu, and J. Cheng, �Emerging
optical wireless communications-advances and challenges,� IEEE J.
Sel. Areas Commun., vol. 33, no. 9, pp. 1738�1749, Sep. 2015.

[78] M. Z. Chowdhury, M. T. Hossan, A. Islam, and Y. M. Jang, �A
comparative survey of optical wireless technologies: Architectures and
applications,� IEEE Access, vol. 6, pp. 9819�9840, 2018.

[79] V. Petrov, T. Kurner, and I. Hosako, �IEEE 802.15.3d: First standardiza-
tion efforts for sub-terahertz band communications toward 6G,� IEEE
Commun. Mag., vol. 58, no. 11, pp. 28�33, Nov. 2020.

[80] IEEE Standard for Wireless LAN Medium Access Control (MAC) and
Physical Layer (PHY) Specifications, IEEE Standard 802.11, 1999.
[Online]. Available: https://ieeexplore.ieee.org/document/8684613

[81] �IEEE 802.15.7r1 OWC TG (TG7r1), Current Status of IEEE
802.15.7 r1 OWC Standardization.� Accessed: May 6, 2022. [Online].
Available: http://j-photonics.org/vlca/wp-content/uploads/2018/04/
2015_10_26_YeongMinJangICEVLC2015CC.pdf

[82] �IEEE 802.15 WPAN Task Group 13 (TG13) Multi-Gigabit/s
Optical Wireless Communications.� Accessed: Oct. 7, 2021. [Online].
Available: http://www.ieee802.org/15/pub/TG13.html

[83] �Status of IEEE 802.11 Light Communication TG.� Accessed: Sep.
25, 2021. [Online]. Available: https://www.ieee802.org/11/Reports/
tgbb_update.htm

[84] N. C. Luong et al., �Applications of deep reinforcement learning in
communications and networking: A survey,� IEEE Commun. Surveys
Tuts., vol. 21, no. 4, pp. 3133�3174, 4th Quart., 2019.

[85] Y. Cui, F. Liu, X. Jing, and J. Mu, �Integrating sensing and communi-
cations for ubiquitous IoT: Applications, trends, and challenges,� IEEE
Netw., vol. 35, no. 5, pp. 158�167, Sep. 2021.

[86] F. Liu, C. Masouros, A. P. Petropulu, H. Grif�ths, and L. Hanzo, �Joint
radar and communication design: Applications, state-of-the-art, and the
road ahead,� IEEE Trans. Commun., vol. 68, no. 6, pp. 3834�3862,
Jun. 2020.

[87] C. B. Barneto, S. D. Liyanaarachchi, M. Heino, T. Riihonen, and
M. Valkama, �Full duplex radio/radar technology: The enabler for
advanced joint communication and sensing,� IEEE Wireless Commun.,
vol. 28, no. 1, pp. 82�88, Feb. 2021.

[88] �Study of enablers for network automation for 5G (release
16), V16.2.0,� 3GPP, Sophia Antipolis, France, Rep. TR 23.791,
Jun. 2019. [Online]. Available: https://portal.3gpp.org/desktopmodules/
Speci�cations/Speci�cationDetails.aspx?speci�cationId=3252

[89] R. Sha�n, L. Liu, V. Chandrasekhar, H. Chen, J. Reed, and J. C. Zhang,
�Arti�cial intelligence-enabled cellular networks: A critical path to
beyond-5G and 6G,� IEEE Wireless Commun., vol. 27, no. 2,
pp. 212�217, Apr. 2020.

[90] �Operator De�ned Open and Intelligent Radio Access Networks.�
Accessed: Oct. 7, 2021. [Online]. Available: https://www.o-ran.org/

[91] O. Holland et al., �The IEEE 1918.1 �tactile Internet� standards working
group and its standards,� Proc. IEEE, vol. 107, no. 2, pp. 256�279,
Feb. 2019.

[92] G. Kolovou, S. Oteafy, and P. Chatzimisios, �A remote surgery use
case for the IEEE P1918.1 tactile Internet standard,� in Proc. IEEE
ICC, Montreal, QC, Canada, Jun. 2021, pp. 1�6.

[93] �Snapdragon XR2 5G Platform.� Accessed: Oct. 8, 2021. [Online].
Available: https://www.qualcomm.com/products/snapdragon-xr2-5g-
platform

[94] Tactile Internet. �IEEE Standard 1918.1, Standards Working Group.�
Jul. 2016. Accessed: Oct. 10, 2021. [Online]. Available: https://grouper.
ieee.org/groups/1918/1/index.html

[95] S. Ivanov, K. Nikolskaya, G. Radchenko, L. Sokolinsky, and
M. Zymbler, �Digital twin of city: Concept overview,� in Proc.
Global Smart Ind. Conf. (GloSIC), Chelyabinsk, Russia, Nov. 2020,
pp. 178�186.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1007/s11432-020-2955-6
http://dx.doi.org/10.1007/s11432-021-3351-5
http://dx.doi.org/10.1007/s11432-021-3379-2


WANG et al.: ON THE ROAD TO 6G: VISIONS, REQUIREMENTS, KEY TECHNOLOGIES, AND TESTBEDS 959

[96] �White paper on the digital twins applications,� China Electron.
Technol. Stand. Inst., Beijing, China, White Paper, Nov. 2020. [Online].
Available: https://pdf.dfcfw.com/pdf/H3_AP202011231431940763_1.
pdf?1606214310000.pdf

[97] �Azure Digital Twins: Use IoT Spatial Intelligence to Create Models of
Physical Environments.� Accessed: Oct. 8, 2021. [Online]. Available:
https://azure.microsoft.com/en-us/services/digital-twins/#overview

[98] �Digital Twins: Simulation at Siemens.� Accessed: Oct. 8, 2021.
[Online]. Available: https://new.siemens.com/global/en/company/
stories/research-technologies/digitaltwin/digital-twin.html

[99] V.-L. Nguyen, P.-C. Lin, B.-C. Cheng, R.-H. Hwang, and Y.-D. Lin,
�Security and privacy for 6G: A survey on prospective technolo-
gies and challenges,� IEEE Commun. Surveys Tuts., vol. 23, no. 4,
pp. 2384�2428, 4th Quart., 2021.

[100] W. Zhang, D.-S. Ding, Y.-B. Sheng, L. Zhou, B.-S. Shi, and G.-C. Guo,
�Quantum secure direct communication with quantum memory,� Phys.
Rev. Lett., vol. 118, no. 22, May 2017, Art. no. 220501.

[101] A. Dorri, M. Steger, S. S. Kanhere, and R. Jurdak, �BlockChain: A
distributed solution to automotive security and privacy,� IEEE Commun.
Mag., vol. 55, no. 12, pp. 119�125, Dec. 2017.

[102] Y. Siriwardhana, P. Porambage, M. Liyanage, and M. Ylianttila,
�AI and 6G security: Opportunities and challenges,� in Proc. Joint
Eur. Conf. Netw. Commun. 6G Summit (EuCNC/6G Summit), Porto,
Portugal, Jun. 2021, pp. 616�621.

[103] M. A. Al-Garadi, A. Mohamed, A. K. Al-Ali, X. Du, I. Ali, and
M. Guizani, �A survey of machine and deep learning methods for
Internet of Things (IoT) security,� IEEE Commun. Surveys Tuts.,
vol. 22, no. 3, pp. 1646�1685, 3rd Quart., 2020.

[104] �Study on security aspects of network slicing enhancement (release
16), V16.0.0,� 3GPP, Sophia Antipolis, France, Rep. TR 33.813,
Jul. 2020. [Online]. Available: https://portal.3gpp.org/desktopmodules/
Speci�cations/Speci�cationDetails.aspx?speci�cationId=3541

[105] Security Architecture and Procedures for 5G System (Release
17), V17.3.0, 3GPP Standard TS 33.501, Sep. 2021. [Online].
Available: https://portal.3gpp.org/desktopmodules/Speci�cations/
Speci�cationDetails.aspx?speci�cationId=3169

[106] P. Porambage, G. Gur, D. P. M. Osorio, M. Liyanage, A. Gurtov, and
M. Ylianttila, �The roadmap to 6G security and privacy,� IEEE Open
J. Commun. Soc., vol. 2, pp. 1094�1122, 2021.

[107] ITU-R. �IMT Vision�Framework and Overall Objectives of the Future
Development of IMT for 2020 and Beyond.� Sep. 2015. [Online].
Available: https://www.itu.int/dms_pubrec/itu-r/rec/m/R-REC-M.2083-
0-201509-I!!PDF-E.pdf

[108] �White paper on 6G vision, requirement and challenges,� VIVO,
Dongguan, China, White Paper, Oct. 2020. [Online]. Available: http://
www.vivo.com.cn/6g/CH/vivo6gvision.pdf

[109] I. F. Akyildiz, A. Kak, and S. Nie, �6G and beyond: The
future of wireless communications systems,� IEEE Access, vol. 8,
pp. 133995�134030, 2020.

[110] A. Nasrallah et al., �Ultra-low latency (ULL) networks: The IEEE
TSN and IETF DetNet standards and related 5G ULL research,� IEEE
Commun. Surveys Tuts., vol. 21, no. 1, pp. 88�145, 1st Quart., 2019.

[111] W. Wu, �Survey on the development of space-integrated-ground
information network (in Chinese),� Space Integr. Ground Inf. Netw.,
vol. 1, no. 1, pp. 1�16, Sep. 2020.

[112] M. Zhong, Y. Yang, H. Yao, X. Fu, O. A. Dobre, and O. Postolache,
�5G and IoT: Towards a new era of communications and mea-
surements,� IEEE Instrum. Meas. Mag., vol. 22, no. 6, pp. 18�26,
Dec. 2019.

[113] C. B. Barneto et al., �High-accuracy radio sensing in 5G new radio
networks: Prospects and self-interference challenge,� in Proc. 53rd
Asilomar Conf. Signals Syst. Comput., Paci�c Grove, CA, USA,
Nov. 2019, pp. 1159�1163.

[114] �Future Network White Paper�Deterministic Network Technology
System White Paper (2021 ed., in Chinese).� Jun. 2019. [Online].
Available: https://www-�le.huawei.com/-/media/corporate/pdf/news/
future-network-whitepaper.pdf?la=zh

[115] I. Ku, C.-X. Wang, and J. Thompson, �Spectral, energy and economic
ef�ciency of relay-aided cellular networks,� IET Commun., vol. 7,
no. 14, pp. 1476�1486, Sep. 2013.

[116] P. Patcharamaneepakorn et al., �Spectral, energy, and economic ef�-
ciency of 5G Multicell massive MIMO systems with generalized
spatial modulation,� IEEE Trans. Veh. Technol., vol. 65, no. 12,
pp. 9715�9731, Feb. 2016.

[117] R. Zhang, Y. Li, C.-X. Wang, Y. Ruan, Y. Fu, and H. Zhang, �Energy-
spectral ef�ciency trade-off in underlaying mobile D2D communi-
cations: An economic ef�ciency perspective,� IEEE Trans. Wireless
Commun., vol. 17, no. 7, pp. 4288�4301, Jul. 2018.

[118] �Visions and requirements for 5G.� IMT-2020(5G). May 2014.
[Online]. Available: http://www.caict.ac.cn/kxyj/qwfb/bps/201804/
P020151211378934236163.pdf

[119] R. Zi, X. Ge, J. Thompson, C.-X. Wang, H. Wang, and T. Han, �Energy
ef�ciency optimization of 5G radio frequency chain systems,� IEEE J.
Sel. Areas Commun., vol. 34, no. 4, pp. 758�771, Apr. 2016.

[120] �6G use cases and analysis.� Next Generation Mobile Networks
Alliance. Feb. 2022. [Online]. Available: https://www.ngmn.org/wp-
content/uploads/NGMN-6G-Use-Cases-and-Analysis.pdf

[121] �Next G Alliance Report: 6G Applications and Use Case.� Jun. 2022.
[Online]. Available: https://www.nextgalliance.org/white_papers/6g-
applications-and-use-cases/

[122] �What societal values will 6G address? societal key values and key
value indicators analysed through 6G use cases.� 6G Infrastructure
Association. May 2022. [Online]. Available: https://5g-ppp.eu/wp-
content/uploads/2022/05/What-societal-values-will-6G-address-White-
Paper-v1.0-�nal.pdf

[123] Z. Chen et al., �A survey on terahertz communications,� China
Commun., vol. 16, no. 2, pp. 1�35, Feb. 2019.

[124] S. Haddadin, L. Johannsmeier, and F. D. Ledezma, �Tactile robots as
a central embodiment of the tactile Internet,� Proc. IEEE, vol. 107,
no. 2, pp. 471�487, Feb. 2019.

[125] G. Szabo, S. Racz, N. Reider, H. A. Munz, and J. Peto, �Digital twin:
Network provisioning of mission critical communication in cyber phys-
ical production systems,� in Proc. IEEE Int. Conf. Ind. 4.0 Artif. Intell.
Commun. Technol. (IAICT), Jul. 2019, pp. 37�43.

[126] B. R. Barricelli, E. Casiraghi, and D. Fogli, �A survey on digital twin:
De�nitions, characteristics, applications, and design implications,�
IEEE Access, vol. 7, pp. 167653�167671, 2019.

[127] M. Vukovic, D. Mazzei, S. Chessa, and G. Fantoni, �Digital twins in
industrial IoT: A survey of the state of the art and of relevant stan-
dards,� in Proc. IEEE ICC Wkshops, Montreal, QC, Canada, Jun. 2021,
pp. 1�6.

[128] A. K. Tripathy, S. Chinara, and M. Sarkar, �An application of wire-
less brain�computer interface for drowsiness detection,� Biocybern.
Biomed. Eng., vol. 36, no. 1, pp. 276�284, 2016.

[129] S. R. A. Jafri et al., �Wireless brain computer interface for smart
home and medical system,� Wireless Pers. Commun., vol. 106, no. 4,
pp. 2163�2177, Jun. 2019.

[130] J. D. Simeral et al., �Home use of a percutaneous wireless Intracortical
brain-computer interface by individuals with tetraplegia,� IEEE Trans.
Biomed. Eng., vol. 68, no. 7, pp. 2313�2325, Jul. 2021.

[131] X. Liu et al., �A fully integrated sensor-brain�machine interface
system for restoring somatosensation,� IEEE Sensors J., vol. 21, no. 4,
pp. 4764�4775, Feb. 2021.

[132] S. J. H. Pirzada, M. Haris, M. N. Hasan, T. Xu, and L. Jianwei,
�Detection and communication of disasters with space�air�ground inte-
grated network,� in Proc. IEEE 23rd Int. Multitopic Conf. (INMIC),
Nov. 2020, pp. 1�6.

[133] W. Jin, J. Yang, Y. Fang, and W. Feng, �Research on application
and deployment of UAV in emergency response,� in Proc. IEEE 10th
Int. Conf. Electron. Inf. Emerg. Commun. (ICEIEC), Beijing, China,
Jul. 2020, pp. 277�280.

[134] W. Feng et al., �NOMA-based UAV-aided networks for emer-
gency communications,� China Commun., vol. 17, no. 11, pp. 54�66,
Nov. 2020.

[135] M.-S. Shin, J.-G. Ryu, and D.-G. Oh, �On the mixed support of TDMA
and SCPC for satellite disaster communications network,� in Proc.
Int. Conf. Inf. Commun. Technol. Converg. (ICTC), Jeju, South Korea,
Oct. 2017, pp. 1213�1215.

[136] Y. Chen, S. Zhang, S. Xu, and G. Y. Li, �Fundamental trade-offs
on green wireless networks,� IEEE Commun. Mag., vol. 49, no. 6,
pp. 30�37, Jun. 2011.

[137] X. Yu, G. Li, and W. Lu, �Power consumption based on 5G communi-
cation,� in Proc. IEEE 5th Inf. Technol. Netw. Electron. Autom. Control
Conf. (ITNEC), Xi�an, China, Oct. 2021, pp. 910�914.

[138] M. Rasti, S. K. Taskou, H. Tabassum, and E. Hossain, �Evolution
toward 6G multi-band wireless networks: A resource management
perspective,� IEEE Wireless Commun., vol. 29, no. 4, pp. 118�125,
Aug. 2022.

[139] Y. Wu et al., �Green transmission technologies for balancing the energy
ef�ciency and spectrum ef�ciency trade-off,� IEEE Commun. Mag.,
vol. 52, no. 11, pp. 112�120, Nov. 2014.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 



960 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 25, NO. 2, SECOND QUARTER 2023

[140] I. Ku, C.-X. Wang, and J. Thompson, �Spectral-energy ef�ciency trade-
off in relay-aided cellular networks,� IEEE Trans. Wireless Commun.,
vol. 12, no. 10, pp. 4970�4982, Oct. 2013.

[141] R. Zhang, Y. Li, C.-X. Wang, Y. Ruan, and H. Zhang, �Performance
tradeoff in relay aided D2D-cellular networks,� IEEE Trans. Veh.
Technol., vol. 67, no. 10, pp. 10144�10149, Oct. 2018.

[142] L. You, J. Xiong, D. W. K. Ng, C. Yuen, W. Wang, and X. Gao, �Energy
ef�ciency and spectral ef�ciency tradeoff in RIS-aided multiuser
MIMO uplink transmission,� IEEE Trans. Signal Process., vol. 69,
pp. 1407�1421, 2021.

[143] Y. Ruan, Y. Li, C.-X. Wang, R. Zhang, and H. Zhang, �Power allocation
in cognitive satellite-vehicular networks from energy-spectral ef�ciency
tradeoff perspective,� IEEE Trans. Cogn. Commun. Netw., vol. 5, no. 2,
pp. 318�329, Jun. 2019.

[144] X. Wei, H. Al-Obiedollah, K. Cumanan, W. Wang, Z. Ding, and
O. A. Dobre, �Spectral-energy ef�ciency trade-off based design for
hybrid TDMA-NOMA system,� IEEE Trans. Veh. Technol., vol. 71,
no. 3, pp. 3377�3382, Mar. 2022.

[145] M. K. Mishra and A. Trivedi, �Spectral ef�ciency and deployment cost
ef�ciency analysis of mmW/UHF-based cellular network,� IEEE Trans.
Veh. Technol., vol. 68, no. 7, pp. 6565�6577, Jul. 2019.

[146] P. Patcharamaneepakorn et al., �Quadrature space-frequency index
modulation for energy-ef�cient 5G wireless communication systems,�
IEEE Trans. Commun., vol. 66, no. 7, pp. 3050�3064, Jul. 2018.

[147] Y. Ruan, Y. Li, C.-X. Wang, and R. Zhang, �Energy ef�cient adaptive
transmissions in integrated satellite-terrestrial networks with SER con-
straints,� IEEE Trans. Wireless Commun., vol. 17, no. 1, pp. 210�222,
Jan. 2018.

[148] L. Chen, C. Liu, X. Hong, C.-X. Wang, J. Thompson, and J. Shi,
�Capacity and delay tradeoff of secondary cellular networks with spec-
trum aggregation,� IEEE Trans. Wireless Commun., vol. 17, no. 6,
pp. 3974�3987, Jun. 2018.

[149] Z. Wei, Z. Feng, H. Zhou, L. Wang, and H. Wu, �Capacity and delay of
unmanned aerial vehicle networks with mobility,� IEEE Internet Things
J., vol. 6, no. 2, pp. 1640�1653, Apr. 2019.

[150] Y. Luo, M. Zeng, and H. Jiang, �Learning to tradeoff between energy
ef�ciency and delay in energy harvesting-powered D2D communica-
tion: A distributed experience-sharing algorithm,� IEEE Internet Things
J., vol. 6, no. 3, pp. 5585�5594, Jun. 2019.

[151] T. Yang, L. Kong, N. Zhao, and R. Sun, �Ef�cient energy and delay
tradeoff for vessel communications in SDN based maritime wire-
less networks,� IEEE Trans. Intell. Transp. Syst., vol. 22, no. 6,
pp. 3800�3812, Jun. 2021.

[152] Z. Cao et al., �Security-reliability trade-off analysis of AN-aided relay
selection for full-duplex relay networks,� IEEE Trans. Veh. Technol.,
vol. 70, no. 3, pp. 2362�2377, Mar. 2021.

[153] X. Zeng, K. Liu, J. Ma, M. Chen, and M. Yu, �Reliability and delay
trade-off analysis of unslotted IEEE 802.15.4 sensor network for ship-
board environment,� IEEE Sensors J., vol. 21, no. 2, pp. 2400�2411,
Jan. 2021.

[154] Q. Chen, X. J. Zhang, W. L. Lim, Y. S. Kwok, and S. Sun, �High
reliability, low latency and cost effective network planning for indus-
trial wireless mesh networks,� IEEE/ACM Trans. Netw., vol. 27, no. 6,
pp. 2354�2362, Dec. 2019.

[155] H. Song, X. Fang, and C.-X. Wang, �Cost-reliability tradeoff in licensed
and unlicensed spectra interoperable networks with guaranteed user
data rate requirements,� IEEE J. Sel. Areas Commun., vol. 35, no. 1,
pp. 200�214, Nov. 2017.

[156] X. Zhang, J. Wang, and H. V. Poor, �Statistical delay and error-
rate bounded QoS provisioning for mURLLC over 6G CF M-MIMO
mobile networks in the �nite blocklength regime,� IEEE J. Sel. Areas
Commun., vol. 39, no. 3, pp. 652�667, Mar. 2021.

[157] H. Wu et al., �Resource management in space-air-ground inte-
grated vehicular networks: SDN control and AI algorithm
design,� IEEE Wireless Commun., vol. 27, no. 6, pp. 52�60,
Dec. 2020.

[158] W. Tarneberg, M. Karaca, A. Robertsson, F. Tufvesson, and
M. Kihl, �Utilizing massive MIMO for the tactile Internet:
Advantages and trade-offs,� in Proc. IEEE Int. Conf. Sens. Commun.
Netw. (SECON Workshops), San Diego, CA, USA, Jun. 2017,
pp. 1�6.

[159] X. Lu, I. H. Kim, A. Xhafa, J. Zhou, and K. Tsai, �Reaching 10-years
of battery life for industrial IoT wireless sensor networks,� in Proc.
Symp. VLSI Circuits, Kyoto, Japan, Jun. 2017, pp. C66�C67.

[160] �Powering the Industrial Internet of Things (IIoT).� Accessed: Nov. 11,
2022. [Online]. Available: https://www.saftbatteries.com/energizing-
iot/powering-industrial-internet-things-iiot

[161] C. Wang, P. Zhang, N. Kumar, L. Liu, and T. Yang, �GCWCN:
6G-based global coverage wireless communication network
architecture,� IEEE Netw., early access, Aug. 29, 2022,
doi: 10.1109/MNET.123.2200094.

[162] J. M. C. Brito, L. L. Mendes, and J. G. S. Gontijo, �Brazil 6G project�
An approach to build a national-wise framework for 6G networks,� in
Proc. IEEE 2nd 6G Wireless Summit (6G SUMMIT), Levi, Finland,
Mar. 2020, pp. 1�5.

[163] Y. Zhu, X. Tian, K. Chi, C. Wen, and Y.-H. Zhu, �real-time power con-
trol of wireless chargers in battery-free body area networks,� in Proc.
IEEE Global Commun. Conf. (GLOBECOM), Waikoloa, HI, USA,
Dec. 2019, pp. 1�6.

[164] B. Han, V. Gopalakrishnan, L. Ji, and S. Lee, �Network function
virtualization: Challenges and opportunities for innovations,� IEEE
Commun. Mag., vol. 53, no. 2, pp. 90�97, Feb. 2015.

[165] M. Pattaranantakul, R. He, Q. Song, Z. Zhang, and A. Meddahi, �NFV
security survey: From use case driven threat analysis to state-of-the-
art countermeasures,� IEEE Commun. Surveys Tuts., vol. 20, no. 4,
pp. 3330�3368, 4th Quart., 2018.

[166] A. U. Rehman, R. L. Aguiar, and J. P. Barraca, �Network functions vir-
tualization: The long road to commercial deployments,� IEEE Access,
vol. 7, pp. 60439�60464, 2019.

[167] B. Yi, X. Wang, K. Li, S. K. Das, and M. Huang, �A comprehensive
survey of network function virtualization,� Comput. Netw., vol. 133,
pp. 212�262, Mar. 2018.

[168] L. Linguaglossa et al., �Survey of performance acceleration techniques
for network function virtualization,� Proc. IEEE, vol. 107, no. 4,
pp. 746�764, Apr. 2019.

[169] C.-J. Lin, Y. Luo, L.-M. Wang, and L.-D. Chen, �Flow scheduling
in a heterogeneous NFV environment using reinforcement learning,�
in Proc. IEEE Int. Conf. Netw. Archit. Storage (NAS), Riverside, CA,
USA, Oct. 2021, pp. 1�8.

[170] S. Kianpisheh and R. H. Glitho, �Joint admission control and resource
allocation with parallel VNF processing for time-constrained chains of
virtual network functions,� IEEE Access, vol. 9, pp. 162553�162571,
2021.

[171] P. Xue and Z. Jiang, �SecRouting: Secure routing for network functions
virtualization (NFV) technology,� IEEE Trans. Circuits Syst. II, Exp.
Briefs, vol. 69, no. 3, pp. 1727�1731, Mar. 2022.

[172] D. Breitgand, V. Eisenberg, N. Naaman, N. Rozenbaum, and A. Weit,
�Toward true cloud native NFV MANO,� in Proc. 12th Int. Conf. Netw.
Future (NoF), Coimbra, Portugal, Oct. 2021, pp. 1�5.

[173] M. S. Rahman, I. Khalil, and M. Atiquzzaman, �Blockchain-enabled
SLA compliance for crowdsourced edge-based network function virtu-
alization,� IEEE Netw., vol. 35, no. 5, pp. 58�65, Sep. 2021.

[174] P. Valsamas, L. Mamatas, and L. M. Contreras, �A comparative eval-
uation of edge cloud virtualization technologies,� IEEE Trans. Netw.
Services Manag., vol. 19, no. 2, pp. 1351�1365, Jun. 2022.

[175] T. Das, V. Sridharan, and M. Gurusamy, �A survey on controller
placement in SDN,� IEEE Commun. Surveys Tuts., vol. 22, no. 1,
pp. 472�503, 1st Quart., 2020.

[176] M. B. Jimenez, D. Fernandez, J. E. Rivadeneira, L. Bellido, and
A. Cardenas, �A survey of the main security issues and solutions for
the SDN architecture,� IEEE Access, vol. 9, pp. 122016�122038, 2021.

[177] D. B. Rawat, �Fusion of software de�ned networking, edge computing,
and blockchain technology for wireless network virtualization,� IEEE
Commun. Mag., vol. 57, no. 10, pp. 50�55, Oct. 2019.

[178] R. Alvizu et al., �Comprehensive survey on T-SDN: Software-de�ned
networking for transport networks,� IEEE Commun. Surveys Tuts.,
vol. 19, no. 4, pp. 2232�2283, 4th Quart., 2017.

[179] M. H. Rehmani, A. Davy, B. Jennings, and C. Assi, �Software
de�ned networks-based smart grid communication: A comprehensive
survey,� IEEE Commun. Surveys Tuts., vol. 21, no. 3, pp. 2637�2670,
3rd Quart., 2019.

[180] H. Luo, K. Wu, R. Ruby, Y. Liang, Z. Guo, and L. M. Ni, �Software-
de�ned architectures and technologies for underwater wireless sensor
networks: A survey,� IEEE Commun. Surveys Tuts., vol. 20, no. 4,
pp. 2855�2888, 4th Quart., 2018.

[181] Z. Tu, H. Zhou, K. Li, M. Li, and A. Tian, �An energy-ef�cient topol-
ogy design and DDoS attacks mitigation for green software-de�ned
satellite network,� IEEE Access, vol. 8, pp. 211434�211450, 2020.

[182] K. Gao, C. Xu, P. Zhang, J. Qin, L. Zhong, and G.-M. Muntean, �GCH-
MV: Game-enhanced compensation handover scheme for Multipath
TCP in 6G software de�ned vehicular networks,� IEEE Trans. Veh.
Technol., vol. 69, no. 12, pp. 16142�16154, Dec. 2020.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1109/MNET.123.2200094


WANG et al.: ON THE ROAD TO 6G: VISIONS, REQUIREMENTS, KEY TECHNOLOGIES, AND TESTBEDS 961

[183] Z. Zhang, L. Ma, K. K. Leung, and F. Le, �More is not always better:
An analytical study of controller synchronizations in distributed SDN,�
IEEE/ACM Trans. Netw., vol. 29, no. 4, pp. 1580�1590, Aug. 2021.

[184] J. Xie et al., �A survey of machine learning techniques applied to
software de�ned networking (SDN): Research issues and challenges,�
IEEE Commun. Surveys Tuts., vol. 21, no. 1, pp. 393�430, 1st Quart.,
2019.

[185] �The STRIDE Threat Model: Microsoft Docs.� Accessed: May 6,
2022. [Online]. Available: https://docs.microsoft.com/en-us/previous-
versions/commerce-server/ee823878(v=cs.20)?redirectedfrom=MSDN

[186] M. W. Hussain, K. H. K. Reddy, J. J. P. C. Rodrigues, and D. S. Roy,
�An indirect controller-legacy switch forwarding scheme for link dis-
covery in hybrid SDN,� IEEE Syst. J., vol. 15, no. 2, pp. 3142�3149,
Jun. 2021.

[187] G. Manogaran, T. Baabdullah, D. B. Rawat, and P. M. Shakeel, �AI
assisted service virtualization and �ow management framework for
6G-enabled cloud-software-de�ned network based IoT,� IEEE Internet
Things J., vol. 9, no. 16, pp. 14644�14654, Aug. 2022.

[188] K. Gao et al., �Freshness-aware age optimization for multipath TCP
over software de�ned networks,� IEEE Trans. Netw. Sci. Eng., early
access, Apr. 27, 2021, doi: 10.1109/TNSE.2021.3075704.

[189] 5G System; Technical Realization of Service Based Architecture;
Stage 3, V1.0.0, 3GPP Standard TS 29.500, Mar. 2018. [Online].
Available: https://portal.3gpp.org/desktopmodules/Speci�cations/
Speci�cationDetails.aspx?speci�cationId=3338

[190] G. Brown, Serviced-Based Architecture for 5G Core Network, Huawei,
Shenzhen, China, 2017. [Online]. Available: https://www.3g4g.co.uk/
5G/5Gtech_6004_2017_11_ServiceBased-Architecture-for-5G-Core-
Networks_HR_Huawei.pdf

[191] T.-X. Do and Y. Kim, �Usage-aware protection plan for state man-
agement functions in service-based 5G core network,� IEEE Access,
vol. 6, pp. 36906�36915, 2018.

[192] Q. Yu et al., �A fully-decoupled RAN architecture for 6G inspired by
neurotransmission,� J. Commun. Inf. Netw., vol. 4, no. 4, pp. 111�117,
Dec. 2019.

[193] H. C. Rudolph, A. Kunz, L. L. Iacono, and H. V. Nguyen, �Security
challenges of the 3GPP 5G service based architecture,� IEEE Commun.
Stand. Mag., vol. 3, no. 1, pp. 60�65, Mar. 2019.

[194] T. V. Kiran Buyakar, H. Agarwal, B. R. Tamma, and A. A. Franklin,
�Prototyping and load balancing the service based architecture of 5G
core using NFV,� in Proc. IEEE Conf. Netw. Softw. (NetSoft), Paris,
France, Jun. 2019, pp. 228�232.

[195] E. Zeydan, J. Mangues-Bafalluy, J. Baranda, M. Requena, and Y. Turk,
�Service based virtual RAN architecture for next generation cellular
systems,� IEEE Access, vol. 10, pp. 9455�9470, 2022.

[196] X. Wang et al., �Holistic service-based architecture for space-air-
ground integrated network for 5G-advanced and beyond,� China
Commun., vol. 19, no. 1, pp. 14�28, Jan. 2022.

[197] X. Foukas, G. Patounas, A. Elmokash�, and M. K. Marina, �Network
slicing in 5G: Survey and challenges,� IEEE Commun. Mag., vol. 55,
no. 5, pp. 94�100, May 2017.

[198] L. U. Khan, I. Yaqoob, N. H. Tran, Z. Han, and C. S. Hong, �Network
slicing: Recent advances, taxonomy, requirements, and open research
challenges,� IEEE Access, vol. 8, pp. 36009�36028, 2020.

[199] F. Debbabi, R. Jmal, L. C. Fourati, and A. Ksentini, �Algorithmics
and modeling aspects of network slicing in 5G and beyonds network:
Survey,� IEEE Access, vol. 8, pp. 162748�162762, 2020.

[200] I. Afolabi, T. Taleb, K. Samdanis, A. Ksentini, and H. Flinck, �Network
slicing and softwarization: A survey on principles, enabling technolo-
gies, and solutions,� IEEE Commun. Surveys Tuts., vol. 20, no. 3,
pp. 2429�2453, 3rd Quart., 2018.

[201] A. Kaloxylos, �A survey and an analysis of network slicing in 5G
networks,� IEEE Commun. Stand. Mag., vol. 2, no. 1, pp. 60�65,
Mar. 2018.

[202] A. Dogra, R. K. Jha, and S. Jain, �A survey on beyond 5G network
with the advent of 6G: Architecture and emerging technologies,� IEEE
Access, vol. 9, pp. 67512�67547, 2020.

[203] A. A. Khan, M. Abolhasan, W. Ni, J. Lipman, and A. Jamalipour, �An
end-to-end (E2E) network slicing framework for 5G vehicular ad-hoc
networks,� IEEE Trans. Veh. Technol., vol. 70, no. 7, pp. 7103�7112,
Jul. 2021.

[204] X. Li, R. Ni, J. Chen, Y. Lyu, Z. Rong, and R. Du, �End-to-end network
slicing in radio access network, transport network and core network
domains,� IEEE Access, vol. 8, pp. 29525�29537, 2020.

[205] H. Cao et al., �Toward tailored resource allocation of slices in 6G
networks with softwarization and virtualization,� IEEE Internet Things
J., vol. 9, no. 9, pp. 6623�6637, May 2022.

[206] W. Shi et al., �Two-level soft RAN slicing for customized services in
5G-and-beyond wireless communications,� IEEE Trans. Ind. Informat.,
vol. 18, no. 6, pp. 4169�4179, Jun. 2022.

[207] X. Shen et al., �AI-assisted network-slicing based next-generation
wireless networks,� IEEE Open J. Veh. Technol., vol. 1, pp. 45�66,
2020.

[208] H. Wang, Y. Wu, G. Min, and W. Miao, �A graph neural network-
based digital twin for network slicing management,� IEEE Trans Ind.
Informat., vol. 18, no. 2, pp. 1367�1376, Feb. 2022.

[209] J. Mei, X. Wang, K. Zheng, G. Boudreau, A. B. Sediq, and H. Abou-
Zeid, �Intelligent radio access network slicing for service provisioning
in 6G: A hierarchical deep reinforcement learning approach,� IEEE
Trans. Commun., vol. 69, no. 9, pp. 6063�6078, Sep. 2021.

[210] A. Nassar and Y. Yilmaz, �Deep reinforcement learning for adap-
tive network slicing in 5G for intelligent vehicular systems and smart
cities,� IEEE Internet Things J., vol. 9, no. 1, pp. 222�235, Jan. 2022.

[211] K. Suh, S. Kim, Y. Ahn, S. Kim, H. Ju, and B. Shim, �Deep reinforce-
ment learning-based network slicing for beyond 5G,� IEEE Access,
vol. 10, pp. 7384�7395, 2022.

[212] N. Reyhanian and Z.-Q. Luo, �Data-driven adaptive network slicing for
multi-tenant networks,� IEEE J. Sel. Topics Signal Process., vol. 16,
no. 1, pp. 113�128, Jan. 2022.

[213] H. Guo, J. Li, J. Liu, N. Tian, and N. Kato, �A survey on space�air�
ground�sea integrated network security in 6G,� IEEE Commun. Surveys
Tuts., vol. 24, no. 1, pp. 53�87, 1st Quart., 2022.

[214] L. Zhao, N. Kumar, C. Wu, J. Hu, and A. Al-Dubai, �Guest editorial:
Introduction to the special section on intelligence-empowered collab-
oration among space, air, ground, and sea mobile networks towards
B5G,� IEEE Trans. Netw. Sci. Eng., vol. 8, no. 4, pp. 2719�2721,
Oct. 2021.

[215] Y. Pang, D. Wang, D. Wang, L. Guan, C. Zhang, and M. Zhang, �A
space-air-ground integrated network assisted maritime communication
network based on mobile edge computing,� in Proc. IEEE World Congr.
Services (SERVICES), Beijing, China, Oct. 2020, pp. 269�274.

[216] B. Mao, F. Tang, Y. Kawamoto, and N. Kato, �Optimizing computation
of�oading in satellite-UAV-served 6G IoT: A deep learning approach,�
IEEE Netw., vol. 35, no. 4, pp. 102�108, Jul. 2021.

[217] N. Kato et al., �Optimizing space�air�ground integrated networks
by arti�cial intelligence,� IEEE Wireless Commun., vol. 26, no. 4,
pp. 140�147, Aug. 2019.

[218] M. A. Adedoyin and O. E. Falowo, �Combination of ultra-dense
networks and other 5G enabling technologies: A survey,� IEEE Access,
vol. 8, pp. 22893�22932, 2020.

[219] Y. Jo, H. Kim, J. Lim, and D. Hong, �Self-optimization of coverage and
system throughput in 5G heterogeneous ultra-dense networks,� IEEE
Wireless Commun. Lett., vol. 9, no. 3, pp. 285�288, Mar. 2020.

[220] I. A. Alablani and M. A. Arafah, �An adaptive cell selection scheme
for 5G heterogeneous ultra-dense networks,� IEEE Access, vol. 9,
pp. 64224�64240, 2021.

[221] W. Sun, L. Wang, J. Liu, N. Kato, and Y. Zhang, �Movement aware
CoMP handover in heterogeneous ultra-dense networks,� IEEE Trans.
Commun., vol. 69, no. 1, pp. 340�352, Jan. 2021.

[222] S. K. Sharma and X. Wang, �Toward massive machine type com-
munications in ultra-dense cellular IoT networks: Current issues and
machine learning-assisted solutions,� IEEE Commun. Surveys Tuts.,
vol. 22, no. 1, pp. 426�471, 1st Quart., 2020.

[223] B. Zhang, S. Liu, J.-L. Yu, and Z. Han, �A learning aided long-term
user association scheme for ultra-dense networks,� IEEE Trans. Veh.
Technol., vol. 71, no. 1, pp. 820�830, Jan. 2022.

[224] S. Kim, J. Son, and B. Shim, �Energy-ef�cient ultra-dense network
using LSTM-based deep neural networks,� IEEE Trans. Wireless
Commun., vol. 20, no. 7, pp. 4702�4715, Jul. 2021.

[225] W. Li, Z. Su, R. Li, K. Zhang, and Y. Wang, �Blockchain-based data
security for arti�cial intelligence applications in 6G networks,� IEEE
Netw., vol. 34, no. 6, pp. 31�37, Nov. 2020.

[226] V. S. R. Manoharan, S. Ramachandran, and V. Rajasekar, �Blockchain
based privacy preserving framework for emerging 6G wireless commu-
nications,� IEEE Trans Ind. Informat., vol. 18, no. 7, pp. 4868�4874,
Jul. 2022.

[227] J. M. Hamamreh, H. M. Furqan, and H. Arslan, �Classi�cations and
applications of physical layer security techniques for con�dentiality: A
comprehensive survey,� IEEE Commun. Surveys Tuts., vol. 21, no. 2,
pp. 1773�1828, 2nd Quart., 2019.

[228] H. A. Al-Mohammed and E. Yaacoub, �On the use of quantum com-
munications for securing IoT devices in the 6G era,� in Proc. IEEE
ICC Wkshops, Montreal, QC, Canada, Jun. 2021, pp. 1�6.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1109/TNSE.2021.3075704


962 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 25, NO. 2, SECOND QUARTER 2023

[229] �The Inherent Security of Open RAN.� Dec. 2020. [Online]. Available:
https://www.�ercewireless.com/sponsored/inherent-security-open-ran

[230] L. Jin et al., �Introduction to wireless endogenous security and
safety: Problems, attributes, structures and functions,� China Commun.,
vol. 18, no. 9, pp. 88�99, Sep. 2021.

[231] X. Wang, L. Jin, Y. Lou, and X. Xu, �Analysis and application of
endogenous wireless security principle for key generation,� China
Commun., vol. 18, no. 4, pp. 99�114, Apr. 2021.

[232] C. Mouradian, D. Naboulsi, S. Yangui, R. H. Glitho, M. J. Morrow, and
P. A. Polakos, �A comprehensive survey on fog computing: State-of-
the-art and research challenges,� IEEE Commun. Surveys Tuts., vol. 20,
no. 1, pp. 416�464, 1st Quart., 2018.

[233] S. Ghosh, A. Mukherjee, S. K. Ghosh, and R. Buyya, �MoBi-IoST:
Mobility-aware cloud-fog-edge-IoT collaborative framework for time-
critical applications,� IEEE Trans. Netw. Sci. Eng., vol. 7, no. 4,
pp. 2271�2285, Oct. 2020.

[234] �White paper on computing force network,� China Mobile, Beijing,
China, White Paper, Nov. 2021. [Online]. Available: http://www.
ecconsortium.org/Uploads/�le/20211108/1636352251472904.pdf

[235] �White Paper on computing force network,� China Unicom, Beijing,
China, White Paper, Nov. 2019. [Online]. Available: http://www.
bomeimedia.com/China-unicom/white_paper/20191101-06.pdf

[236] N. Refat, M. A. Rahman, A. T. Asyhari, H. Kassim, I. F. Kurniawan,
and M. Rahman, �MATT: A mobile assisted tense tool for �ex-
ible m-grammar learning based on cloud-fog-edge collaborative
networking,� IEEE Access, vol. 8, pp. 66074�66084, 2020.

[237] R. Fantacci and B. Picano, �Performance analysis of a delay con-
strained data of�oading scheme in an integrated cloud-fog-edge
computing system,� IEEE Trans. Veh. Technol., vol. 69, no. 10,
pp. 12004�12014, Oct. 2020.

[238] X. Han, Y. Zhao, K. Yu, X. Huang, K. Xie, and H. Wei, �Utility-
optimized resource allocation in computing-aware networks,� in Proc.
13th Int. Conf. Commun. Softw. Netw. (ICCSN), Chongqing, China,
Jun. 2021, pp. 199�205.

[239] A. Alnoman and A. Anpalagan, �Computing-aware base station sleep-
ing mechanism in H-CRAN-cloud-edge networks,� IEEE Trans. Cloud
Comput., vol. 9, no. 3, pp. 958�967, Jul. 2021.

[240] �Draft Recommendation ITU-T Y.2501 (formerly Y.CPN-arch):
�Computing Power Network�Framework and Architecture�-for con-
sent,� ITU-T, Geneva, Switzerland, document ITU-T SG 13, Sep. 2021.
[Online]. Available: https://www.itu.int/rec/T-REC-Y.2501-202109-I

[241] �Frontier Report on the Integrated Network of Communication,
Sensing, and Computing, China Institute of Communications.�
Jan. 2022. [Online]. Available: https://www.chinacic.cn/upload/202202/
24/b9f23a4c8b1640babd34a7526beadbc5.pdf

[242] S. Yan, M.-G. Peng, and W.-B. Wang, �Integration of communica-
tion, sensing and computing (in Chinese),� J. Beijing Univ. Posts
Telecommun., vol. 44, no. 4, pp. 1�11, Aug. 2021.

[243] Z. Feng, Z. Wei, X. Chen, H. Yang, Q. Zhang, and P. Zhang,
�Joint communication, sensing, and computation enabled 6G intelligent
machine system,� IEEE Netw., vol. 35, no. 6, pp. 34�42, Nov. 2021.

[244] H. Q. Ngo, A. Ashikhmin, H. Yang, E. G. Larsson, and T. L. Marzetta,
�Cell-free massive MIMO versus small cells,� IEEE Trans. Wireless
Commun., vol. 16, no. 3, pp. 1834�1850, Mar. 2017.

[245] O. T. Demir, E. Björnson, and L. Sanguinetti, �Foundations of user-
centric cell-free massive MIMO,� FNT Signal Process., vol. 14,
nos. 3�4, pp. 162�472, Aug. 2021.

[246] A. Papazafeiropoulos, P. Kourtessis, M. D. Renzo, S. Chatzinotas,
and J. M. Senior, �Performance analysis of cell-free massive MIMO
systems: A stochastic geometry approach,� IEEE Trans. Veh. Technol.,
vol. 69, no. 4, pp. 3523�3537, Apr. 2020.

[247] A. Papazafeiropoulos, E. Bjornson, P. Kourtessis, S. Chatzinotas, and
J. M. Senior, �Scalable cell-free massive MIMO systems: Impact of
hardware impairments,� IEEE Trans. Veh. Technol., vol. 70, no. 10,
pp. 9701�9715, Oct. 2021.

[248] Y. Zhang, Q. Zhang, H. Hu, L. Yang, and H. Zhu, �Cell-free massive
MIMO systems with non-ideal hardware: Phase drifts and distortion
noise,� IEEE Trans. Veh. Technol., vol. 70, no. 11, pp. 11604�11618,
Nov. 2021.

[249] M. Makhanbet, T. Lv, W. Ni, and M. Orynbet, �Energy-delay-aware
power control for reliable transmission of dynamic cell-free massive
MIMO,� IEEE Trans. Commun., vol. 70, no. 1, pp. 276�290, Jan. 2022.

[250] F. Ye, J. Li, P. Zhu, D. Wang, and X. You, �Fingerprint-based
covariance matrix estimation for cell-free distributed massive MIMO
systems,� IEEE Wireless Commun. Lett., vol. 11, no. 2, pp. 416�420,
Feb. 2022.

[251] S. Datta, D. N. Amudala, E. Sharma, R. Budhiraja, and S. S. Panwar,
�Full-duplex cell-free massive MIMO systems: Analysis and
Decentralized optimization,� IEEE Open J. Commun. Soc., vol. 3,
pp. 31�50, 2021.

[252] T. T. Vu, D. T. Ngo, N. H. Tran, H. Q. Ngo, M. N. Dao, and
R. H. Middleton, �Cell-free massive MIMO for wireless feder-
ated learning,� IEEE Trans. Wireless Commun., vol. 19, no. 10,
pp. 6377�6392, Oct. 2020.

[253] J. Wang, B. Wang, J. Fang, and H. Li, �Millimeter wave cell-free
massive MIMO systems: Joint beamforming and AP-user association,�
IEEE Wireless Commun. Lett., vol. 11, no. 2, pp. 298�302, Feb. 2022.

[254] M. Alonzo, P. Baracca, S. R. Khosravirad, and S. Buzzi, �Cell-free and
user-centric massive MIMO architectures for reliable communications
in indoor factory environments,� IEEE Open J. Commun. Soc., vol. 2,
pp. 1390�1404, 2021.

[255] H. A. Ammar, R. Adve, S. Shahbazpanahi, G. Boudreau, and
K. V. Srinivas, �User-centric cell-free massive MIMO networks: A sur-
vey of opportunities, challenges and solutions,� IEEE Commun. Surveys
Tuts., vol. 24, no. 1, pp. 611�652, 1st Quart., 2022.

[256] Telefónica. �Huawei Complete First 5G UCNC RAN Proof-of-
Concept Test.� Accessed: Aug. 5, 2022. [Online]. Available: https://
www.bnamericas.com/en/news/telefonica-huawei-complete-�rst-5g-uc
nc-ran-proof-of-concept-test

[257] H. Q. Ngo, L.-N. Tran, T. Q. Duong, M. Matthaiou, and E. G. Larsson,
�On the total energy ef�ciency of cell-free massive MIMO,� IEEE
Trans. Green Commun. Netw., vol. 2, no. 1, pp. 25�39, Mar. 2018.

[258] A. Papazafeiropoulos, H. Q. Ngo, P. Kourtessis, S. Chatzinotas, and
J. M. Senior, �Towards optimal energy ef�ciency in cell-free massive
MIMO systems,� IEEE Trans. Green Commun. Netw., vol. 5, no. 2,
pp. 816�831, Jun. 2021.

[259] J. Beysens, Q. Wang, M. Van Den Abeele, and S. Pollin, �BlendVLC: A
cell-free VLC network architecture empowered by beamspot blending,�
in Proc. IEEE INFOCOM Conf. Comput. Commun., Vancouver, BC,
Canada, May 2021, pp. 1�10.

[260] C. Liu, W. Feng, Y. Chen, C.-X. Wang, and N. Ge, �Cell-free satellite-
UAV networks for 6G wide-area Internet of Things,� IEEE J. Sel. Areas
Commun., vol. 39, no. 4, pp. 1116�1131, Apr. 2021.

[261] S. Redana. �5G Evolution/6G Architecture Vision and Enablers.�
Dec. 2020. [Online]. Available: https://www.6gchannel.com/wp-
content/uploads/2020/12/5G-6G-Architecture-Redana.pdf

[262] Q. Yu, J. Ren, H. Zhou, and W. Zhang, �A cybertwin based network
architecture for 6G,� in Proc. 2nd 6G Wireless Summit (6G SUMMIT),
Levi, Finland, May 2020, pp. 1�5.

[263] J. Zhao, H. Zhou, B. Qian, Y. Xu, K. Yu, and X. S. Shen, �Joint recep-
tion and parallel base stations selection in uplink fully-decoupled RAN
for 6G,� in Proc. 13th Int. Conf. Wireless Commun. Signal Process.
(WCSP), Changsha, China, Oct. 2021, pp. 1�5.

[264] C. Zhang, P. Patras, and H. Haddadi, �Deep learning in mobile and
wireless networking: A survey,� IEEE Commun. Surveys Tuts., vol. 21,
no. 3, pp. 2224�2287, 3rd Quart., 2019.

[265] �White paper on 6G network architecture vision and poten-
tial key technologies,� IMT-2030 (6G) Promotion Group, White
Paper, Jun. 2021. [Online]. Available: https://mp.weixin.qq.com/s/
JXqJbVTvbPvJE_Tl5jRXKA

[266] Y. Li, J. Huang, Q. Sun, T. Sun, and S. Wang, �Cognitive service
architecture for 6G core network,� IEEE Trans Ind. Informat., vol. 17,
no. 10, pp. 7193�7203, Oct. 2021.

[267] T. Zhang, K. Zhu, and D. Niyato, �A generative adversarial learning-
based approach for cell outage detection in self-organizing cellular
networks,� IEEE Wireless Commun. Lett., vol. 9, no. 2, pp. 171�174,
Feb. 2020.

[268] M.-J. Youssef, V. V. Veeravalli, J. Farah, C. A. Nour, and C. Douillard,
�Resource allocation in NOMA-based self-organizing networks using
stochastic multi-armed bandits,� IEEE Trans. Commun., vol. 69, no. 9,
pp. 6003�6017, Sep. 2021.

[269] D. Palacios, I. de-la-Bandera, A. Gomez-Andrades, L. Flores, and
R. Barco, �Automatic feature selection technique for next genera-
tion self-organizing networks,� IEEE Commun. Lett., vol. 22, no. 6,
pp. 1272�1275, Jun. 2018.

[270] J. Mei, X. Wang, and K. Zheng, �An intelligent self-sustained RAN
slicing framework for diverse service provisioning in 5G-beyond and
6G networks,� Intell. Converg. Netw., vol. 1, no. 3, pp. 281�294,
Dec. 2020.

[271] M. Grieves. �Digital Twin: Manufacturing Excellence Through Virtual
Factory Replication, White Paper.� Mar. 2015. [Online]. Available:
https://www.researchgate.net/publication/275211047_Digital_Twin
_Manufacturing_Excellence_through_Virtual_Factory_Replication

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 



WANG et al.: ON THE ROAD TO 6G: VISIONS, REQUIREMENTS, KEY TECHNOLOGIES, AND TESTBEDS 963

[272] Y. Wu, K. Zhang, and Y. Zhang, �Digital twin networks: A survey,�
IEEE Internet Things J., vol. 8, no. 18, pp. 13789�13804, Sep. 2021.

[273] H. Ahmadi, A. Nag, Z. Khar, K. Sayra�an, and S. Rahardja,
�Networked twins and twins of networks: An overview on the rela-
tionship between digital twins and 6G,� IEEE Commun. Stand. Mag.,
vol. 5, no. 4, pp. 154�160, Dec. 2021.

[274] H. X. Nguyen, R. Trestian, D. To, and M. Tatipamula, �Digital twin
for 5G and beyond,� IEEE Commun. Mag., vol. 59, no. 2, pp. 10�15,
Feb. 2021.

[275] Q. Yu, J. Ren, Y. Fu, Y. Li, and W. Zhang, �Cybertwin: An origin
of next generation network architecture,� IEEE Wireless Commun.,
vol. 26, no. 6, pp. 111�117, Dec. 2019.

[276] J. Li, W. Shi, Q. Ye, S. Zhang, W. Zhuang, and X. Shen, �Joint
virtual network topology design and embedding for Cybertwin-
enabled 6G core networks,� IEEE Internet Things J., vol. 8, no. 22,
pp. 16313�16325, Nov. 2021.

[277] W. Wang, L. Tang, C. Wang, and Q. Chen, �Real-time analysis of
multiple root causes for anomalies assisted by digital twin in NFV
environment,� IEEE Trans. Netw. Services Manag., vol. 19, no. 2,
pp. 905�921, Jun. 2022.

[278] F. Naeem, G. Kaddoum, and M. Tariq, �Digital twin-empowered
network slicing in B5G networks: Experience-driven approach,� in
Proc. IEEE Globecom Workshops (GC Wkshps), Madrid, Spain,
Dec. 2021, pp. 1�5.

[279] T. Do-Duy, D. Van Huynh, O. A. Dobre, B. Canberk, and T. Q. Duong,
�Digital twin-aided intelligent of�oading with edge selection in mobile
edge computing,� IEEE Wireless Commun. Lett., vol. 11, no. 4,
pp. 806�810, Apr. 2022.

[280] T. Liu, L. Tang, W. Wang, Q. Chen, and X. Zeng, �Digital-twin-
assisted task of�oading based on edge collaboration in the digital twin
edge network,� IEEE Internet Things J., vol. 9, no. 2, pp. 1427�1444,
Jan. 2022.

[281] Y. Lu, X. Huang, K. Zhang, S. Maharjan, and Y. Zhang,
�Communication-ef�cient federated learning and permissioned
blockchain for digital twin edge networks,� IEEE Internet Things J.,
vol. 8, no. 4, pp. 2276�2288, Feb. 2021.

[282] Y. Lu, X. Huang, K. Zhang, S. Maharjan, and Y. Zhang, �Low-latency
federated learning and blockchain for edge association in digital twin
empowered 6G networks,� IEEE Trans Ind. Informat., vol. 17, no. 7,
pp. 5098�5107, Jul. 2021.

[283] Y. Lu, S. Maharjan, and Y. Zhang, �Adaptive edge association for wire-
less digital twin networks in 6G,� IEEE Internet Things J., vol. 8,
no. 22, pp. 16219�16230, Nov. 2021.

[284] H. Haas, J. Elmirghani, and I. White, �Optical wireless commu-
nication,� Philos. Trans. Roy. Soc., vol. 378, no. 2169, pp. 51�61,
Mar. 2020.

[285] K. M. S. Huq, S. A. Busari, J. Rodriguez, V. Frascolla, W. Bazzi, and
D. C. Sicker, �Terahertz-enabled wireless system for beyond-5G ultra-
fast networks: A brief survey,� IEEE Netw., vol. 33, no. 4, pp. 89�95,
Jul. 2019.

[286] H. Elayan, O. Amin, B. Shihada, R. M. Shubair, and M.-S. Alouini,
�Terahertz band: The last piece of RF spectrum puzzle for commu-
nication systems,� IEEE Open J. Commun. Soc., vol. 1, pp. 1�32,
2020.

[287] H. Sarieddeen, N. Saeed, T. Y. Al-Naffouri, and M.-S. Alouini, �Next
generation terahertz communications: A rendezvous of sensing, imag-
ing, and Localization,� IEEE Commun. Mag., vol. 58, no. 5, pp. 69�75,
May 2020.

[288] H. Sarieddeen, M.-S. Alouini, and T. Y. Al-Naffouri, �An overview
of signal processing techniques for terahertz communications,� Proc.
IEEE, vol. 109, no. 10, pp. 1628�1665, Oct. 2021.

[289] H. Do, S. Cho, J. Park, H.-J. Song, N. Lee, and A. Lozano, �Terahertz
line-of-sight MIMO communication: Theory and practical challenges,�
IEEE Commun. Mag., vol. 59, no. 3, pp. 104�109, Mar. 2021.

[290] S. Ghafoor, N. Boujnah, M. H. Rehmani, and A. Davy, �MAC pro-
tocols for terahertz communication: A comprehensive survey,� IEEE
Commun. Surveys Tuts., vol. 22, no. 4, pp. 2236�2282,4th Quart., 2020.

[291] A. Al-Kinani, C.-X. Wang, L. Zhou, and W. Zhang, �Optical wireless
communication channel measurements and models,� IEEE Commun.
Surveys Tuts., vol. 20, no. 3, pp. 1939�1962, 3rd Quart., 2018.

[292] L. E. M. Matheus, A. B. Vieira, L. F. M. Vieira, M. A. M. Vieira,
and O. Gnawali, �Visible light communication: Concepts, applica-
tions and challenges,� IEEE Commun. Surveys Tuts., vol. 21, no. 4,
pp. 3204�3237, 4th Quart., 2019.

[293] B. Wang and K. R. Liu, �Advances in cognitive radio networks: A
survey,� IEEE J. Sel. Topics Signal Process., vol. 5, no. 1, pp. 5�23,
Feb. 2011.

[294] Y.-C. Liang, Q. Zhang, E. G. Larsson, and G. Y. Li, �Symbiotic
radio: Cognitive backscattering communications for future wire-
less networks,� IEEE Trans. Cogn. Commun. Netw., vol. 6, no. 4,
pp. 1242�1255, Dec. 2020.

[295] S. Bhattarai, J.-M. J. Park, B. Gao, K. Bian, and W. Lehr, �An overview
of dynamic spectrum sharing: Ongoing initiatives, challenges, and a
roadmap for future research,� IEEE Trans. Cogn. Commun., vol. 2,
no. 2, pp. 110�128, Jun. 2016.

[296] Z. Wei et al., �Orthogonal time�frequency space modulation: A promis-
ing next-generation waveform,� IEEE Wireless Commun., vol. 28, no. 4,
pp. 136�144, Aug. 2021.

[297] I. Darwazeh, H. Ghannam, and T. Xu, �The �rst 15 years of SEFDM:
A brief survey,� in Proc. CSNDSP, Jul. 2018, pp. 1�7.

[298] E. Basar, M. Wen, R. Mesleh, M. Di Renzo, Y. Xiao, and H. Haas,
�Index modulation techniques for next-generation wireless networks,�
IEEE Access, vol. 5, pp. 16693�16746, 2017.

[299] D. J. Costello and G. D. Forney, �Channel coding: The road to channel
capacity,� Proc. IEEE, vol. 95, no. 6, pp. 1150�1177, Jun. 2007.

[300] S. Shao et al., �Survey of turbo, LDPC, and polar decoder ASIC
implementations,� IEEE Commun. Surveys Tuts., vol. 21, no. 3,
pp. 2309�2333, 3rd Quart., 2019.

[301] Y. Chen et al., �Toward the Standardization of non-orthogonal multiple
access for next generation wireless networks,� IEEE Commun. Mag.,
vol. 56, no. 3, pp. 19�27, Mar. 2018.

[302] Z. Ding, X. Lei, G. K. Karagiannidis, R. Schober, J. Yuan, and
V. K. Bhargava, �A survey on non-orthogonal multiple access for 5G
networks: Research challenges and future trends,� IEEE J. Sel. Areas
Commun., vol. 35, no. 10, pp. 2181�2195, Oct. 2017.

[303] �Research report on ultra-massive MIMO antenna.� IMT-2030 (6G)
Promotion Group. Sep. 2021. [Online]. Available: https://mp.weixin.
qq.com/s/AgkbROimULupO-lCr_ebrw

[304] J. Zhang, S. Chen, Y. Lin, J. Zheng, B. Ai, and L. Hanzo, �Cell-
free massive MIMO: A new next-generation paradigm,� IEEE Access,
vol. 7, pp. 99878�99888, 2019.

[305] G. Liu, F. R. Yu, H. Ji, V. C. M. Leung, and X. Li, �In-band full-duplex
relaying: A survey, research issues and challenges,� IEEE Commun.
Surveys Tuts., vol. 17, no. 2, pp. 500�524, 2nd Quart., 2015.

[306] K. E. Kolodziej, B. T. Perry, and J. S. Herd, �In-band full-duplex tech-
nology: Techniques and systems survey,� IEEE Trans. Microw. Theory
Techn., vol. 67, no. 7, pp. 3025�3041, Jul. 2019.

[307] R. Chen, H. Zhou, M. Moretti, X. Wang, and J. Li, �Orbital angular
momentum waves: Generation, detection, and emerging applications,�
IEEE Commun. Surveys Tuts., vol. 22, no. 2, pp. 840�868, 2nd Quart.,
2020.

[308] H. Yang, S. Zheng, W. He, X. Yu, and X. Zhang, �Terahertz orbital
angular momentum: Generation, detection and communication,� China
Commun., vol. 18, no. 5, pp. 131�152, May 2021.

[309] K. Liu, Y. Cheng, X. Li, and Y. Gao, �Microwave-sensing tech-
nology using orbital angular momentum: Overview of its advan-
tages,� IEEE Veh. Technol. Mag., vol. 14, no. 2, pp. 112�118,
Jun. 2019.

[310] E. Basar, M. Di Renzo, J. De Rosny, M. Debbah, M.-S. Alouini,
and R. Zhang, �Wireless communications through recon�gurable
intelligent surfaces,� IEEE Access, vol. 7, pp. 116753�116773,
2019.

[311] Y. Liu et al., �Recon�gurable intelligent surfaces: Principles and oppor-
tunities,� IEEE Commun. Surveys Tuts., vol. 23, no. 3, pp. 1546�1577,
3rd Quart., 2021.

[312] M. Di Renzo et al., �Smart radio environments empowered by recon�g-
urable intelligent surfaces: How it works, state of research, and the road
ahead,� IEEE J. Sel. Areas Commun., vol. 38, no. 11, pp. 2450�2525,
Nov. 2020.

[313] M. Di Renzo et al., �Recon�gurable intelligent surfaces vs. relaying:
Differences, similarities, and performance comparison,� IEEE Open J.
Commun. Soc., vol. 1, pp. 798�807, 2020.

[314] T. Cui et al., �Research Report on Recon�gurable Intelligent Surface
(in Chinese), IMT-2030 (6G) Promotion Group.� Sep. 2021. [Online].
Available: https://mp.weixin.qq.com/s/HGFf0fbQg_vCLSj46UlWpg

[315] C. Pan et al., �Recon�gurable intelligent surfaces for 6G systems:
Principles, applications, and research directions,� IEEE Commun. Mag.,
vol. 59, no. 6, pp. 14�20, Jun. 2021.

[316] �White paper on broadband connectivity in 6G.� Apr. 2020. [Online].
Available: https://arxiv.org/pdf/2004.14247.pdf

[317] �Research report on wireless arti�cial intelligence (AI).� IMT-2030
(6G) Promotion Group. Sep. 2015. [Online]. Available: https://mp.
weixin.qq.com/s/haxc9Jz_GR3dF4RasPinaA

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 



964 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 25, NO. 2, SECOND QUARTER 2023

[318] C. Zhang, Y.-L. Ueng, C. Studer, and A. Burg, �Arti�cial intelligence
for 5G and beyond 5G: Implementations, algorithms, and optimiza-
tions,� IEEE Trans. Emerg. Sel. Topics Circuits Syst., vol. 10, no. 2,
pp. 149�163, Jun. 2020.

[319] T. O�Shea and J. Hoydis, �An introduction to deep learning for
the physical layer,� IEEE Trans. Cogn. Commun., vol. 3, no. 4,
pp. 563�575, Dec. 2017.

[320] L. Zhang, Y. Cui, M. Wang, Z. Yang, and Y. Jiang, �Machine learn-
ing for Internet congestion control: Techniques and challenges,� IEEE
Internet Comput., vol. 23, no. 5, pp. 59�64, Sep. 2019.

[321] �Research report on integrated sensing and communication (ISAC)
technologies.� IMT-2030 (6G) Promotion Group. Sep. 2021. [Online].
Available: https://mp.weixin.qq.com/s/2Wq0Cf2DW57R5nAaRZlS3w

[322] J. A. Zhang et al., �Enabling joint communication and radar sensing in
mobile networks�A survey,� IEEE Commun. Surveys Tuts., vol. 24,
no. 1, pp. 306�345, 1st Quart., 2022.

[323] J. A. Zhang et al., �An overview of signal processing techniques for
joint communication and radar sensing,� IEEE J. Sel. Topics Signal
Process., vol. 15, no. 6, pp. 1295�1315, Nov. 2021.

[324] D. Ma, N. Shlezinger, T. Huang, Y. Liu, and Y. C. Eldar, �Joint radar-
communication strategies for autonomous vehicles: Combining two key
automotive technologies,� IEEE Signal Process. Mag., vol. 37, no. 4,
pp. 85�97, Jul. 2020.

[325] Z. Xiao and Y. Zeng, �An overview on integrated localization and com-
munication towards 6G,� Sci. China Inf. Sci., vol. 65, no. 3, Mar. 2022,
Art. no. 131301, doi: 10.1007/s11432-020-3218-8.

[326] J. Wang, X. Ling, Y. Le, Y. Huang, and X. You, �Blockchain-enabled
wireless communications: A new paradigm towards 6G,� Nat. Sci. Rev.,
vol. 8, no. 9, Sep. 2021, Art. no. nwab069.

[327] M. B. H. Weiss, K. Werbach, D. C. Sicker, and C. E. C. Bastidas, �On
the application of Blockchains to spectrum management,� IEEE Trans.
Cogn. Commun. Netw., vol. 5, no. 2, pp. 193�205, Jun. 2019.

[328] X. S. Shen et al., �Blockchain for transparent data management toward
6G,� Engineering, vol. 8, pp. 74�85, Jan. 2022.

[329] P. P. Ray, D. Dash, K. Salah, and N. Kumar, �Blockchain for IoT-based
Healthcare: Background, consensus, platforms, and use cases,� IEEE
Syst. J., vol. 15, no. 1, pp. 85�94, Mar. 2021.

[330] M. B. Mollah et al., �Blockchain for the Internet of Vehicles towards
intelligent transportation systems: A survey,� IEEE Internet Things J.,
vol. 8, no. 6, pp. 4157�4185, Mar. 2021.

[331] P. Zhuang, T. Zamir, and H. Liang, �Blockchain for cybersecurity
in smart grid: A comprehensive survey,� IEEE Trans Ind. Informat.,
vol. 17, no. 1, pp. 3�19, May 2021.

[332] X. Luo, H.-H. Chen, and Q. Guo, �semantic communications:
Overview, open issues, and future research directions,� IEEE Wireless
Commun., vol. 29, no. 1, pp. 210�219, Feb. 2022.

[333] C. Boyer and S. Roy, �Backscatter communication and RFID: Coding,
energy, and MIMO analysis,� IEEE Trans. Commun., vol. 62, no. 3,
pp. 770�785, Mar. 2014.

[334] Y. Xu, H. Yang, Y. Ye, Q. Chen, and G. Lu, �a survey on resource
allocation in backscatter communication networks (in Chinese),� Chin.
J. Int. Things, vol. 5, no. 3, pp. 56�69, Sep. 2021.

[335] �Future technology trends of terrestrial IMT systems towards 2030 and
beyond,� Int. Telecommun. Union, Geneva, Switzerland, Rep. ITU-R
M.1295-E, Jun. 2022. [Online]. Available: https://www.itu.int/md/R19-
WP5D-C-1295/en

[336] T. S. Rappaport et al., �Wireless communications and applications
above 100 GHz: Opportunities and challenges for 6G and beyond,�
IEEE Access, vol. 7, pp. 78729�78757, 2019.

[337] Y. Liu et al., �Development of 340-GHz transceiver front end based on
gaas monolithic integration technology for THz active imaging array,�
Appl. Sci, vol. 10, no. 21, p. 7924, Nov. 2020.

[338] J. Wang, C.-X. Wang, J. Huang, H. Wang, and X. Gao, �A general 3D
space-time-frequency non-stationary THz channel model for 6G ultra-
massive MIMO wireless communication systems,� IEEE J. Sel. Areas
Commun., vol. 39, no. 6, pp. 1576�1589, Jun. 2021.

[339] H. Sarieddeen, M.-S. Alouini, and T. Y. Al-Naffouri, �Terahertz-band
ultra-massive spatial modulation MIMO,� IEEE J. Sel. Areas Commun.,
vol. 37, no. 9, pp. 2040�2052, Sep. 2019.

[340] J. Zhang et al., �6G oriented 100 gbE real-time demonstration of �ber-
THz-�ber seamless communication enabled by Photonics,� in Proc.
Opt. Fiber Commun. Conf. (OFC), San Diego, CA, USA, Mar. 2022,
p. 9.

[341] J. Zhang et al., �Demonstration of real-time 125.516 Gbit/s transparent
�ber-THz-�ber link transmission at 360 GHz � 430 GHz based on
Photonic down-conversion,� in Proc. OFC, Mar. 2022, pp. 1�3.

[342] T. Koonen, �Indoor optical wireless systems: Technology, trends, and
applications,� J. Lightw. Technol., vol. 36, no. 8, pp. 1459�1467,
Apr. 15, 2018.

[343] E. C. Strinati et al., �6G: The next frontier: From holographic
Messaging to arti�cial intelligence using subterahertz and visible light
communication,� IEEE Veh. Technol. Mag., vol. 14, no. 3, pp. 42�50,
Sep. 2019.

[344] I. Tavakkolnia et al., �Organic photovoltaics for simultaneous energy
harvesting and high-speed MIMO optical wireless communications,�
Light Sci. Appl., vol. 10, no. 1, p. 41, Dec. 2021.

[345] W. Xu et al., �The design, implementation, and deployment of a smart
lighting system for smart buildings,� IEEE Internet Things J., vol. 6,
no. 4, pp. 7266�7281, Aug. 2019.

[346] A. Perera, M. Katz, R. Godaliyadda, J. Hakkinen, and E. Strommer,
�Light-based Internet of Things: Implementation of an optically con-
nected energy-autonomous node,� in Proc. IEEE WCNC, Nanjing,
China, Mar. 2021, pp. 1�7.

[347] C. Lee et al., �26 Gbit/s LiFi system with laser-based white light trans-
mitter,� J. Lightw. Technol., vol. 40, no. 5, pp. 1432�1439, Mar. 1,
2022.

[348] X. He et al., �1 Gbps free-space deep-ultraviolet communications based
on III-nitride micro-LEDs emitting at 262 nm,� Photon. Res., vol. 7,
no. 7, p. B41, Jul. 2019.

[349] M. D. Soltani et al., �Safety analysis for laser-based optical wire-
less communications: A tutorial,� Proc. IEEE, vol. 110, no. 8,
pp. 1045�1072, Aug. 2022.

[350] A. S. Hamza, J. S. Deogun, and D. R. Alexander, �Classi�cation frame-
work for free space optical communication links and systems,� IEEE
Commun. Surveys Tuts., vol. 21, no. 2, pp. 1346�1382, 2nd Quart.,
2019.

[351] H. Kazemi et al., �A tb/s indoor MIMO optical wireless backhaul
system using VCSEL arrays,� IEEE Trans. Commun., vol. 70, no. 6,
pp. 3995�4012, Jun. 2022.

[352] K. Yoshida et al., �245 MHz bandwidth organic light-emitting diodes
used in a gigabit optical wireless data link,� Nat. Commun., vol. 11,
no. 1, p. 1171, Dec. 2020.

[353] W. Matthews, Z. Ahmed, W. Ali, and S. Collins, �A 3.45 Gigabits/s
SiPM-based OOK VLC receiver,� IEEE Photon. Technol. Lett., vol. 33,
no. 10, pp. 487�490, May 15, 2021.

[354] M. D. Soltani, A. A. Purwita, Z. Zeng, H. Haas, and M. Safari,
�Modeling the random orientation of mobile devices: Measurement,
analysis and LiFi use case,� IEEE Trans. Commun., vol. 67, no. 3,
pp. 2157�2172, Mar. 2019.

[355] M. A. Arfaoui et al., �Measurements-based channel models for
indoor LiFi systems,� IEEE Trans. Wireless Commun., vol. 20, no. 2,
pp. 827�842, Feb. 2021.

[356] A. Yesilkaya, R. Bian, I. Tavakkolnia, and H. Haas, �OFDM-based
optical spatial modulation,� IEEE J. Sel. Topics Signal Process., vol. 13,
no. 6, pp. 1433�1444, Oct. 2019.

[357] Y. S. Eroglu, C. K. Anjinappa, I. Guvenc, and N. Pala, �Slow beam
steering and NOMA for indoor multi-user visible light communica-
tions,� IEEE Trans. Mobile Comput., vol. 20, no. 4, pp. 1627�1641,
Apr. 2021.

[358] N. Su, E. Panayirci, M. Koca, A. Yesilkaya, H. V. Poor, and H. Haas,
�Physical layer security for multi-user MIMO visible light commu-
nication systems with generalized space shift keying,� IEEE Trans.
Commun., vol. 69, no. 4, pp. 2585�2598, Apr. 2021.

[359] J. Mitola, �Cognitive radio for �exible mobile multimedia communi-
cations,� in Proc. IEEE MoMuC, San Diego, CA, USA, Nov. 1999,
pp. 3�10.

[360] S. Haykin, �Cognitive radio: Brain-empowered wireless communica-
tions,� IEEE J. Sel. Areas Commun., vol. 23, no. 2, pp. 201�220,
Feb. 2005.

[361] K. Zhang, S. Leng, X. Peng, L. Pan, S. Maharjan, and Y. Zhang,
�Arti�cial intelligence inspired transmission scheduling in cognitive
vehicular communications and networks,� IEEE Internet Things J.,
vol. 6, no. 2, pp. 1987�1997, Apr. 2019.

[362] Q. Zhang, L. Zhang, Y.-C. Liang, and P.-Y. Kam, �Backscatter-NOMA:
A symbiotic system of cellular and Internet-of-Things networks,� IEEE
Access, vol. 7, pp. 20000�20013, 2019.

[363] R. Long, Y.-C. Liang, H. Guo, G. Yang, and R. Zhang, �Symbiotic
radio: A new communication paradigm for passive Internet of Things,�
IEEE Internet Things J., vol. 7, no. 2, pp. 1350�1363, Feb. 2020.

[364] S. K. Sharma, T. E. Bogale, L. B. Le, S. Chatzinotas, X. Wang, and
B. Ottersten, �Dynamic spectrum sharing in 5G wireless networks
with full-duplex technology: Recent advances and research challenges,�
IEEE Commun. Surveys Tuts., vol. 20, no. 1, pp. 674�707, 1st Quart.,
2018.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1007/s11432-020-3218-8


WANG et al.: ON THE ROAD TO 6G: VISIONS, REQUIREMENTS, KEY TECHNOLOGIES, AND TESTBEDS 965

[365] O. Naparstek and K. Cohen, �Deep multi-user reinforcement learn-
ing for distributed dynamic spectrum access,� IEEE Trans. Wireless
Commun., vol. 18, no. 1, pp. 310�323, Jan. 2019.

[366] S. Jacob et al., �A novel spectrum sharing scheme using dynamic long
short-term memory with CP-OFDMa in 5G networks,� IEEE Trans.
Cogn. Commun. Netw., vol. 6, no. 3, pp. 926�934, Sep. 2020.

[367] S. Hu, Y.-C. Liang, Z. Xiong, and D. Niyato, �Blockchain and arti�cial
intelligence for dynamic resource sharing in 6G and beyond,� IEEE
Wireless Commun., vol. 28, no. 4, pp. 145�151, Aug. 2021.

[368] T. Nitsche, C. Cordeiro, A. Flores, E. Knightly, E. Perahia, and
J. Widmer, �IEEE 802.11ad: Directional 60 GHz communication for
multi-gigabit-per-second Wi-Fi [invited paper],� IEEE Commun. Mag.,
vol. 52, no. 12, pp. 132�141, Dec. 2014.

[369] D. Li, �Overlapped multiplexing principle and an improved capac-
ity on additive white Gaussian noise channel,� IEEE Access, vol. 6,
pp. 6840�6848, Dec. 2018.

[370] C. Berrou, A. Glavieux, and P. Thitimajshima, �Near shannon limit
error-correcting coding and decoding: Turbo-codes. 1,� in Proc. IEEE
ICC, vol. 2. Geneva, Switzerland, 1993, pp. 1064�1070.

[371] R. Gallager, �Low-density parity-check codes,� IRE Trans. Inf. Theory,
vol. 8, no. 1, pp. 21�28, Jan. 1962.

[372] E. Ar�kan, �Channel polarization: A method for constructing capacity-
achieving codes for symmetric binary-input memoryless channels,�
IEEE Trans. Inf. Theory, vol. 55, no. 7, pp. 3051�3073, Jul. 2009.

[373] F. R. Kschischang, B. J. Frey, and H.-A. Loeliger, �Factor graphs and
the sum-product algorithm,� IEEE Trans. Inf. Theory, vol. 47, no. 2,
pp. 498�519, Feb. 2001.

[374] N. Wiberg, H.-A. Loeliger, and R. Kotter, �Codes and iterative decod-
ing on general graphs,� Eur. Trans. Telecommun., vol. 6, no. 5,
pp. 513�525, Sep. 1995.

[375] U. U. Fayyaz and J. R. Barry, �Low-complexity soft-output decoding of
polar codes,� IEEE J. Sel. Areas Commun., vol. 32, no. 5, pp. 958�966,
May 2014.

[376] I. Tal and A. Vardy, �List decoding of polar codes,� IEEE Trans. Inf.
Theory, vol. 61, no. 5, pp. 2213�2226, Mar. 2015.

[377] O. A�siadis, A. Balatsoukas-Stimming, and A. Burg, �A low-
complexity improved successive cancellation decoder for polar codes,�
in Proc. IEEE 48th Asilomar Conf. Signals Syst. Comput., Paci�c
Grove, CA, USA, Nov. 2014, pp. 2116�2120.

[378] A. Elkelesh, M. Ebada, S. Cammerer, and S. ten Brink, �Belief prop-
agation list decoding of polar codes,� IEEE Wireless Commun. Lett.,
vol. 22, no. 8, pp. 1536�1539, Aug. 2018.

[379] Y. Shen, W. Song, Y. Ren, H. Ji, X. You, and C. Zhang, �Enhanced
belief propagation decoder for 5G polar codes with bit-�ipping,� IEEE
Trans. Circuits Syst. II, Exp. Briefs, vol. 67, no. 5, pp. 901�905,
May 2020.

[380] S. Brink, �De�ning turbo codes as irregular LDPC codes,� in Proc.
10th Int. Symp. Wireless Commun. Syst. (ISWCS), Aug. 2013, pp. 1�2.

[381] J. Tong et al., �Fast polar codes for terabits-per-second throughput
communications,� Jun. 2021, arXiv:2107.08600.

[382] C. Studer, C. Benkeser, S. Belfanti, and Q. Huang, �Design and imple-
mentation of a parallel turbo-decoder ASIC for 3GPP-LTE,� IEEE J.
Solid-State Circuits, vol. 46, no. 1, pp. 8�17, Jan. 2011.

[383] H. Cui, F. Ghaffari, K. Le, D. Declercq, J. Lin, and Z. Wang, �Design
of high-performance and area-ef�cient decoder for 5G LDPC codes,�
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 68, no. 2, pp. 879�891,
Feb. 2021.

[384] Y. Ren, A. T. Kristensen, Y. Shen, A. B. Stimming, C. Zhang, and
A. Burg, �A sequence repetition node-based successive cancellation
list decoder for 5G polar codes: Algorithm and implementation,�
May 2022, arXiv:2205.08857.

[385] C. Condo, M. Martina, and G. Masera, �VLSI implementation of a
multi-mode turbo/LDPC decoder architecture,� IEEE Trans. Circuits
Syst. I, Reg. Papers, vol. 60, no. 6, pp. 1441�1454, Jun. 2013.

[386] S. Cao, T. Lin, S. Zhang, S. Xu, and C. Zhang, �A recon�gurable
and pipelined architecture for standard-compatible LDPC and polar
decoding,� IEEE Trans. Veh. Technol., vol. 70, no. 6, pp. 5431�5444,
Jun. 2021.

[387] M. Fossorier and S. Lin, �Soft decision decoding of linear block codes
based on ordered statistics,� IEEE Trans. Inf. Theory, vol. 41, no. 5,
pp. 1379�13496, Sep. 1995.

[388] K. R. Duffy, J. Li, and M. Medard, �Capacity-achieving guessing ran-
dom additive noise decoding,� IEEE Trans. Inf. Theory, vol. 65, no. 7,
pp. 4023�4040, Jul. 2019.

[389] E. Ar�kan, �From sequential decoding to channel polarization and back
again,� Sep. 2019, arXiv:1908.09594.

[390] X. You et al., �Spatiotemporal 2-D channel coding for very low latency
reliable MIMO transmission,� in Proc. IEEE Globecom Workshops
(GC Wkshps), Rio de Janeiro, Brazil, 2022, pp. 473�479.

[391] Y. Saito, Y. Kishiyama, A. Benjebbour, T. Nakamura, A. Li, and
K. Higuchi, �Non-orthogonal multiple access (NOMA) for cellu-
lar future radio access,� in Proc. IEEE 77th Veh. Technol. Conf.
(VTC Spring), Dresden, Germany, Jun. 2013, pp. 1�5.

[392] B. Makki, K. Chitti, A. Behravan, and M.-S. Alouini, �A survey of
NOMA: Current status and open research challenges,� IEEE Open J.
Commun. Soc., vol. 1, pp. 179�189, 2020.

[393] M. Vaezi, G. A. A. Baduge, Y. Liu, A. Arafa, F. Fang, and Z. Ding,
�Interplay between NOMA and other emerging technologies: A sur-
vey,� IEEE Trans. Cogn. Commun. Netw., vol. 5, no. 4, pp. 900�919,
Dec. 2019.

[394] M. Zeng, N.-P. Nguyen, O. A. Dobre, and H. V. Poor, �Securing down-
link massive MIMO-NOMA networks with arti�cial noise,� IEEE J.
Sel. Topics Signal Process., vol. 13, no. 3, pp. 685�699, Jun. 2019.

[395] X. Liu, Y. Liu, Y. Chen, and H. V. Poor, �RIS enhanced massive
non-orthogonal multiple access networks: Deployment and passive
beamforming design,� IEEE J. Sel. Areas Commun., vol. 39, no. 4,
pp. 1057�1071, Apr. 2021.

[396] X. Li et al., �Hardware impaired ambient backscatter NOMA systems:
Reliability and security,� IEEE Trans. Commun., vol. 69, no. 4,
pp. 2723�2736, Apr. 2021.

[397] T. L. Marzetta, �Noncooperative cellular wireless with unlimited num-
bers of base station antennas,� IEEE Trans. Wireless Commun., vol. 9,
no. 11, pp. 3590�3600, Nov. 2010.

[398] B. Wang, F. Gao, S. Jin, H. Lin, and G. Y. Li, �Spatial- and frequency-
Wideband effects in millimeter-wave massive MIMO systems,� IEEE
Trans. Signal Process., vol. 66, no. 13, pp. 3393�3406, Jul. 2018.

[399] X. Yu, J.-C. Shen, J. Zhang, and K. B. Letaief, �Alternating
minimization algorithms for hybrid precoding in millimeter wave
MIMO systems,� IEEE J. Sel. Topics Signal Process., vol. 10, no. 3,
pp. 485�500, Apr. 2016.

[400] N. J. Myers and R. W. Heath, �InFocus: A spatial coding technique to
mitigate misfocus in near-�eld loS beamforming,� IEEE Trans. Wireless
Commun., vol. 21, no. 4, pp. 2193�2209, Apr. 2022.

[401] X. Wei and L. Dai, �Channel estimation for extremely large-scale
massive MIMO: Far-�eld, near-�eld, or hybrid-�eld?� IEEE Commun.
Lett., vol. 26, no. 1, pp. 177�181, Jan. 2022.

[402] J. Huang, C.-X. Wang, H. Chang, J. Sun, and X. Gao, �Multi-frequency
multi-scenario millimeter wave MIMO channel measurements and
modeling for B5G wireless communication systems,� IEEE J. Sel.
Areas Commun., vol. 38, no. 9, pp. 2010�2025, Sep. 2020.

[403] D. Zhao et al., �Millimeter-wave integrated phased arrays,� IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 68, no. 10, pp. 3977�3990, Oct. 2021.

[404] Z.-Q. He and X. Yuan, �Cascaded channel estimation for large intel-
ligent metasurface assisted massive MIMO,� IEEE Wireless Commun.
Lett., vol. 9, no. 2, pp. 210�214, Feb. 2020.

[405] V. Jamali, A. M. Tulino, G. Fischer, R. R. Muller, and R. Schober,
�Intelligent surface-aided transmitter architectures for millimeter-wave
ultra massive MIMO systems,� IEEE Open J. Commun. Soc., vol. 2,
pp. 144�167, 2021.

[406] Y. Wang, X. Chen, Y. Cai, and L. Hanzo, �RIS-aided hybrid massive
MIMO systems relying on adaptive-resolution ADCs: Robust beam-
forming design and resource allocation,� IEEE Trans. Veh. Technol.,
vol. 71, no. 3, pp. 3281�3286, Mar. 2022.

[407] Z. Chen and E. Bjornson, �Channel hardening and favorable propaga-
tion in cell-free massive MIMO with stochastic geometry,� IEEE Trans.
Commun., vol. 66, no. 11, pp. 5205�5219, Nov. 2018.

[408] X. Wei, C. Hu, and L. Dai, �Deep learning for beamspace channel
estimation in millimeter-wave massive MIMO systems,� IEEE Trans.
Commun., vol. 69, no. 1, pp. 182�193, Jan. 2021.

[409] M. A. Albreem, A. H. Alhabbash, S. Shahabuddin, and M. Juntti,
�Deep learning for massive MIMO uplink detectors,� IEEE Commun.
Surveys Tuts., vol. 24, no. 1, pp. 741�766, 1st Quart., 2022.

[410] L. You, K.-X. Li, J. Wang, X. Gao, X.-G. Xia, and B. Ottersten,
�Massive MIMO transmission for LEO satellite communications,�
IEEE J. Sel. Areas Commun., vol. 38, no. 8, pp. 1851�1865, Aug. 2020.

[411] X. Yu, A.-A. Lu, X. Gao, G. Y. Li, G. Ding, and C.-X. Wang, �HF sky-
wave massive MIMO communication,� IEEE Trans. Wireless Commun.,
vol. 21, no. 4, pp. 2769�2785, Apr. 2022.

[412] W. Wu, X. Gao, C. Sun, and G. Y. Li, �Shallow underwater acoustic
massive MIMO communications,� IEEE Trans. Signal Process., vol. 69,
pp. 1124�1139, 2021.

[413] J. F. O�Hara and G. M. Moore, �A high performance CW receiver using
feedthrough nulling,� Microw. J., vol. 6, no. 9, pp. 63�71, Sep. 1963.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 



966 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 25, NO. 2, SECOND QUARTER 2023

[414] W. Liu, K. Huang, X. Zhou, and S. Durrani, �Full-duplex backscatter
interference networks based on time-hopping spread spectrum,� IEEE
Trans. Wireless Commun., vol. 16, no. 7, pp. 4361�4377, Jul. 2017.

[415] M. Yilan, H. Ayar, H. Nawaz, O. Gurbuz, and I. Tekin, �Monostatic
antenna in-band full duplex radio: Performance limits and character-
ization,� IEEE Trans. Veh. Technol., vol. 68, no. 5, pp. 4786�4799,
May 2019.

[416] M. K. Hanawal, D. N. Nguyen, and M. Krunz, �Cognitive networks
with in-band full-duplex radios: Jamming attacks and countermea-
sures,� IEEE Trans. Cogn. Commun. Netw., vol. 6, no. 1, pp. 296�309,
Mar. 2020.

[417] S. A. Hassani et al., �In-band full-duplex radar-communication system,�
IEEE Syst. J., vol. 15, no. 1, pp. 1086�1097, Mar. 2021.

[418] H. Nawaz and I. Tekin, �Double-differential-fed, dual-polarized patch
antenna with 90 dB Interport RF isolation for a 2.4 GHz in-band full-
duplex transceiver,� IEEE Antennas Wireless Propag. Lett., vol. 17,
no. 2, pp. 287�290, Feb. 2018.

[419] K. Komatsu, Y. Miyaji, and H. Uehara, �Iterative nonlinear self-
interference cancellation for in-band full-duplex wireless communica-
tions under mixer imbalance and ampli�er nonlinearity,� IEEE Trans.
Wireless Commun., vol. 19, no. 7, pp. 4424�4438, Jul. 2020.

[420] K. Komatsu, Y. Miyaji, and H. Uehara, �Theoretical analysis of in-
band full-duplex radios with parallel Hammerstein self-interference
cancellers,� IEEE Trans. Wireless Commun., vol. 20, no. 10,
pp. 6772�6786, Oct. 2021.

[421] M. P. Chang, E. C. Blow, M. Z. Lu, J. J. Sun, and P. R. Prucnal, �RF
Characterization of an integrated microwave photonic circuit for self-
interference cancellation,� IEEE Trans. Microw. Theory Techn., vol. 66,
no. 1, pp. 596�605, Jan. 2018.

[422] D. Wang et al., �Photonics-assisted frequency conversion and self-
interference cancellation for in-band full-duplex communication,� J.
Lightw. Technol., vol. 40, no. 3, pp. 607�614, Feb. 1, 2022.

[423] L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, and J. P. Woerdman,
�Orbital angular momentum of light and the transformation of
Laguerre�Gaussian laser modes,� Phys. Rev. A, vol. 45, no. 11,
pp. 8185�8189, Jun. 1992.

[424] B. B. Yousif and E. E. Elsayed, �Performance enhancement of an
orbital-angular-momentum-multiplexed free-space optical link under
atmospheric turbulence effects using spatial-mode multiplexing and
hybrid diversity based on adaptive MIMO equalization,� IEEE Access,
vol. 7, pp. 84401�84412, 2019.

[425] Z. Jiang and D. H. Wener, Electromagnetic Vortices: Wave Phenomena
and Engineering Applications. Nanjing, China: Wiley, 2022.

[426] Z. Zhang, S. Zheng, Y. Chen, X. Jin, H. Chi, and X. Zhang, �The
capacity gain of orbital angular momentum based multiple-input�
multiple-output system,� Sci. Rep., vol. 6, no. 1, pp. 25418�25428,
May 2016.

[427] Y. Lei, Y. Yang, Y. Wang, K. Guo, Y. Gong, and Z. Guo, �Throughput
performance of wireless multiple-input multiple-output systems using
OAM antennas,� IEEE Wireless Commun. Lett., vol. 10, no. 2,
pp. 261�265, Feb. 2021.

[428] W. Xue, X. Chen, X. Liu, X. Meng, A. Zhang, and W. E. I. Sha, �A
revisit of orbital angular momentum multiplexing in Multipath envi-
ronment,� IEEE. J. Commun. Inf. Netw., vol. 5, no. 4, pp. 438�446,
Dec. 2020.

[429] O. Edfors and A. J. Johansson, �Is orbital angular momentum
(OAM) based radio communication an unexploited area?� IEEE Trans.
Antennas Propag., vol. 60, no. 2, pp. 1126�1131, Feb. 2012.

[430] Y. Yagi, H. Sasaki, T. Yamada, and D. Lee, �200 Gb/s wireless trans-
mission using dual-polarized OAM-MIMO multiplexing with uniform
circular array on 28 GHz band,� IEEE Antennas Wireless Propag. Lett.,
vol. 20, no. 5, pp. 833�837, May 2021.

[431] T. Hu, Y. Wang, X. Liao, J. Zhang, and Q. Song, �OFDM-OAM
modulation for future wireless communications,� IEEE Access, vol. 7,
pp. 59114�59125, 2019.

[432] L. Liang, W. Cheng, W. Zhang, and H. Zhang, �Joint OAM
multiplexing and OFDM in sparse multipath environments,� IEEE
Trans. Veh. Technol., vol. 69, no. 4, pp. 3864�3878, Apr. 2020.

[433] A. A. Amin and S. Y. Shin, �Channel capacity analysis of non-
orthogonal multiple access with OAM-MIMO system,� IEEE Wireless
Commun. Lett., vol. 9, no. 9, pp. 1481�1485, Sep. 2020.

[434] M. D. Renzo et al., �Smart radio environments empowered by recon-
�gurable AI meta-surfaces: An idea whose time has come,� J. Wireless
Commun. Netw., vol. 129, no. 1, p. 129, May 2019.

[435] C. Huang et al., �Holographic MIMO surfaces for 6G wireless
networks: Opportunities, challenges, and trends,� IEEE Wireless
Commun., vol. 27, no. 5, pp. 118�125, Oct. 2020.

[436] N. Yu et al., �Light propagation with phase discontinuities: Generalized
laws of re�ection and refraction,� Science, vol. 334, no. 6054,
pp. 333�337, Oct. 2011.

[437] T. J. Cui, M. Q. Qi, X. Wan, J. Zhao, and Q. Cheng, �Coding metama-
terials, digital metamaterials and programmable metamaterials,� Light
Sci. Appl., vol. 3, no. 10, pp. e218�e218, Oct. 2014.

[438] W. Tang et al., �Wireless communications with recon�gurable intelli-
gent surface: Path loss modeling and experimental measurement,� IEEE
Trans. Wireless Commun., vol. 20, no. 1, pp. 421�439, Jan. 2021.

[439] E. Basar, I. Yildirim, and F. Kilinc, �Indoor and outdoor physical chan-
nel modeling and ef�cient positioning for recon�gurable intelligent
surfaces in mmWave bands,� IEEE Trans. Commun., vol. 69, no. 12,
pp. 8600�8611, Dec. 2021.

[440] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and
C. Yuen, �Recon�gurable intelligent surfaces for energy ef�ciency in
wireless communication,� IEEE Trans. Wireless Commun., vol. 18,
no. 8, pp. 4157�4170, Aug. 2019.

[441] E. Basar, �Recon�gurable intelligent surface-based index modulation:
A new beyond MIMO paradigm for 6G,� IEEE Trans. Commun.,
vol. 68, no. 5, pp. 3187�3196, May 2020.

[442] X. Chen et al., �Design and implementation of MIMO transmis-
sion based on dual-polarized recon�gurable intelligent surface,� IEEE
Wireless Commun. Lett., vol. 10, no. 10, pp. 2155�2159, Oct. 2021.

[443] G. Yang, X. Xu, Y.-C. Liang, and M. D. Renzo, �Recon�gurable intel-
ligent surface-assisted non-orthogonal multiple access,� IEEE Trans.
Wireless Commun., vol. 20, no. 5, pp. 3137�3151, May 2021.

[444] C. Huang, R. Mo, and C. Yuen, �Recon�gurable intelligent surface
assisted multiuser MISO systems exploiting deep reinforcement learn-
ing,� IEEE J. Sel. Areas Commun., vol. 38, no. 8, pp. 1839�1850,
Aug. 2020.

[445] M. Nemati, J. Park, and J. Choi, �RIS-assisted coverage enhance-
ment in millimeter-wave cellular networks,� IEEE Access, vol. 8,
pp. 188171�188185, 2020.

[446] B. Sihlbom, M. I. Poulakis, and M. Di Renzo, �Recon�gurable
intelligent surfaces: Performance assessment through a system-level
simulator,� IEEE Wireless Commun., early access, Aug. 8, 2022,
doi: 10.1109/MWC.015.2100668.

[447] J. Yuan, Y.-C. Liang, J. Joung, G. Feng, and E. G. Larsson,
�Intelligent re�ecting surface-assisted cognitive radio system,� IEEE
Trans. Commun., vol. 69, no. 1, pp. 675�687, Jan. 2021.

[448] E. Björnson, L. Sanguinetti, H. Wymeersch, J. Hoydis, and
T. L. Marzetta, �Massive MIMO is a reality�What is next? Five
promising research directions for antenna arrays,� Digit. Signal
Process., vol. 94, pp. 3�20, Nov. 2019.

[449] R. Deng, B. Di, H. Zhang, Y. Tan, and L. Song, �Recon�gurable
holographic surface: Holographic beamforming for metasurface-aided
wireless communications,� IEEE Trans. Veh. Technol., vol. 70, no. 6,
pp. 6255�6259, Jun. 2021.

[450] Z. Wan, Z. Gao, F. Gao, M. D. Renzo, and M.-S. Alouini, �Terahertz
massive MIMO with holographic recon�gurable intelligent surfaces,�
IEEE Trans. Commun., vol. 69, no. 7, pp. 4732�4750, Jul. 2021.

[451] M. R. Konkol et al., �High-power photodiode-integrated-connected
array antenna,� J. Lightw. Technol., vol. 35, no. 10, pp. 2010�2016,
May 15, 2017.

[452] X. You, C. Zhang, X. Tan, S. Jin, and H. Wu, �AI for 5G: Research
directions and paradigms,� Sci. China Inf. Sci., vol. 62, no. 2, Feb. 2019,
Art. no. 21301, doi: 10.1007/s11432-018-9596-5.

[453] J. Huang et al., �A big data enabled channel model for 5G wireless com-
munication systems,� IEEE Trans. Big Data, vol. 6, no. 2, pp. 211�222,
Jun. 2020.

[454] S. Yin, Y. Li, Y. Tian, and F. R. Yu, �Intelligent re�ecting surface
enhanced wireless communications with deep-learning-based channel
prediction,� IEEE Trans. Veh. Technol., vol. 71, no. 1, pp. 1049�1053,
Jan. 2022.

[455] H. Ye, G. Y. Li, and B.-H. Juang, �Power of deep learning for chan-
nel estimation and signal detection in OFDM systems,� IEEE Wireless
Commun. Lett., vol. 7, no. 1, pp. 114�117, Feb. 2018.

[456] J. Gao, M. Hu, C. Zhong, G. Y. Li, and Z. Zhang, �An attention-aided
deep learning framework for massive MIMO channel estimation,� IEEE
Trans. Wireless Commun., vol. 21, no. 3, pp. 1823�1835, Mar. 2022.

[457] S. Dörner, S. Cammerer, J. Hoydis, and S. ten Brink, �Deep learning
based communication over the air,� IEEE J. Sel. Topics Signal Process.,
vol. 12, no. 1, pp. 132�143, Feb. 2018.

[458] S. Cammerer, F. A. Aoudia, S. Dörner, M. Stark, J. Hoydis, and S. ten
Brink, �Trainable communication systems: Concepts and prototype,�
IEEE Trans. Commun., vol. 68, no. 9, pp. 5489�5503, Sep. 2020.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1109/MWC.015.2100668
http://dx.doi.org/10.1007/s11432-018-9596-5


WANG et al.: ON THE ROAD TO 6G: VISIONS, REQUIREMENTS, KEY TECHNOLOGIES, AND TESTBEDS 967

[459] N. Farsad, M. Rao, and A. Goldsmith, �Deep learning for joint source-
channel coding of text,� in Proc. IEEE Int. Conf. Acoust. Speech Signal
Process. (ICASSP), Apr. 2018, pp. 2326�2330.

[460] A. Buchberger, C. Häger, H. D. P�ster, L. Schmalen, and A. G. I. Amat,
�Pruning and quantizing neural belief propagation decoders,� IEEE J.
Sel. Areas Commun., vol. 39, no. 7, pp. 1957�1966, Jul. 2021.

[461] Z. Zhao, M. C. Vuran, F. Guo, and S. D. Scott, �Deep-waveform: A
learned OFDM receiver based on deep complex-valued convolutional
networks,� IEEE J. Sel. Areas Commun., vol. 39, no. 8, pp. 2407�2420,
Aug. 2021.

[462] F. A. Aoudia and J. Hoydis, �Joint learning of probabilistic and geo-
metric shaping for coded modulation systems,� in Proc. GLOBECOM
IEEE Global Commun. Conf., 2020, pp. 1�6.

[463] X. Gao, L. Dai, Y. Zhang, T. Xie, X. Dai, and Z. Wang, �Fast channel
tracking for terahertz beamspace massive MIMO systems,� IEEE Trans.
Veh. Technol., vol. 66, no. 7, pp. 5689�5696, Jul. 2017.

[464] A. M. Elbir and A. K. Papazafeiropoulos, �Hybrid precoding for
multiuser millimeter wave massive MIMO systems: A deep learning
approach,� IEEE Trans. Veh. Technol., vol. 69, no. 1, pp. 552�563,
Jan. 2020.

[465] Z. Zhang, Y. Li, C. Huang, Q. Guo, C. Yuen, and Y. L. Guan, �DNN-
aided block sparse Bayesian learning for user activity detection and
channel estimation in grant-free non-orthogonal random access,� IEEE
Trans. Veh. Technol., vol. 68, no. 12, pp. 12000�12012, Mar. 2019.

[466] W. Kim, Y. Ahn, and B. Shim, �Deep neural network-based active
user detection for grant-free NOMA systems,� IEEE Trans. Commun.,
vol. 68, no. 4, pp. 2143�2155, Apr. 2020.

[467] J. Zhu, Y. Song, D. Jiang, and H. Song, �A new deep-Q-learning-
based transmission scheduling mechanism for the cognitive Internet
of Things,� IEEE Internet Things J., vol. 5, no. 4, pp. 2375�2385,
Aug. 2018.

[468] W. Cui, K. Shen, and W. Yu, �Spatial deep learning for wire-
less scheduling,� IEEE J. Sel. Areas Commun., vol. 37, no. 6,
pp. 1248�1261, Jun. 2019.

[469] J. Hoydis, F. A. Aoudia, A. Valcarce, and H. Viswanathan, �Toward
a 6G AI-native air interface,� IEEE Commun. Mag., vol. 59, no. 5,
pp. 76�81, May 2021.

[470] J. Gao, M. Li, W. Zhuang, X. Shen, and X. Li, �MAC for machine-type
communications in industrial IoT�Part II: Scheduling and numeri-
cal results,� IEEE Internet Things J., vol. 8, no. 12, pp. 9958�9969,
Jun. 2021.

[471] F. Wang, X. Zhu, M. Chen, and H. Zhu, �high-precision indoor wire-
less positioning method based on generative adversarial network (in
Chinese),� Chin. J. Internet Things, vol. 5, no. 2, pp. 107�115, 2021.

[472] Y. Sun, M. Peng, Y. Zhou, Y. Huang, and S. Mao, �Application
of machine learning in wireless networks: Key techniques and open
issues,� IEEE Commun. Surveys Tuts., vol. 21, no. 4, pp. 3072�3108,
4th Quart., 2019.

[473] H. Sun, X. Chen, Q. Shi, M. Hong, X. Fu, and N. D. Sidiropoulos,
�Learning to optimize: Training deep neural networks for interference
management,� IEEE Trans. Signal Process., vol. 66, no. 20,
pp. 5438�5453, Oct. 2018.

[474] F. Liang, C. Shen, W. Yu, and F. Wu, �Towards optimal power control
via ensembling deep neural networks,� IEEE Trans. Commun., vol. 68,
no. 3, pp. 1760�1776, Mar. 2020.

[475] Y. Fu, S. Wang, C.-X. Wang, X. Hong, and S. McLaughlin, �Arti�cial
intelligence to manage network traf�c of 5G wireless networks,� IEEE
Netw., vol. 32, no. 6, pp. 58�64, Nov./Dec. 2018.

[476] Y. Jiang, M. Ma, M. Bennis, F.-C. Zheng, and X. You, �User preference
learning-based edge caching for fog radio access network,� IEEE Trans.
Commun., vol. 67, no. 2, pp. 1268�1283, Feb. 2019.

[477] W. Qi, Q. Li, Q. Song, L. Guo, and A. Jamalipour, �Extensive
edge intelligence for future vehicular networks in 6G,� IEEE Wireless
Commun., vol. 28, no. 4, pp. 128�135, Aug. 2021.

[478] F. Zhou et al., �Intelligence-endogenous networks: Innovative network
paradigm for 6G,� IEEE Wireless Commun., vol. 29, no. 1, pp. 40�47,
Feb. 2022.

[479] W. Wu et al., �Dynamic RAN slicing for service-oriented vehicu-
lar networks via constrained learning,� IEEE J. Sel. Areas Commun.,
vol. 39, no. 7, pp. 2076�2089, Jul. 2021.

[480] C. Jiang, H. Zhang, Y. Ren, Z. Han, K.-C. Chen, and L. Hanzo,
�Machine learning paradigms for next-generation wireless networks,�
IEEE Wireless Commun., vol. 24, no. 2, pp. 98�105, Apr. 2017.

[481] R. M. Mealey, �A method for calculating error probabilities in a radar
communication system,� IEEE Trans. Space Electron. Telem., vol. 9,
no. 2, pp. 37�42, Jun. 1963.

[482] C. Sturm and W. Wiesbeck, �Waveform design and signal processing
aspects for fusion of wireless communications and radar sensing,� Proc.
IEEE, vol. 99, no. 7, pp. 1236�1259, Jul. 2011.

[483] A. R. Chiriyath, B. Paul, G. M. Jacyna, and D. W. Bliss, �Inner
bounds on performance of radar and communications co-existence,�
IEEE Trans. Signal Process., vol. 64, no. 2, pp. 464�474, Jan. 2016.

[484] P. Kumari, J. Choi, N. GonzÆlez-Prelcic, and R. W. Heath,
�IEEE 802.11ad-based radar: An approach to joint vehicular
communication-radar system,� IEEE Trans. Veh. Technol., vol. 67,
no. 4, pp. 3012�3027, Apr. 2018.

[485] S. Nakamoto. �Bitcoin: A Peer-to-Peer Electronic Cash System.� 2008.
[Online]. Available: https://www.debr.io/article/21260.pdf

[486] X. Ling, J. Wang, T. Bouchoucha, B. C. Levy, and Z. Ding, �Blockchain
radio access network (B-RAN): Towards decentralized secure radio
access paradigm,� IEEE Access, vol. 7, pp. 9714�9723, Jan. 2019.

[487] N. Z. Aitzhan and D. Svetinovic, �Security and privacy in Decentralized
energy trading through multi-signatures, blockchain and anonymous
messaging streams,� IEEE Trans. Depend. Secure Comput., vol. 15,
no. 5, pp. 840�852, Sep. 2018.

[488] J. Wan, J. Li, M. Imran, D. Li, and Fazal-e-Amin, �A blockchain-
based solution for enhancing security and privacy in smart factory,�
IEEE Trans. Ind. Informat., vol. 15, no. 6, pp. 3652�3660, Jun. 2019.

[489] J. Backman, S. Yrjölä, K. Valtanen, and O. Mämmelä, �Blockchain
network slice broker in 5G: Slice leasing in factory of the future use
case,� in Proc. Internet Things Bus. Models Users Netw., 2017, pp. 1�8.

[490] L. Liu et al., �Blockchain-enabled secure data sharing scheme in
mobile-edge computing: An asynchronous advantage actor�critic learn-
ing approach,� IEEE Internet Things J., vol. 8, no. 4, pp. 2342�2353,
Nov. 2021.

[491] D. E. Kouicem, Y. Imine, A. Bouabdallah, and H. Lakhlef,
�Decentralized blockchain-based trust management protocol for the
Internet of Things,� IEEE Trans. Depend. Secure Comput., vol. 19,
no. 2, pp. 1292�1306, Mar. 2022.

[492] Y. Hui et al., �BCC: Blockchain-based collaborative crowdsensing in
autonomous vehicular networks,� IEEE Internet Things J., vol. 9, no. 6,
pp. 4518�4532, Mar. 2022.

[493] G. Shi, Y. Xiao, Y. Li, and X. Xie, �From semantic communication to
semantic-aware networking: Model, architecture, and open problems,�
IEEE Commun. Mag., vol. 59, no. 8, pp. 44�50, Aug. 2021.

[494] C. E. Shannon, �A mathematical theory of communication,� Bell Syst.
Tech. J., vol. 27, no. 3, pp. 379�423, Jul. 1948.

[495] C. E. Shannon and W. Weaver, The Mathematical Theory of
Communication. Champaign, IL, USA: Univ. Illinois Press, 1949.

[496] Y. Bar-Hillel and R. Carnap, �Semantic information,� Brit. J.
Philosophy Sci., vol. 4, no. 14, pp. 147�157, 1953.

[497] J. Barwise and J. Perry, �Situations and attitudes,� J. Philosophy,
vol. 78, no. 11, pp. 668�691, 1981.

[498] L. Floridi, �Outline of a theory of strongly semantic information,�
Minds Mach., vol. 14, no. 2, pp. 197�221, May 2004.

[499] J. Bao et al., �Towards a theory of semantic communication,� in Proc.
IEEE Netw. Sci. Workshop, Jun. 2011, pp. 110�117.

[500] Y. Zhong and R. Zhang, �Information ecology and semantic
information theory,� Doc. Inf. Knowl., no. 6, pp. 4�11, 2017,
doi: 10.13366/j.dik.2017.06.004.

[501] Y. Zhong, �A theory of semantic information,� China Commun., vol. 14,
no. 1, pp. 1�17, Jan. 2017.

[502] K. Xu et al., �Research progress of network security architecture and
key technologies based on blockchain (in Chinese),� Chin. J. Comput.,
vol. 44, no. 1, pp. 1�29, Jan. 2021.

[503] B. Güler, A. Yener, and A. Swami, �The semantic communication
game,� IEEE Trans. Cogn. Commun. Netw., vol. 4, no. 4, pp. 787�802,
Dec. 2018.

[504] H. Xie, Z. Qin, G. Y. Li, and B.-H. Juang, �Deep learning enabled
semantic communication systems,� IEEE Trans. Signal Process.,
vol. 69, pp. 2663�2675, 2021.

[505] H. Xie and Z. Qin, �A lite distributed semantic communication system
for Internet of Things,� IEEE J. Sel. Areas Commun., vol. 39, no. 1,
pp. 142�153, Jan. 2021.

[506] G. E. Dahl, D. Yu, L. Deng, and A. Acero, �Context-dependent
pre-trained deep neural networks for large-vocabulary speech recog-
nition,� IEEE Trans. Speech Audio Process., vol. 20, no. 1, pp. 30�42,
Jan. 2012.

[507] J. Kimionis, A. Bletsas, and J. N. Sahalos, �Increased range bistatic
scatter radio,� IEEE Trans. Commun., vol. 62, no. 3, pp. 1091�1104,
Feb. 2014.

[508] H. Stockman, �Communication by means of re�ected power,� Proc.
IRE, vol. 36, no. 10, pp. 1196�1204, Oct. 1948.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.13366/j.dik.2017.06.004


968 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 25, NO. 2, SECOND QUARTER 2023

[509] J. Kimionis, A. Georgiadis, S. N. Daskalakis, and M. M. Tentzeris, �A
printed millimetre-wave modulator and antenna array for backscatter
communications at gigabit data rates,� Nat. Electron., vol. 4, no. 6,
pp. 439�446, Oct. 2021.

[510] Z. B. Zawawi, Y. Huang, and B. Clerckx, �Multiuser wirelessly pow-
ered backscatter communications: Nonlinearity, waveform design, and
SINR-energy tradeoff,� IEEE Trans. Wireless Commun., vol. 18, no. 1,
pp. 241�253, Nov. 2018.

[511] R. Duan, R. Jäntti, H. Yi�gitler, and K. Ruttik, �On the achievable rate
of bistatic modulated rescatter systems,� IEEE Trans. Veh. Technol.,
vol. 66, no. 10, pp. 9609�9613, Jun. 2017.

[512] N. Fasarakis-Hilliard, P. N. Alevizos, and A. Bletsas, �Coherent detec-
tion and channel coding for bistatic scatter radio sensor networking,�
IEEE Trans. Commun., vol. 63, no. 5, pp. 1798�1810, May 2015.

[513] S. Kashyap, E. Björnson, and E. G. Larsson, �On the feasibility of
wireless energy transfer using massive antenna arrays,� IEEE Trans.
Wireless Commun., vol. 15, no. 5, pp. 3466�3480, May 2016.

[514] G. Yang, C. K. Ho, and Y. L. Guan, �Multi-antenna wireless energy
transfer for backscatter communication systems,� IEEE J. Sel. Areas
Commun., vol. 33, no. 12, pp. 2974�2987, Sep. 2015.

[515] D. Mishra and E. G. Larsson, �Optimal channel estimation for
reciprocity-based backscattering with a full-duplex MIMO reader,�
IEEE Trans. Signal Process., vol. 67, no. 6, pp. 1662�1677, Jan. 2019.

[516] T. Marzetta, E. G. Larsson, H. Yang, and H. Q. Ngo, Fundamentals of
Massive MIMO. Cambridge, U.K.: Cambridge Univ. Press, 2016.

[517] �3GPP Features and Study Items.� Accessed: Oct. 31, 2022.
[Online]. Available: https://www.3gpp.org/dynareport?code=
FeatureListFrameSet.htm

[518] �3GPP List of Work Items.� Accessed: Oct. 31, 2022. [Online].
Available: https://www.3gpp.org/dynareport?code=WI-List.htm

[519] �IEEE Standards Association.� Accessed: Oct. 31, 2022. [Online].
Available: https://standards.ieee.org/

[520] �ETSI Committees: Our Technical Groups.� Accessed: Oct. 31, 2022.
[Online]. Available: https://www.etsi.org/committees

[521] �ITU: Committed to Connected the World.� Accessed: Oct. 31, 2022.
[Online]. Available: https://www.itu.int/

[522] C.-X. Wang, Z. Lv, X. Gao, X.-H. You, Y. Hao, and H. Haas,
�Pervasive channel modeling theory and applications to 6G GBSMs
for all frequency bands and all scenarios,� IEEE Trans. Veh. Technol.,
vol. 71, no. 9, pp. 9159�9173, Sep. 2022.

[523] J. Huang, Y. Liu, C.-X. Wang, J. Sun, and H. Xiao, �5G Millimeter
wave channel sounders, measurements, and models: Recent develop-
ments and future challenges,� IEEE Commun. Mag., vol. 57, no. 1,
pp. 138�145, Jan. 2019.

[524] J. O. Nielsen, W. Fan, P. C. F. Eggers, and G. F. Pedersen, �A channel
sounder for massive MIMO and MmWave channels,� IEEE Commun.
Mag., vol. 56, no. 12, pp. 67�73, Dec. 2018.

[525] A. Karttunen and K. Haneda, �Large-scale parameter estimation in
channel sounding with limited dynamic range,� in Proc. 13th Eur. Conf.
Antennas Propag. (EuCAP), Jun. 2019, pp. 1�5.

[526] R. He et al., �Channel measurements and modeling for 5G com-
munication systems at 3.5 GHz band,� in Proc. URSI Asia–Pac.
Radio Sci. Conf. (URSI AP-RASC), Seoul, South Korea, Aug. 2016,
pp. 1855�1858.

[527] Z. Zhou, C.-X. Wang, X. Chen, L. Zhang, J. Huang, and X. Wu,
�Measurements and Modeling of sub-6 GHz multi-frequency wire-
less channel correlations in urban micro scenarios,� IEEE Trans. Veh.
Technol., submitted for publication.

[528] L. Zhang et al., �Multi-frequency wireless channel measurements and
characterization in large indoor of�ce environments,� IEEE Trans.
Antennas Propag., accepted for publication.

[529] J. Zhang, Y. Zhang, Y. Yu, R. Xu, Q. Zheng, and P. Zhang, �3-
D MIMO: How much does it meet our expectations observed from
channel measurements?� IEEE J. Sel. Areas Commun., vol. 35, no. 8,
pp. 1887�1903, Aug. 2017.

[530] L. Zhou, L. Xiao, Z. Yang, J. Li, J. Lian, and S. Zhou, �Path loss
model based on cluster at 28 GHz in the indoor and outdoor environ-
ments,� Sci. China Inf. Sci., vol. 60, no. 8, Aug. 2017, Art. no. 080302,
doi: 10.1007/s11432-017-9127-6.

[531] J. Li, P. Zhang, C. Yu, H. Wang, and W. Hong, �High-ef�ciency wide-
band millimeter-wave channel sounder system,� in Proc. 13th Eur.
Conf. Antennas Propag. (EuCAP), Krakow, Poland, Mar. 2019, pp. 1�5.

[532] N. A. Abbasi, A. Hariharan, A. M. Nair, and A. F. Molisch, �Channel
measurements and path loss modeling for indoor THz communication,�
in Proc. 14th Eur. Conf. Antennas Propag. (EuCAP), Copenhagen,
Denmark, Mar. 2020, pp. 1�5.

[533] P. Tang et al., �Channel measurement and path loss modeling
from 220 GHz to 330 GHz for 6G wireless communications,� China
Commun., vol. 18, no. 5, pp. 19�32, May 2021.

[534] H. B. Eldeeb, S. M. Mana, V. Jungnickel, P. Hellwig, J. Hilt, and
M. Uysal, �Distributed MIMO for Li-Fi: Channel measurements, ray
tracing and throughput analysis,� IEEE Photon. Technol. Lett., vol. 33,
no. 16, pp. 916�919, Aug. 15, 2021.

[535] A.-L. Chen, H.-P. Wu, Y.-L. Wei, and H.-M. Tsai, �Time variation
in vehicle-to-vehicle visible light communication channels,� in Proc.
IEEE Veh. Netw. Conf. (VNC), Columbus, OH, USA, Dec. 2016,
pp. 1�8.

[536] J. Reyes-Guerrero and L. Mariscal, �5.8 GHz propagation of low-
height wireless links in sea port scenario,� Electron. Lett., vol. 50,
no. 9, pp. 710�712, 2014.

[537] K. Yang, T. Roste, F. Bekkadal, K. Husby, and O. Trandem, �Long-
distance propagation measurements of mobile radio channel over sea at
2 GHz,� in Proc. IEEE Veh. Technol. Conf. (VTC Fall), San Francisco,
CA, USA, Sep. 2011, pp. 1�5.

[538] D. Matolak and R. Sun, �Air-ground channel measurements and
modeling for UAS,� IEEE Aerosp. Electron. Syst. Mag., vol. 29, no. 11,
pp. 30�35, Nov. 2014.

[539] W. Khawaja, O. Ozdemir, F. Erden, I. Guvenc, and D. W. Matolak,
�UWB air-to-ground propagation channel measurements and modeling
using UAVs,� in Proc. IEEE Aerosp. Conf., Washington, DC, USA,
Dec. 2019, pp. 1�10.

[540] H. I. Volos, C. R. Anderson, W. C. Headley, R. M. Buehrer,
C. R. C. M. da Silva, and A. Nieto, �Preliminary UWB propa-
gation measurements in an underground limestone mine,� in Proc.
IEEE GLOBECOM Global Telecommun. Conf., Washington, DC, USA,
Nov. 2007, pp. 3770�3774.

[541] M. Ghaddar, L. Talbi, M. Nedil, I. Ben Mabrouk, and T. A. Denidni,
�Mm-waves propagation measurements in underground mine using
directional MIMO antennas,� IET Microw. Antennas Propag., vol. 10,
no. 5, pp. 517�524, Apr. 2016.

[542] Y. Zheng et al., �Ultra-massive MIMO channel measurements at
5.3 GHz and a general channel model,� IEEE Trans. Veh. Technol.,
vol. 72, no. 1, pp. 20�34, Jan. 2023.

[543] W. Li, L. Liu, C. Tao, Y. Lu, J. Xiao, and P. Liu, �Channel mea-
surements and angle estimation for massive MIMO systems in a
stadium,� in Proc. 17th Int. Conf. Adv. Commun. Technol. (ICACT),
PyeongChang, South Korea, Jul. 2015, pp. 105�108.

[544] Y. Sun et al., �Recon�gurable intelligent surface assisted MIMO
channel measurements and characteristics analysis for 6G wireless
communication systems,� IEEE Trans. Veh. Technol., submitted for
publication.

[545] A. Mudonhi, M. Lotti, A. Clemente, R. D�Errico, and C. Oestges, �RIS-
enabled mmWave channel sounding based on electronically recon-
�gurable transmitarrays,� in Proc. 15th Eur. Conf. Antennas Propag.
(EuCAP), Dusseldorf, Germany, Mar. 2021, pp. 1�5.

[546] L. Zhang et al. �Wireless channel measurements and characterization
in 6G industrial IoT scenarios,� IEEE Trans. Veh. Technol., submitted
for publication.

[547] X. Li, J. He, Z. Yu, G. Wang, and P. Zhu, �Integrated sensing and
communication in 6G: The deterministic channel models for THz imag-
ing,� in Proc. IEEE 32nd Annu. Int. Symp. Pers. Indoor Mobile Radio
Commun. (PIMRC), Helsinki, Finland, Sep. 2021, pp. 1�6.

[548] T. M. Pham, R. Bom�n, A. Nimr, A. N. Barreto, P. Sen, and
G. Fettweis, �Joint communications and sensing experiments using
mmWave platforms,� in Proc. IEEE 22nd Int. Workshop Signal
Process. Adv. Wireless Commun. (SPAWC), Lucca, Italy, Sep. 2021,
pp. 501�505.

[549] E. V. P. Anjos et al., �FORMAT: A recon�gurable tile-based antenna
array system for 5G and 6G millimeter-wave testbeds,� IEEE Syst. J.,
vol. 16, no. 3, pp. 4489�4500, Sep. 2022.

[550] M. Chung et al., �LuMaMi28: Real-Time Millimeter-Wave
Massive MIMO Systems With Antenna Selection,� Sep. 2021,
arXiv:2109.03273.

[551] Y. Cai et al., �Demonstration of real-time Photonics-assisted Mm-Wave
communication based on Ka-band large-scale phased-array antenna and
automatic beam tracking technique,� in Proc. Opt. Fiber Commun.
Conf. (OFC), San Diego, CA, USA, 2022, paper no. M3Z.12.

[552] P. Sen, D. A. Pados, S. N. Batalama, E. Einarsson, J. P. Bird, and
J. M. Jornet, �The teraNova platform: An integrated testbed for ultra-
broadband wireless communications at true terahertz frequencies,�
Comput. Netw., vol. 179, Oct. 2020, Art. no. 107370.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1007/s11432-017-9127-6


WANG et al.: ON THE ROAD TO 6G: VISIONS, REQUIREMENTS, KEY TECHNOLOGIES, AND TESTBEDS 969

[553] X. Pei et al., �RIS-aided wireless communications: Prototyping,
adaptive beamforming, and indoor/outdoor �eld trials,� IEEE Trans.
Commun., vol. 69, no. 12, pp. 8627�8640, Dec. 2021.

[554] H. Zhang et al., �Intelligent Omni-surfaces for full-dimensional wire-
less communications: Principles, technology, and implementation,�
IEEE Commun. Mag., vol. 60, no. 2, pp. 39�45, Feb. 2022.

[555] S. Zeng et al., �Intelligent omni-surfaces: Re�ection-refraction circuit
model, full-dimensional beamforming, and system implementation,�
IEEE Trans. Comuun., vol. 70, no. 11, pp. 7711�7727, Jul. 2022.

[556] R. Fara, P. Ratajczak, D.-T. Phan-Huy, A. Ourir, M. Di Renzo, and
J. de Rosny, �A prototype of recon�gurable intelligent surface with
continuous control of the re�ection phase,� IEEE Wireless Commun.,
vol. 29, no. 1, pp. 70�77, Feb. 2022.

[557] A. Araghi et al., �Recon�gurable intelligent surface (RIS) in the sub-
6 GHz band: Design, implementation, and real-world demonstration,�
IEEE Access, vol. 10, pp. 2646�2655, 2022.

[558] M. M. Amri, N. M. Tran, and K. W. Choi, �Recon�gurable intelligent
surface-aided wireless communications: Adaptive beamforming and
experimental validations,� IEEE Access, vol. 9, pp. 147442�147457,
2021.

[559] L. Dai et al., �Recon�gurable intelligent surface-based wireless com-
munications: Antenna design, prototyping, and experimental results,�
IEEE Access, vol. 8, pp. 45913�45923, 2020.

[560] �Huawei Is the First Company to Complete the Preliminary Veri�cation
of the 5G-Advanced Sensory Integration Technology (in Chinese).�
Accessed: Jul. 10, 2022. [Online]. Available: https://baijiahao.baidu.
com/s?id=1720764198273055037&wfr=spider&for=pc

[561] �6G ISAC With Optical Wireless, Expanding the New Boundary
of Wireless Communication Spectrum (in Chinese).� Accessed: Jul.
10, 2022. [Online]. Available: https://www.huawei.com/cn/technology-
insights/future-technologies/6g-isac-ow

[562] O. Li et al., �Integrated sensing and communication in 6G a prototype
of high resolution THz sensing on portable device,� in Proc. Joint
Eur. Conf. Netw. Commun. 6G Summit (EuCNC/6G Summit), Porto,
Portugal, Jun. 2021, pp. 544�549.

[563] T. Xu, F. Liu, C. Masouros, and I. Darwazeh, �An experimental proof of
concept for integrated sensing and communications waveform design,�
2022, arXiv:2202.04602.

[564] �Radio Stripes: Re-Thinking Mobile Networks.� Accessed: Jul. 10,
2022. [Online]. Available: https://www.ericsson.com/en/blog/2019/2/
radio-stripes

[565] J. Yuan, Y. Liu, Y. Hu, G. Xu, and J. C. Zhang, �Distributed FD-
MIMO (D-FD-MIMO): From concept to �eld test,� in Proc. IEEE
Radio Wireless Symp. (RWS), Las Vegas, NV, USA, Jan. 2022,
pp. 86�89.

[566] �HUAWEI�s 5G Indoor Distributed Massive MIMO��Best Solution
Case� by ICT China 202.� Accessed: Jul. 10, 2022. [Online].
Available: https://www.huawei.com/en/news/2021/9/ubiquitous-
gigabit-5g-indoor-dmm-wins-award

[567] G. Callebaut et al., �Techtile�open 6G R&D Testbed for communica-
tion, positioning, sensing, WPT and federated learning,� in Proc. Joint
Eur. Conf. Netw. Commun. 6G Summit (EuCNC/6G Summit), Grenoble,
France, 2022, pp. 417�422.

[568] D. Wang, C. Zhang, Y. Du, J. Zhao, M. Jiang, and X. You,
�Implementation of a cloud-based cell-free distributed massive
MIMO system,� IEEE Commun. Mag., vol. 58, no. 8, pp. 61�67,
Aug. 2020.

[569] �The 2nd Global 6G Technology Conference Showcases New Ideas
and New Achievements in 6G Technology Research and Development
(in Chinese).� Accessed: Jul. 10, 2022. [Online]. Available: http://www.
xinhuanet.com/tech/20220324/61c1911837a14a32b98f362e266ebabd/
c.html

[570] H. Haas et al., �Introduction to indoor networking concepts and chal-
lenges in LiFi,� J. Opt. Commun. Netw., vol. 12, no. 2, pp. A190�A203,
Feb. 2020.

[571] K. Matsuda et al., �Field demonstration of real-time 14 tb/s 220 m
FSO transmission with class 1 eye-safe 9-aperture transmitter,� in
Proc. Opt. Fiber Commun. Conf., San Francisco, CA, USA, Jun. 2021,
pp. 1�2.

[572] H. Ivanov, E. Leitgeb, T. Plank, and D. Kraus, �Evaluation of
FSO-technology as a candidate for reliable long-distance commu-
nication links for deep space applications,� in Proc. Photonics
Electromagn. Res. Symp. Spring (PIERS-Spring), Rome, Italy,
Jun. 2019, pp. 3441�3448.

[573] H. Haas, S. Videv, S. Das, J. Fakidis, and H. Stewart, �Solar cell
receiver free-space optical for 5G backhaul,� in Proc. Opt. Fiber
Commun. Conf., San Diego, CA, USA, Mar. 2019, pp. 1�2.

[574] J.-K. Lain, Z.-D. Yang, and T.-W. Xu, �Experimental DCO-OFDM
optical camera communication systems with a commercial smartphone
camera,� IEEE Photon. J., vol. 11, no. 6, pp. 1�13, Dec. 2019.

[575] NTT DOCOMO INC., �5G channel model for bands up to 100 GHz,�
3GPP, Sophia Antipolis, France, Rep. TR 138 901, Oct. 2016.

[576] W. Roh et al., �Millimeter-wave Beamforming as an enabling tech-
nology for 5G cellular communications: Theoretical feasibility and
prototype results,� IEEE Commun. Mag., vol. 52, no. 2, pp. 106�113,
Feb. 2014.

[577] V. Raghavan et al., �Millimeter-wave MIMO prototype: Measurements
and experimental results,� IEEE Commun. Mag., vol. 56, no. 1,
pp. 202�209, Jan. 2018.

[578] M. Zhu, J. Zhang, J. Yu, and X. You, �Demonstration of record-
high 352-Gbps terahertz wired transmission over hollow-core �ber
at 325 GHz,� Sci. China Inf. Sci., vol. 65, no. 2, Feb. 2022,
Art. no. 127301, doi: 10.1007/s11432-021-3361-5.

[579] C. Zhang, S. Jing, and X. You, �A joint baseband signal pro-
cessing method for 5G communication systems,� China Patent
CN2 017 103 824 223, Dec. 01, 2017.

[580] C. Zhang, S. Jing, and X. You, �Design method of receiver
of 5G communication system based on folding,� China Patent
CN2 017 110 832 934, Apr. 13, 2018.

[581] X. Zhang et al., �Wide-coverage beam-steered 40-Gbit/s non-line-of-
sight optical wireless connectivity for industry 4.0,� J. Lightw. Technol.,
vol. 38, no. 24, pp. 6801�6806, Dec. 15, 2020.

[582] W. Niu et al., �Phosphor-free golden light LED array for 5.4-Gbps
visible light communication using MIMO Tomlinson�Harashima
Precoding,� J. Lightw. Technol., vol. 40, no. 15, pp. 5031�5040, Aug. 1,
2022.

[583] M. Halper. �Kyocera SLD Laser Pumps Up the Li-Fi Speed.� Accessed:
Aug. 15, 2022. [Online]. Available: https://www.ledsmagazine.com/
connected-ssl-controls/article/14224008/kyocera-sld-laser-pumps-up-
the-li�-speed

[584] A. Dochhan, J. Poliak, J. Surof, M. Richerzhagen, H. F. Kelemu,
and R. M. Calvo, �13.16 Tbit/s free-space optical transmission over
10.45 km for geostationary satellite feeder-links,� in Proc. 20th ITG-
Symp., Leipzig, Germany, May 2019, pp. 1�3.

[585] Y. Zhan, Y. Sun, Z. Shi, N. Yang, and L. Yang, �Demonstration of
100 Gbit/s real-time ultra high de�nition video transmission over free
space optical communication links,� in Proc. Opt. Fiber Commun.
Conf., San Francisco, CA, USA, Jun. 2021, pp. 1�3.

[586] D. K. Pin Tan et al., �Integrated sensing and communication in 6G:
Motivations, use cases, requirements, challenges and future directions,�
in Proc. 1st IEEE Int. Online Symp. Joint Commun. Sens. (JC S),
Dresden, Germany, Feb. 2021, pp. 1�6.

[587] Purple Mountain Laboratories. �TKµ 6G Comprehensive Veri�cation
Platform (in Chinese).� Accessed: Jul. 10, 2022. [Online]. Available:
http://cep.pmlabs.com.cn/#?ts=1657370535072

[588] H. Guo, J. Li, J. Liu, N. Tian, and N. Kato, �A survey on space�air�
ground�sea integrated network security in 6G,� IEEE Commun. Surveys
Tuts., vol. 24, no. 1, pp. 53�87, 1st Quart., 2022.

[589] J. Huang, C.-X. Wang, R. Feng, J. Sun, W. Zhang, and Y. Yang,
�Multi-frequency mmWave massive MIMO channel measurements and
Characterization for 5G wireless communication systems,� IEEE J. Sel.
Areas Commun., vol. 35, no. 7, pp. 1591�1605, Jul. 2017.

[590] T. S. Rappaport et al., �Millimeter wave mobile communications for
5G cellular: It will work!� IEEE Access, vol. 1, pp. 335�349, 2013.

[591] �Science and technology week and mobile information industry inno-
vation conference.� China Mobile. Accessed: Jul. 10, 2022. [Online].
Available: https://www.c114.com.cn/live/CMCCCT2022/

[592] �Ultra-Low Power and High-Data Rate Short-Range Wireless Enables
Fully immersive 6G.� Accessed: Aug. 5, 2022. [Online]. Available:
https://www.huawei.com/en/technology-insights/future-technologies/
6g-short-range-communications

[593] L. Yu and C.-X. Wang, �Prediction of wireless mmWave massive
MIMO channel characteristics based on graph attention networks,�
IEICE Proc., vol. 63, pp. SB1�5, Aug. 2020.

[594] Z. Li et al., �A GAN-GRU based space-time predictive channel model
for 6G wireless communication systems,� IEEE Trans. Commun.,
submitted for publication.

[595] C. Huang et al., �Arti�cial intelligence enabled radio propagation
for communications�Part I: Channel characterization and antenna-
channel optimization,� IEEE Trans. Antennas Propag., vol. 70, no. 6,
pp. 3939�3954, Jun. 2022.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1007/s11432-021-3361-5


970 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 25, NO. 2, SECOND QUARTER 2023

[596] C. Huang et al., �Arti�cial intelligence enabled radio propaga-
tion for communications�Part II: Scenario identi�cation and chan-
nel modeling,� IEEE Trans. Antennas Propag., vol. 70, no. 6,
pp. 3955�3969, Jun. 2022.

[597] Y. Sun, C.-X. Wang, J. Huang, and J. Wang, �A 3D non-stationary
channel model for 6G wireless systems employing intelligent re�ect-
ing surfaces with practical phase shifts,� IEEE Trans. Cogn. Commun.
Netw., vol. 7, no. 2, pp. 496�510, Jun. 2021.

[598] J. Huang et al., �Recon�gurable intelligent surfaces: Channel charac-
terization and modeling,� Proc. IEEE, vol. 110, no. 9, pp. 1290�1311,
Sep. 2022.

[599] M. D. Migliore, �On electromagnetics and information theory,� IEEE
Trans. Antennas Propag., vol. 56, no. 10, pp. 3188�3200, Oct. 2008.

[600] M. D. Migliore, �Blending electromagnetic and information theory
in antenna synthesis,� in Proc. Int. Conf. Electromagn. Adv. Appl.
(ICEAA), Granada, Spain, Sep. 2019, pp. 1383�1386.

[601] H. M. Bertrand and T. B. Stephan, �Achieving near-capacity on a
multiple-antenna channel,� IEEE Trans. Commun., vol. 51, no. 3,
pp. 389�399, Mar. 2003.

[602] K. Jörg and T. Ragnar, �Iterative joint source-channel decoding of
variable-length codes using residual source redundancy,� IEEE Trans.
Wireless Commun., vol. 4, no. 3, pp. 919�929, May 2005.

[603] Y. Jari and J. Markku, �Iterative joint detection, decoding, and channel
estimation in turbo-coded MIMO-OFDM,� IEEE Trans. Veh. Technol.,
vol. 58, no. 4, pp. 1784�1796, May 2009.

[604] Q. Guo, L. Ping, and D. Huang, �A low-complexity iterative channel
estimation and detection technique for doubly selective channels,� IEEE
Trans. Wireless Commun., vol. 8, no. 8, pp. 4340�4349, Aug. 2009.

[605] C. Studer, S. Fateh, and D. Seethaler, �ASIC implementation
of soft-input soft-output MIMO detection using MMSE parallel
interference cancellation,� IEEE J. Solid-State Circuits, vol. 46, no. 7,
pp. 1754�1765, Jul. 2011.

[606] W.-C. Sun, W.-H. Wu, C.-H. Yang, and Y.-L. Ueng, �An iterative detec-
tion and decoding receiver for LDPC-coded MIMO systems,� IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 62, no. 10, pp. 2512�2522,
Oct. 2015.

[607] W.-C. Sun, Y.-C. Su, Y.-L. Ueng, and C.-H. Yang, �An LDPC-coded
SCMA receiver with multi-user iterative detection and decoding,� IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 66, no. 9, pp. 3571�3584,
Sep. 2019.

[608] X. Deng et al., �Joint detection and decoding of polar-coded OFDM�
IDMA systems,� IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 66,
no. 10, pp. 4005�4017, Oct. 2019.

[609] Y. Shen, W. Zhou, Y. Huang, Z. Zhang, X. You, and C. Zhang, �Fast
iterative soft-output list decoding of polar codes,� IEEE Trans. Signal
Process., vol. 70, pp. 1361�1376, 2022.

[610] K. Wang, H. Shen, W. Wu, and Z. Ding, �Joint detection and decod-
ing in LDPC-based space�time coded MIMO-OFDM systems via
linear programming,� IEEE Trans. Signal Process., vol. 63, no. 13,
pp. 3411�3424, Jul. 2015.

[611] A. Jalali and Z. Ding, �Joint detection and decoding of polar coded
5G control channels,� IEEE Trans. Wireless Commun., vol. 19, no. 3,
pp. 2066�2078, Mar. 2020.

[612] K. K. Parhi, VLSI Digital Signal Processing Systems: Design and
Implementation. Hoboken, NJ, USA: Wiley, 2007.

[613] Z. Zhong, W. J. Gross, Z. Zhang, X. You, and C. Zhang, �Polar com-
piler: Auto-generator of hardware architectures for polar encoders,�
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 67, no. 6, pp. 2091�2102,
Jun. 2020.

[614] C. Ji, Y. Shen, Z. Zhang, X. You, and C. Zhang, �Autogeneration of
pipelined belief propagation polar decoders,� IEEE Trans. Very Large
Scale Integr. (VLSI) Syst., vol. 28, no. 7, pp. 1703�1716, Jul. 2020.

[615] L. Bai et al., �Channel modeling for satellite communication channels
at Q-band in high latitude,� IEEE Access, vol. 7, pp. 137691�137703,
2019.

[616] Z. Li, C.-X. Wang, J. Huang, and Y. Zheng, �A non-stationary GBSM
for 6G LEO satellite communication systems,� in Proc. IEEE/CIC
ICCC, Xiamen, China, Jul. 2021, pp. 493�498.

[617] H. Chang et al., �A novel nonstationary 6G UAV-to-ground wireless
channel model with 3-D arbitrary trajectory changes,� IEEE Internet
Things J., vol. 8, no. 12, pp. 9865�9877, Jun. 2021.

[618] J. Bian, C.-X. Wang, Y. Liu, J. Tian, J. Qiao, and X. Zheng, �3D non-
stationary wideband UAV-to-ground MIMO channel models based on
aeronautic random mobility model,� IEEE Trans. Veh. Technol., vol. 70,
no. 11, pp. 11154�11168, Nov. 2021.

[619] Y. Liu, C.-X. Wang, H. Chang, Y. He, and J. Bian, �A novel
non-stationary 6G UAV channel model for maritime communica-
tions,� IEEE J. Sel. Areas Commun., vol. 39, no. 10, pp. 2992�3005,
Oct. 2021.

[620] Y. He et al., �A novel 3D non-stationary maritime wireless chan-
nel model,� IEEE Trans. Commun., vol. 70, no. 3, pp. 2102�2116,
Mar. 2022.

[621] X. Li, W. Feng, Y. Chen, C.-X. Wang, and N. Ge, �Maritime coverage
enhancement using UAVs coordinated with hybrid satellite-terrestrial
networks,� IEEE Trans. Commun., vol. 68, no. 4, pp. 2355�2369,
Apr. 2020.

[622] D. Liu, H. Wu, J. Ni, and X. Shen, �Ef�cient and anonymous
authentication with succinct multi-subscription credential in SAGVN,�
IEEE Trans. Intell. Transp. Syst., vol. 23, no. 3, pp. 2863�2873,
Mar. 2022.

[623] Y. Liu, L. Ni, and M. Peng, �A secure and ef�cient authentication pro-
tocol for satellite-terrestrial networks,� IEEE Internet Things J., early
access, Feb. 18, 2022, doi: 10.1109/JIOT.2022.3152900.

[624] D. Li, S. Wu, J. Jiao, N. Zhang, and Q. Zhang, �Age-oriented
transmission protocol design in space-air-ground integrated networks,�
IEEE Trans. Wireless Commun., vol. 21, no. 7, pp. 5573�5585,
Jul. 2022.

[625] F. Lyu et al., �Service-oriented dynamic resource slicing and
optimization for space�air�ground integrated vehicular networks,�
IEEE Trans. Intell. Transp. Syst., vol. 23, no. 7, pp. 7469�7483,
Jul. 2022.

[626] S. Yan, L. Qi, and M. Peng, �User access mode selection in satellite-
aerial based emergency communication networks,� in Proc. IEEE ICC
Wkshops, Kansas City, MO, USA, May 2018, pp. 1�6.

[627] J. Liu, X. Du, J. Cui, M. Pan, and D. Wei, �Task-oriented intelli-
gent networking architecture for the space air ground aqua integrated
network,� IEEE Internet Things J., vol. 7, no. 6, pp. 5345�5358,
Jun. 2020.

[628] M. Kashef, M. Ismail, M. Abdallah, K. A. Qaraqe, and E. Serpedin,
�Energy ef�cient resource allocation for mixed RF/VLC heteroge-
neous wireless networks,� IEEE J. Sel. Areas Commun., vol. 34, no. 4,
pp. 883�893, Apr. 2016.

[629] S. Kim, �Hybrid RF/VLC network spectrum allocation scheme
using bargaining solutions,� IEEE Access, vol. 10, pp. 20019�20028,
2022.

[630] S. Aboagye, T. M. N. Ngatched, O. A. Dobre, and A. Ibrahim, �Joint
access point assignment and power allocation in multi-tier hybrid
RF/VLC HetNets,� IEEE Trans. Wireless Commun., vol. 20, no. 10,
pp. 6329�6342, Oct. 2021.

[631] R. Arshad and L. Lampe, �Stochastic geometry analysis of user mobil-
ity in RF/VLC hybrid networks,� IEEE Trans. Wireless Commun.,
vol. 20, no. 11, pp. 7404�7419, Nov. 2021.

[632] G. Pan, J. Ye, and Z. Ding, �Secure hybrid VLC-RF systems with
light energy harvesting,� IEEE Trans. Commun., vol. 65, no. 10,
pp. 4348�4359, Oct. 2017.

[633] �Network AI concept and terminology.� 6GANA TG1. Jan. 2022.
[Online]. Available: https://www.6g-ana.com/About.aspx?ClassID=29

[634] Y. He, J. Ren, G. Yu, and Y. Cai, �Optimizing the learning performance
in mobile augmented reality systems with CNN,� IEEE Trans. Wireless
Commun., vol. 19, no. 8, pp. 5333�5344, Aug. 2020.

[635] N. C. Thompson, K. Greenewald, K. Lee, and G. F. Manso, �The
computational limits of deep learning,� Jul. 2022. arXiv:2007.05558.

[636] D. C. Nguyen et al., �Enabling AI in future wireless networks: A data
life cycle perspective,� IEEE Commun. Surveys Tuts., vol. 23, no. 1,
pp. 553�595, 1st Quart., 2021.

[637] A. Zhang, M. L. Rahman, X. Huang, Y. J. Guo, S. Chen, and
R. W. Heath, �Perceptive mobile networks: Cellular networks with
radio vision via joint communication and radar sensing,� IEEE Veh.
Technol. Mag., vol. 16, no. 2, pp. 20�30, Jun. 2021.

[638] Q. Shi, L. Liu, S. Zhang, and S. Cui, �Device-free sensing in OFDM
cellular network,� IEEE J. Sel. Areas Commun., vol. 40, no. 6,
pp. 1838�1853, Jun. 2022.

[639] J. Du, L. Zhao, J. Feng, and X. Chu, �Computation of�oading
and resource allocation in mixed fog/cloud computing systems with
min�max fairness guarantee,� IEEE Trans. Commun., vol. 66, no. 4,
pp. 1594�1608, Apr. 2018.

[640] W. Zeng, J. Zhang, S. Chen, K. P. Peppas, and B. Ai, �Physical layer
security over �uctuating two-ray fading channels,� IEEE Trans. Veh.
Technol., vol. 67, no. 9, pp. 8949�8953, Sep. 2018.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1109/JIOT.2022.3152900


WANG et al.: ON THE ROAD TO 6G: VISIONS, REQUIREMENTS, KEY TECHNOLOGIES, AND TESTBEDS 971

[641] L. Lv, Z. Ding, Q. Ni, and J. Chen, �Secure MISO-NOMA transmis-
sion with arti�cial noise,� IEEE Trans. Veh. Technol., vol. 67, no. 7,
pp. 6700�6705, Jul. 2018.

[642] S. Xu, S. Han, Y. Du, W. Meng, L. He, and C. Zhang, �AN-aided
secure beamforming design for correlated MISO wiretap channels,�
IEEE Commun. Lett., vol. 23, no. 4, pp. 628�631, Apr. 2019.

[643] F. Yan, Y. Liu, S. Han, and W. Meng, �A survey of physical layer secu-
rity in space-air-ground communication and networks (in Chinese),�
Telecommun. Sci., vol. 36, no. 9, pp. 1�13, Aug. 2020.

[644] J. Wu, �Grasp of �network security rebalancing strategy�: Mimicry
defense (in Chinese),� China Inf. Security, vol. 93, pp. 46�50,
Jun. 2018.

[645] J. Zhang and R. Xu, �Research and application of secure multi-party
computation (in Chinese),� ZTE Technol. J., vol. 22, no. 1, pp. 23�25,
Feb. 2016.

[646] K. Jiang, �Review of multi-party secure computing research (in
Chinese),� J. Inf. Security Res., vol. 7, no. 12, pp. 1161�1165,
Dec. 2021.

[647] �Development History and Future Direction of Secure Multi-Party
Computing (in Chinese).� Accessed: Apr. 25, 2022. [Online]. Available:
https://cloud.tencent.com/developer/news/436797

[648] L. Scheuvens, M. Simsek, A. Noll-Barreto, N. Franchi, and
G. P. Fettweis, �Framework for adaptive controller design over wire-
less delay-prone communication channels,� IEEE Access, vol. 7,
pp. 49726�49737, 2019.

[649] F. Boabang, A. Ebrahimzadeh, R. H. Glitho, H. Elbiaze, M. Maier,
and F. Belqasmi, �A machine learning framework for handling
delayed/lost packets in tactile Internet remote robotic surgery,� IEEE
Trans. Netw. Services. Manag., vol. 18, no. 4, pp. 4829�4845,
Dec. 2021.

[650] S. Dixit, S. Mohan, R. Prasad, and H. Harada, �Multi-sensory human
bond communication,� IEEE Commun. Mag., vol. 57, no. 2, pp. 18�18,
Feb. 2019.

[651] J. Chakareski, M. Khan, T. Ropitault, and S. Blandino, �6DOF virtual
reality dataset and performance evaluation of millimeter wave vs. free-
space-optical indoor communications systems for lifelike mobile VR
streaming,� in Proc. 54th Asilomar Conf. Signals Syst. Comput., Paci�c
Grove, CA, USA, Nov. 2020, pp. 1051�1058.

[652] M. Oparin and M. Eid, �Analysis of high-rate wireless links for Tele-
Haptics applications,� in Proc. Int. Conf. Comput. Appl. (ICCA), Doha,
UAE, Sep. 2017, pp. 169�173.

[653] J. Chakareski and S. Gupta, �Multi-connectivity and edge com-
puting for ultra-low-latency lifelike virtual reality,� in Proc. IEEE
Int. Conf. Multimedia Expo (ICME), London, U.K., Jul. 2020,
pp. 1�6.

[654] J. Du, F. R. Yu, G. Lu, J. Wang, J. Jiang, and X. Chu, �MEC-assisted
Immersive VR video streaming over Terahertz wireless networks: A
deep reinforcement learning approach,� IEEE Internet Things J., vol. 7,
no. 10, pp. 9517�9529, Oct. 2020.

[655] F. Guo, F. R. Yu, H. Zhang, H. Ji, V. C. M. Leung, and X. Li, �An
adaptive wireless virtual reality framework in future wireless networks:
A distributed learning approach,� IEEE Trans. Veh. Technol., vol. 69,
no. 8, pp. 8514�8528, Aug. 2020.

[656] T. Sun et al., �Digital twin network (DTN): Concepts, architecture, and
key technologies (in Chinese),� Acta Automatica Sinica, vol. 47, no. 3,
pp. 569�582, Mar. 2021.

[657] Y. Zhu, D. Chen, C. Zhou, L. Lu, and X. Duan, �A knowledge graph
based construction method for digital twin network,� in Proc. IEEE 1st
Int. Conf. Digit. Twins Parallel Intell. (DTPI), Beijing, China, Jul. 2021,
pp. 362�365.

[658] N. Luan, K. Xiong, Y. Zhang, R. He, G. Qu, and B. Ai, �6G: Typical
applications, key technologies and challenges (in Chinese),� Chin. J.
Internet Things, vol. 6, no. 1, pp. 29�43, Mar. 2022.

[659] S. Zhu, K. Ota, and M. Dong, �Green AI for IIoT: Energy ef�cient
intelligent edge computing for Industrial Internet of Things,� IEEE
Trans. Green Commun. Netw., vol. 6, no. 1, pp. 79�88, Mar. 2022.

[660] B. Mao, F. Tang, Y. Kawamoto, and N. Kato, �AI models for green
communications towards 6G,� IEEE Commun. Surveys Tuts., vol. 24,
no. 1, pp. 210�247, 1st Quart., 2022.

[661] J. Wang, C. Jiang, H. Zhang, Y. Ren, K.-C. Chen, and L. Hanzo,
�Thirty years of machine learning: The road to Pareto-optimal
wireless networks,� IEEE Commun. Surveys Tuts., vol. 22, no. 3,
pp. 1472�1514, 3rd Quart., 2020.

[662] J. Hu, K. Yang, G. Wen, and L. Hanzo, �Integrated data and
energy communication network: A comprehensive survey,� IEEE
Commun. Surveys Tuts., vol. 20, no. 4, pp. 3169�3219, 4th Quart.,
2018.

Cheng-Xiang Wang (Fellow, IEEE) received the
B.Sc. and M.Eng. degrees in communication and
information systems from Shandong University,
China, in 1997 and 2000, respectively, and the Ph.D.
degree in wireless communications from Aalborg
University, Denmark, in 2004.

He was a Research Assistant with the Hamburg
University of Technology, Hamburg, Germany, from
2000 to 2001, a Visiting Researcher with Siemens
AG Mobile Phones, Munich, Germany, in 2004, and
a Research Fellow with the University of Agder,

Grimstad, Norway, from 2001 to 2005. He has been with Heriot-Watt
University, Edinburgh, U.K., since 2005, where he was promoted to a
Professor in 2011. In 2018, he joined Southeast University, Nanjing, China,
as a Professor. He is also a part-time Professor with Purple Mountain
Laboratories, Nanjing. He has authored four books, three book chapters,
and more than 490 papers in refereed journals and conference proceedings,
including 27 highly cited papers. He has also delivered 24 invited keynote
speeches/talks and 15 tutorials in international conferences. His current
research interests include wireless channel measurements and modeling, 6G
wireless communication networks, and electromagnetic information theory.

Prof. Wang received 15 Best Paper Awards from IEEE GLOBECOM
2010, IEEE ICCT 2011, ITST 2012, IEEE VTC 2013Fall, IWCMC
2015, IWCMC 2016, IEEE/CIC ICCC 2016, WPMC 2016, WOCC 2019,
IWCMC 2020, WCSP 2020, CSPS2021, WCSP 2021, and IEEE/CIC
ICCC 2022. Also, he received the 2020�2022 �AI 2000 Most In�uential
Scholar Award Honorable Mention� in recognition of his outstanding and
vibrant contributions in the �eld of Internet of Things. He is a Highly
Cited Researcher recognized by Clarivate Analytics from 2017 to 2020,
and one of the most cited Chinese Researchers recognized by Elsevier
in 2021. He is currently an Executive Editorial Committee Member of
the IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS. He has
served as an Editor for over ten international journals, including the
IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS from 2007 to
2009, the IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY from
2011 to 2017, and the IEEE TRANSACTIONS ON COMMUNICATIONS

from 2015 to 2017. He was a Guest Editor of the IEEE JOURNAL

ON SELECTED AREAS IN COMMUNICATIONS, Special Issue on Vehicular
Communications and Networks (Lead Guest Editor), Special Issue on
Spectrum and Energy Ef�cient Design of Wireless Communication Networks,
and Special Issue on Airborne Communication Networks. He was also a
Guest Editor of the IEEE TRANSACTIONS ON BIG DATA, Special Issue
on Wireless Big Data, and a Guest Editor of the IEEE TRANSACTIONS

ON COGNITIVE COMMUNICATIONS AND NETWORKING, Special Issue on
Intelligent Resource Management for 5G and Beyond. He has served as a
TPC member, the TPC chair, and the general chair for more than 80 interna-
tional conferences. He is a member of the Academia Europaea (The Academy
of Europe) and the European Academy of Sciences and Arts, a Fellow of the
Royal Society of Edinburgh, IET, and China Institute of Communications, an
IEEE Communications Society Distinguished Lecturer in 2019 and 2020.

Xiaohu You (Fellow, IEEE) received the master�s
and Ph.D. degrees in electrical engineering from
Southeast University, Nanjing, China, in 1985 and
1988, respectively. Since 1990, he has been work-
ing with National Mobile Communications Research
Laboratory, Southeast University, where he is cur-
rently a Professor and the Director. He has con-
tributed over 300 IEEE journal papers and three
books in the areas of adaptive signal processing,
neural network, and wireless communications. From
1999 to 2002, he was the Principal Expert of China

C3G Project. From 2001 to 2006, he was the Principal Expert of China
National 863 Beyond 3G FuTURE Project. From 2013 to 2019, he was the
Principal Investigator of China National 863 5G Project. His current research
interests include wireless networks, advanced signal processing, and its appli-
cations. He was a recipient of China National First Class Invention Prize in
2011. He won the IET Achievement Medal in 2021. He served as the General
Chair for IEEE Wireless Communications and Networking Conference in
2013, IEEE Vehicular Technology Conference in 2016 Spring, and IEEE
International Conference on Communications in 2019. He is currently the
Secretary General of the FuTURE Forum, and the Vice Chair of the China
IMT-2020 (5G) Promotion Group.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 



972 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 25, NO. 2, SECOND QUARTER 2023

Xiqi Gao (Fellow, IEEE) received the Ph.D. degree
in electrical engineering from Southeast University,
Nanjing, China, in 1997. He joined the Department
of Radio Engineering, Southeast University, in April
1992, where he has been a Professor of Information
Systems and Communications since May 2001.
From September 1999 to August 2000, he was a
Visiting Scholar with the Massachusetts Institute
of Technology, Cambridge, MA, USA, and Boston
University, Boston, MA, USA. From August 2007
to July 2008, he visited the Darmstadt University

of Technology, Darmstadt, Germany, as a Humboldt Scholar. His current
research interests include broadband multicarrier communications, massive
MIMO wireless communications, satellite communications, optical wireless
communications, information theory, and signal processing for wireless com-
munications. He was the recipient of the Science and Technology Awards
of the State Education Ministry of China in 1998, 2006, and 2009, the
National Technological Invention Award of China in 2011, the Science and
Technology Award of Jiangsu Province of China in 2014, and the 2011 IEEE
Communications Society Stephen O. Rice Prize Paper Award in the Field
of Communications Theory. From 2007 to 2012, he served as an Editor for
the IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS. From 2009
to 2013, he served as an Editor for the IEEE TRANSACTIONS ON SIGNAL

PROCESSING. From 2015 to 2017, he served as an Editor for the IEEE
TRANSACTIONS ON COMMUNICATIONS.

Xiuming Zhu received the B.E. degree in com-
munication engineering from Harbin Institute of
Technology, Weihai, China, in 2020. She is currently
pursuing the M.Sc. degree with the National Mobile
Communications Research Laboratory, Southeast
University, China. Her research interests are optical
wireless channel measurements and modeling.

Zixin Li received the B.E. degree in information
engineering from Southeast University, Nanjing,
China, in 2020, where she is currently pursu-
ing the M.Sc. degree with the National Mobile
Communications Research Laboratory. Her research
interests are satellite wireless channel measurements
and modeling.

Chuan Zhang (Senior Member, IEEE) received the
B.E. degree in microelectronics and the M.E. degree
in very-large scale integration (VLSI) design from
Nanjing University, Nanjing, China, in 2006 and
2009, respectively, and the Ph.D. degree from the
Department of Electrical and Computer Engineering,
University of Minnesota, Twin Cities (UMN), USA,
in 2012.

He is currently the Young Chair Professor
with Southeast University. He is also with
the LEADS, National Mobile Communications

Research Laboratory, Frontiers Science Center for Mobile Information
Communications and Security of MoE, Quantum Information Center,
Southeast University, and Purple Mountain Laboratories, Nanjing, China. His
current research interests are algorithms and implementations for signal pro-
cessing and communication systems.

Dr. Zhang received the Best Contribution Award of the IEEE Asia�Paci�c
Conference on Circuits and Systems (APCCAS) in 2018, the Best Paper
Award in 2016, the Best (Student) Paper Award of the IEEE International
Conference on DSP in 2016, three Best (Student) Paper Awards of the
IEEE International Conference on ASIC in 2015, 2017, and 2019, the
Best Paper Award Nomination of the IEEE Workshop on Signal Processing
Systems in 2015, three Excellent Paper Awards and two Excellent Poster
Presentation Awards of the International Collaboration Symposium on
Information Production and Systems from 2016 to 2018, the Outstanding
Achievement Award of the Intel Collaborative Research Institute in 2018,
and the Merit (Student) Paper Award of the IEEE APCCAS in 2008. He
also received the Three-Year University-Wide Graduate School Fellowship
of UMN and the Doctoral Dissertation Fellowship of UMN. He serves
as an Associate Editor for the IEEE TRANSACTIONS ON CIRCUITS AND

SYSTEMS�II: EXPRESS BRIEFS. He served as an Associate Editor for the
IEEE TRANSACTIONS ON SIGNAL PROCESSING and IEEE OPEN JOURNAL

OF CIRCUITS AND SYSTEMS, and a Corresponding Guest Editor for the
IEEE JOURNAL ON EMERGING AND SELECTED TOPICS IN CIRCUITS AND

SYSTEMS twice. He is a Distinguished Lecturer and the Vice Chair of the
Circuits and Systems for Communications TC of the IEEE Circuits and
Systems Society. He is also a member of the Applied Signal Processing
Systems TC of the IEEE Signal Processing Society, and Circuits and Systems
for Communications TC, VLSI Systems and Applications TC, and Digital
Signal Processing TC of the IEEE Circuits and Systems Society.

Haiming Wang (Member, IEEE) was born in 1975.
He received the B.S., M.S., and Ph.D. degrees
in electrical engineering from Southeast University,
Nanjing, China, in 1999, 2002, and 2009, respec-
tively.

He joined the School of Information Science
and Engineering and the State Key Laboratory of
Millimeter Waves, Southeast University, in 2002,
where he is currently a Distinguished Professor. He
is also a part-time Professor with Purple Mountain
Laboratories, Nanjing, China. He has authored and

coauthored over 50 technical publications in IEEE TRANSACTIONS ON

ANTENNAS AND PROPAGATION and other peer-reviewed academic journals.
He has authored and coauthored over more than 70 patents and 52 patents have
been granted. His current research interests include AI-powered antenna and
radio-frequency technologies (iART), AI-powered channel measurement and
modeling technologies (iCHAMM), and AI-powered integrated communica-
tions, sensing, and positioning technologies (iCSAP). He was awarded twice
for contributing to the development of IEEE 802.11aj by the IEEE Standards
Association in 2018 and 2020.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:06:23 UTC from IEEE Xplore.  Restrictions apply. 



WANG et al.: ON THE ROAD TO 6G: VISIONS, REQUIREMENTS, KEY TECHNOLOGIES, AND TESTBEDS 973

Yongming Huang (Senior Member, IEEE) received
the B.S. and M.S. degrees from Nanjing University,
Nanjing, China, in 2000 and 2003, respectively,
and the Ph.D. degree in electrical engineering
from Southeast University, Nanjing, China, in 2007,
where he has been a Faculty Member with the
School of Information Science and Engineering,
since March 2007, and he is currently a Full
Professor. He has also been the Director of the
Pervasive Communication Research Center, Purple
Mountain Laboratories, since 2019. From 2008

to 2009, he was visiting the Signal Processing Lab, Royal Institute of
Technology, Stockholm, Sweden. He has published over 200 peer-reviewed
papers, hold over 80 invention patents. His current research interests include
intelligent 5G/6G mobile communications and millimeter wave wireless
communications. He submitted around 20 technical contributions to IEEE
standards, and was awarded a certi�cate of appreciation for outstanding con-
tribution to the development of IEEE standard 802.11aj. He served as an
Associate Editor for the IEEE TRANSACTIONS ON SIGNAL PROCESSING

and a Guest Editor for the IEEE JOURNAL ON SELECTED AREAS IN

COMMUNICATIONS. He is currently the Editor-at-Large for the IEEE Open
Journal of the Communications Society.

Yunfei Chen (Senior Member, IEEE) received the
B.E. and M.E. degrees in electronics engineering
from Shanghai Jiaotong University, Shanghai, China,
in 1998 and 2001, respectively, and the Ph.D. degree
from the University of Alberta in 2006. He is cur-
rently working as a Professor with the Department
of Engineering, University of Durham, U.K. His
research interests include wireless communications,
performance analysis, joint radar communications
designs, cognitive radios, wireless relaying, and
energy harvesting.

Harald Haas (Fellow, IEEE) received the Ph.D.
degree from the University of Edinburgh, Edinburgh,
U.K., in 2001.

He is the Director of the LiFi Research and
Development Center, University of Strathclyde,
Glasgow, U.K. He is also the Initiator, the
Co-Founder, and the Chief Scienti�c Of�cer of
pureLiFi Ltd., Edinburgh. He has authored 550
conference and journal papers, including papers
in Science and Nature Communications. His main
research interests are in optical wireless communi-

cations, hybrid optical wireless and RF communications, spatial modulation,
and interference coordination in wireless networks.

Dr. Haas received the Outstanding Achievement Award from the
International Solid State Lighting Alliance in 2016 and the Royal Society
Wolfson Research Merit Award. He was a recipient of the IEEE Vehicular
Society James Evans Avant Garde Award in 2019. His team invented spatial
modulation. He introduced LiFi to the public at an invited TED Global talk
in 2011. This talk on Wireless Data from Every Light Bulb has been watched
online over 2.72 million times. He was listed among the 50 best inventions
in Time in 2011. He gave a second TED Global lecture in 2015 on the use of
solar cells as LiFi data detectors and energy harvesters. This has been viewed
online over 2.75 million times. He was elected a Fellow of the Royal Society
of Edinburgh in 2017. In 2018, he received a three-year EPSRC Established
Career Fellowship extension and was elected Fellow of IET. He was elected
a Fellow of the Royal Academy of Engineering in 2019.

John S. Thompson (Fellow, IEEE) received the
Ph.D. degree in electrical engineering from The
University of Edinburgh, Edinburgh, U.K., in 1995.

He is currently a Professor with the School
of Engineering, The University of Edinburgh. His
research interests include antenna array processing,
cooperative communications systems, and energy-
ef�cient wireless communications and their appli-
cations. He has published in excess of 350 papers
on these topics. He currently participates in two
U.K. research projects, which study new concepts

for signal processing and for next-generation wireless communications. From
2015 to 2018, he was recognized by Thomson Reuters as a Highly Cited
Researcher. He was the Co-Chair of the IEEE SmartGridComm Conference
held in Aalborg, Denmark, in 2018. In January 2016, he was elevated as
a fellow of the IEEE for Contributions to Antenna Arrays and Multihop
Communications.

Erik G. Larsson (Fellow, IEEE) is a Professor
with Linköping University, Sweden. He coauthored
the textbook Fundamentals of Massive MIMO
(Cambridge University Press, 2016). His interests
lie within wireless communications, statistical sig-
nal processing, and networks. He received, among
others, the IEEE ComSoc Stephen O. Rice Prize in
Communications Theory in 2015, the IEEE ComSoc
Leonard G. Abraham Prize in 2017, the IEEE
ComSoc Best Tutorial Paper Award in 2018, and
the IEEE ComSoc Fred W. Ellersick Prize in 2019.

Marco Di Renzo (Fellow, IEEE) received the
Laurea (cum laude) and Ph.D. degrees in electri-
cal engineering from the University of L�Aquila,
Italy, in 2003 and 2007, respectively, and the
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