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6G is expected to have data rates in the order of terabits per second and a latency of less than 1ms. It is expected

to drive the Internet of Everything, with 10,000,000 connections per square km.

6G wireless communication 6G vision 6G requirements 6G enabling technologies

6G challenges 6G applications

| 1. Introduction

The commercialization of 5G commenced in 2019, and further adoption is expected in 2021 and beyond. There
has been tangential research interest on future 6G wireless networks . The COVID-19 pandemic forced more
businesses online, birthing a “New Normal” with a borderless workplace. Ericsson has forecasted that there will be
faster commercialization of 5G as more people embrace this shift to a borderless workplace. The resulting surge in
Internet usage beams light on the need for better connectivity to meet the growing demand for more stringent
network requirements. This is required to facilitate emerging technologies such as extended reality 2, haptics 2],
connected autonomous systems [l telemedicine, Industrial Internet of Things (lloT) B!, which are sensitive to
latency and require ultra-fast data speed. For example, ultra-low latency and ultra-fast data speed reduce the
collision rates and improve the safety of the autonomous vehicle. These applications are necessary to facilitate
autonomous and smart life, multisensory virtual experience, intelligent cities, smart agriculture, and more.
Unfortunately, the promising 5G networks cannot meet these growing demands 84, Thus, there is an imperative
need for the development of 6G communication networks. 6G wireless networks are also proposed to ameliorate
social needs, thereby facilitating the actualization of the Sustainable Development Goals (SDGs) 8. The proposed
network requirements of 6G can be summarized as (1) Ultra-fast data rates as high as 1Tbps (2) Ultra-low latency
of less than 1ms (3) Increased mobility and coverage (4) Flexible, and efficient connection of trillion level objects &
(5) Peak spectral efficiency of 60 b/s/Hz (6) Very high system reliability (7) Improved network security.

6G is expected to have data rates in the order of terabits per second and a latency of less than 1ms. It is expected
to drive the Internet of Everything, with 107 connections per km?2 29 To achieve this, 6G will leverage on
subterahertz and Terahertz spectrum (300 GHz to 10 THz) 2112l \which provides a higher frequency spectrum as
against the millimeter wave spectrum (30-300 GHz) adopted in 5G 3. Exploring a higher frequency spectrum is
necessary because the sub-6GHz range is already crowded. Apart from giving room for more spectrum, the
Terahertz spectrum gives rise to higher data rates desirable in 6G networks. However, transmitting at a higher

frequency spectrum is prone to high path loss, making the distance for transmission limited. This and other
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challenges with THz transmissions, such as hardware constraints, are treated in this paper. Additionally, Optical
wireless technologies 24! such as Visible Light Communication (VLC) 13 and Free Space Optical communication

[26] are discussed extensively.

Additionally, technologies such as Reconfigurable Intelligent Surfaces (RIS) LR8I cell-free massive MIMO 29,
Artificial Intelligence (Al), which are expected to drive the actualization of 6G, are broached. We consider RIS,
which will be deployed on doors, windows of buildings to reflect received signal without interference. Furthermore,
we explore why the RIS technology is a preferable candidate to the existing relays. The massive MIMO technology
is introduced in 5G with a more dense network of access points (APs) 2. This is further developed in 6G to
include a network with no cells (cell-free) 22, The benefits are tremendous as it improves spectral efficiency in
communication networks. However, there are challenges with obtaining channel information and concerns about
health risks associated with such a dense network of APs. There is limited literature to address these concerns;
thus, the need for this review. We also believe Pervasive Al is critical in actualizing 6G. Artificial Neural Networks

[23124] Deep Neural Networks 23 have been proposed to enable intelligent networks.

Despite the auspicious view of this technology, challenges with complex data and more have been highlighted.
These challenges have been delineated in this article. Other enabling technologies such as Quantum
Communication 281, Ambient Backscatter Communication Systems (ABCS) 24, Blockchain 28, UAvs 29 and
more have also been proposed and treated extensively in this paper. Future generation networks are desired to
have high speed and low latency and secured communication. Quantum communication has been proposed to
enable security and facilitate faster processing power for future wireless networks 9. However, there are doubts if
research in quantum communication will be ripe enough to facilitate the 6G communication systems 21, However,
this technology will see more light beyond 6G, towards the 7G era. Blockchain is another technology proposed to
facilitate security, and we have examined this with the hope that it would provide the desired privacy and integrity in

future wireless networks. Blockchain technology has been introduced in 5G 22,

Energy efficiency is another interesting topic for future wireless networks. It is desirable to have hardware that is
compatible with the energy requirements of 6G. Ambient Backscatter Communication Systems (ABCS), and
Energy Harvesting (EH) techniques, are proposed to enable wireless charging. This gives room for longer battery
life, which has been proposed as a requirement for future wireless networks 31, With the ABCS, devices have an
alternative source of power from wireless communication. This is consequently extending the battery life of
devices. Simultaneous Wireless and Information Power Transfer (SWIPT) B4, if enabled by 6G, will resolve energy
requirements issues at the mobile unit 32, We believe this will enable haptics B8, the Internet of Bio-Nano Things,

and other applications with very restrictive energy requirements.

| 2. Related Works and Contributions

There are a few related works of literature that proposed the vision, requirements, enabling technologies, and
design of 6G wireless networks B3IB7IB8IEANME0N |n particular, David et al. 23] opined that 6G would enable wireless

charging and high data rates. The authors also identified the need for socio-ethics in the 6G design. Nayak and
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Patgiri B4 proposed 6G to change the perceptual experience in lifestyle, business, and society. The study also
presents some technology-driven challenges in 6G wireless networks and the probable solutions. In B8 the
authors examined critical features such as security, secrecy, and privacy to make 6G truly human-centric. Tariq et
al. B9 present an extension to the existing vision of 5G and show speculatively how the 5G vision and technologies
can be enhanced to drive the anticipated 6G. Yang et al. 9 proposed integrating machine learning and big data to
facilitate intelligent transmission. The application of Big data and Al has also been considered in the scholarly
works of literature 24141421 Other enabling technologies such as Intelligent Reflecting Surfaces X2, Blockchain 28],
Terahertz communication 21 and more, proposed for 6G communication, have also been surveyed. Additionally,

the future projections of wireless communication presented in existing reports are highlighted.

This paper extensively considers existing research, clearly outlining the enabling technologies and the associated
challenges, applications, and new applications such as the I0BNT and Digital Replica, which are not given
adequate treatment in many related papers. Use cases in agriculture, education, media and entertainment, and
more are discussed extensively. Apart from the technical challenges associated with the enabling technologies, this
paper examines the social, psychological, and health concerns that could pose a challenge to 6G adoption. This
paper also explores the recent research breakthroughs in 5G and the limitations of 5G, which make 6G a highly
prospective candidate. A comparative review of some of the proposed enabling technologies, open research issues

and lessons learned, and proposed future research directions are also discussed extensively.

In summary, Table 1 examines the limitations of some of the existing surveys and our contributions in this paper to
fill the knowledge gap. We hope this paper gives the reader a panoramic view of what 6G will be, clearly outlining
the possible challenges associated with the 6G-enabling technologies, applications, use cases, and more. Finally,
this paper provides a future outlook of what needs to be done to facilitate this desirable generation of wireless

communication towards achieving the United Nations Sustainable Development Goals.

Table 1. Limitations of some related surveys and our contributions.

Ref. Focus and Coverage Limitations This Paper’s Contributions
4] Considers the vision, applications, = Applications were limited to = More applications such as
research activities, challenges, and five. teleoperated driving, lOBNT,
potential solutions. Digital replica, and more are
= Challenges with each treated in this paper.

enabling technology were

omitted. = Provides a holistic review of
the challenges of each
technology.

= Additionally, it analyses

enabling technologies not
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Ref. Focus and Coverage

Limitations

This Paper’s Contributions

treated, such as RIS,
CubeSats, ABCS, and more.
Examines the most recent
research trends and
highlights future directions

and lessons learned.

Vision and potential techniques. The
study presents some technology-

bl driven challenges such as power
supply, security, hardware design,

and probable solutions.

= The space-air-ground
integrated network was
proposed, but the
supporting technologies of
UAV/CubeSats were not

explained.

= Applications not clearly

outlined.

An extensive analysis of
UAV/Cubesats and how
these will facilitate 6G

requirements are presented.

6G applications are clearly
outlined, and a comparative
analysis of why the existing

5G is limited is shown.

Enabling technologies such
as Cell-Free massive MIMO,
ABCS, quantum
communication not presented
in the paper were delineated

in this paper.

= The enabling technologies

are not outlined.

Vision, Requirements,
Applications, and Enabling
Technologies are discussed

[33] The authors examine the vision, robustly.
requirements, and Services. L
= Future research directions
= Open Research Issues and
not presented. o
Future Research Directions
outlined.
[39]

This work presents an extension to
the existing vision of 5G and shows

speculatively how the 5G vision and

= Although use cases were
discussed, the driving

applications were omitted.

Driving trends and
applications extensively

discussed. Challenge with
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Ref. Focus and Coverage Limitations This Paper’s Contributions
technologies can be enhanced to = Open Research Issues and each enabling technology
drive the anticipated 6G. Future Research Directions clearly outlined.

not clearly outlined. = Open Research Issues and
Future Research Directions
are clearly outlined.
= Enabling Technologies such
as Blockchain, ABCS
discussed.
6G vision, key features, potential
o . . = Challenges with enabling = Challenges with enabling
applications, enabling technologies.
. . technologies are not clearly technologies are clearly
Emphasizes critical features such as
. d ori outlined. outlined.
(28] security, secrecy, and privacy to
make 6G truly human-centric. The L .
y = Applications such as = Applications such as I0BNT,
system framework, key technologies, . . - . .
4 y d I0BNT, digital replica not digital replica, and wireless
and challenges are outlined to . .
considered. BCI are discussed.
support the 6G vision.
= Research activities updated
to include the most recent
research activities.
= Enabling Technologies and
challenges are discussed
The work presents topics in human- = Enabling Technologies extensively.
machine interface, multi-sensory data limited to six and did not
fusion, ubiquitous computing, and include technologies such = Additionally, the existing and
[44] precision sensing. The authors added as blockchain, ABCS. probable solutions to some of
key disruptive technologies that these challenges are
include new architecture, new * Applications not clearly highlighted
security, and a new spectrum. outlined.
= 6G Applications are clearly
outlined.
45]

The authors present a vision on 6G,

considering the applications, service

= Enabling Technologies

discussed, but the

= Arobust discussion on

Blockchain as an emerging
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Ref. Focus and Coverage Limitations This Paper’s Contributions
classes, essential requirements, and challenges were not clearly technology is reported.
trends. The enabling technologies outlined. = Technical challenges
and open research problems were = Additionally, non-technical associated with the enabling
highlighted. challenges such as technologies and non-

commercialization and technical challenges such as
psychological challenges commercialization are
are not discussed. discussed.

Discusses the challenges

with enabling technologies.

This survey focuses on 6G

Presents use cases in

. . The challenges with the
applications, requirements,

. enabling technologies education, media,
challenges, and critical areas of . p
roposed are not entertainment, and more.
481 research focus. The survey also p- P
discussed.

covers key technologies such as

Examines the proposed

= Use cases not discussed. applications, the
requirements, and why

THz, blockchain, Al, and optical
wireless communication (OWC).

existing 5G cannot meet the

requirements.

More enabling technologies

are discussed.

Presents the enabling technologies,
Technical and non-technical

= Applications not clearly

including the holographic radio in use in
_ outlined. challenges are presented.
characteristics and targeted (AMPS)
[47] N . . ’
application scenarios. Additionally, _ L
PP 4 = Open research issues and = 6G applications are clearly the 1G.
considers non-technical challenges L )
future research directions outlined. lted from
such as industry barrier and .
not discussed. nany. 2G
consumer habits. ;
= Open research issues, future
P GSM was
research directions, and
. set up by
lessons learned are outlined. o
1unication

e | - (=3 B o171
Network (ISDN) system. The acronym was later changed to refer to “Global Systems for Mobile Communication.”
The GSM standard was deployed in 1991, using the 900 MHz bands 2],

The GSM architecture comprises the Mobile Station, Network and Switching Subsystem, and the Base Station

Subsystem (BSS), also known as the radio network. Additionally, included is an intelligent network subsystem that
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enables intelligent functionality such as prepaid services and short message services (SMS). GSM utilized
Frequency Division Multiple Access (FDMA) and Time Division Multiple Access (TDMA) for simultaneous
communication between the subscriber and the base station 9. The former allowed communication using multiple
frequencies, while the latter enabled communication through multiplexing by time slots. General Packet Radio
Service (GPRS) was developed to facilitate features such as always-on, higher capacity, internet-based content,
packet-based data services, enabling services such as color internet service, email on the move, and visual

communications, multimedia messages, and location-based services (1],

In the early twenty-first century, 3G was developed as an upgrade to the features in 2G. It permitted faster data
rates in the range of 300 kbps—30 Mbps and services such as video conferencing, remote supervision systems,
and enabled information services. Technologies such as Wideband Code Division Multiple Access (WCDMA),
Universal Mobile Telephone Service (UMTS) were key to achieving the 3G. The 3rd Generation Partnership
Programme (3GPP) was formed in 1998 to oversee UMTS implementation and other enabling technology for 3G.
3GPP2 was also formed in the United States to develop global specifications for 3G systems. Critical concepts for

evolution toward beyond 3G networks are presented in (221,

Long-Term Evolution (LTE) was deployed in 2009. With the proliferation of smartphones and tablets, online
gaming, and other services, 4G has been a significant success, enabling these services with its data speed of 100
Mbps—1000 Mbps. Although the first release of LTE was in 2005 by 3GPP in release 6, the full development was
only achieved in release 8 in 2008. Further details on the technical solutions for the 3G long-term evolution are
reported in 231, The LTE is often regarded as the 4G; however, the LTE-Advanced features such as increased peak
data rate, spectral efficiency, simultaneous active subscribers, and improved cell-edge performance make it the
true 4G. Key performance indicators for 4G LTE are given by 4551 and radial basis function neural network
pathloss prediction model in LTE network was reported in 281, A higher data rate was achieved and lower latency in
20 ms—100 ms, which was lower than that obtained in 3G. 4G facilitated video streaming, online gaming, and more.

The need for a higher data rate and lower latency gave room for interest in 5G.

5G commercialization started in 2019, and it opens up new use cases in the Internet of Things (I0T), immersive
gaming, virtual reality, and more. 6G is expected to have a higher data rate in the range of 100 Gbps-1 Tbps and
latency lower than 1ms. This opens up applications in holographic communication, tactile internet, extended reality,

and more. Table 2 summarizes the technology, data rates, and supporting applications from 1G to 6G. The change

in latency from 1G to 6G is also shown. Furthermore, a comparative analysis of 5G, Beyond 5G (B5G), and 6G is

presented in Table 3.

Table 2. Comparing the different generations of wireless communication from 1G to 6G.

Features 1G 2G 3G 4G 5G 6G
Technology AMPS  GSM [8] WCDMA Y, | TE [63] Massive MIMO, RIS [63 Cell-
57, GPRS, MIMO [64] network free Massive
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Features 1G 2G 3G 4G 5G 6G 1Y
IMTS, CDMABY,  UMTS, TD- densification, MIMO (68, les, and
PTT EDGE SDMA, Terahertz
millimeter- wave (671 .
o séaectrum , Al ‘eallty
CDMA2000 transmission [24]
611 wimMAX
[62]
lents.
Data-rate >3 10 kbps— 300 kbps-30 100 Mps— L .
: : : 1-30 Gbps 100 Gbps-1 Ths Traffic
range kbps 200 kps Mbps 1000 Mbps
et of
>1000 300 ms— 100 ms-500 20 ms-100
Latency 1 ms—10 ms <lms g. 2020,
ms 1000 ms ms ms
viaret
[M] H
) OFDM, GFDM OMA ™=, NOMA Using
Multiple 70 pamc 22 4 oam 2=
Access/ TDMA,
ool [E_E])MA COMA CDMA & ?[_]OFDMA Adaptive Time- Comial
ultiplexin atia
PR Frequency. : 'search
schemes finlexing 22 tin
Multiplexing Multiplexing ze NG
21
Faster Dat HD Int t of Autonomous
aster Data, nternet o \
i ] o ] 5 systems, tactile :d on 20
Encrypted Video calling,  Television Things (1 .
o Calls, i ) devices, Internet
Applications and data remote content, Virtual reality, )
Fax ) o ) ) of Everything, .
services supervision Online Immersive . niques.
systems Gaming gaming ’ o
Telemedicine
1 Cases
= ir'—_ n--u-..a_ ——r.- —r:;-!l—‘ﬁl-w‘l:.rvvv,— ,;5.‘ . 1LY, v, O U OO W espect to the
supporting technologies, data features, and enabling applications. It shows that with higher data rates and lower

%%te'ﬁ'&?m%ré\é{)lfjhiYSfi (g[b%rap%ﬁc\é\[%ﬂgaé él’r%{@gg_rtz Communications (TeraCom): Challenges and
Impact on 6G Wireless Systems. arXiv 2019, arXiv:1912.06040.

1PRe 3 EYRPF AVe RS Rath&RCY6Cs ;. Madanayake, A.: Mandal, S.; Alkhateeb, A.;

ities and
Description 5G Beyond 5G 6G
1 Frequency bands = Sub-6GHz « Sub-6GHz « Sub-6GHz ., etal.
= mmWave for fixed = mmWave for fixed = mmWave for mobile access
access access
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1Description 5G Beyond 5G 6G nology?

= Exploration of higher
: frequency and THz bands ~ ‘€arch
(above 300 GHz)

1 )pt.
= Non-RF (optical, VLC) P
1 lication
Rates
. 20 Gb/s 100 Gbl/s 1 Th/s
requirements
1
Radio only delay 153~
) 100 ns 100 ns 10 ns
requirements
1 p)
End-to-End
9 delay(latency) 5ms 1ms <1l ms with
requirements
2 it will 5G
Processing delay 100 ns 50 ns 10 ns

N
D

= Sensors = Sensors and DLT
= Sensors
2 = Smartphones = CRAS chine
Device types = Smartphones )71,
= Drones = XR and BCI
2 = Drones Shiri,
= XR equipment = Smart implants on
2 Architecture = Dense sub-6 GHz small = Denser sub-6 GHz = Cell-free smart surfaces at tions:
base stations with small cells with high frequency supported by
umbrella macro umbrella macro base mmWave tiny cells for mobile
2 stations. stations. and free access. 2020,

= mmWave small cells of = <100 m tiny and dense = Temporary hotspots are
about 100 m (about mmWave cells. served by drone-carrier base

2.

fixed access). stations or tethered balloons.

2t Cuptay 1y TesEy 1 TN, ey GG § e U I tosiotem so e wr v oo w1106

environment: Architecture, opportunities, and challenges. IET Commun. 2021, 1-16.
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ZDescription 5G Beyond 5G 6G in

= Trials of tiny THz cells.

(98]

ence on
= Reliable eMBB
= HCS
= eMBB
3 © - URLLC stems.
= MPS
Services = URLLC
= MmMTC
. = MBRLLC i
= MMTC
= Hybrid (URLLC +
ybrid ( LG loa, HI,
eMBB)

Technol. Mag. 2018, 13, 72-80.

VLR RO HLP S CORRRESERA OF X RIGRIRA 8GO 12 SRR AREE I NALHBR 1 . SRigRHON
of tpe Frhps5RY s SRAATER B he e AR higes ARG O RHIRYR TR HEIBARES G N dey(ee types are also
ShoWB IANSHES RSH ARETE" I NHBIAWS B2 1, 1-14.

?fi Lrnbaduge Pe&g V‘? a‘vakody N.K.; Sharma, S K.: Chatzinotas, S.; Li, J.
|mu&§neous R/lre S| olrlr’nea nman Qwer':pranr*e(r"g%ﬁ’% Recent Advances and Future
Therd G988 | E Rk 20T Jedliistiahg of Troha0#R 88 KRR %hould be by researchers [BEIASIITIIEIIY]

36.rieratoimziadehytrorMvaiel aefifedvitras6GeANNSAgE thadWomakegw ma) Wity EEBbRrdssrs Intelligent

Mpobﬁkg’ntyNJnLﬁ%]Aﬂanmthors envisioned 6G to facilitate super smart cities with pervasive autonomous
s%/stems It |s expected that 6G will be supported by. emstmgn 5G mfrastructure such as Software Defined

Patgt;m . 6G Communications: A Visj e Potential App |cat|q@ arXiv 2020,
work

Networkln Function Virtualization (NFV) , and Network Sl|cmg (NS) together with new

005 OV E4
infrastructure. In order to give a future assessment of how well 6G has accomplished the required cases, this paper

38k dag, \RrideNIiki6As ttiheglasemeAtopitje M SoWHhiatshouid Hehdre PNUEHIE Igotrese MO dhish POt

Pl Beﬁ“ﬁtﬁnﬁaﬁ&’ 98 ROMRERRF ARSI AIFAP R L. MR o6 2 BRLBAYE RPPECIRLLDl AR make
BGg’}J&?“{)\h GG IEEE:er\g\h%IalaoOﬁ?mctbaﬁoo@fahMeﬁg communlcatlon to enable indoor and outdoor

communication at high-data rates 4. Simultaneous Wireless and Information Power Transfer (SWIPT) B2 which

40-aX M- HAIPEANG Yy KRARE; ARG Frotlad imBYbhd e BiRIR) iRiGHIgRacaienabled

intelligent 6G networks. IEEE Netw. 2020, 34, 272-280.

A1C RRIECHSE SNGHER ROYireR, &b\, o FYONAUIR (jima, Plfg SEEARatiEs more- The
SINFSERTS PP EC AR T TA AR AR S A R RISl dith WirsRUHFSRNGNESTEEE Apteeh

eneé@ign% sg&g% %%;gfy , security and privacy 861 and ubiquitous connectivity that connects everyone,
including people in rural areas [B7I[88] The Ultra-Reliable Low Latency Communication (URLLC) required in 6G

4|?et\§mgr?$ BIS'OLL-Md!?r'ng?@'ggrﬁggéﬂf'%%ﬁd\ﬁbl%hﬁgn 'fhé\t'%%%a]oiezn%‘@ \Mtﬁ:dégyﬂﬁl@ énE%uEW%areness
andFORDSS&nRYWAH Ry kSeiAy CaHERl RN Q BRI 2CRLRGralfrf MHIR! B4 %Y 2d

ther?e]'% gr‘]rged for Green Networking architecture that will be environmentally friendly [89] Figure 1 shows a brief

overview that compares the Key Performance Indicators in 5G and those expected in 6G.
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