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1. Introduction

Mobile communication systems have been con-
tinuously developing and evolving, with a new gen-
eration of systems coming out roughly once every
decade. In the 1980s and 1990s, the 1st and 2nd Gen-
erations mobile communication systems (1G and 2G)
mostly supported voice calls, with some support for
simple messaging functions. With the arrival of 3rd
Generation mobile communication systems (3G) in

the 2000s, it became possible for anyone to access
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In Japan, commercial 5G services first became available in March 2020. Stud-
ies of the next generation of communication services (6G) and the telecommuni-
cation technology of the 2030s are now gathering momentum. This article pro-
vides a summary of the domestic and international trends and schedule prospects
for 6G research and development, and the 5G evolution & 6G concept proposed
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multimedia content such as photos, music and video.
And from 2010, the launch of 4th Generation mo-
bile communication systems (4G) with Long Term
Evolution (LTE) technology capable of speeds in
excess of 100 Mbps supported the explosive spread
of smartphones. Then in March 2020, Japan’s first
5th Generation mobile communication systems (5G)
services were launched, offering maximum trans-
mission speeds of over 4 Gbps.

5G includes technical advances such as high

speed/large capacity communication, low latency,
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and the ability to connect to multiple terminals sim-
ultaneously. It not only improves on the multimedia
communication capabilities of 4G, but is also ex-
pected to create new value as an infrastructure
technology for business and society in the fields of
Artificial Intelligence (AI) and the Internet of Things
(IoT). In particular, the combination of 5G and Al
technology is expected to lead to the creation of
new services and solutions in diverse industrial
fields by enhancing “cyber-physical fusion®'” where-
by the real world is recreated in cyberspace to fa-
cilitate future predictions and the acquisition of new
knowledge. Since this trend is likely to continue
until the 2030s, it is necessary to promote research
and development so that 5G evolution and 6th Gen-
eration mobile communication systems (6G) can pro-

vide the fundamental technological infrastructure

for industry and society in the 2030s. This article
presents a summary of the domestic and interna-
tional trends in 6G technology, and the expected
schedules for the introduction of this technology.
It also discusses the 5G evolution & 6G concept
proposed in the DOCOMO 6G White Paper [1].

2. 6G Trends and Schedules

Figure 1 shows the development history of 5G
and the schedule for the introduction of 6G. Fol-
lowing the launch of 4G LTE services in 2010,
DOCOMO began studying 5G with the aim of im-
plementing services by around 2020. In our 5G
White Paper of 2014, we announced the start of 5G

demonstration experiments in cooperation with ma-

jor global vendors. Discussions on the international
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Figure 1 5G development history and 6G schedule

*1 Cyber-physical fusion: Services and systems for realizing a
better and more advanced society by collecting information in
real space (physical space) from various sensors, etc. and link-
ing it to virtual space (cyberspace).
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standardization of 5G began at the 3rd Generation
Partnership Project (3GPP)*? in around 2015, and
the first commercial 5G services were launched
overseas in 2019 based on the Release 15 specifi-
cation (the first international 5G standard) [2].

In contrast, worldwide discussions on the stand-
ardization of 6G for the 2030s tended to start earli-
er. This can be attributed to the impact of global
competition in the development of 5G. Projects stud-
ying 5G in Japan and overseas gradually took shape
from around 2012, which preceded the launch of
5G by about 8 years. On the other hand, discus-
sions related to 6G started in around 2018, which
precedes the expected launch by 12 years. These
include the 6Genesis Project led by Oulu Universi-

ty in Finland, and the efforts being made in the

United States following then President Trump’s
call for stronger efforts in the development of 6G
in 2019 and the decision by the Federal Commu-
nications Commission (FCC)*® to make terahertz
waves®* available for research purposes. These ear-
ly global initiatives are summarized in Figure 2 [3].
In Japan, the Ministry of Internal Affairs and Com-
munications (MIC) launched the Beyond 5G Pro-
motion Strategy Roundtable in January 2020 to
formulate a comprehensive strategy for Beyond
5G*°, and published a roadmap outlining the ex-
pectations for telecommunications infrastructure in
the 2030s and the direction of policies to achieve
these targets [4]. Then in December 2020, the Be-
yond 5G Promotion Consortium was established to

promote strong and proactive collaboration between

China

professionals

a total of 20 White Papers

Europe

« April 2018: The Academy of Finland selects
Oulu’s 6Genesis proposal as its flagship program

« February 2019: Oulu University and others
announce the launch of 6G Flagship, and publish
a white paper in September

« November 2020: Surrey University 6GIC
established

» 2020: Launch of Beyond 5G projects such as
Hexa-X and RISE-6G, funded by the European
Commission as a 5G-PPP initiative

« April 2021: Announcement of 6G promotion
activities led by the German government

+ June 2021: Joint EUCNC & 6G summit
announces the launch of One 6G led by
European academia

South Korea

6G R&D center with KAIST

R&D promotion strategy for 6G

NGMN

ATIS: Alliance for Telecommunications Industry Solutions

CCID: China Center for Information Industry Development

CCSA: China Communications Standards Association

CMCC: China Mobile Communications Corporation

CU: China Unicom

FuTURE Forum: Future Technologies for Universal Radio Environment FORUM
IMT: International Mobile Telecommunications

+2019: Begins thorough examination of 6G by launching an IMT-2030 promotion group
under the guidance of the Ministry of Industry and Information Technology, the
Ministry of Science and Technology, and the Development and Reform Commission

« Ministry of Science and Technology provides large funding for 6G national

« From March 2020: CCID, FUTURE Forum, CCSA, CMCC, CU, Vivo and CATT publish

+2019: LG announces the establishment of a

+2019: Samsung establishes a research
center to develop 6G core technology

«July 2020: Samsung publishes a White Paper

+August 2020: The South Korean government
publishes its future mobile communication

ITU May 2019: ITU-T Network 2030 White Paper published
2020: Work in progress at ITU-R WP5D IMT.VISION 2030 AND BEYOND and IMT.FUTURE TECHNOLOGY TRENDS

April 2021: Publication of White Paper focusing on the 6G Drivers and Vision

ITU-R: International Telecommunication Union-Radio communication sector

Japan

*June 2019: NTT announces the
IOWN network concept for 6G

« January 2020: The Ministry of
Internal Affairs and
Communications holds the Beyond
5G Promotion Strategy
Roundtable. In December, the
Beyond 5G Promotion Consortium
and Beyond 5G New Management
Strategy Center are established

«January 2020: NTT DOCOMO
White Paper published

+2021: NICT, NEC, and KDDI
release White Papers

United States

*March 2019: The FCC relaxes
restrictions on the terahertz (THz)
band to permit research use

«March 2019: Launch of the
mmWave Coalition, a group
advocating commercialization of
frequencies from 100 GHz upwards

« October 2020: Launch of the NEXT
G Alliance within ATIS

inication Union-Te tar ion sector

CATTT: China Academy of Telecommunications Technology ITU-T: Ir
IOWN: Innovative Optical and Wireless Network

KAIST: Korea Advanced Institute of Science and Technology

NGNM: Next Generation Mobile Networks

NICT: National Institute of Information and Communications Technology

RISE-6G: Reconfigurable Intelligent Sustainable Environments for 6G Wireless Networks

Figure 2 Global Trends for Beyond 5G & 6G

*2  3GPP: An organization that creates standards for mobile com-
munications systems.

*3  FCC: The Federal Communications Commission of the USA.
Has the authority to approve and license industries including
television, radio, telegraph and telephone.

*4  Terahertz waves: Electromagnetic waves with a frequency of

around 1 THz. Often used to refer to frequencies ranging from
100 GHz to 10 THz.

*5  Beyond 5G: A term that is widely used to describe wireless
communication systems that emerge after 5G. It is almost
synonymous with “6G.”
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industry, academia, and government on 6G tech-
nology [5].

At DOCOMO, we have been studying Beyond
5G since around 2017 [6], and released the first
version of the DOCOMO 6G White Paper in Janu-
ary 2020. This is currently being updated to ver-
sion 3.0 [1]. In addition, research institutes and ma-
jor vendors in Japan and other countries have also
released a slew of white papers related to Beyond
5G and 6G, as shown in Fig. 2. Compared to the
launch of 5G studies, it can be seen that there is a
more positive trend towards 6G around the world.

In the future, it is expected that demonstration
experiments and international standardization ef-
forts will be promoted with the aim of introducing
6G commercial services by 2030. Figure 3 shows
the standardization schedule for 5G evolution &
6G that was drawn up by the 3GPP.

G

3. 5G evolution & 6G Target
Implementations

In the following, we will describe the concept
of 5G evolution & 6G as proposed in the DOCOMO
6G White Paper.

Figure 4 shows the six requirements that we
aim to achieve in 6G based on 5G evolution. These
include the requirement for further performance
enhancements compared with 5G, and are expected
to cover a wider range of features in new areas
that are not supported by 5G or earlier systems.
These requirements and their expected use cases
are summarized below.

3.1 Extreme-high-speed and
High-capacity Communication
Communication systems with higher communi-

cation speeds and larger communication capacities

2020 | 2021 | 2022 | 2023 | 2024 |

A
WRC23

Release 17

Release 18

3GPP

Release 19

Formulation of 6G
requirements

2025 | 2026 | 2027 | 2028 | 2029 | 2030

Release 20
Release 21

Release 22

Formulation of 6G standards

Introduction of 6G
commercial services

Figure 3 Expected standardization schedule for 5G evolution & 6G
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Extreme-high-speed and
high-capacity communication
(Section 3.1)
* Improvement of communication sgeed:
Peak speeds of over 100 Gbps
» 100 times greater capacity (bpg/m?)
« Ultra-large uplink capacity

Extreme coverage extension
(Section 3.2)

* 100% land (area) coverage y
« Also seek to provide coveragg in the sky %
(up to 10,000 m altitude), at Sea (up t§ 200 nautical <
miles offshore) and in space

Extreme low power
consumption and cost
reduction (Section 3.3)

« Further reduction of cost per bit
» Extreme low power devices that do not
require recharging

requirements with new
use cases

Extreme low latency
(Section 3.4)

treme low E2E latency of 1 ms or less
« Consistently stable low latency

Extreme-reliable
communication (Section 3.5)

* Quality assurance for a wide range of
USE cd'ses (reliability improved to seven nines)
« High/level of security and safety

Extreme massive
connectivity & sensing
(Section 3.6)
« 10 million devices per square kilometer
« High-precision positioning and sensing
(<1 cm)

Figure 4 Requirements for 6G

are universal requirements for all generations of
mobile communication systems. With 6G, it should
be possible to combine extremely high speed and
ultra-large capacity so that large numbers of users
can enjoy services at the same time. As communi-
cation speeds approach the speed at which infor-
mation is processed by the human brain, it should
become possible to realize not only video (visual
and auditory) transmission, but also sensory com-
munication that conveys a sense of reality by in-
volving the five senses, and “multi-sensory commu-
nication” that includes other sensations such as at-
mosphere and a sense of security. In order to im-
plement these unprecedented extreme-high-speed
and high-capacity communication services, user in-
terfaces will have to exceed what can be imple-
mented on a smartphone. For example, it is ex-
pected that new interface technologies will evolve
to support features such as 3D holographic play-

back and wearable devices such as eyeglass-type

*6

terminals. It is also expected to be possible to share
these new sensory-type services among multiple
users in real time through the use of ultra-high
capacity communication, thereby facilitating new
synchronized applications such as shared experi-
ences and cooperative work in cyberspace. Fur-
thermore, if industrial use cases and trends such
as cyber-physical fusion are taken into considera-
tion, it is particularly important to achieve much
higher speeds and capacities in the uplink*® be-
cause it will be necessary to transmit diverse real-
world information in real time to the cloud and Al
processes that constitute the “brains” of the net-

work.

3.2 Extreme Coverage Extension

In the future, communications will become as
ubiquitous as the air, and will provide a lifeline of
equal or even greater importance than electricity
and water supplies. 6G should therefore aim to

Uplink: The flow of information from terminals to the network.
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provide the maximum possible service area so that
mobile communications services are available eve-
rywhere. For this reason, the aim is to provide
100% coverage over all the world’s lands. With the
establishment of communication areas in other en-
vironments and the commercial development of
space, there are also plans to extend this coverage
to include air, sea and space environments where
existing mobile communication systems do not op-
erate. As a result, we can expect further expan-
sion of the environment for activities involving
people and things, and the creation of new indus-
tries. Promising examples include logistics applica-
tions such as drone home delivery, and the use of
unmanned and/or more sophisticated technology
in primary industries such as agriculture, forestry,
and fisheries. In the 2030s, it could also be applied
to more futuristic use cases such as flying cars,

space travel, and underwater travel.

3.3 Extreme Low Power Consumption
and Cost Reduction

Reducing the power consumption and cost of
networks and terminals in mobile communication
systems is an important challenge for realizing the
sustainable society that the world needs in order
to address global environmental issues.

Assuming that network traffic will continue to
increase in the future, we aim to significantly re-
duce the per-bit power consumption and cost of
communication. For example, if communication traf-
fic increases a hundredfold, the per-bit capital in-
vestment and operating costs should be reduced
to less than 1/100th to achieve both high perfor-
mance and economy.

Furthermore, there are also expectations that

the terminal devices of the future will not require
charging due to the development of power supply
technology using wireless signals and technology
for reducing the power consumption of devices.
The need for this technology will become even
greater if (as expected) the number of terminals
such as sensor devices grows due to the increased
sophistication of cyber-physical fusion and the
growth of use cases involving wearable user inter-

faces.

3.4 Extreme Low Latency

In cyber-physical fusion, the wireless commu-
nication that connects between AI processes and
devices is equivalent to the nerves that transmit
information in the human body. To implement more
advanced remote services based on real-time in-
teractive Al a basic requirement is End-to-End
(E2E) communication with low latency that is al-
ways stable. Our goal is to achieve E2E with ex-
tremely low latency of 1 ms or less. This will ena-
ble lag-free services to provide immediate feed-
back from cyberspace, and will allow robots and
other devices that are remotely controlled by Al
to approach or exceed the capabilities of humans
in terms of performing agile movements and/or
understanding subtle cues. For example, a robot
controlled remotely by AI may be able to instant-
ly determine a user’s needs based on cues such as
the user’s tone of voice and facial expression, al-
lowing it to respond with at least the same level of
consideration as a human would be able to achieve.
This could be particularly important in the post-
coronavirus era, when extreme low-latency com-
munication will be essential in such fields as tele-

working, remote control, telemedicine, and distance
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learning.

3.5 Extreme-reliable Communication
When radio communication is used for indus-
trial and lifeline applications, reliability is a key re-
quirement. In particular, in some industrial use cas-
es — such as the remote control of industrial equip-
ment and factory automation — the quality and avail-
ability of communication have a significant impact
on safety and productivity. Extreme-reliable com-
munication is therefore an important prerequisite
for ensuring the required levels of performance
and safety, and 6G is expected to surpass 5G in
terms of reliability and security. For Ultra-Reliable
and Low Latency Communications (URLLC),*” re-
searchers are studying how to achieve a “six nines”
level of reliability (99.9999%) in 5G. For 6G, a tar-
get of “seven nines” (99.99999%) is assumed.
Attention is also being drawn to Non-Public
Networks (NPNs) that are specialized for industri-
al use and depart from the best-effort services of
public networks such as private 5G. URLLC tech-
nology is mainly being considered for limited are-
as such as factories. On the other hand, in the fu-
ture, as robots and drones become more widespread
and wireless coverage expands to the air, sea, and
space, it will be necessary to provide reliable com-

munication over a wider area.

3.6 Extreme Massive Connectivity &
Sensing
With advances in cyber-physical fusion, there is
expected to be a massive proliferation of commu-
nication-related devices used by people and things,
and it is considered that 6G will have to support

ten times the connectivity of 5G (i.e., 10 million

*7 URLLC: A generic term for communications that require low
latency and high reliability.

devices per km?). For human users, there are ex-
pected to be use cases in which cyberspace pro-
vides real-time support for people’s thoughts and
actions via wearable devices and micro-devices at-
tached to the body. It is also expected that cyber-
space will provide links between all manner of
things, including cars and other vehicles, construc-
tion machinery, machine tools, surveillance camer-
as, and diverse sensors. This will make it possible
to realize a world where cyberspace supports in-
dustry and transportation, provides solutions to so-
cial issues, and helps people to enjoy safe, secure,
and affluent lifestyles.

Furthermore, the wireless communication net-
work will itself be equipped with functions for sens-
ing the real world, such as using radio waves to
measure the position of terminals and detect sur-
rounding objects. These position measurements
are expected to achieve ultra-high accuracy with
an error of no more than a few centimeters in
some environments. In wireless sensing, it is ex-
pected that the combined use of radio waves and
Al technology will be able to support object iden-
tification and behavior recognition in addition to

highly accurate object detection.

4. Development of Wireless
Technology in 5G evolution & 6G

Figure 5 illustrates the development of tech-
nology from previous mobile communication gen-
erations to 6G. Earlier generations had a single rep-
resentative technology (RAT: Radio Access Tech-
nology)*® that they used for radio access, but since
4G, mobile communication has used multiple tech-

nologies based on Orthogonal Frequency Division

*8  RAT: Radio access technologies such as NR, LTE, W-CDMA,
and GSM.
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Performance

OFDM-based
MIMO
Turbo coding
loT

I

! OFDM-based and/or new waveform
! cmW & mmW & THz

OFDM-based Extreme coverage
cmW & mmw New NW topology
Massive MIMO Further enhanced Massive MIMO
LDPC/Polar coding Enhanced URLLC/mMTC
Al for everywhere
URLLC/mMTC

Generation

FDMA: Frequency-Division Multiple Access
LDPC: Low Density Parity Check coding
MIMO: Multiple Input Multiple Output

Satisfy 6G requirements and use cases by
combining more wireless technologies

mMTC: massive Machine Type Communications
OFDM: Orthogonal Frequency Division Multiplexing
TDMA: Time Division Multiple Access

W-CDMA: Wideband Code Division Multiple Access

Figure 5 Technological development of mobile communication systems towards 6G

Multiplexing (OFDM).*® As a result, RAT now com-
prises a mixture of wireless technologies, resulting
in extended technological development. This is be-
cause OFDM-based radio technology has already

*10 close to

achieved frequency utilization efficiency
the Shannon limit*"', while the requirements for
mobile communication systems, frequency bands,
and use cases are continuously being expanded.
Therefore, 6G will require the combination of
even more radio technologies after 5G evolution,
and it will also be necessary to consider how these
combinations can be extended to include technol-
ogies other than mobile communication in order to
fulfil the above requirements and various use cases.
In addition, whereas 5G was defined by the combi-
nation of LTE enhancements and New Radio (NR)*'?,
the NR aspect of 5G is designed to be highly ex-

pandable to accommodate the future introduction

*9  OFDM: A digital modulation method where information is di-
vided into multiple orthogonal carrier waves and sent in par-
allel making for high spectral efficiency in transmission.

*10 Frequency utilization efficiency: The number of bits of infor-

mation that can be sent per unit time and unit bandwidth.

*11  Shannon limit: The theoretical maximum rate at which infor-

of new technologies. It will therefore be necessary
to discuss the definition of RAT in 6G.

The technology areas that need to be considered
for 5G evolution & 6G are shown in Figure 6 [1].

With an advanced spatially distributed network
technology (New Radio Network Topology), com-
munication will be performed via the shortest pos-
sible distance and by line of sight (the path of least
loss) wherever possible. Also, as many communi-
cation paths as possible will be created to provide
a broader selection of paths (greater redundancy).
In this way, we will pursue wireless communica-
tion with extreme high speed, high capacity (es-
pecially in uplinks) and improved reliability. To
achieve this, we need to figure out how to eco-
nomically implement a distributed antenna de-
ployment to build a distributed wireless network

*13

topology*'® in the spatial domain.

mation can be transmitted through a communication channel
of a given bandwidth and Signal-to-Noise (SN) ratio.

NR: A radio system standard formulated for 5G. Compared with
4G, it enables faster communication by utilizing high frequen-
cy bands (e.g, 3.7 GHz and 28 GHz bands), and low latency and
highly reliable communication for achieving advanced IoT.

*12
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Figure 6 Technology areas that need to be considered for 5G evolution & 6G

This extended coverage technology will include
Non-Terrestrial Networks (NTNs) by incorporat-
ing geostationary satellites, low-orbit satellites and
High-Altitude Platform Stations (HAPSs), allowing
it to provide coverage in remote mountainous ar-
eas, out at sea, and even in outer space. 3GPP has
already begun studying the use of satellite and
HAPS systems to expend NR to NTNs.

For further expansion in the frequency domain
and technology for making more advanced use of
frequency resources, we will establish wireless
technology for 6G that is capable of working with
millimeter waves and terahertz waves in the 100
to 300 GHz range (above the frequency bands used
by 5G). To study these frequency bands, we will
also need to clarify their radio wave propagation
characteristics, build propagation models, and ad-
dress any technical issues that arise in devices us-

ing these frequencies.

*13 Topology: The location and network configuration of devices.

With the multifunctional use of wireless com-
munication systems and the pervasive use of Al
technology, it will be possible to analyze not only
information obtained by radio waves, but also vid-
eo pictures and information obtained by diverse
forms of sensing, thereby facilitating various bene-
fits including advanced control of wireless com-
munication, high-precision measurements of posi-
tions and distances, object detection and wireless
charging systems.

We will also need to carry out a fundamental
review of the 6G network architecture in order to
accommodate additional future requirements and
keep abreast of changes in the market, while con-
sidering how to optimize the deployment of func-
tions and the generalization of equipment across the
entire network, so there are still many network
design issues that need to be resolved.

Although this article has skimmed over the
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details of each technical area, discussions of relat-
ed R&D activities can be found elsewhere in this
journal [7]-[9].

5. Conclusion

In this article, we have presented an outline of
domestic and international trends and schedule pro-
spects for 5G evolution & 6G, and the concepts pro-
posed in the DOCOMO 6G White Paper. At pre-
sent, studies are being vigorously pursued by the
Beyond 5G Promotion Consortium and 6G-related
projects in Japan and overseas, and we hope to
continue contributing to discussions of 6G among

various stakeholders from industry, academia and

government.
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