Changing worlds with you.

docomo

NTT DOCOMO, INC.
January 2023 (Version 5.0)

@ 2023 NTT DOCOMO, INC. All Rights Reserved.




Table of Contents

1. INErOAUCTION .o e e e e e e eaes 4
2. Direction of Evolution “5G Evolution and 6G”..............ccoeeiiiiiiiiieeeeees 5
2.1. Direction of Evolution to 5G Evolution ................ceeiiiiiiiiiiiiccieeeeeeeeeee 5
2.1.1. Considerations for 5G Evolution .............oooiiiiiiiiicie e 5
2.1.1. 3GPP Standardization Trends ..........cccovviiiiiiiiiiiieeeeeeeecie e 7

2.2. Direction of EvOIution t0 6G.........oooviiiiiiiiieeeec e 8
2.2.1. Considerations fOr 6G ..........cooviiiiiiiiiii e 8
2.2.2. Standardization schedule for 6G..............ooviiiiiiiiiiiiccee e 11
2.2.3. Direction of spectrum allocation for 6G..............ccoovviiiiiiiiiiieeeeeees 12

2.3. Direction of further evolution through combination with IOWN ................. 13
3. G =T 01T =T 0 =T o) S 14
3.1. Extreme-high-speed and high-capacity communications ........................ 14
3.2. Extreme coverage exXtensSion ... 15
3.3. Extreme-low power consumption and cost reduction .....................ouuen.... 16
3.4. Extreme-low latencCy ... 17
3.5. Extreme-reliable communication .............cooovviiiiiiiiiii e 18
3.6. Extreme-massive connectivity & Sensing ... 19
4. New Value Provision inthe 6G Era............ccooovviiiiiiiiiiiieeee e 21
4.1. Generations of mobile communication systems and changes in the values
provided - From Smart to Wellbeing ... 21

4.2. Technologies worthy of attention in the 6G Era.............cccceeeiiiiiiinnn, 22
4.2.1. Physical performance augmentation...............cccccvvviiiiiiiiieeieeiiinn. 22
4.2.2. Haptic augmentation ............ccoooiiiiiiiiii e 23
4.2.3. Cognitive augmentation (Brain waves / BrainTech) .............cccc...u...... 23
4.3. Realization of Wellbeing using the 6G network .............cccccieeiiiiiiiinnennn, 23
4.4. Potential Use Cases inthe 6G Era..........cccovvvvviiiiiiiiiiiiiiiiiiiiiiiiiiieeieee, 25
4.4.1. Use case 1 (Understanding of thinking process, mutual benefit) ....... 25
4.4.2. Use case 2 (Non-verbal communication, mutual understanding)....... 26
4.4.3. Use case 3 (Sharing of actions and feelings, mutual complement) ...26
4.4.4. Use case 4 (Recognition of objects, presence and texture)............... 27

4.5. Basic System CoNCEPL .....ccooeiiiiiieicce e 27
4.6. Evolution of Leading 5G Use Cases toward 6G Era.............cccccoeeeveeeennnnn 28
4.6.1. Medical USE CaSES.......uuuuruuuiiiiiiiiiiiiiiiiiiiiiiiiinieiien e 28
4.6.2. VIdEO USE CASES ....uvuvruriiiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnnnneeenneenn e 29

5. Technological development and research areas..............ccceeieeveennnnn.n. 31
5.1. New Radio Network TOpOIOgY ......ccooviiiiiiiiiiiiic e 31
5.1.1. Distributed antenna deployment with a “line”.................cccooooonn, 33
5.1.2. Radio propagation path control by RIS ..., 33

5.1.3. Inter-terminal coordinated transmission and reception technology ....34
5.1.4. Win-Win distributed antenna deployment with sensing and energy-

SaviNg COMMUNICAtIONS........ccoiiii e e et e e 35

5.2. Coverage extension technology including Non-Terrestrial Networks ....... 35
5.3. Technology for further broader frequency domain and advancement of
frequency utilization..............cccceeeii i 38




5.4. Further advancement of Massive MIMO and wireless transmission

teChNOIOGIES ... 41

5.5. Extension of Ultra-Reliable and Low Latency Communications (URLLC) and
iINdustrial NEtWOIKS..........coiiiiiiiiiiiiiiiiieeeeeeeeeeee e 43

5.6. Multifunctional wireless communication systems and utilization of Al
technology inall areas. ... 44
5.6.1. Wireless sensing technology in cellular network (Joint communication
AN SENSING) oo e 45

5.6.2. Communication using Al avatars as endpoints.........ccccccvvvvveviiieieenee. 47
5.7. Integration of various wireless technologies ..................ccccco. 48
5.8. Network architecture ... 50
5.8.1. Flat network topology.........ceuvvviiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee 51
5.8.2. Flexible deployment of network functions ..............vvviiiiiiiiiiiininnnee. 51
5.8.3. SIMPIE NEIWOTK ......eeeiiiiieiee e 52
5.8.4. RAN-COre CONVEIgENCE......cceeiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 53
5.8.5. Advanced OAM (Operation and Maintenance) .........ccccccvvvveeeeeeeennnee. 54

5.8.6. Technology for integrated operation of multiple access technologies 54
5.8.7. Core network transmission/switching control technologies supporting

extreme low latency and high reliability..............ccccooiiiiiiins 55

5.8.8. Wide-area time synchronization and wide-area deterministic
communication supporting CPS..........oooiiiiiee e 56

5.8.9. Location-based mobility control supporting extreme-coverage........... 57
5.8.10. ADVaNCEA SECUNILY.......cceiiiiiiiiiiiiie et e 57
5.8.11. Distributed computing resSources .............uuueiiiiiiiiiiiiiiiiiiiie e 60
5.8.12. Virtual endpoints substituting user devices...........ccccvvviiiiiiiiiieennnnns 62
5.8.13. Robustness / Resilience Networks.............coovvvvvviiiiiiiiiiiiiiiiiiiiiienee. 63

6. CONCIUSION ...t e e e e e e e e e e e e e e aeeeeennnns 64
REFEIENCES ...ttt 66




1. Introduction

Nippon Telegraph and Telephone Public Corporation (NTT) launched the world’s first mobile
communication service using a cellular system on December 3, 1979. Since then, the radio access
technology for mobile communications has evolved into a new generation system every 10 years.
Along with technological development, services have also made progress. In the years from the
first generation (1G) to the second generation (2G), the services were mainly voice calls, but finally
advanced to simple text messaging. The third generation (3G) technology enabled anyone to use
data communication services represented by “i-mode” and send multimedia information like
pictures, music and video. In the fourth generation (4G), high-data rate communication over 100
Mbps was achieved by the LTE (Long Term Evolution) technology, leading to the exploding
popularity of smartphones and emergence of various multimedia communication services. The 4G
technology has continued to evolve in the form of LTE-Advanced and now achieved a maximum
data rate of over 1 Gbps. Further technical progress has made the fifth generation (5G) a reality.
DOCOMO rolled out 5G commercial service using its 5G mobile communication system [1-1] on
March 25, 2020.

5G is characterized by high data rate / high capacity, low latency and massive connectivity. With
these features, 5G is expected to further upgrade multimedia communication services from the
level achieved by the previous generations including 4G, and to provide new value as a
fundamental technology that supports future industry and society along with Al (artificial
intelligence) and loT (Internet of Things). As shown in Fig.1-1, mobile communication technology
has been evolving into a new generation every 10 years while mobile communication services have
undergone a major change every 20 years. If this trend continues, a "third wave" 5G is anticipated
to generate will be bigger than the previous one, fueled by the technologies of an upgraded version
of 5G (5G Evolution) and the following sixth generation (6G) and to support industry and society in
the 2030s.

This white paper describes DOCOMO’ technological vision on 5G Evolution and 6G. The
following Chapter 2 considers future directions of technological evolution from the viewpoints of 5G
Evolution and 6G, and the direction of further upgrading by combination with "Innovative Optical
and Wireless Network (IOWN) Initiative [1-2]" proposed by NTT is also described. Chapter 3
discusses the requirements. Chapter 4 describes new offering value in the 6G era, and Chapter 5
gives an outlook on technological research areas. Note that this white paper has been updated
from the first edition published in January 2020 with addition of new ideas conceived to date
(January 2023). Today, discussions are actively underway regarding telecommunications expected
in the 2030s at the "Beyond 5G Promotion Consortium [1-3]" and by others at home and abroad.
We will continue to promote discussion among the parties concerned in various industries as well
as between industry, academia and government, and update this white paper to reflect changes
made in the future.

Technology evolution ( every 10 years)

/1980 1985 1990  \/ 2000 2010 \( 2020 D050 )

Resolution of

Car phone  Shoulder phone  MOVA i-mode Smartphone i P

social issues |
Portable Handy Mobile Information A variety of Human-centered.
telephone telephone phone for in hand apps/videos value creation

everyone

The First Wave The Second Wave The Third Wave
Dissemination of Mobile Phones Mobile Multimedia New Business Value

Creating new value for markets (every 20 years)
Figure 1-1. Evolution of technologies and services in mobile communications




2. Direction of Evolution “5G Evolution and 6G”
2.1. Direction of Evolution to 5G Evolution

2.1.1. Considerations for 5G Evolution

Commercial introduction of 5G has already started worldwide. DOCOMO also launched its 5G
commercial service in March, 2020. Meanwhile, we have found the issues and further expectations
to be fulfilled regarding 5G, and this necessitates technological development of a more enhanced
version of 5G called "5G Evolution" in several years within the 2020s.

Fig. 2-1 shows current technical challenges of 5G. In fact, 5G is the first generation of mobile
communication systems advanced enough to support high-frequency bands above 10 GHz, such
as millimeter waves, with technology that enables super-fast wireless data communication of
several Gbps-class speeds using a several hundred MHz frequency bandwidths, by far wider than
before. On the other hand, it is becoming clear from 5G technical trials that millimeter wave (mmW)
technology in mobile communications has many aspects that need to be improved, such as
coverage in a non-line-of-sight (NLOS) environment and uplink performance.

Furthermore, 5G is attracting a lot of attention as a technology that supports future industry and
society, especially for industrial use cases demanding special requirements and high performance.
In Japan, "Local 5G" has started, which is dedicated to such industry applications and has become
of a focus of interest by industry [2-1]. It is necessary therefore to further develop 5G technology in
order to flexibly deal with such a wide range of industrial requirements in the years to come.

In the initial stage of 5G standardization (New Radio (NR) Release (Rel-)15), 3GPP focused on
high data rate / high-capacity communication (eMBB: Enhanced Mobile Broadband) and part of
Ultra-Reliable and Low Latency Communications (URLLC). It is because of this background that
5G has been developed with a focus on achieving best-effort services emphasizing faster downlink
speeds, as was the case with LTE. In contrast, 5G Evolution is expected to propel high-reliability
communication technology, as shown in Fig. 2-2, which guarantees communication quality mainly
for industrial applications, while improving uplink performance. Some industrial use cases include
services with the prospect of uploading a huge quantity of video data or services requiring a
guaranteed quality and constant speed. For this reason, it is more important for industry
applications to improve the coverage and throughput on the uplink and provide communication
technology ensuring guaranteed quality than for services geared toward general users.
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Figure 2-2. Direction of performance improvement to 5G Evolution

Today, as big data and Al are widely applied, cyber-physical fusion is drawing an increasing
attention [2-2]. As shown in Fig. 2-3, cyber-physical fusion is a system concept where Al creates a
replica of the real world on the cyberspace (Digital Twin) and emulates it beyond the constraints of
the real world to “predict the future” and discover "new knowledge." By making practical use of this
concept for services in the real world, we can offer various values and solutions for social problems.
If we view this real world as one of many worlds reproduced on the cyberspace, we can assume
that there are a large number of humans, things and events present in all worlds, not only the real
ones but also their avatars and variants are present, and this recognition can potentially contribute
to resolving social issues, such as labor shortage and low-birth rate and aging population [2-3].
Wireless communication is anticipated to play certain roles in this cyber-physical fusion system,
such as sending a huge quantity of real-world data including video and sensing information to the
cyberspace, which will require high capacity, low-latency transmission, and actuating the real world,
which will demand low-latency control signal transmission. This assumption is generating high
expectations for high-performance communication utilizing 5G features. If we compare a cyber-
physical fusion system to a human body, communication in the cyber-physical fusion would be the
nervous system, which transmits information signals between the brain (Al) and different organs
such as eyes and arms and legs (devices). We can easily imagine that an overwhelming quantity
of information (Uplink) enters the brain. Therefore, the directions of performance improvement
shown in Fig. 2-2 apply in this case as well.
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2.1.1. 3GPP Standardization Trends

In 3GPP, following the specification of the first 5G standard in Release (Rel-) 15, the specification
of Rel-16 was completed in June 2020. In addition, Rel-17, of which specification was completed
in June 2022, continued to evolve 5G by further expanding the functionality introduced in Rel-15/16
(such as MIMO, URLLC, network slicing, etc.), as well as meeting market demand by specifying
new functionality (such as RedCap (Reduced Capability), NTN (Non-Terrestrial Networks),
extending current NR operation to 71 GHz, etc.) that will explore new areas of 5G use cases.

3GPP defined Rel-18 and later releases as "5G-Advanced" and has already started discussions
for the specification of Rel-18 which is scheduled to be completed in March 2024. In Rel-18, the
balanced evolution is aimed at 3 viewpoints of 1) eMBB evolution vs. further vertical domain
expansion, 2) immediate vs. longer term commercial needs, 3) device evolution vs. network
evolution. Based on such principle of 5G-Advanced, technologies for the continuous evolution of
5G from Rel-17, such as the improvement of uplink performance (data rate, capacity, coverage),
the enhancement of functions for XR (eXtended Reality), network energy saving, Al (artificial
intelligence) and ML (machine learning) for RAN (Radio Access Network) are discussed for the
specification, while new technologies for the extension of functions aiming for not only 5G
Advanced but also 6G such as the evolution of duplex operation, Al/ML for air interface, ambient
loT and so on are studied.

Table 2-1. 3GPP Release 18 technologies (as of October 2022)
candidate technology
MIMO Evolution for Downlink and Uplink
Further coverage enhancements
Network-controlled Repeater
Sidelink evolution
Enhanced suppport of RedCap
Expanded and Improved Positioning
Study on evolution of duplex operation
Study on Al/ML for Air Interface
Network energy savings
Enhancements of dynamic spectrum sharing
Study on low-power wake-up signal and receiver
Multi-carrier enhancements
Further Mobility Enhancements
Enhancements for XR
Sidelink Relay Enhancements
NTN enhancements
Enhancements of Broadcast/Multicast Services
Uncrewed Aerial Vehicle: UAV in NR
Dual transmission/reception Multi-SIM
In-Device Co-existence: IDC Enhancements
Mobile Integrated Access and Backhaul: IAB
AI/ML for RAN
Further enhancement of data collection for Self-Organized Networks: SON and Minimization of
Drive Tests: MDT
Enhancement on Quality of Experience: QoE management and optimizations for diverse
services
Study on Inter-gNB coordination
Mobile Terminated-Small Data Transmission
Support for dedicated spectrum less than 5SMHz
Study on ambient loT




2.2. Direction of Evolution to 6G

2.2.1. Considerations for 6G

For discussing the requirements, use cases and technological developments regarding 6G, we
should consider our vision of a future world in the 2030’s, when 6G is anticipated to be introduced.
The use cases and solutions for social issues expected to be achieved by 5G will have considerably
realized and become widespread by the end of the 2020’s. Even in the 2030’s, we will need their
wider and deeper dissemination in their evolved forms. In addition, we will witness further advanced
services, the fusion of multiple use cases and the creation of needs for new use cases arising along
with faster signal processing and a wider range of advanced devices. Following are some specific
examples of our vision.

, : Communication between
Solving social problems )
- humans and things

communication environment cyber-physical fusion

Figure 2-4. Image of a future world in the 6G era

® Solving social problems

In 2030, the world population will reach 8.5 billion, growing from about 7.7 billion in 2019. This
will be mostly attributable to the population increase in Asia and Africa, such as India, Nigeria,
Pakistan and Democratic Republic of Congo [2-4]. In terms of GDP, China, U.S.A. and India will
be ranked top three. We will see the economic power center of the world shifting from the existing
developed countries and regions such as North America, Europe and Japan. [2-5]. The year 2030
is the target year by which we should achieve the world’s common goals known as the SDGs
(Sustainable Development Goals), 17 goals and 169 targets aiming for a sustainable and better
world [2-6]. For the climate change problem, the goal has been set by the Paris Agreement adopted
in 2015 to limit the rise in global average temperature. Toward this goal, countries around the world
are taking measures to address the global environmental problems through energy saving and
renewable energy utilization.

In Japan, there are a lot of social issues that we need to address: a more aged society with a
dwindling birthrate, where one out of three citizens will be estimated to be 65 or older, a declining
working-age population, growing social security payments, increasing idle assets and deteriorating




social infrastructure. Strategies and policies are discussed in order to realize Society 5.0, extend
healthy life expectancy and improve the quality of life. Amid this situation, it seems important for
each of us to envision the future we want to achieve or create and take proactive action, aiming to
make Japan an advanced country committed to proactively solving social problems. [2-7, 2-8, 2-9,
2-10].

The pandemic of the novel coronavirus (COVID-19) is expanding, causing a serious impact on
the economy, environment and society. Under the "Stay-Home" policy, physical flows of people
have dramatically decreased as most people stay at home or specific places. On the other hand,
data continues to flow at high data rates throughout the internet space, and a large quantity of
goods is moving around even in the real world. A “twisted state,” as it were, is generated on a world
scale. The current infection trend shows that population concentration in metropolitan areas around
large cities such as Tokyo has contributed to the spread of the virus infection. This may be a
warning against the "excessive" and "superfluous" state in which we have lived lives of too much
concentration, too much production, too much selling, too much investment and too much travel in
pursuit of economic growth [2-11, 2-12, 2-13]. What is important for our future is to think about how
we should raise awareness for problems and in which direction and with what purposes we should
take future actions. In the face of changing times, it is essential to take another look at social issues
and determine the most serious issues for us and for the earth.

By the mid-2020s, 5G will have addressed some of the many social issues and needs as
expected. For social issues such as regional revitalization, aging society with fewer children and
labor shortage, a wide range of solutions will be provided, such as telework, remote control,
telemedicine, distance education and autonomous operation of various equipment including cars,
during the 2020s through high-data rate, low-latency communication networks. Despite such
positive developments, it is debatable whether all of the social problems can be solved by the end
of the 2020s. For example, if we want to “eliminate poverty” and “reduce inequality within and
among countries" as advocated in the SDGs, we need to develop strategies to eliminate relative
poverty and disparities that have spread not only in developing countries but also in developed
countries. This necessitates a drastic review of various fundamental elements, ranging from
capitalist economy, education, to society. We need to discern every step we can take, and in that
process to determine what role technology can play to contribute to society in order to eradicate
the problems and achieve social development toward the 2030s.

Regarding regional revitalization, due in part to the influence of COVID-19, we may see a trend
toward an "open and sparse” environment in the years to come [2-14]. This trend is completely in
the opposite direction of the value creation based on a closed and dense environment, which has
been promoted by mankind for at least several thousand years. The new trend holds a potential to
contribute to solving the problem of population concentration in metropolitan areas.

® Communication between humans and things

The importance of communication is universal and timeless although what information to
communicate and how to communicate it are always changing. For example, when we talk with
someone in a remote place today, we can transmit characters and symbols (verbal information) by
phone or e-mail, or send body movement, facial expressions and emotions (non-verbal information)
through a camera. In the future, our communication will include transmitting non-verbal information
directly and efficiently in a society characterized by such concepts as loH (Internet of Human) and
oA (Internet of Abilities), where humans, abilities, things and events are connected [2-15]. Let’s
suppose we take a sports lesson by receiving information on physical movement and kinetics from
an instructor in a remote place. We can potentially learn more efficiently by actually feeling the
instructor's movement and directly moving our body than only by listening to instructions (verbal
information) and watching his/her movement (visual information).

In transmitting nonverbal information and linking abilities, we can utilize Human Augmentation
and brain-related communication. Human Augmentation means enhancing human abilities in terms
of physical strength, perception, cognition and presence. From the viewpoint of connecting the
senses, we can feel a potential of “multisensory communication”. Multisensory communication
intends to make use of not only conventional auditory (voice) and visual (video) senses, but also
tactile, gustatory and olfactory senses of the five senses, as well as impressions that we get from




places and things including atmosphere, and physiological senses such as a sense of security that
innately reside within humans just like other animals.

If we examine the viewpoint of connecting humans from another angle, we will notice the
presence of certain inner functions, such as of visualizing the algorithms and thoughts lying inside
us or in our mind and of making inward/outward approach into/from ourselves. If we think about the
existing technologies developed until today, most of them seem to have been intended to affect the
external environment of humans. In the future, however, the existence of "introspective
technology," which directly affects our inner perceptions or thoughts, may become more important.
In recent years, the word "Wellbeing" has been used to indicate good physical, mental and social
conditions, but it also holds the potential to become a technology that cares about our feelings and
thoughts for our happiness and better way of life. Technology has so far existed to enrich human
life. Looking toward the future, technology would rather need to evolve into “technology that can
impact the existence of humans.” These are discussed in detail in Chapter 4.

As technologies used for connecting humans, we can also refer to functionally-enhanced
wearable devices like XR (VR: Virtual Reality, AR: Augmented Reality, MR: Mixed Reality)
devices and real and rich communication utilizing 8K or higher-definition images and holograms.
We can use these technologies to provide innovative entertainment and enterprise services for
gaming, sports, live watching, etc. anytime, anywhere.

From the viewpoint of connections between things, the demand for communication of things will
grow dramatically, driven by the rapid dissemination and development of loT services. Things will
be processing a massive amount of data including high-definition images and controlling devices
with low latency between themselves. This will raise the need for high-data rate, low latency
communication with the performance by far exceeding that of humans.

® Expansion of communication environment

The importance of communication in solving social issues and sharing information between
humans and things suggests that communication will become so pervasive that it will be taken for
granted just like the air, being a lifeline as important as or more important than power and water
utilities. Our everyday activity domains will be extended to high-rise buildings, drones, flying cars,
airplanes, ships, and even space. Needs for various sensor networks, unmanned factories and
unmanned construction sites will necessitate communication coverage even in environments with
no human existence. As a result, all areas will need to be covered by communication services,
whether it be the ground, sky, sea or space.

We can read some trends about space by looking at space-related business projects pursued
more and more actively in recent years. “Space Big Data,” for example, aims to collect data of the
earth from space, such as the number of cars in parking lots or flow of things and people on the
ground, leading to business opportunities on earth. "Space Internet" will provide communication
service coverage on earth and in space from space. These projects are expected to become active
in a short period of several years. There are also other projects, but they may require a mid-and-
long term of over 10 years to take off. These include "planetary exploration," which intends to
extract resources or establish human settlements on the moon and Mars and other planets, and
"space travel," in which even general people will enjoy trips into space just like they do on earth.
All of these projects suggest that the idea of extending mobile communication coverage to space
in the 2030s is not unrealistic at all. What seems to be important is to proceed on a step-by-step
basis in establishing service areas and communication methods suitable for each of these multiple
space business projects.

® Sophistication of cyber-physical fusion

In the 2020s, many services utilizing cyber-physical fusion will be created and put into practical
use in all environments. In the 2030s, a further advanced cyber-physical fusion system will be
required. Transmission and processing of a large amount of information between cyberspace and
physical space without delay will enable closer collaboration of these two space domains.
Ultimately, the cyberspace and physical space will be fused into one domain with no gaps. For
humans, the cyberspace will be able to support human thinking and activity on a real-time basis
via wearable devices or micro devices attached to the human body through the above-mentioned
brain-related communication and other technologies. All things will be collaborating with the
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cyberspace, such as transportation equipment including cars, construction machines, machine
tools, security cameras and various sensors, and will provide safety and security, solve social
problems and support affluent human lives.

Fig. 2-5 illustrates how wireless network technology will evolve toward 6G in order to realize such
a future world. As shown in this figure, it is anticipated that new use cases will appear, demanding
a combination of requirements that cannot be covered by the 3 categories of 5G: eMBB, URLLC,
and massive connectivity (MMTC: massive machine type communication) in addition to extreme
high performances even 5G cannot achieve.
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Figure 2-5. Image of wireless network technology evolution toward 6G

2.2.2. Standardization schedule for 6G

In June 2022, International Telecommunication Union Radiocommunication Sector (ITU-R)
Working Party 5D (WP 5D) agreed on a standardization schedule for 6G [2-21]. According to the
schedule, the completion of requirements will be in 2026, the deadline for proposals will be around
2028, and the completion of ITU-R recommendations will be in mid-2030. ITU-R recommendations
will be specified as 6G specifications based on the technical specifications developed and proposed
by 3GPP. In consideration of such procedure, full-scale standardization discussion at 3GPP is
expected to be started around 2024.
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Figure 2-6. WP 5D timeline for IMT forwards 2030 and beyond [2-21]

2.2.3. Direction of spectrum allocation for 6G

6G is expected to accommodate a wide range of use cases, such as industrial applications
including remote control and factory automation requiring specific requirements and high
performance and new service applications utilizing cyber-physical fusion, while responding to ever-
increasing traffic demand for communication of humans and things. This will necessitate the
support of various frequencies, including higher bands than those of 5G such as millimeter-waves
(71-90 GHz band) and sub-terahertz waves (to 300 GHz band). International spectrum allocation
is determined at the World Radiocommunication Conference (WRC) hosted by the International
Telecommunication Union (ITU). In such frequency allocation, it should be necessary to give due
consideration not only to the utilization of existing specified frequencies but also to the expansion
of new frequency bands.

As 6G is intended to achieve high-speed communications and large-capacity communication
systems, the new spectrum candidates for 6G will be 7.125 - 24 GHz for high-speed large-capacity
communication considering a certain degree of coverage, and 92 - 300 GHz for extreme-high-
speed large-capacity communication limited to local areas.

| |
| |
| |

3GHz 10GHz 30GHz 100GHz 300GHz

Figure 2-7.  New spectrum candidates for 6G
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2.3. Direction of further evolution through combination with IOWN

NTT announced the concept of IOWN (Innovative Optical and Wireless Network) in May 2019
as an initiative for a new ICT infrastructure for the 2030’s when 6G will be deployed and has been
working with global partners on R&D. IOWN represents an innovative network and information
processing infrastructure utilizing optical and other cutting-edge technologies capable of providing
extreme-high-speed communication, extreme-low latency, and extreme-low power consumption.
With those features, this infrastructure will go beyond the limits of conventional infrastructures to
leverage any types of information, provide services remotely for any scenarios and help build a
society that embraces diversity [2-16]. IOWN consists of the following three parts: “All-Photonics
Network (APN)” that uses photonics-based technologies in all of its components ranging from the
network to the device, “Digital Twin Computing (DTC)” that utilizes an integration of the real physical
world and digital world to predict the future and implement optimization, and “Cognitive Foundation
(CF)” that realizes control optimally matching all manner of ICT resources.

APN is a network designed to provide full-mesh connections between multiple points by offering
a dedicated optical path at a given wavelength for each device, user and service [2-17]. It is aimed
at becoming a platform to transmit and process information high-capacity/high-quality, low latency,
and low-power consumption by making the best use of optical technologies deployed on an end-
to-end basis from the network to the device, such as photonics-electronics convergence technology
and optical communication technology. In addition, we can make the optical access network highly
reliable and responsive by making a shift in access design from a conventional star-shaped
configuration to a multi-loop configuration [2-18]. If such optical transmission and access networks
are applied to mobile networks or mobile fronthaul systems, there is a possibility that we can
achieve end-to-end low latency communication and deploy radio base stations flexibly and quickly.
Furthermore, we could utilize environment information collected in an end-to-end manner through
a combination of optical fiber environment monitoring technology [2-19] and radio sensing
technology. The former technology uses optical fiber sensing to utilize the optical fibers deployed
nationwide in non-communication domain.

DTC is a technology that realizes the cyber-physical fusion described earlier. This technology
will create a variety of virtual societies where different things and humans interact in a sophisticated
manner beyond the constraints of the real world. In a virtual society, the real world will expand and
transcend itself in fusion with the virtual world. Using DTC, we aim to expand human activity into
the virtual society for amplifying the potential of humans and also create innovative services so far
unachievable, such as social design and decision-making support services to tackle complex social
issues with large-scale simulation and future prediction capabilities [2-20]. On the other hand, as a
platform supporting DTC, R&D is underway on 4D digital platform. This platform is expected to
enable data fusion with different industrial platforms and future prediction by integrating sensing
data collected from humans, things and events into high-precision spatial information in real time.
There is also a possibility that we can use this platform in combination with various types of loT
data to upgrade wireless communication control through simulation and future prediction
capabilities brought by DTC in a virtual society.

CF provides service functions to optimize overall resource allocation including computing and
loT as well as wire and wireless communication. CF will create an information processing platform
which enables system- and data-type-agnostic analysis and prediction by means of end-to-end
distribution of virtualized ICT resources and interaction with various systems and networks [2-16].

IOWN will address societal challenges and further contribute to the same world envisioned for
the 6G era. The IOWN vision encompasses technologies and architecture which will enable a wide
range of new use cases and their underlying requirements, and be highly synergistic with 6G. 5G
Evolution and 6G mobile networks technologies can be combined with IOWN's ultra-high capacity,
ultra-low latency and ultra-low power technologies based on breakthrough photonics, to further
enhance the next generation ICT infrastructure, and respond to the pressing needs of society.
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3. 6G Requirements

Fig. 3-1 shows the requirements that we will be aiming to achieve for 6G wireless networks after
going through 5G Evolution [3-1]. The requirements will become wider and more diverse compared
to 5G, comprising enhanced 5G requirements as well as new requirements which have not been
taken into consideration for 5G. As with 5G, it will not be necessary to fulfill all the requirements
simultaneously, but some new use cases will demand a combination of requirements. The
requirements for 6G wireless network technology are described below with their use cases.
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Figure 3-1. Requirements for 6G wireless technology

3.1. Extreme-high-speed and high-capacity communications

Increasing data rate and system capacity are universal requirements for all generations of mobile
communication system. In the case of 6G, realization of extremely high communication speed and
high capacity communication which can be enjoyed by many users simultaneously is considered,
and concretely, realization of communication speed over 100 Gbps and capacity over 100 times is
aimed at. As the communication speed approaches the level of information processing speed of
human brain, not only mere image transmission (visual sense and auditory sense) but also
information transmission of sensory quality by five real senses, and furthermore, expansion such
as multisensory communication is also considered. In order to materialize such extreme-high-
speed and high-capacity communication service, it is necessary that the user interface also
exceeds smartphone. For example, the realization of a device which can reproduce 3D hologram
and the evolution of a wearable terminal such as glasses type terminal are expected.. In addition,
such new sensory service is shared even among multiple users in real time by the ultra-high
capacity communication, and the realization of new synchronized application such as virtual
coexperience and virtual cooperative work, etc. on the cyberspace is also expected.

And, considering trends such as use cases for industry and cyber-physical fusion, it is necessary
to transmit various real world real time information to cloud and Al which are brains on the network,
and drastic speedup and capacity enlargement in the uplink will become quite important.

In order to realize these requirements and use cases, it is hecessary to realize extreme-high-
speed and high-capacity wireless and wired seamless end-to-end communication through a
combination of optical full-mesh network technology [3-2] and ultra-high-capacity optical
communication technology [3-3] of IOWN APN in the wired section, in addition to technology for
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further broader frequency domain and advancement of frequency utilization further and
advancement of wireless transmission technology introduced in Chapter 5
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Figure 3-2. Extreme-high-speed and high-capacity communications

3.2. Extreme coverage extension

Because future communications can be as commonplace as air, and as important a lifeline as
power and water, or even more so, in the case of 6G, we aim to extremely extend coverage so that
mobile services are available everywhere. The target area coverage ratio on land is 100%, and the
coverage expansion is also aimed at all places including the sky, the sea, and the space which the
conventional mobile communication system does not cover, in participation of construction of the
communication area in the other environment and development of the space business. This is
expected to widen the activity domains of humans and things and create new industries. For
example, promising use cases include logistics services such as home delivery using drones, and
unmanned or highly sophisticated operations in primary industries such as agriculture, forestry, and
fisheries. Application to futuristic use cases in the 2030s is also likely, such as in the future flying
cars, space travels, and undersea travel.

In order to realize these requirements and use cases, in addition to coverage extension
technologies including non-terrestrial networks and integration of various wireless technologies
introduced in Chapter 5, it is necessary to provide communications to any location by technologies
that realize various network linkages such as the cooperative infrastructure platform of IOWN [3-4].
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3.3. Extreme-low power consumption and cost reduction

Extreme low power consumption and cost reduction of mobile communication system network
and terminal devices are important challenge for achieving a worldwide goal of the sustainable
society making consideration of global environmental problem.

In the network, it is assumed that the communication quantity will increase in future more and
more, we aim the power consumption and cost drastic reduction required per communication speed
unit (bit). For example, when the communication traffic quantity increases by 100 times, it is
necessary to reduce the cost per bit for CAPEX/OPEX to 1/100 or less to achieve both high
performance and economic efficiency.

In addition, in the future, the development of the power supply technology using the signal of the
radio and the reduction technology of the power consumption of the device can be expected that
the charging of the terminal becomes unnecessary. This is considered to be more necessary when
the number of terminals such as sensors increases by upgrading of cyber-physical fusion, and
when the user interface evolves to wearable use cases are assumed.

To realize these requirements, it is necessary to realize the total low power consumption of
devices, networks, and signal processing by photonics-electronics convergence technologies of
IOWN APN[3-5], disaggregated computing [3-6], etc., and further reduce CAPEX/OPEX by flexible
deployment of network functions and advanced OAM (Operation and Maintenance) as described
in Chapter 5.
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3.4. Extreme-low latency

If we compare a cyber-physical fusion system to a human body, wireless communication would
be the nervous system, which transmits information. In order to realize more advanced real-time
interactive Al service, end-to-end low latency will be a fundamental requirement. The goal is to
achieve extreme-low latency of 1 ms or less at end-to-end. As a result, it is possible to realize the
service without the 'sense of incongruity' by the low delay feedback from the cyberspace, and the
correspondence in which equipment and robot controlled remotely by Al can read the nimble action
and subtleties which are close to or exceed the human is also expected. For example, we can
instantaneously judge what the user wants from information such as tone of voice and facial
expression and respond services that are as attentive as or more attentive than humans may be
realized by remote control of robots by Al. Especially, in the world of after COVID-19, applications
in various fields such as telework, remote control, telemedicine, and remote education by such
ultra-low delay communication are expected.

In order to realize these requirements and use cases, it will be necessary to reduce overhead
and jitter in communication and information processing by utilizing transmission/switching control
technology to realize end-to-end extreme low latency introduced in Chapter 5, FDN (functional
dedicated network) of IOWN [3-7], wavelength management control technology and IP-
independent, protocol-free media transmission technology of APN[3 -2].
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Figure 3-5. Extreme-low atency )

3.5. Extreme-reliable communication

When wireless communication is used for industrial and lifeline applications, its reliability is an
important requirement. Among the use cases for especially industries, there are cases in which
quality and availability of communication greatly affect safety and productivity such as remote
control of industrial equipment and factory automation. Therefore, necessary performance and
realization of the ultra-high reliability communication in order to secure the safety are important
requirements, and 6G is expected to realize higher level of reliability than 5G. In ultra-high reliability
low delay communication (URLLC) in 5G, the realization to 99.9999% is examined as a reliability,
and in 6G, the improvement of one digit (99.99999%) is assumed as a target value. And, the
network which specialized for the industry unlike the best effort type service of the public network
like "local 5G" is noticed at present, and the URLLC technology in the limited area such as the
factory is mainly examined. On the other hand, in the future, with wide popularization of robots and
drones and expansion of radio coverage to air, sea and space, etc., realization of wider area highly
reliable communication will be required. In addition, you need to have a more holistic, end-to-end
view, including application reliability information.

In addition, cyberattacks such as eavesdropping, spoofing, falsification, denial, and unauthorized
operations can lead to theft or leakage of property/personal information, invasion of privacy, and
suspension of services due to system malfunctioning. Furthermore, they could result in accidents
that can threaten the lives of many people, social dysfunction and terrorism. Under increasing
security threats such as more advanced cyberattacks and leakage of personal information, strong
defense and secure communication service must be provided for networks serving various
industries and administration offices, as well as terminals.

In recent years, when failures occur in mobile networks and are prolonged, their impact on
society has become a critical issue and a global issue. Robustness, which aims to be resilient to
failure or not to occur, and Resilience, which aims to be able to recover quickly if it should occur,
will become necessary.

In order to realize these requirements and use cases, it will be necessary to enhance the
reliability of wireless and wired networks by means of New Radio Network Topology and optical
access network design based on concatenated loop topology of IOWN APN[3-8], to enhance the
Robustness/Resilience network and security introduced in Chapter 5, to introduce cognitive
foundation and next-generation data hub and data sandbox technology of IOWNI[3 -9], to create a
redundant and flexible fault-resistant network and secure data transfer.
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Figure 3-6. Extreme-reliable communication

3.6. Extreme-massive connectivity & sensing

It is assumed that an ultra-large number of devices related to communication of people and things
will spread by upgrading of cyber-physical fusion, and ultimate multiple connection which is 10
times more (= 10 million devices per square km) than the requirement of 5G is considered to
become a requirement of 6G. For the human, the use case in which the cyberspace supports the
thought and action of the human in real-time by wearable device and micro device that is mounted
on the human body is considered. And, the realization of the world in which all things such as
transportation equipment including the car, construction equipment, machine tool, monitoring
camera, various sensors are linked with the cyberspace, and industry, traffic, solution of the social
problem and human safety and security and rich life are supported is expected.

In addition, wireless communication networks themselves are also anticipated to be equipped
with functions for sensing the real world using radio waves, such as positioning of terminals and
detection of terminal. Regarding positioning, which is expected to provide extreme high precision
with errors of one centimeter or less depending on the environment. As for wireless sensing, it is
expected to realize the capabilities to identify objects and recognize actions as well as highly
precise object detection through the combined use of radio wave and Al technologies.

To realize these requirements and use cases, it will be necessary to collect and utilize sensing
data throughout the entire network, including radio waves and optical fibers, by means of
elemental technologies such as inter-terminal coordinated transmission and reception technology
introduced in Chapter 5, next-generation data hub and data broker technology of IOWN[3-9],
wireless sensing in cellular networks, optical-fiber environment-monitoring technology[2-19], and
space sensing of IOWN[3-10] [3-11].
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4. New Value Provision in the 6G Era

4.1. Generations of mobile communication systems and changes in
the values provided
- From Smart to Wellbeing -

Do you know the term "Wellbeing"? The World Health Organization (WHO) cited this term in its
Constitution when this international body was established in 1946. The WHO defines it as "a
concept that means a state where everyone’ s individual rights and self-fulfillment are guaranteed
and everyone is in good physical, mental and social condition [4-1].” In short, Wellbeing is a state
of complete physical, mental and social health, and does not merely mean the absence of disease
or infirmity [4-1]. The state of happiness meant by Wellbeing is multifaceted and “lasting” rather
than instantaneous. To this date, the Wellbeing concept has been used as a gauge of happiness
in various ways, and as the importance of "lasting happiness" continues to grow in countries around
the world, this will be an indispensable concept for society in and after 2030.

A Wellbeing society should ensure everyone to be free from limitations and enjoy happiness.
With a goal of achieving a Wellbeing society, we will provide the value of new communications that
removes limitations between people and will build a platform that can be developed together with
an entire society.

Looking back at Japanese society in the past, there was a transition from the period of high
economic growth, when people were happy with their economic wealth and highly motivated to
contribute to society, to the period of stagnation following the financial crisis in the wake of the
bankruptcy of Lehman Brothers, when people sought individual happiness that made them feel
satisfied by protecting happiness within their reach. In the years from 2020 to 2030 onwards, we
will be entering an unprecedented period called the "VUCA era," where the world will be changing
drastically and it will be difficult to predict the future. People living through this generation have
been surrounded by digital devices since birth, and it is easy for them to satisfy their interests as
they are able to choose a community on their own thanks to a huge amount of information available.
This broadens the range of context where they feel happiness, and they are interested in the
happiness of people around them in addition to their own happiness. We are witnessing the
changing values where people cannot be satisfied with being happy unless people around them
are also happy [4-2].

In view of the new values described above, we aim to establish a new communication culture
that will enable natural communication among us in an almost unconscious manner. This can be
achieved by removing the walls intentionally built between us that force us to go through
intermediaries whenever we want to communicate our will to others. First “transmission,” then
“‘communication” and finally we will enable “mutual understanding” — this is the value of new
communication DOCOMO wants to provide.

Achieving this goal will require communication services that can provide significantly upgraded
values in addition to just being Smart.

What changes will it bring to communication services? As shown in Chapter 1, communication
system generations can be roughly divided into three waves along with their system transition. The
first wave came in the 1980’ s and 1990’ s when mobile phones became widely available (1G to
2G) with the services centered on voice communications. The second wave arrived with the advent
of mobile multimedia (3G to 4G) in the 2000’ s and 2010’ s. From this generation, music distribution,
video, gaming, payment and blockchain applications have become available, and services rooted
in daily life have also become common. The third wave represents 5G and 6 G, the new generations
emerging in and after 2020. 5G brings high-speed / high-capacity communications, enabling wider
application of communication technologies to include XR, telemedicine, remote control and
autonomous driving in addition to smartphones and smart tablets. In the 2030 onwards, when 6G
becomes a reality, the speed of the third wave will be accelerated to enable human augmentation,
BrainTech and transmission of feelings. This will usher in a major paradigm shift in the value
provision of communication services. While communication services have been focused on
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improving “Smart” functions and providing conveniences, realization of Wellbeing is expected to
become a new major focus of their value provision.
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Figure 4-1. Transition of value provision and generation of mobile communication systems

4.2. Technologies worthy of attention in the 6G Era

What exactly does it take to make a transition from a Smart society to a Wellbeing society? We
want to focus on a new technology called "human augmentation” in addition to visual and auditory
technologies already in use for various services and products. Research and development on
human augmentation is globally progressing and is steadily gaining wider recognition. Human
augmentation refers to technologies that allow mutual sharing of our senses and feelings, including
those intended to remove limitations on human physical abilities. These technologies are
considered to be exactly what we need to achieve the new style of communication DOCOMO
advocates with the concept of "from 'transmission’ to 'communication’."

The following sections describe three major technologies associated with human augmentation
on which DOCOMO s focusing its attention.

4.2.1. Physical performance augmentation

The first notable technology aims to enhance human physical abilities. The technology is used
to expand muscle displacement by sensing physical information such as brain waves and
myoelectricity mainly from the brain and muscles and actuating the muscles and exoskeleton.
Expanded muscle displacement enhances human physical performance while it is expected to help
humans to acquire new abilities with the use of power assist suits, etc. Technologies that fall in the
domain intended for presence augmentation include tele-surgery robots for remote operation,
devices for digital avatars, and experience sharing through tele-presence and tele-resistance that
remove the limits of presence.
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Using physical performance augmentation technology in combination with haptics, which is
described below, is expected to expand the understanding and learning process, and this will allow,
for example, downloading of skills to humans.

4.2.2. Haptic augmentation

Another technology worthy of attention is a sense of touch, one of the five senses. While visual
and auditory technologies are already in the practical stage, haptic sense is still under development
through the application of various interface technologies.

Haptics is essential not only for identifying the object we touch but also for acquiring skills for
material processing. If it becomes possible to compare and share haptic information, skills, and
experiences with others, it is expected to achieve smoother collaboration and promote co-creation
activities among a large number of people through physical connections [4-3].

4.2.3. Cognitive augmentation (Brain waves / BrainTech)

Sensory sharing through digital devices has been developed and utilized mainly in visual and
auditory technologies. While communication has been based on the sharing of sounds and images
so far, sharing senses will be a new next step. In addition to the physical haptic sense described
above, there are other approaches using brain waves and a technology applying brain waves called
BrainTech.

BrainTech is designed to acquire, complement or improve abilities by sensing biological signals
of the brain, capturing meaningful signals and performing arbitrary actuation. For actual service
deployment, the key is to develop Al for biological signal acquisition and analysis, as well as to
make smaller higher-precision devices.

4.3. Realization of Wellbeing using the 6G network

As described in Chapter 3, 6G has six requirements: 1) extreme-high-speed and high-capacity
communications, 2) extreme coverage extension, 3) extreme-low-power consumption and cost
reduction, 4) extreme-low latency, 5) extreme-reliable communication and 6) extreme-massive
connectivity and sensing. All of these requirements demand innovative technologies, and extreme-
low latency is the most significant technology for realizing Wellbeing. If the network can reduce the
latency to 1 msec or less, its response speed will be faster than that of the human nervous system,
which takes approximately 20 msec for information conceived in the brain to be reflected in the
body. This means that the network will be able to augment human senses by connecting
information of the brain and body to itself.

In addition, with the use of extreme-massive connectivity and sensing in combination, it will be

possible to sense information on the five senses that exists across the globe in real time. Ultimately,
this will make it possible to realize the ubiquitous body, a state in which human senses are blended
with the network without conscious efforts for mutual communication.
Furthermore, the combined use of extreme reliability and extreme coverage will further enhance
constant connectivity to the internet and enable collaboration with high-precision cloud technology.
This will allow us to share body information and motions (skills and techniques) captured in the
past or to predict future conditions and required motions. Providing these technologies as services
means transcending the sensory "gap" “between individuals, between spaces and between times”
and reducing the sense of mutual distance, creating communication achieving real relationships
via virtual relationships. The establishment of 6G network infrastructure, aimed at improving the
values associated with the human, space and time for customers and achieving Wellbeing, will be
indispensable in future society.
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Figure 4-2. Directions for Wellbeing realization

Figure 4-3 summarizes the possibility of sharing bodies, skills, etc. to be explored through the
6G network. The sharing shown in the figure is expected to facilitate the sharing of skills that
previously required verbal information and experience and realize ultimate forms of communication,
such as telekinesis, sharing of thoughts and emotions and telepathy.

Sharing of emotions

Q@ Telepathy / Telekinesis

Sharing of skills@

Ubiquitous body @ Sharing of five Senses

Figure 4-3. Potential of sharing the body and skills

As mentioned in 4.2.2, the development of human augmentation associated with the human five
senses has centered on the visual and auditory senses. For other senses, the technology is still
under development and has not reached the level that allows sharing of presence and atmosphere.
Nevertheless, the importance of digital communication technology remains unchanged as a
technology to adequately narrow the gap widened between people as we are living in the world
with COVID-19, socially distanced and physically severed in communications. One example is an
"online meeting," which is frequently used in business and expected to be functionally enhanced in
the future.

In future, transmission of new sensory information will enable digital communication with a
realistic sense of presence, such as the sense of being there and atmosphere. Furthermore, it is
expected to create a new and totally novel "sixth sense" by exchanging a multi-layer of different
types of information on such digital communication. Advanced communication of presence and
atmosphere and creation of the sixth sense with multi-layered information through virtual reality will
be essential technologies for achieving wellbeing in the future.
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4 4. Potential Use Cases in the 6G Era

In 4.2, we have explained physical performance augmentation, the sharing of senses through
haptics and BrainTech and the multilayering of sensory information. By combining these
technologies with the 6G network, it will enable mutual technological utilization, providing a variety
of use cases. Even today, there are numerous technologies that can be used to realize those use
cases, and they will be further upgraded in the 2030s. We will collaborate with partners who
possess those technologies and achieve "6G Network x Technology" to shorten the sensory gap
between individuals, spaces and times and to improve the Quality of Life (QOL) of humans.

How can then we improve the QOL? We believe it will be possible by removing various “limits=
constrains” that prevent us from fully moving our body as we want or from staying wherever we
want to be due to temporal or spatial limits. And we can achieve the state of “being connected."
The following sections describe what we will be able to do if the ubiquitous body becomes a reality
with 6G.

4.4.1. Use case 1 (Understanding of thinking process, mutual benefit)

Our thinking process and behavior are formed based on the values created in the culture and

environment in which we were raised, and rarely explained in the form of language each time. Only
a few persons close to us may be able to “intuitively” recognize our thinking process which is hard
to express with words, and it is still difficult to understand such process outside the non-verbal
domain.
Nevertheless, if we pay attention to the way of thinking and psychological background each other,
it will be mutually beneficial, making it possible to avoid a misconception about words and nuances
and mitigate the risk of damage or distrust rising out of miscommunication. If we can share our
thinking process in the non-verbal domain, we will be able to achieve mutual understanding with
others. It will facilitate the sharing of our global awareness and sense of time that are difficult to
understand due to translation and cultural differences, leading to creation of a community enabling
smooth communication.
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Figure 4-4. Understanding of thinking process and mutual benefit
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4.4.2. Use case 2 (Non-verbal communication, mutual understanding)

The level of ability to put our thoughts into words is different among us, and it is often difficult to
properly explain our thoughts and feelings to others. If we can directly share what we have in mind
with others, it will be possible to correctly convey to others our thoughts and feelings that have not
been adequately expressed by means of language or illustration. Reducing miscommunication may
also contribute to improving productivity in workplace.
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Figure 4-5. Non-verbal communication and mutual understanding

4.4.3. Use case 3 (Sharing of actions and feelings, mutual complement)

Sharing of actions and feelings will create a state almost equal to coexistence with others actually
not present in the same place. For example, separation of the brain from the body (senses) will
make it possible to transcend the constraints of space and time and obtain empathy in real time.
Gaining experience in the same community allows people to share the feeling of security and
fulfillment.
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Figure 4-6. sharing of actions and feelings and mutual complement
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4.4.4. Use case 4 (Recognition of objects, presence and texture)

When you see something on the screen via the web, for example, an animal or an object, you
may sometimes wish to actually touch it to feel the texture of its surface which may be even or
uneven or rough or smooth. If we are able to share the texture of things conceived in our mind with
the hands among us, we will be able to smoothly convey our feelings that cannot be sufficiently
expressed in words.

As stated in 4.2.1, the sense of touch that you feel when you touch something is generated by
electrical signals sent from the skin. If we can use the stimulus generated by such electric signals
to get the sense of touch of something shown on the screen or imagined in our mind, it will be
possible to achieve haptic communication even between people and things. Compared to MR,
which visually provides object images in space, it will be possible to share more realistic feels by
providing a sense of touch.

Figure 4-7. Recognition of objects, presence and texture

4.5. Basic System Concept

The basic system concept in the 6G era highlights the importance of sensing technology and
actuation technology working in collaboration. The former operates along with our body beyond
conscious awareness of being real or virtual, while the latter acts on our everyday life.

DOCOMO's Human Augmentation Platform™ provides the function of information transformation
between the sensing devices and actuation devices connected to the network as shown in Figure
4-8. The sensing devices capture motion data, which are sent to the Human Augmentation Platform
to be appropriately processed. Next, the data go through the actuation devices that reproduce
motion which is finally conveyed to others such as humans or robots in real time [4-4]. The
significance of this Platform is that it compares the body data of humans or robots connected, such
as their size and skeleton, and conveys motion to other humans or robots, factoring in the
differences in their body data and appropriately increasing or decreasing the size of motion and
force to be reproduced. Even when people and robots are in different sizes and skeletons, they
can mutually share their motion naturally without excessive efforts and reproduce detailed moves
from general motions. In addition, this Human Augmentation Platform is capable of interconnecting
devices of various partner companies. We are working with partners possessing technologies for
sensing and actuation devices interoperable with the Platform, trying to further enhance the added
value of the Platform.




In addition to advanced communication technology, the devices interconnected via the network
need to be powered by a cloud system to sort out a huge amount of sensing data and compare
and transform the data in a manner appropriate for the objects for which actuation is performed.

Using these systems, we intend to achieve motion sharing, but also want to expand the systems
to convey feelings and share the five senses. Our goal is to achieve a “Wellbeing society,” where
all boundaries are removed between us and others, human and nature, the space and the earth,
the past and the future and this side and the other side of the wall. That will a society where all
possibilities are expanding to create new value for improving the QOL of ourselves and others
around us.
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Figure 4-8. DOCOMO's Human Augmentation Platform

4.6. Evolution of Leading 5G Use Cases toward 6G Era

We have discussed “human augmentation” in Section 4.2 to 4.5 as entirely new value offered in
the 6G era. This section 4.6 describes the prospects for further evolution and upgrade of service
levels and new expansion to be achieved through network capability evolution to 6G. In this section,
we introduce the leading (advanced) use cases in the 5G era: " Medical Use Cases” and "Video
Use Cases”.

4.6.1. Medical Use Cases

The use of information and communication technology in the medical field has been accelerating
year by year. Telemedicine systems and solutions utilizing 4G/5G have attracted attention since
early 2020, largely due to the outbreak of the novel coronavirus pandemic (COVID-19). Today, high
expectations are placed on their wider availability and further evolution. Studies on the upgrade of
telemedicine are underway to solve the issues such as regional health disparities and disaster
medicine in Japan.

As shown in Fig. 4-9, telemedicine is divided into different types and forms. As it moves to the
upper right side, more advanced medical care is provided, and higher-level communication
technology is required. In the 4G era, services have been mostly for consumers, and most
telemedicine has been provided from doctors to patients (D to P), such as online consultation and
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online diagnosis using smartphones. On the other hand, in the 5G era, it becomes possible to
transmit high-definition medical images and videos in real time, which has been difficult in 4G, by
taking advantage of 5G’s high-speed, large-capacity communication with low latency. Thus, 5G
enables the realization of doctor-to-doctor (D to D) telemedicine such as remote diagnosis support
and remote surgical support.

Various activities are ongoing toward the realization of these services. Network technologies
necessary for the realization of advanced telemedicine have been accumulated through field trials
of telemedicine, remote surgical support and remote robotic surgical support in collaboration with
partners [4-5]. Remote robotic surgical support, one of the advanced telemedicine use cases, is
developed assuming a scenario where young doctors are performing robotic surgery, and skilled
doctors in remote locations temporarily take over the operation in difficult situations and provide
surgery support and guidance, which corresponds to D to D (temporarily D to P) telemedicine. In
2021, afield trial was conducted to remotely perform a surgical robot system which is domestically
commercialized using commercial 5G/cloud services while transmitting large-volume data in real
time such as high-definition 3D endoscopic images and robot control signal [4-6]. Development is
underway to implement this technology in society as early as possible.

In the 6G era, as described in Chapter 3, a highly reliable and secure network with even lower
latency than 5G will be available. Remote robotic surgery (D to P) is therefore considered
technically feasible, but further efforts need to be made toward practical application including legal
system arrangements. In addition, as the network coverage is expanded, advanced telemedicine
will be available in wider areas and in many more opportunities, leading to greater expectations in
the medical field for higher lifesaving rates and improved medical care levels.

ﬁse

Telemedicine expected
to utilize 5G network

Remote robotic
surgery

Remote robotic

surgical support

Remote surgical
support

Remote
treatment
support

Remote

diagnosis To advan_cgd
SERRON telemedicine

N
Z\
Online medical

Telemedicine utilized e
by 4G network

Online
consultation

Figure 4-9. Building Up Technology for Advanced Telemedicine
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4.6.2. Video Use Cases

Video services have been developed mainly for high-definition images such as 4K and 8K. In the
5G era, new video services have been created for both consumers and enterprises. In fact, many
of the current 5G use cases are video services, and further expansion of video use cases is
expected toward the 6G era. Specifically, we expect to see the following trends:

1. "Expansion of interpersonal services" through representation space expansion and visual
expression evolution
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"Expansion of industrial use" through enhanced stability and low latency

2.
3. "Utilization in new areas such as sensing applications" through evolution as a source of

information
The items 1 and 2 above have been partly realized in 5G, but the evolution described in Chapter 3
is expected to accelerate the provision of more realistic experiences, such as real-time transmission
of 3D images, and the use of video in highly mission-critical areas. On the other hand, the
opportunity to use further high-definition images such as 16 K for "humans" will be limited. Instead,
their use can be in new areas such as utilization by "things" as a source of information for sensors
and for interworking with Al as stated in 3, or in advanced use cases for safety / security and

analysis of unknown worlds to be explored.
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5. Technological development and research areas

Fig. 5-1 illustrates technological evolution from the past generations of mobile communications
to 6G. In early generations including 3G, each had one representative technology symbolizing its
wireless access technology (RAT: Radio Access Technology). In contrast, in 4G and onwards,
each generation’s RAT has consisted of a combination of OFDM-based multiple technologies. In
6G, its technology field will be more diversified. This is because the existing OFDM-based
technologies have already achieved the communication quality close to the Shannon Limit, and the
requirements and use cases have been expanding to a wider range as described in Chapter 3.

In 6G, therefore, more combinations of the radio access technologies will be required after going
through 5G Evolution, and the framework of combination will be further expanded by combination
with IOWN and integration with technology other than mobile communication, and it is considered
that the above-mentioned requirements and use cases, new offer value in the 6G era will be
realized. 5G has been specified as a combination of upgraded LTE and NR (New Radio). As 5G’s
NR is designed to be highly “future proof” in consideration of new technologies to be introduced in
the future, it will be also necessary to consider the definition of 6G RAT. In the core network, we
have promoted the modularization of 5G functions and the utilization of general-purpose technology
for inter-functional interfaces. In addition to this trend, there may be an acceleration in the
introduction of software-based network functions and open architecture. Hence, in designing
network architecture, it will be necessary to consider functional configuration optimization and
general-purpose equipment introduction. The following sections give an outline of each candidate
technical areas for 5G Evolution and 6G and their problems.

\ 6G (definition is FFS)

Q ’ N
(9} 1 '
& 5G (= elTE + NR) =
£ , o |
s ‘o |
5 o} |
o \ J
1 OFDM-based and/or new waveform
i? e cmW & mmW & THz
OFDM-based Extreme coverage
OFDM-based cmW & mmw New NW topology
MIMO mMIMO Further enhanced mMIMO
W-CDMA ! .
@Q Turbo coding  LDPC/Polar coding E”hzlnfc‘frdelj;“ﬁ@g”c
TDMA oT URLLC/mMTC g

FDMA

f » Generation

6G will be a combination of new technologies
and enhancements to bring “Big gain”

Figure 5-1. Technological evolution up to 6G in mobile communications

5.1. New Radio Network Topology

For pursuing extreme high data rate, extreme high capacity (especially uplink) wireless
communication with improved reliability, it is ideal to communicate in a shorter distance with a LOS
(Line of Sight) environment (in a path with a smaller loss) and increase the number of
communication paths to provide more options (more redundancy) as much as possible. Satisfying
these conditions will require a network topology distributed in the space domain. As shown in Fig.
5-2, early generations considered it ideal to configure a cellular network with hexagonal cells to
avoid inter-cell interference. In the future, however, there will be an evolution to a New Radio
Network Topology. This new form of wireless network will be a further extension of a heterogeneous
network which has been studied since 4G, with overlapping multiple cell areas for creating more
LOS environments and path options, and with more connection routes to/from mobile terminals
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nearby as well as other networks including NTN described later. Such a spatially distributed
network is considered to be compatible with the high frequency bands to be explored discussed
later, Distributed MIMO technology, wireless sensing and wireless power supply.

On the other hand, from a common-sense viewpoint, this New Radio Network Topology may not
be an ideal network configuration as it generates inter-cell interference and has many redundant
antennas. This topology is not immune to interference because it does not adopt advanced beam
control or path selection, or a cell configuration where each antenna forms a zone to avoid
interference. Hence, a technical solution is required to help prevent interference, such as a Cell-
free configuration [5-1], which configures a cell by multiple antennas. How to economically realize
this New Radio Network Topology is also a fundamental problem, and we can think of various
approaches to tackle this question. The standard solution would be not to use conventional base
station antennas. As shown in Fig. 5-3, there are a lot of research areas that can be addressed:
the use of existing objects such as streetlamps, street/traffic lights, signboards, vending machines
and window glass for communication antennas, integration of sensors and communication
antennas and radio relay schemes such as IAB (Integrated Access and Backhaul) [5-2] and
repeaters for high-frequency bands. In addition, it is also necessary to establish new optical
interconnection and transmission systems which enable a distributed network topology and have a
scalability to follow future evolution of wireless communications, as well as fronthaul and backhaul
technologies. Furthermore, it would be necessary to consider this type of new solution in
combination with existing cellular configurations. The following sections outline comparatively new
technical areas related to New Radio Network Topology.
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Figure 5-2.  Evolution to New Radio Network Topology
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5.1.1. Distributed antenna deployment with a “line”

In New Radio Network Topology, how to deploy numerous antenna systems efficiently will be a
challenge. In order to deal with this, an approach that offers promise is to connect a large number
of miniaturized and economical antenna systems with a "line" [5-3]. One of such implementation
methods is A-RoF (Analogue-Radio over Fiber), which transmits analog radio signals to antenna
systems over an optical fiber [5-4, 5-5]. A-RoF has more difficulty in maintaining its signal quality
during optical transmission compared with D-RoF (Digital-Radio over Fiber), which transmits radio
signals after converting them into digital information. On the other hand, by adopting A-RoF,
neither Analog to Digital Converter (ADC) nor Digital to Analog Converter (DAC) are needed on
antenna systems and that prevents from the transmission bandwidth expansion, i.e., the optical
transmission bandwidth can be reduced. Thus A-RoF can be an effective means of miniaturizing
and economizing a large number of antenna systems. With A-RoF, by connecting antenna systems
in a cascading configuration, it is possible to realize a distributed antenna deployment like a “line.”
As an example of its use, it is assumed that it will be relayed by A-RoF for the purpose of reducing
intrusive losses inside and outside the building, or inside and outside trains and cars. In addition, it
is conceivable to deploy a distributed antenna system by utilizing A-RoF. | This system has
advantages of efficient maintenance and not needing to renewal the antenna equipment when
updating or adding new wireless systems, the signal processing functions are concentrated at the
network side (central station). With regard to beamforming, which is essential in high frequency
bands, a technique to control the beam of an antenna system at a remote location by assigning a
wavelength to each beam in A-RoF as shown in Fig. 5-4 has also been studied [5-5]. Traditionally,
D-RoF has been used in wide areas, while A-RoF has been applied mainly in limited areas such
as indoor facilities. Such technologies will make it possible to use A-RoF in wider areas by means
of optical fiber transmission of 10 kilometers or more.

Another technology being studied is to cause radio waves radiated from any part of a “line”-
shaped antenna. Applying this technology, DOCOMO has developed a tool to create a
communication area around a cable (transmission path) carrying high-frequency radio signals by
having radio waves propagated through a part of the dielectric waveguide (cable) pinched with a
small piece of plastic [5-6].
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Figure 5-4. Technology using A-RoF to control beams of remote antenna systems

5.1.2. Radio propagation path control by RIS

How to use multipath propagation of reflected waves has been one of the research areas pursued
for a long time in mobile communications. Recently, advanced reflector (RIS: Reconfigurable
Intelligent Surface) technology and its control technology are attracting attention for improving
various radio performances in high frequency bands over millimeter waves. It is possible to use a
RIS to provide a coverage area by attaching it on the wall or window glass and by controlling the
radio waves reflecting on and passing through the RIS [5-7, 5-8].
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DOCOMO is conducting R&D on a technology to use a transparent glass as an antenna [5-9, 5-
10] in combination with the RIS technology. In an experiment using the metamaterial reflector
shown in Fig. 5-5 (a), we verified a technology to reflect millimeter radio waves in arbitrary directions
and expand the communication area [5-11]. In an experiment using the transparent dynamic
metasurface shown in Fig. 5-5 (b), we successfully demonstrated a technology to allow millimeter
radio waves to reflect on and pass through the transparent glass substrate [5-12]. Furthermore, in
an experiment using the metasurface lens shown in Fig. 5-5 (c), we verified a technology to direct
millimeter radio signals arriving from outdoors to specific points indoors by using a window glass
equipped with this technology [5-13, 5-14]. We are also demonstrating the usefulness of building
an actual indoor area in combination with area improvement techniques such as relay devices.

For practical application of RIS, we need technological examination to clarify its use cases, size
design and application effects. In addition, if the RIS and repeater can remotely control beam
directions, etc., it will be effective for communication area extension especially in high frequency
bands. We are also conducting the verification of the actual area expansion effect in the 28 GHz
repeater system, and the clarification of the effective area expansion technique.

In the future, RIS may be applied to a new radio architecture in high-frequency Massive MIMO. It
is a method to construct an equivalently very large Massive MIMO radio device by beamforming
the modulated signal by a radio device composed of an array antenna and a lens antenna and
applying the generated beam to a large RIS to transmit or reflect it. By properly performing 2 steps
of beam control, it is possible to secure a large beamforming gain or to dynamically change the
function of increasing the MIMO spatial multiplexing number and its ability. For example, by
implementing this radio by attaching RIS all over the wall of a building, it is possible to realize super-
large Massive MIMO at low cost, which could not be realized by conventional configuration methods
[5-15].

IRV VNS =all | :
(a) Metamaterial reflector (b) Transparent dynamic metasurface  (c) Metasurface lens
Figure 5-5. Demonstration trials of reflector (RIS) technology

5.1.3. Inter-terminal coordinated transmission and reception
technology

As a technique to realize a New Radio Network Topology, it may be possible to use a technology
to enable coordinated transmission and reception between terminals [5-16]. In 5G, the requirement
for massive connectivity (MMTC) is 1 million connections per 1 square kilometer. But for 6G,
“extreme massive connectivity” with approximately 10 times the density of 5G is anticipated, driven
by increasingly advanced wearable terminals and cyber-physical fusion. This is equivalent to the
density of 10 terminals per 1 square meter, and in such an environment where many terminals exist
densely, it may be possible to create many communication paths through coordinated
communication among terminals without increasing antenna systems on the network side. Use
cases of "extreme massive connectivity" should support a variety of terminals that are expected to
appear, ranging from high-function sophisticated terminals to energy-saving communication
terminals. It is necessary therefore to consider a technical scheme that factors in a wide range of
terminal capabilities (UE Capability).
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5.1.4. Win-Win distributed antenna deployment with sensing and
energy-saving communications

As described later, sensing technology using communication signals for location estimation and
object detection has been studied toward 5G Evolution and 6G [5-17]. In recent years, energy
saving communication technology has also attracted interest, such as backscatter communication
for realizing battery-less terminals [5-18]. Networks that realize these technologies are considered
to have common features in their configurations. In wireless sensing and backscatter
communication, a source signal needs to be emitted from a base station, mobile station or device
emitting some radio waves (the signal transmitter in the figure) in the communication area as shown
in Fig. 5-6. In addition, some receiving points must be provided in the communication area for
observation purposes. This figure illustrates an example of multiple receiving points deployed using
distributed antennas connected with a “line” as mentioned above. In radio sensing, radio waves
reflected from objects are received by distributed antennas and analyzed in the network for location
estimation and object detection. In backscatter communication, battery-less devices can transmit
information to the network with low power by externally modulating the source signal while receiving
power using the source signal.
It is also necessary to incorporate the network configurations used for such sensing and energy
saving communication into radio communication systems in a natural way as part of the New Radio

Network Topology concept.
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Figure 5-6. Example of network configuration assuming sensing and backscatter communication

5.2. Coverage extension technology including Non-Terrestrial
Networks

"Extreme-coverage extension" assumes use cases that will cover all locations including the sky,
sea, and space. This will require an extension of area coverage to provide mobile communication
services to areas with drones, flying cars, ships, space stations, and so on that conventional
networks have not sufficiently been able to cover. Therefore, it is necessary to examine the above-
mentioned New Radio Network Topology in three dimensions including the vertical direction. In
addition, communication in air, sea, and space will require a technology that enables long-distance
radio transmission at least over a distance of dozen kilometers in a highly efficient manner.

Until now, communications and technological studies using GEO (geostationary orbit satellite) ,
LEO (low-earth orbit satellites) and HAPS (high-altitude platform station) have been advanced not
only on land but also in the air and sea. By enhancing the functionality of these communication
technologies and cooperating with terrestrial 5G networks, we can expand the coverage of cellular
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networks to all areas including the air, sea, and space as shown in Fig. 5-7, aiming at a world
providing advanced wireless communication technologies [5-19]. The GEO satellite is placed on a
geostationary orbit at an altitude of 36,000 kilometers. For the GEO satellite, one-way signal
propagation between the satellite and the ground station antenna takes a relatively long time of
about 120 ms. On the other hand, 3 or 4 GEO satellites can cover the whole earth surface while
communicating constantly with ground stations, and thus they have complemented the networks
on the ground as a mobile backhaul. As further capacity increase will be required in the 6G era, the
use of a VHTS (Very High Throughput Satellite) is considered to be a method to increase system
capacity by optimizing the power and frequency of multiple beams [5-20]. The LEO satellite is an
orbiting satellite that operates at an altitude of several hundred to about 2,000 kilometers. By
comparison with GEO satellites, LEO satellites are in orbit at a lower altitude, therefore they are
used for satellite mobile phones and satellite sensing, taking advantage of its low latency
communication with a one-way signal propagation time of approximately 3 ms. LEO satellites can
be also used as a large-capacity, low-latency backhaul if we can reduce satellites’ manufacturing
costs, extend the expansion of communication capacity by MIMO technology, etc. and achieve
satellite constellation in which multiple satellites cooperate to form a network in the future [5-21].

Recently HAPS has attracted a renewed attention because of its capability to stay at a fixed
location at an altitude of about 20 kilometers, forming a coverage area with a cell radius of more
than 50 kilometers on the ground [5-22]. As HAPS systems stay at a lower altitude than LEO
satellites, they can achieve even a lower latency with a one-way propagation time of about 0.1 ms,
depending on the cell radius. It would be effective therefore to use HAPS not only for disaster
countermeasures but also for many industrial use cases anticipated in 5G Evolution and 6G. As
shown in Fig. 5-8, HAPS can be used for backhaul applications (fixed system) for high-data rate,
large-capacity terrestrial networks (fixed systems), which are even faster than satellites, for directly
supporting mobile terminals using radio access standards such as LTE and NR, or for use cases
that support terminals via relays (IAB) and repeaters (mobile systems). HAPS is thus expected to
be used for a wide range of applications including those mentioned above.

3GPP has started its study on the extension of NR to NTN using these satellites and HAPS [5-
23]. As shown in Fig. 5-9, the multi-layered NTN system, in which satellites and HAPS are
connected to the terrestrial 5G (or future 6G) core network, is a larger scale and three-dimensional
heterogeneity network than before. It is expected that the ground network, satellite, and HAPS
cooperate and provide seamless communication according to the place (including air, sea, and
space) to offer the service and the required communication speed and delay. And, 2 systems of
the relay system which accesses the mobile terminal from satellite and HAPS through the relay
station and direct access (DA) system which accesses directly from satellite and HAPS are
examined for the access system to the mobile terminal in NTN, and the mobile terminal can be
accessed by various methods according to the optimization of use case and whole network.

For the realization of NTN, the following are problems: Expansion of radio interface suitable for
long-distance communication, efficient frequency effective utilization method with the ground
network, and network design to realize high efficiency cooperation with the ground network. In
addition, there is room for investigation in wireless technologies such as handover, carrier
aggregation (CA), and dual connectivity (DC) between NTN and terrestrial networks. On the other
hand, since each NTN platform has different features such as capacity and propagation delay, it is
necessary to consider routing and network construction considering the features of each platform.
NTN is also promising as a means to cost-effectively advance the future expansion of coverage of
5G networks already introduced, and it is possible to consider the optimization of network
development from the beginning in the 6G era. Maybe 6G starts from the sky.
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5.3. Technology for further broader frequency domain and
advancement of frequency utilization

As shown in Fig. 5-10, 5G NR supports the frequency bands up to 52.6 GHz, and the possibility
of extending its support to about 90 GHz is being studied for future releases. In addition, the Federal
Communications Commission (FCC) recommends that higher frequency bands than those used in
5@, such as 95 GHz to 3 THz, be studied for 6G [5-24]. In the higher frequency spectrum from the
"millimeter waves" to "terahertz waves,” it is possible to use a drastically wider bandwidth compared
to 5G. For this reason, studies have started on the possibility of achieving “extreme high data rate
and high capacity" communication exceeding 100 Gbps [5-25, 5-26]. At present, as shown in Fig.
5-10, "radio waves" up to about 300 GHz are considered to be within the scope of 6G. However,
"terahertz waves" have a stronger tendency to travel through a straight path than "millimeter waves"
and cannot propagate for a long distance. In order to address this problem, it is necessary to carry
out technical examination on terahertz waves to clarify their radio propagation characteristics and
establish their propagation model and high-precision propagation simulation technique. Regarding
radio propagation characteristics of terahertz waves, in addition to basic characteristics such as
reflection, scattering, and transmission, measurement reports of indoor environments [5-27, 5-28,
5-29, 5-30, 5-31, 5-32] have been carried out. And measurement examples in outdoor
environments have begun to be reported [5-33, 5-34, 5-35]. However, it is a problem that the
amount of measurement data necessary for the construction of the propagation model is still
insufficient for more than 100 GHz bands. In addition, technology examination such as progress of
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the device technology and utilization on the premise of the above-mentioned New Radio Network
Topology is also required.

Regarding device technologies, it is necessary to develop digital signal processing circuits which
support further wider bandwidths, DAC and ADC at low cost and low power consumption. In
addition, antennas, filters, amplifiers, mixers and local oscillators that operate in high frequency
bands must be developed so as to be compatible with Massive MIMO’s multiple antenna elements
described later. RF (Radio Frequency) circuits must be enhanced for higher performance and
higher integration in high frequency bands exceeding 100 GHz. As semiconductor devices, they
must be manufactured with a level of precision and cost applicable to actual commercial services.
As the wiring loss will be larger in those high frequency bands, the composition of chips and circuits,
and implementation method for connecting antennas are also major challenges. A research theme
would be how to achieve optimization of both the pursuit of performance of the device itself and the
improvement of performance of the device using the compensation technology by digital signal
processing to be described later, factoring in the evolution of future semiconductor manufacturing
technology. Deciding whether to adopt chemical compound-based or silicon-based semiconductor
will still be an issue in 5G Evolution and 6G. In addition, miniaturization, low power consumption,
and high heat radiation are also necessary, when those semiconductor devices are utilized for the
terminal, and realization of the RF circuit corresponding to the multiband and the miniaturization
are also large problems on the premise of CA in millimeter wave and terahertz wave. Research
and development for the above-mentioned technical problems in the high frequency band
exceeding 100 GHz has become an international competition, and examination has been started
in Japan by the research and development project of the Ministry of Internal Affairs and
Communications [5-36]. For example, research and development will be carried out on radio
system configuration technology to realize 100 Gbps at a distance of 100 meters within sight in
high frequency band, antenna integrated front-end IC technology to realize Massive MIMO,
compound semiconductor technology to enable high power transmission, and terahertz band RF
technology to operate in 350-600 GHz band considering application to mobile backhaul and
fronthaul. The results of research and development on these device technologies will be important
for utilizing terahertz waves in 6G.

Compensation technologies of the device by digital signal processing for RF imperfection are
also important. For example, in order to improve power consumption, DAC and ADC with the low
resolution and technologies which mitigate degradation from them are also examined [5-37]. And,
for RF device in the terahertz bands, phase noise with high carrier frequency and frequency
selectivity for wide bandwidth get more severe than millimeter wave band, and these compensation
techniques in digital signal processing have started to be widely examined [5-38].

Fig. 5-11 illustrates a concept of radio access technology in consideration of such high frequency
bands and the above-mentioned "extreme-coverage extension" to the sky, sea, and space. These
are different directions of development, but have common technical problems in the sense that
there is the area where the coverage and power efficiency will become more important than the
spectrum efficiency. In this area, single-carrier signal waveform becomes preferable to OFDM
waveform as a radio technology. As we apply radio technologies including IAB to a wider range of
areas, the importance of power-efficient radio technology such as single carrier may increase [5-
39, 5-40]. However, because extremely high performance and manufacturing accuracy are required
for wireless devices depending on imperfections in frequency characteristics of terahertz wave
devices and the relationship between signal bandwidth and frequency utilization efficiency to realize
100 Gbps, CC (Component Carrier) may be introduced in the same way as 5G in order to mitigate
these requirements. In order to utilize ultra-wideband signal bandwidth in terahertz waves, it is
important to design wireless parameters such as bandwidth of CC, number of CCs, and signal
waveforms to be introduced while taking power consumption of baseband signal processing
systems into consideration. In order to further improve the power efficiency of DFT-s (spread) -
OFDM adopted in the uplink of 5G NR, FDSS (frequency-domain spectral shaping) that performs
spectrum shaping in the frequency domain, is investigated [5-41]. Studies of signal waveforms
combining DFT-s-OFDM with time-domain FTN have been conducted to improve frequency
utilization efficiency besides improving power efficiency. [5-42]

In addition, as we add new frequency bands such as millimeter and terahertz waves in addition
to the existing frequency bands, we will have to utilize more very wide frequency bands than in the
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past. This may necessitate consideration in a lot of related technological fields to achieve optimized
selection of bands for different applications, reexamine inter-cell frequency reuse methods,
upgrade uplink/downlink duplexing methods and review spectrum utilization methods in low
frequency bands. In 5G, not only millimeter wave bands but also Sub 6GHz (3.7/4.5 GHz) bands
are important, and this will be also the case toward 6G. It will be important to explore new frequency
bands and improve performance in millimeter-wave and lower frequency bands as shown in Fig.
5-11, because such efforts will lead to improved user experience everywhere and also to stronger
motivation for introducing 6G for mobile carriers. It is also necessary to reexamine the possibility of
newly introducing technologies that have not been achieved prior to or for 5G, because they may
also contribute to improving the spectrum efficiency in the existing frequency bands and expanding
the scope of new use cases. Such technologies include the above-mentioned New Radio Network
Topology, Al technology described later in Section 5.6, optimization technology using cyber-
physical fusion and high-precision sensing technology linked to high frequency bands. As described
in Section 5.6, it is possible to improve the frequency utilization efficiency of existing frequency
bands and expand the scope of application to new use cases. In addition, the advanced radio
transmission technology described in Section 5.4 can be widely applied to lower frequency bands
below millimeter wave frequencies. Furthermore, for the existing frequency bands, designing new
radio technology which can coexist with existing technologies such as 5G NR will also become an
important requirement.

5G NR supporting spectrum up to ~50GHz

5G 5G Evolution
(up to ~90GHz)
5G Sub-6 SG mmW
FRT i (FR3) (FR4) (FR5) .
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< 6G Low/Mid-band > < 6G High-band >
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in lower-frequency spectrum spectrum, e.g,, 10-20GHz including above 100GHz (“THz spectrum”)

Figure 5-10. Exploration of frequency bands for 6G
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Figure 5-11. Expansion of radio access technology for higher frequency band exploration and
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5.4. Further advancement of Massive MIMO and wireless
transmission technologies

In 5G, Massive MIMO (mMIMO) technology using a massive number of antenna elements has
been a key, especially as a technology to make effective use of millimeter waves [1-1]. In 5G
Evolution and 6G, further advanced forms of mMMIMO are expected, such as multi-element/multi-
layer mMIMO [5-43, 5-44] and Distributed mMIMO for a distributed antenna configuration combined
with New Radio Network Topology. Distributed MIMO combined with New Radio Network Topology
is one of promising method for wireless access system using high-frequency bands such as
millimeter- and terahertz waves. As shown in Fig. 5-12, it will be necessary to examine how to
achieve the following technologies: (i) the technology to deploy distributed antennas to ensure LOS
(line-of-sight) propagation paths for mobile terminals with a high-probability, (ii) the technology to
control distributed propagation paths to switch the communication paths and track very narrow
beams following the movement of user terminals and (iii) the technology to achieve distributed
cooperative MIMO that realizes multi-user transmission for a large number of user terminals by
using several cooperation methods such as inter-terminal communications [5-5]. In the distributed
antenna deployment technology, it is expected that many antenna deployment using A-RoF with
beamforming technology will be utilized [5-45], because it is highly compatible with the wideband,
which is a characteristic of the high frequency band. Regarding distributed propagation path control
technology, antenna beam narrowing is necessary on both base station and terminal sides in order
to secure system margin against propagation loss and signal broadening in the high frequency
band. From this point and subarray configuration, a technology for fast detection of optimal
combination between multiple beams is necessary [5-46, 5-47, 5-48, 5-49, 5-50]. And, beam search
and antenna search method based on the position information are also promising on the high
frequency band, because the correlation between position and radio quality is strong in the use
case of line-of-sight environment such as train and car [5-51, 5-52]. In addition, the combination of
the high frequency band and the distributed antenna has the potential to detect the position of user
terminal by the communication radio wave itself. Beam search and antenna search methods using
this position detection have been studied [5-53, 5-54]. In addition, because radio quality is
significantly degraded in the high-frequency band when radio waves are shielded, it is necessary
to switch antennas or antenna beams before shielding them. The related studies have been
underway on methods to recognize the shielding environment in advance by using a camera, and
on methods to predict and select the optimal antenna beams by using Al based on the selected
beam history of each distributed antenna and the radio quality of the surrounding beams [5-55, 5-
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56, 5-57]. And, regarding the distributed cooperative MIMO technology, the following have been
studied: Transmission power control technology [5-58] for multi-beam of each distributed antenna
considering both reduction of interference among users and low power consumption, and clustering
technology [5-59], that is a method to select which distributed antenna to connect to which central
station, and which distributed antennas to use for cooperative MIMO transmission from distributed
antennas connected to the same central station, from the viewpoint of both distributed Multi-User
MIMO transmission suitable for spatial correlation between user terminals distribution and
computational complexity reduction. In order to realize distributed and coordinated MIMO
transmission, the synchronization accuracy needed for MIMO transmission is required between
antennas installed at different locations [5-60, 5-61]. The synchronization accuracy may be more
severe in millimeter and terahertz waves where the symbol rate is faster. Such high synchronization
accuracy requirement may need a special inter-network synchronization function between the
distributed antennas and greatly affect the deployment cost of distributed antennas. However, in
millimeter and terahertz wave systems, where narrow antenna beams are required for both a base
station and a wireless terminal, special inter-network synchronization between distributed antennas
may not be necessary, because wireless terminal antennas cannot simultaneously receive signals
from multiple distributed antennas due to limited reception direction, and so coordinated MIMO
transmission may not be operated. Thus, the accuracy of synchronization among distributed
antennas needs to be studied in terms of the balance between the cooperative MIMO transmission
gain among multiple distributed antennas and the impact on the deployment cost of distributed
antennas.

Furthermore, the low power consumption of communication infrastructure including radio base
stations is a social issue, and distributed MIMO utilizing a large number of distributed antennas
should be especially aware of this "low power consumption of base stations". In order to reduce
the base station power consumption of distributed MIMO, a technology to control the sleep of each
distributed antenna according to the traffic distribution and fluctuation in the area without
compromising coverage is being considered by taking advantage of the feature that multiple
distributed antennas can form overlap zones [5-62].

Regarding radio access technologies, ones based on the OFDM signaling approach the Shannon
limit. Faster-than-Nyquist (FTN) signaling has been recently studied, which packs data non-
orthogonally at a sampling rate faster than bandwidth [5-63]. Even if the system employs the FTN
signaling, it would be difficult to exceed the Shannon limit. However, the FTN signaling may vyield
another gain, e.g. peak-to-average power ratio (PAPR) [5-64]. Furthermore, as shown in Fig. 5-13,
Virtual Massive MIMO (VM-MIMO) technology has been proposed as a technique for realizing
spatial multiplexing antenna gain comparable to mMIMO with a single antenna [5-65]. VM-MIMO
technology can create a super-massive number of virtual antennas and increase the number of
space division multiplexing channels by using a reception sampling rate greater than the frequency
bandwidth as is the case for FTN, and by changing the antenna characteristics at ultra-high data
rates and periodically. In contrast to FTN, VM-MIMO can bring about the effect of extend the
bandwidth relative to the Shannon Limit by causing the propagation path to fluctuate at high data
rate, and has the potential of obtaining large gain theoretically, despite certain remaining challenges
such as its application conditions and feasibility under real environments.

In addition, as upgrading of radio transmission technology, upgrading of duplex method of up
and down link is also considered, and FD (full duplex) which carries out up and down link
communication at the same time and frequency is discussed in 5G Evolution [5-66]. The FD
technology has the merit that by carrying out the uplink communication simultaneously, the
frequency utilization efficiency can theoretically be doubled, while the overhead of guard interval
and guard band, etc. which were necessary for dividing the uplink until now is reduced, and in
addition, the delay and coverage improvement can be realized by increasing the transmission
opportunity of the uplink. However, in the introduction of FD technology, it is technically a big
problem that interference between terminals and base stations occurs between uplink and downlink.
Therefore, it is necessary to consider the combination with the mMIMO technology which can
reduce the interference by the beam and the careful selection of frequency band and application
scenario. XDD (cross division duplex) [5-67], that follows FD concepts partially and realizes low
latency and coverage improvement as well as interference suppression, is also investigated.
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5.5. Extension of Ultra-Reliable and Low Latency Communications
(URLLC) and industrial networks

Many industrial use cases such as remote control and factory automation require guarantee of
necessary performance. A recent focus of attention is Non-Public Networks (NPNs), which are
specialized for industry applications and differentiated from Public Networks characterized by best-
effort services, leading to various discussions on how to implement it efficiently. In addition to "Local
5G" in Japan, current global research projects such 5G-ACIA are joined by many companies [5-
68]. Industrial use cases are characterized by their wide range of requirements, which vary among
industries and applications. Low latency is not always required; however, it is necessary to
anticipate use cases that would require very demanding conditions and not be simply satisfied with
an average low latency but demand stable low latency that will never fluctuate.

Automation systems in factories are expected to use different applications to make their
automated operation more effective. As shown in Fig. 5-14, it is anticipated that factory automation
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will need to support "Mixed Traffic," in which different systems with different communication
requirements coexist. In this example, a data transmission system that requires high-capacity
communication and a control system that requires low-latency and high-reliable communication are
simultaneously operated. It is necessary therefore to realize a system that can respond to a wide
range of requirements, such as achieving high-capacity communication while maintaining low
latency and high reliability [5-69]. 6G is also expected to provide higher levels of reliability and
security than 5G.

As shown in Fig. 5-15, there are a lot of options being studied in terms of performance, cost and
speed of deployment regarding the mobility between Public Networks used by general users and
NPNs for industry applications and network configurations, which are now discussed at 5G-ACIA
and other groups.
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Figure 5-14. Support of various types of traffic in industrial networks
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Figure 5-15. Overlay of Public Network and industrial network (NPN)

5.6. Multifunctional wireless communication systems and utilization
of Al technology in all areas

In 5G Evolution and 6G, it is considered that enormous and various information such as images,
voices and videos are transmitted from all terminals, and efficient analysis and utilization of vast
and diverse information using Al technology is being considered for advanced radio communication
control and utilization for cyber-physical fusion.

In cyber-physical fusion, images and a variety of sensing information are transmitted to the
network through loT devices. Therefore, in addition to the information measured by radio waves of
radio communication, it is conceivable that such various information will be analyzed by Al
technology and incorporated into the sophistication of radio communication control such as
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propagation path prediction and beam control. In addition, there is a potential for an evolution in
which radio communication waves will be used not only for information transmission but also for
various applications, including sensing such as positioning and object detection [5-70, 5-71] and
wireless power supply technology (energy harvesting [5-72], etc.). In particular, high frequency
bands such as millimeter waves and terahertz waves are suitable not only for high-speed, large-
capacity communication, but also for the realization of highly accurate positioning and sensing.
Also about this, utilization of Al technology is the key, and it is expected that the accuracy of
positioning and object detection will be greatly improved by analyzing various information in
addition to the information measured by radio waves of wireless communication by Al technology.

As shown in Fig. 5-16, the use of Al technology is expected in all areas of radio communication
systems, such as various controls and algorithms in radio communication, network and device
management, and functions that automatically optimize for use cases and environments. And, in
cyber-physical fusion, it is possible to utilize Al technology in a communication system that spans
real space and virtual space, such as "communication using Al avatar as an endpoint" described
later. Furthermore, the following technologies are being examined as the advancement of
communication technology using Al: technology to improve delay and reliability in non-orthogonal
multiple access (NOMA) [5-73, 5-76], technology that anticipates the changing environment and
predicts the propagation environment and communication quality [5-75, 5-76], technology to predict
the radio communication quality of millimeter wave/microwave by the physical space information
obtained by the depth camera/RGB camera [5-77, 5-78], technology that intelligently switches
routes with other wireless technologies that integrate and cooperate based on the predicted
propagation environment and communication quality, and technology to keep up with the
environmental change by utilizing mobile relay stations [5-79], etc. In order for the above-mentioned
New Radio Network Topology to function efficiently and effectively, topology management and
control technology utilizing Al etc., will be an important factor. The sensing information acquired by
utilizing Al is considered to be effective not only for providing to users as added value, but also for
network control and parameter optimization in 5G Evolution and 6G, and stable network operation
is also possible. Thus, Al is also expected to contribute to stable network operation.

Although the examination of wireless network standards suitable for the utilization of such Al
technology is a challenge, the design of wireless network interfaces itself is expected to be
advanced by Al technology in the future, and demonstration experiments have started [5-80].
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Figure 5-16. Utilization of Al technology in all areas of mobile communications systems

5.6.1. Wireless sensing technology in cellular network (Joint
communication and sensing)

Heading towards creation of added value of cellular network, wireless sensing technology which
utilizes radio wave for communication (Joint communication and sensing) is attracting a lot of
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attention. Fig. 5-17 shows a general view of the classification of wireless sensing technologies in
the world. By utilizing wireless sensing technologies in cellular networks, it is expected that not only
performance improvement of existing and future facilities, but also new services will be created by
utilizing sensing information such as radio wave propagation characteristics. Especially, it is
considered that the cellular networks have affinity, because it can utilize radio wave propagation
characteristics of many frequency bands from low frequency to high frequency. Concretely, since
it is resistant to environmental changes such as solar light in such a frequency bands, it can be
used even at night and in non-line-of-sights (NLOS) environments. Also since the reflectance ratio
changes according to the dielectric constant of the material, there is also the feasibility of the
sensing of objects with high reflectance such as human, metal or much water/moisture.
Furthermore, it is also possible to detect minute vibrations which cannot be discriminated by human
eyes. Information collection with careful consideration of privacy becomes possible. Thus, wireless
sensing technology utilizing radio waves has high utility value from various viewpoints. On the other
hand, as a mobile communication operator that owns cellular network equipment, it will be possible
to collect information over a wide area and store information directly on the cloud by utilizing base
stations and network infrastructure located all over the country. Therefore, wireless sensing
technology in cellular networks can contribute to the advancement of cyber-physical fusion in all
aspects of informatization of people, things, and events.

On the technical side, in the field of positioning and sensing technology so far, many approaches
to analyze the received power that can be easily obtained from radio communication systems such
as cellular networks have been studied. On the other hand, the recent wide use of OFDM and
MIMO has made it possible to obtain more detailed propagation channel information (CSI: channel
state information) in frequency and space domains. This has brought about an explosively increase
in the quantity of information available for analysis. It is expected that the accuracy of positioning
and sensing will be improved by utilizing such detailed information. In addition, due to the dramatic
improvement in the capabilities of computers and the rapid evolution of Al technology, the
technological domain for object identification and behavior recognition is expanding beyond
capability of detection by humans. Specifically, the following technologies are widely examined:
Intrusion detection (one or multiple persons), congestion rate estimation in a certain area, human
action recognition (walking, sitting, cooking, watching TV, etc.), gesture recognition by fingers and
arms, vital sign monitoring and user identification, and more.

On the other hand, there are many expected use cases from the use of wireless sensing
technology. From the viewpoint of terminal positioning, improvement of communication
environment, cooperation with the Intelligent Transport Systems (ITS) and robotics industry, and
more, can be considered. From the perspective of sensing, it is expected that data can be used for
various use cases such as crime prevention measures, disaster measures, collection of statistical
information, environmental protection, collaboration with the ITS/robotics industries and more. Fig.
5-18 shows an example of a use case and its procedure. (Step1) Obtaining CSI for various
conditions is performed. For example, detection or non-detection of humans, state of doors such
as open or closed. (Step2) Labeling is performed according to each state, and building a learning
model. (Step3) Judgement a detection or non-detection of humans and the state of doors (open or
closed) using a learning model prepared in Step 2.

Also, in the age of 5G Evolution and 6G, the use of higher frequency and wider band signals
including terahertz waves, and the realization of fine-tuned control of the antenna beam direction
using a large number of antennas are expected. Furthermore, it is expected to be fused with radar
using reflected radio waves. This is also a great merit so that it leads to positioning and sensing
with higher accuracy and resolution.

Information that can be obtained from a cellular network, including radio propagation information,
has a lot of potential value. This field is expected to grow continuously. The acquired information is
not only provided to users as added value, but also considered to be effective for 5G Evolution and
6G parameter optimization of communication systems by analyzing real-time sensing data in the
communication area. It is expected that this will lead to stable network operation.
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Figure 5-18. Method of positioning and sensing using channel state information

5.6.2. Communication using Al avatars as endpoints

In recent years, a wide variety of services have been born due to the spread of smart devices and
the development of communication infrastructure. Based on this trend, humans face the increase
of information data that should be processed. However, there are limits to the amount of services
that humans can experience and to the amount of work that humans can do in physical space.
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Thus, an Al avatar which can be active 24 hours a day, 365 days a year may substitute the
experience and work instead of the human. Here, it can process huge amounts of data at high
speed in cyberspace and make autonomous decisions on behalf of the human. The Al avatar is
supposed to be a communication endpoint which communicates with humans and/or other Al
avatars. There are two forms of Al avatars: digital clones, which are the alter egos of specific
individuals, and avatars with artificially created imaginary personalities and intentions. The former
has the knowledge and will of the person, and makes decisions and acts autonomously on behalf
of the person. Al avatars in cyberspace and the original humans in physical space can act
independently and share experiences. This increases opportunities for humans. The latter can be
applied to various applications to streamline and optimize existing services and to develop and
provision new services. There are various requirements for these Al avatars to be communication
endpoints, and key requirements are as follows:

1. Deterministic communication considering low delay and low jitter for natural and smooth
communication between physical space and cyber space

In-network computing for efficient processing of large amounts of data

New authentication feature to authenticate Al as a specific person

Policy control infrastructure for controlling permissions granted to Al

Learning infrastructure for continuous Al model updates

abrwn

In relation to 2 and 5, security and privacy considerations are necessary. In general, it is
necessary to collect a large amount of good quality data to train highly accurate Al. In the case of
an Al avatar, it is assumed that the data needed to train its alter ego will be privacy-sensitive data.
Therefore, it is necessary to collect a large amount of data related to personal privacy in order to
train Al avatars. From a security standpoint, it is desirable that the data held by a personal device
be processed in an environment that is physically close to the user. For example, data such as a
user's biometric information collected on a user device should be processed only on the user device.
However, it is thought that the resources of user devices alone are insufficient for learning high-
precision Al such as Al avatars. Therefore, it is necessary to transfer the privacy data to the server
on the network side and perform the calculation processing while ensuring the user security. More
advanced security technologies are discussed later in Section 5.8.10.

In relation to 3, the handling of IDs is also discussed. With the advancement of decentralized
services such as metaverse and Web3, which are realized by the use of blockchain technology, it
will be necessary to deal with ID when using services such as Al avatars, not only the current
centralized ID, but also decentralized ID that can be used in common services without depending
on specific operators, and self-sovereign ID that allows individuals to independently control their
own identity provided to services.

5.7. Integration of various wireless technologies

As we continue to expand the 5G Evolution and 6G technology areas in order to support all use
cases, it will become necessary to consider how to coordinate or integrate mobile communication
technologies with other current and future wireless technologies dedicated to specific applications
as shown in Fig. 5-19. As with 5G, it will be important to complementary use or cooperate with
unlicensed-band wireless communications, such as wireless LAN and Bluetooth, and short-range
wireless communications. And, in APN of IOWN Initiative, the combination of optical radio
communication [5-81, 5-82] and communication using conventional radio wave is also important in
order to introduce the optical technology from the network to the end of the terminal, as much as
possible. Although optical wireless communication is easily affected by environment such as
weather, it can be used for wireless transmission at higher speed and longer distance than radio
wave, for example, as a means to connect backhaul/fronthaul and network equipment wirelessly,
and for inter-node communication in NTN.
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And, as a place where radio waves from the sky do not reach, for example, in "undersea", it
seems to be necessary to use wireless communication using waves other than radio waves such
as visible light communication and acoustic communication. At present, since the high-speed
underwater wireless communication technology has not been established, the underwater work is
controlled by diver and wire, but in the future, realization of wireless remote control and monitoring
in each undersea market as shown in Fig. 5-20 is expected by high-speed visible light
communication and acoustic communication of Mbps class. For the speedup of the visible light
communication, the utilization of blue laser and photomultiplier tube for overcoming the attenuation
in the sea water is examined, and the successful example of the transmission experiment of 20
Mbps at the distance of 120 meters in the deep sea area is reported [5-83]. Visible light
communication has problems which are easily affected by interference of solar light and turbidity
of sea water, and speedup of acoustic communication which can be used even in shallow sea area
is also examined. For the speedup of acoustic communication, a new waveform equalization
technology [5-84] which positively utilizes the space region is examined in order to overcome the
order of magnitude inferior waveform distortion which is a problem peculiar to acoustic
communication, and a successful example of transmission experiment of 1.2 Mbps at a distance of
60 meters in a shallow sea area is reported [5-85].

As mentioned above, cooperation with satellite communication system is also important in order
to realize coverage expansion to air, sea and space. There are two directions of development for
the integration of wireless communication technologies:

(1) Expanding the scope of integration: Integration of the diversification technologies, including
ultra-coverage expansion technology (Satellite communications, undersea communications,
HAPS, etc.) and integration with new wireless communication systems.

(2) Enhancing quality through integration: Integration that takes into account the unique
characteristics of heterogeneous wireless access networks enables high quality and low
cost (+ flexible, fast, and low power consumption) in response to time-varying application
requirements and environmental changes.

In (1), it seems to be important not only to examine how to integrate the super coverage
expansion under examination and to smoothly carry out connection management and connection
switching, but also to examine interfaces and architectures which will be effective in integrating and
controlling new wireless communication systems in the future. In (2), when integrating cellular
systems and wireless LANSs, etc., it is important to consider technologies that not only design areas
considering communication quality but also facility costs when, for example, cellular systems and
wireless LAN are used in an integrated manner [5-86] and perform smooth connection switching
and transversal and efficient accommodation control, but also flexibly and quickly follow time-
varying application requirements and environmental changes, or absorb fluctuations, taking into
consideration the characteristics of individual communication systems and achievable
communication quality, and to consider integrated networks that maintain high quality while
reducing equipment costs through the integrated use of heterogeneous networks.

On the other hand, in addition to this, we can also refer to other examples such as the expansion
of mobile communication technology to unlicensed bands (LAA: License Assisted Access) [5-87],
integration of access and backhaul links by mobile communication technology (IAB) and
examination of NTN in 5G. In view of these wireless technologies, we can potentially take an
approach to supporting their use cases comprehensively by extending mobile communication
technologies, instead of applying other communication standards or frequency bands as we have
done so far.

In order to realize all requirements and use cases of 5G Evolution and 6G, it will be mandatory
to integrate such multiple types of wireless network technologies through their cooperation and
integration and will be necessary to find out implementation methods to achieve these. This may
also be related to how to “define” 6G. The ideal is to establish an ecosystem that can support a
wider range of use cases in a user transparent manner, in other words, without making users aware
of which wireless network technology they are using.
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5G Evolution and 6G system

Figure 5-19. Integration of wireless communications technologies.
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5.8. Network architecture

5G’s network architecture needs to satisfy the requirements for high-data rate, high capacity, low-

latency and high-reliability communication and massive connectivity and support a wide range of
services and applications in the market. To achieve this, new technologies and concepts have been
introduced to 5G, such as virtualization technology, network slicing and Service Based Architecture
(SBA) in the core network as well as in the wireless access network. It is still necessary however
to examine the network architecture including its drastic review in order to follow the market trend
in the latter half of 2020s and 2030s, further demanding requirements, and the speed of market
changes.

The following requirements should be taken into consideration in examining the network

architecture:

1.
2.

3.

Practical application of even more diverse use cases from a wide range of industries
Responding to a dramatic increase in traffic, mainly data from vehicles, cameras and
sensors reflecting the age of advanced cyber-physical fusion

Use of communication networks as a lifeline, increasing demand for important
communications in various industries, and ensuring the robustness of communication
systems against frequent disasters

Diversification and increase of devices used by humans such as wearable devices, and
responding to the sharing economy also expanding to the telecommunications industry
Responding to the efforts for sustainable global environment such as global warming gas
emission control, decarbonization and reusability

Rapid implementation of new services in response to rapid market changes

Strong defense against advanced cyberattacks, increasing security threats such as personal
information leakage and provision of secure communication services

COVID-19's rapid transformation into a remote society due to the spread of infection

The following sections discuss issues regarding the network architecture to be examined.
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5.8.1. Flat network topology

In mobile communications, the use of tree and star network topologies is anticipated to continue
even in the future in public networks. In consideration of various new use cases created in the
future and the robustness required for systems, however, it should be necessary to consider
diverse options to provide the capability to select a most appropriate topology for each location or
application including new topology options. Use cases geared toward private networks represented
by local 5G are expected to spread further in the future, as well as small network configurations
with built-in network functions. For the coverage extension, we should also consider the possibility
of introducing and disseminating technologies for distributed antenna deployment, relay node
utilization and inter-terminal hopping. In addition, we need to consider network topologies factoring
in the possibility of integrating technologies of mobile communications with those of NTN
communications utilizing HAPS and satellites, and with those of other wireless communications for
the purposes of disaster response, rapid service area expansion and low-cost and efficient network
operation.

5.8.2. Flexible deployment of network functions

In order to support various use cases expected in the future, it is necessary to allow flexible
network function deployment as well as the diverse network topologies mentioned above. It can be
said that the degree of freedom of network functions placement will geographically and logically
increase. For the candidates on the location of network functions, not only network operator
facilities are to be considered. Regarding the deployment of RAN (Radio Access Network) and CN
(Core Network) functions, they are usually concentrated in large-scale and distributed facilities in
public operator networks, e.g. a radio base station and a central office. In the future, however, it is
anticipated that more functions will be finely distributed locally on-premises of business users’
private networks or their equivalents, for instance to address use cases for improved safety and
low latency transmission. Furthermore, 3 party public cloud providers are also starting to provide
distributed infrastructure in addition to their centralized infrastructure [5-88, 5-89], which increases
the freedom for such network function placement arrangement.

The direction shown above has been promoted by the recent trends of virtualizing and
implementing network functions as software components including their containerization and
cloudification. These techniques, but in particular containerization and cloudification, can improve
application portability [5-90]. In fact, considerably flexible functional development is possible even
in the current stage applying virtualization technologies. But with cloudification a bigger step
forward can be achieved by extending a more flexible network function design, not only at the
network architecture level, but even also at the application architecture level [5-90, 5-91]. The core
network functions are now being virtualized, as well as MEC/cloud services being offered by
communication service providers [5-92], and RAN’s functional virtualization has also started. As a
result, the virtualization and cloudification momentum has expanded to the whole mobile network
end-to-end. More flexible distribution and unified stable operation of those diverse network
functions and cloud services require further improved robustness, operability, and maintainability.

In addition to the operation of the network functions and services, the design of the platform
infrastructure is of great interest. The platform infrastructure consists of physical resources, which
in turn underpins a platform enabling softwarized network functions to be deployed. In the past,
operators carefully determined the border of network domains and responsibilities, and related
departments have individually managed each platform infrastructure within their responsibilities,
respectively. As a result, network operators have been able to build and operate huge, massive
systems for telecommunication. Furthermore, up to now, since the demarcation between RAN and
CN is well determined the platform infrastructures are also split between RAN and CN; generally,
MEC/cloud services are handled as applications isolated from network functions and dedicated
platform infrastructure is also provisioned. However, in order to realize flexible arrangement and
unified stable operations of network functions and cloud services, there might be a need for network
operators to consider making flexible the border between the platform infrastructures used for the
different network domains, or even building no border at all. This enables the network operator to
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deploy and operate a homogeneous platform infrastructure, and optimize the provisioning and
assets. In that sense, breaking away from statically designing the border for the infrastructures is
a big challenge for network operators and one of the difficulties regarding the introduction of end-
to-end cloudification and virtualization. Finally, in such flexibly distributed network, it is required to
ensure the scaling of network services in response to performance requirements from small to large
scale communications, to reduce power consumption by software technology, and to achieve
power consumption reduction, space saving and cost reduction for hardware itself.

Against this backdrop, the Data-Centric Infrastructure (DCI) presented in IOWN GLOBAL FORUM
provides service providers with a tool that enables them to flexibly build and deploy distributed
heterogeneous computing resources (CPU, memory, FPGA, GPU, etc.) connected by an All-
Photonics Network (APN) as a data pipeline [3-7]. Network operators can use the DCI to place
network control functions flexibly, and application service providers can use the DCI to take
advantage of computing resources in various locations suitable for their applications.
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Figure 5-21. Overview of flexible deployment of network functions

5.8.3. Simple network

The 5G system as a whole is becoming more complex as more functions and options are
implemented in order to support a variety of use cases flexibly. For multiple parameters that
supports one function, a wide range of values and many combinations of values are specified. This
leads to an increasing number of test cases for functional tests, and interoperability tests between
systems and vendors, requiring a large amount of human resources and cost.

Furthermore, for certain application types, some functionalities may not be needed. For example,
many video applications will be based on the “best effort” requirements and work well with changing
of IP. Also, majority of traffic generated by the video applications come from a nomadic behavior of
mobile subscribers.

To cope with these, it will be necessary to take measures to suppress complexity, while increase
cost efficiency, and maintaining system flexibility and security in the network. The following
measures can be considered:

Careful selection of functions and options required in the market
Redundancy elimination between RAN and CN

Reduction of layers in the protocol stack

Reduction of network functionalities or network functions

PON=
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5. Grouping of use cases and selection of parameter values and combinations for each group
6. Unification of lifecycle management methods such as RAN and CN installation and
configuration changes in virtualized environments.

As a side effect of network simplification, power saving is also expected, but from the viewpoint
of power saving, it is necessary to continuously search for an approach to improve the processing
capacity of computing resources in parallel with simplification, which will lead to further reduction
of environmental impact. Disaggregated computing, directly connecting resources such as CPU
and memory with optics, and utilizing the high-speed and excellent transmission characteristics of
optics, we aim at computing with extremely high processing power per unit of power so that the
desired high processing power can be obtained without increasing the environmental load, and we
can expect the effect of reducing the environmental load per each data center, for example.

5.8.4. RAN-Core convergence

Some of objectives identified in section 5.8.3 to simplify the network architecture, and in particular
the measures related to avoiding overlapping functions in RAN and Core network elements
(measure 2), simplifying the protocol stacks (measure 3) and unifying the lifecycle management of
RAN and Core functions (measure 6), could be addressed by investigating on the convergence
RAN and CN functions.

The 3GPP mobile network generations until 5G are characterized by a hard architectural
separation between Radio Access Network (RAN) domain and Core Network (CN) domain. For
instance, in the 5G system, the adoption since Rel-15 of the service-based architecture [5-93] is
limited to the CN Control Plane functions. The service-based approach is recognized as an enabler
of cloud-native deployments, which bring several advantages in terms of flexibility (faster
deployment of new services, shorter lifecycle management process) and sustainability (lower total
cost of ownership of the network infrastructure). The progressive expansion of the adoption of
virtualization technologies (e.g. ETSI NFV [5-94]) for the mobile network deployment as well as the
Open RAN [5-95] standardization initiative to enable virtualized and interoperable RAN deployment
options may bring to re-thinking the architectural separation between RAN and CN functions.

In this context of RAN-Core convergence, there are several areas that require thorough
investigation:

- Extending the adoption of the service-based paradigm to the RAN Control Plane functions
and, possibly, the user plane functions. In 5G, the reference points between RAN and CN
functions, as well as between different RAN functions, are still based on point-to-point
interfaces that require preconfigured persistent associations between node-pairs.

- Re-distributing/combining overlapping functionalities currently implemented by 5G CN and
RAN functions to simplify the system architecture.

- Re-considering the need for 3GPP specific legacy protocol (e.g. SCTP, GTP, NG-AP) not
commonly supported by all IT equipment and therefore not virtualization friendly.

- With specific reference to mobility management and session management functions,
separating the functionalities that specifically depend on the access technology from access-
agnostic functionalities that enable the integration of multiple access technologies (E-UTRAN,
5G-NR, non-3GPP access, fixed network residential gateways, satellite, 6G RAN, ...) in a
common core network.

- Co-locating RAN and CN Control Plane functions to improve the control plane latency and
reduce the signalling between distributed functions and centralized functions. Co-locating
RAN and CN User Plane functions to further improve the user plane latency by enhancing the
local offload capabilities supported by the 5G system.

The investigation on these topics and identification of suitable and commonly agreeable solutions
will determine the design of the next generation network architecture.
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5.8.5. Advanced OAM (Operation and Maintenance)

For reducing workloads and costs and quickly introducing new features to systems, zero touch
operation is attracting worldwide attention, prompting its standardization and active system
development. Zero touch operation means automating systems to enable them to autonomously
and directly operate networks and services by utilizing Al technology without human intervention.
In the current stage, the range of autonomous operation is limited, and in many cases, it requires
the intervention of maintenance personnel. It is therefore necessary to gradually expand the range
of autonomous operation and reduce the areas that require such human intervention.

Finally, it aims to fully or partially apply Level 5: Full Autonomous Network [5-96], which can be
operated without the intervention by the maintenance person, and even in that case, it is necessary
to present what was detected, result of analyzing the detection content and content and purpose
of the measure to the maintenance person.

And, in order to utilize Al technology, a large amount of data of physical space such as state and
situation of network, hardware, virtualization platform, and application are necessary. The means
and framework to deliver the data to the cyberspace are required for Al to learn from the large data
and to analyze, to decide what to do. By the decision of Al, the measures for the network and others
of the physical space are carried out, and then the autonomous operation by the cyber-physical
fusion is realized.

Various nodes of the mobile network are created as digital twins in a different cyberspace, and
data synchronization is performed with the nodes of the commercial network that is actually
operating. Analysis of Al and all that, makes it possible to predict network failures in advance, plan
countermeasures in advance, verify optimization of various configuration parameters, and verify
new software and settings before release to commercial networks. In addition, the loop of applying
the results in the digital twin to the commercial network and reflecting the information of the
commercial network to the digital twin enables the realization of the autonomous network.

In the conventional operation and maintenance work, human came up with the operation and
maintenance method, and it was necessary to implement it by hand. In a fully autonomous network,
What human is needed is only thinking a request, and in a fully autonomous network, the means
to realize the request is led autonomously by using Al and all that, monitors that the request is
satisfied, and enables the growth of the network itself.

In the past, the scope of quality monitoring was entire node, which is a resource shared by the
end user, but in the future, it will be possible to monitor the quality on a granular basis for each end
user. By monitoring the line quality and the quality of experience of each end user, the end user
can enjoy a stable service without noticing the quality degradation.

In the Cognitive Foundation concept, rapid deployment and configuration optimization of ICT
resources in multi-domain, multi-layer, and multi-service vendor environments, as well as full
automation, autonomy, and self-evolution [5-97]. This makes it possible to link networks other than
mobile networks, leading to zero-touch operations for operators and maintainers, and improving
the overall service quality of end users. It is also expected to incorporate diverse information, such
as disaster forecasts, to create a robust network in which countermeasures are planned and
implemented before disasters occur [5-98].

5.8.6. Technology for integrated operation of multiple access
technologies

The 3GPP has already standardized the functions to accommodate multiple access technologies,
including wireless LAN and fixed communications, as functions in CN. In the future, it will be
necessary to develop an advanced integrated operation technology that can select various access
technologies such as fixed and satellite/HAPS communications and broadcasting, deploy them in
the right places and select an optimum access technology in a user transparent manner. The
following methods should be considered toward future networks:

1. How to distribute sites (Global/Local, Central/Edge, etc.) for common services
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2. How to enable one terminal to use different access technologies, addresses and slices
depending on the situation
3. How to operate one user’s multiple devices supporting different access technologies

In order to solve these problems, it is expected to apply technology that realizes seamless
communication independent of access/terminals by providing virtual endpoints in the network
described in 5.8.12.

5.8.7. Core network transmission/switching control technologies
supporting extreme low latency and high reliability

One of 5G’s achievements is the realization of low latency and high reliability. 5G allows terminals
to connect to multiple U plane nodes and to switch nodes at opportunities triggered by the terminals’
mobility or applications in such nodes. 5G can also monitor end-to-end latency. Specifications are
being prepared for the nearest application server selection and cooperative switching of U plane
nodes and application servers. However, in 5G, the realization of end-to-end low latency has only
relied on the U plane’s route selections within the range visible from the communication control
function. In other words, 5G has never attempted to reduce the latency in consideration of any (i)
transmission paths actually installed, (ii) actual switching equipment or (iii) interfaces between the
wireless and wired sections. In order to realize end-to-end extreme low latency in the future, we
should also give consideration to the areas that 5G has not included in its study scope 5G for
latency reduction. In other words, for example, it is conceivable to adopt a system in which (i) its
communication control function is extensive enough to cover the control of actual physical media
in the transmission path, so that the function can also control scheduling as well as path
selection/configuration, (i) no media conversion (e.g., Light - > Electricity - > Light) should
performed in the switching facilities, and this is kept to the minimum even in the transmission
section [5-99] and (iii) slot allocation for data transmission/reception is aligned between the wireless
and wired sections to eliminate the latency [5-100]. As a secondary effect, this system can also
improve efficiency and reduce power consumption of deterministic communication.

Furthermore, 5G allows terminals to establish redundant paths to the server via different RAN and
U plane nodes. However, in 5G, the realization of ultra-reliability was only based on the multiple
path selection within the communication network. In other words, the 5G relies on redundant paths
as possible with Multi-path TCP or IEEE Frame Replication and Elimination, but the communication
session is dropped if the application server fails, e.g., due to power outages. Therefore, a robust
reliability mechanism is required to handle the end-to-end reliability with much more coordination
between the network and the application.

In addition, FDN (functional dedicated network) of IOWN Initiative is a concept to construct
and provide logical dedicated networks with optimal data transmission services according to
use cases. FDN is responsible for packet/ frame transfer (Framed Digital) as a transfer path
in mobile networks, and can directly map digital and analog signals to optical paths, enabling
digital and analog signal transfer without packetizing/framing data (Straight Digital and Natural)
on the same APN infrastructure [5-101]. For example, broadband video data such as 8K video
can be enjoyed by the Straight Digital users with low delay and low jitter, and the network can
adopt a simple configuration independent of various video transfer protocols.
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Fig.5-22. FDN (functional dedicated network) architecture model

5.8.8. Wide-area time synchronization and wide-area deterministic
communication supporting CPS

Another achievement of 5G is the realization of time synchronization and deterministic
communication required for industrial closed networks (deterministic communication, in which
communication arrives at a specified time, has limited latency variations. Mainly used for periodic
communications). IEEE’s TSN specification which supports factory production technology has been
supported since 5G. IP-based time synchronization necessary for audiovisual production is also
being specified. Studies on time synchronization, time maintenance and deterministic
communication necessary for the security of power distribution grids have also begun. However,
5G currently does not support (i) time synchronization among widely scattered devices with no
distance limitation comparable to that of an industrial closed network, (ii) wide-range deterministic
communication with no distance limitation, (iii) IP-based deterministic communication or (iv)
scheduling on wired transmission paths and (v) ultra-reliability and deterministic performance
concurrently as part of an integrated solution [5-102, 5-103]. In the future, time synchronization and
deterministic communication over a wide area will be considered to support actuation of CPS. This
will also contribute to the creation of new services full of reality that use tactile senses and multiple
senses (i.e., multimodal) as new communication quality. In considering how to proceed regarding
(i) (i) and (iii), it is assumed to be inefficient to control a mixture of normal traffic and traffic with
distinctive characteristics. Therefore, as shown in Fig. 5-23, we should start by enhancing a
mechanism for selectively using multiple advanced transmission paths specialized for data
transmission with specific traffic characteristics for each call. This transmission path should be able
to control the communication quality finely on an off-path basis. Regarding (iv), it is conceivable
that information on the user data generation time/interval generated by the control node of
deterministic communication can be leveraged for the scheduling on the above-mentioned
transmission path on the wired section. To cope with issue (v), integration of IEEE TSN (L2) with
IETF Detnet (L3) is expected to improve the relevant control and data plane processes. However,
still many technical challenges are to be met towards 6G, due to highly complex multilayer (L1-L4)
operations and difficulty to support paradigms like end-to-end network slicing. In addition, further
research is needed on the areas of flow scheduling, queuing management and resource allocation,
to realize end-to-end ultra-reliable deterministic networks.
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5.8.9. Location-based mobility control supporting extreme-coverage

In 5G, mobility control has remained largely unchanged since EPC. In other words, 5G’s current
mobility control (and services such as emergency calls subject to the regulations of the country
where the terminal is served) does not work properly when (i) cells or base stations move relative
to the ground, (ii) a combination of cells and base stations change or (iii) cells are large enough to
cover part of another country across the border. In the future, the above-mentioned situations will
occur normally, service coverage areas will be on the ground, in the sky and in space, and terminals
and base stations will move around in a three-dimensional space. Thus, there should be a review
of mobility control. For example, location-based mobility control may be employed for the idle mode.
This mobility control consists of the following three parts. As shown in Fig. 5-24, (a) each area is
defined as a cube which is separated with other cubes in three dimensions by the coordinates of
latitude, longitude and altitude, (b) each cell determines whether a terminal with a location
acquisition function is inside or outside itself and (c) information of the area covered by each cell is
continually updated through enhanced link connection establishment between the cell, base station
and core network. As a side effect, this scheme will make it possible to directly store the terminal’s
location registration information as part of a digital twin of the network in the cyberspace of the CPS
that manages data in terms of location (and time). This digital twin can be easily overlaid on other
digital twins (e.g., urban information, traffic information and disaster information). With additional
use of Al, it will be possible to utilize such information updated every second for network operation
and maintenance.
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Figure 5-24. Location-based mobility control

5.8.10. Advanced security

Cyber-attacks are becoming increasingly sophisticated, everyday examples include ransomware
and phishing, but at the same time even more complex targeted attacks are also taking place.
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These attacks are possible due to increased softwarization and digitalization paired with
connectivity and mobility that in turn increases the threat surface.

We envision enhancements in 6G will lead to extreme-massive connectivity and sensing, digital
twin becoming common, digital contracts using various trust models, increased cooperation with
third parties including cloud service providers and increased interworking with wireless
communication technologies other than mobile communications. At the same time we will also see
increased usage of very low power consuming devices with limited resources, which will also be in
use by critical infrastructure. Furthermore, with the rise of the Internet of Everything (IoE) paradigm,
the 6G network will have to cope with the personal IoT networks such as connected wearable
devices, and loT device reside in the office or factory. As the number connected devices per person
is continuously increasing, the identity management becomes a major challenge, and it will also be
a cumbersome and cost-prohibitive process to provide a pre-configured cryptographic chip.

Together with these enhancements towards 6G, we should also expect technology
enhancements in the dark web. Threat actors in the form of Artificial Intelligence (Al) should be
expected to increasingly appear. All these aspects of 6G era will lead to increase in threat surface
leading to potentially far more security attacks than seen today. Exposed low power limited
resource devices without adequate security could lead to attacks on the network as well as
sensitive data, while exposure of network and services to third party could lead to numerous attacks
as well.

On the other hand, it is assumed that the security technology itself becomes an enabler in 6G.
For example, a digital twin becomes an environment where a new digital business is born and
grown, and a security technology creates a new business mechanism there. Security technology
is also offered as a service to customers who are not familiar enough with using it.

Thus holistic security considerations from the very beginning becomes ever essential for 6G in
order to provide safe and secure services so as to realize trustful cooperation across industries.
Enhanced security for 6G should protect systems and data from these ever increasing threats while
ensuring their confidentiality, integrity and availability. We will continue to work diligently to protect
the privacy of our customers. For privacy protection, epsilon differential privacy, private information
retrieval, and privacy protection database are also utilized. For various cooperation, secure value
transfer system and smart contract are also required. Furthermore, we envision moving from a
traditional cryptographic chip (either from plastic or embedded SIM) model to an advanced
cryptographic enclave on the System-on-a-Chip (SoC) with its own security engine. In fact, secure
enclaves on the SoC allow devices to store key data securely [5-104]. So, the telco industry [5-105]
and SDO’s [5-106] began looking into how to run cryptographic chip functionalities (such as USIM)
on the SoC without requiring additional cryptographic hardware.

In the distributed computing environment described later in Section 5.8.11, the protection and
secrecy of data logic becomes an increasingly important aspect. In the next-generation data hub
concept, which aims to utilize highly sensitive information, secure sharing and processing of data
will be realized by providing an environment called a "data sandbox" isolated from third parties [5-
107]. Among them, mechanisms such as secret computing and confidential computing, which
perform processing while keeping data secret, should also be considered as a function of the data
hubs [5-108].

So as to protect services and networks from cyber-attacks, it is necessary to build solutions that
eliminate vulnerabilities from the very beginning and continuously, solutions that are flexible and
adaptable based on service or usage and that can, preferably, quickly and autonomously detect
cyber-attack as well as take remedial measures while localizing the attack. Work is already
underway towards secure technologies using Al and network digital twin, advancement of
vulnerability and attack detection technologies, automation of cyber-attack detection and
remediation, and prediction based cyber-attack prevention techniques. The introduction of these
state-of-the-art secure technologies will provide a robust security protection that will ensure
confidentiality, integrity and availability. Together these will help towards the vision of zero touch
and zero trust security.

Higher data-rate requirements, associated to devices with sufficient resources (memory, CPU
etc.), as well as very low resource and low power consumption devices with requirement of
ensuring adequate security will also lead to simplification of protocols, lightweight cryptography and
security functions. Such enhancements will enable even low-power consumption devices to
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execute advanced security functions with side-effect of reduced security risks due to lower protocol
complexity. In addition enhancements in encrypted traffic analysis and secure computation
technology [5-109] will help prevent potential cyber-attacks and distributed ledger technology (DLT)
or enhancements thereof can be beneficial for securing transactions for the expected open nature
of 6G.

Moving towards 6G, we should expect quantum computing to be available. The universal
quantum computer, which can execute the algorithm of Shor could crack mainstream cryptographic
algorithms (RSA, Elliptic curve cryptography, etc.). Thus in 6G era, the quantum-computer-resistant
cryptographic algorithm [5-110] is essential. All these aspects of security also requires associated
considerations of network architecture.

The image of advanced security in 6G network is shown Fig. 5-25.

Finally, even with all the security enhancements, basic security concepts must not be forgotten
such as: hardening, password management, identity and access management, monitoring,
patching etc. Also, while enhancing security for 6G, it is essential to understand that security is
often a trade-off with business and architecture, thus appropriate balance must be found that still
reduces the overall security risk.
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Figure 5-25. Advanced security in 6G network
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5.8.11. Distributed computing resources

To realize cyber-physical fusion and digital twins, it is necessary to collect information from the
physical environment for the cyber environment. Constant transmission of high-definition images,
which are part of physical information, requires a huge amount of communication resources
throughout the path from a large number of camera devices to digital twins. In order to reduce such
communication resource consumption, some preprocessing may be necessary, such as removing
redundant parts by image compression or aggregation or creating high-definition images by
redundancy, using computing resources distributed in devices or in edge environments close to
devices.

Use cases like an AR tourist guide will require a level of latency so low that any lag with the real
world cannot be felt for improving user satisfaction. It would be preferable to perform AR and other
similar processing within the device, but that will be a trade-off with the need to reduce device’s
weight and power consumption. Therefore, such services are anticipated to use distributed edge
computing resources.

Another use case would be services that does what you currently do with your smartphone, using
input/output devices around you, such as displays in your home or publicly installed cameras
outdoors. Some of these services are anticipated to use edge distributed computing resources for
control purposes, ensuring computing resources as well as input/output devices will always be
available close to humans as they move around in order to maintain QoE.

DOCOMO currently offers docomo MEC™ and MEC dairekuto™ as edge computing resources
for public use, and has nine locations nationwide. We will distribute computing resources to more
locations in addition to the 4 locations nationwide deployed at service launch. In addition,
companies and local governments are installing their private systems such as local 5G, and many
of them may eventually deploy computing resources as well.

In the 6G era, where digital twins and AR will become available anytime, anywhere, how much
computing resources should be distributed? Suppose resources are only deployed in one location
in each prefectural government or government-designated city, it would not be sufficient to meet
the latency requirements. Resources should be distributed to degree that each of the special
facilities such as stadiums and local tourist spots will have some. In view of the trend in which more
RAN functions are deployed as software-based, virtualized components rather than in the form of
physical equipment, computing resources could be deployed in all buildings accommodating RAN
equipment in the way such resources are shared between end users and the RAN equipment. This
matches perfectly with the vision of flexibly deploying network functions on top of a unified platform
infrastructure, as introduced in previous sections. Furthermore, as technology makes anything
smaller, computing resources could be made available in all antenna installations. As shown in Fig.
5-25, medium and small quantities of computing resources will be distributed everywhere, not just
in the form of large data centers. By leveraging all of these resources, we'll be able to meet the
processing demands of the 6G era. It is considered that the distributed computing resources are
effectively available even when the case of traffic demand increase locally over the assumption
due to events and disasters. Furthermore, it is expected that allocation of the distributed computing
resources can be optimized automatically and dynamically by the introduction of Al and ML, based
on their traffic volume prediction.

To ensure users can easily and safely use such resources in various places, it will be more
important to develop technologies for automating orchestration to handle distributed resources
uniformly and for protecting and enciphering data and logic to enable various players to provide
services by combining data and logic on those resources.

The DCI and disaggregated computing technologies described in sections 5.8.2 and 5.8.3 are
considered to be effective for solving requirements such as the installation of distributed computing
resources, and also for realizing the concept of virtual endpoints that virtually place users' terminal
resources on the network. In addition, the cognitive foundation technology described in Section
5.8.5 is considered to be effective for the automation of orchestration to handle distributed
resources in a unified manner.
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5.8.12. Virtual endpoints substituting user devices

In the network, it will be possible to allocate computing resources to virtually substitute user
devices on edge distributed computing resources and serve as communication endpoints (virtual
endpoints). This network configuration will allow low-processing-power devices to utilize richer
services driven by a combination of 6G network features such as extreme-high-speed, high-
capacity and extreme-low-latency communication. This resource allocation will also effectively
reduce the cost, size and power consumption of user devices. It will allow the network to secure ad
hoc resources to complement the functions of groups of devices such as cameras, sensors and
displays in cities, offices and homes through the network. In addition, it will be possible to allocate
resources for each user to the virtual endpoints via user devices. With the capability to provide
computing resources to the right people in the right place, we can expect the emergence of new
services. It will also enable users to make use of forwarded data over the FDN as described in
Section 5.8.7 by receiving such data to the appropriate devices via virtual endpoints. Assuming
such use cases, technical studies are underway as to how to provide users with access-/device-
independent seamless communication services via virtual end points, as well as an application
execution platform on the virtual end points. For data centers and clouds, technical studies are also
going on as to how to selectively provide them with high-capacity, low-latency and low-jitter data
exchanges through virtual endpoints according to the service and data characteristics. In
combination with a serverless environment, it will be also possible to perform management of end
point resources by adding or moving resources wherever necessary by event-driven operations.
Furthermore, studies are underway regarding the use of resources at those virtual endpoints for a
cooperative infrastructure platform to provide high value-added services through cooperative
control between domains such as networks and services.

Having the network take over workload will allow for high-

Service side quality services on devices with low specs or little functionality

Predict surronunding environment  Blometric Identification 3D graphic edit

aenR oila

IOWN object IOWN message
storage broker
Take over device 8 Advancgd data
and service processing and
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Convergence and coodination for clouds and services
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Figure 5-27. Overview of Virtual Endpoints
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5.8.13. Robustness / Resilience Networks

Realization of a robustness network will require a frat network topology (Section 5.8.1) and a
simple network (Section 5.8.3) in addition to network equipment redundancy as conventionally
implemented. Utilization of various network topologies will lead to perform detour route creation
and congestible traffic distribution at time of failure, and building a simple network can lead failure-
resistant network..

Realization of a resilience network will require flexible deployment of network functions (Section
5.8.2) and advanced OAM (Operation and Maintenance) (Section 5.8.5). Flexible deployment of
network functions will enable fast reallocation of new normal functional parts in case of failure. a
fully autonomous network recovers from failure automatically. In addition, it will be possible to
reduce the frequency of failure through predictive fault detection and automatic response driven by
digital twin and Al.

The cognitive foundation in the IOWN concept will be able to cooperate with a variety of networks,
let alone mobile networks, and build more advanced robustness/resilience networks.
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6. Conclusion

In this white paper, we have discussed the direction of evolution of mobile communication
technology for 5G Evolution, which is an enhancement of 5G, and toward 6G, which represents a
vision of the world in the 2030’s. We have provided the concepts for the requirements, use cases
and technological development and research areas. Table 6-1 below summarizes the challenges
that need to be addressed in each of the technological areas discussed in Chapter 5.

As 5G is expected to be utilized across various industrial fields, it is desired that research and
development be conducted, foreseeing future market trends, needs, social problems and
technological evolution and looking beyond the horizon of 5G. By further upgrading wireless
technologies and exploring high frequency bands, DOCOMO will enhance the 5G performance in
each of its features: "high data rate / high capacity,” “low latency” and "massive connectivity.” At
the same time, we will embark on a challenging journey to new technical areas for mobile
communications, such as "extending communication areas to the sky, sea and space," where it
has been difficult to provide sufficient coverage; "realizing extreme low power consumption and
cost communications" for achieving a sustainable society; “providing ultra-reliable communication”
for wider industrial applications; and "realizing multifunctional radio communication systems." With
these objectives, DOCOMO will continue our R&D efforts for the future of wireless technologies
and use cases toward 5G Evolution and 6G.

Table 6-1. Challenges in 5G Evolution and 6G Technologies

Technological area Challenges

New Radio Network Topology + Low-cost distributed antenna deployment method
and fronthaul/backhaul technology

« Interference control technology in high-density
distributed antenna deployment

+ Win-Win distributed antenna deployment with
sensing and energy-saving communications

Coverage extension technology + Radio interface extension for NTNs

including Non-Terrestrial - Method for highly efficient frequency utilization with

Networks ground networks

+ Method for realizing coordinated operation between
HAPS systems and ground networks

- Coverage extension to space

Technology for further broader + Clarification of THz-band radio wave propagation
frequency domain and characteristics and establishment of propagation
advancement of frequency models

utilization - Challenges in THz-band device technology

(Miniaturization, low power consumption, high heat
dissipation, etc.)

+ Establishment of signal waveforms and wireless
technologies suitable for the THz band

+ Optimization of selective use of multiple bands
including existing frequency bands

Further advancement of Massive |- Study of multi-element / multi-layer mMIMO

MIMO and wireless transmission technology

technologies - Transmission path control technology in distributed
MIMO

+ Development of new wireless technologies for
existing frequency bands

Extension of Ultra-Reliable and - Support of a wide range of requirements including

Low Latency Communications
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(URLLC) and industrial networks

very demanding requirements and "Mixed Traffic"

* Realization of further high-reliability and secure

communications

- Coordinated operation between public and private

networks and network configuration

Multifunctional wireless
communication systems and
utilization of Al technology in all
areas

- Simultaneous realization of wireless

communications, sensing technology and wireless
power supply technology

- Study of radio standards suitable for deployment of

Al technology

Integration of various wireless
technologies

+ Method of cooperation or integration with other

technologies

« Control of wireless technology selection

transparent to users

Network architecture

+ Flat network topology

- Flexible deployment of network functions

+ Simple network

+ RAN-Core convergence

+ Advanced OAM (Operation and Maintenance)
+ Technology for integrated operation of multiple

access technologies

+ Core network transmission/switching control

technologies supporting extreme low latency and
high reliability

+ Wide-area time synchronization and wide-area

deterministic communication supporting CPS

+ Location-based mobility control supporting extreme

-coverage

+ Advanced security

+ Distributed computing resources

+ Virtual endpoints substituting user devices
 Robustness / Resilience Networks
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