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Abstract

This report describes the initial 6G Hexa-X vision including first use cases, services, and key value
indicator aspects. It will guide the work in the project and will be disseminated globally. This vision
will be periodically updated and evolved during the project. The content is based on the following
activities: analysis of current trends in society and technology, creation and tuning of the underlying
vision, and identification of relevant principles impacting business models.
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Executive Summary

This report is the first deliverable of Work Package 1 (WP1) — “End-to-End Vision, Architecture
and System Aspects” — and focuses on the 6G Hexa-X vision including aspects of novel use
cases, services and key value indicators and performance.

Major societal and economic trends are analyzed one by one to help to guide research and design
for human-centered communication networks in the 2030s. In addition, regulatory and
technological trends are critical for the design and deployment of future networks of the 6G era
and those are discussed. The 6G Hexa-X vision is to connect the worlds and revolves around their
interaction: a human world of our senses, bodies, intelligence, and values; a digital world of
information, communication and computing; and a physical world of objects and organisms. The
vision has three core values setting the ambitions for the new interactions enabled by 6G:
trustworthiness as a backbone of society; digital inclusiveness to connect the unconnected; and
sustainability to make the largest possible impact with sustainable global development goals such
as energy efficiency and minimum CO, footprint. Six main research challenges were identified
as integral parts of the 6G Hexa-X vision: connecting intelligence, network of networks (e.g.,
millions of (specialized) subnetworks), sustainability, global service coverage, extreme
experience, and trustworthiness. The relevant principles that impact the business of 6G are
identified as part of the vision: the convergence of data, connectivity and local special purpose
platforms; new business ecosystems and stakeholders; sustainable ecosystemic platform business
models; alternative future business scenarios; and telecommunication and vertical-specific
regulations (such as medical regulations).

An initial set of novel use cases envisioned for the 6G era are described including their connection
to the 6G Hexa-X vision. The ambition and methodology are presented, as well as a review of the
state-of-the-art and existing work on use cases for 6G. Families of use cases are identified and
described: sustainable development, massive twinning, tele-presence, robots to cobots, and local
trust zones. Each family of use cases addresses several of the six research challenges. The set of
use cases described in each of the use case families is representative of envisioned trends for the
usage of 6G, but is not meant to be exhaustive and will be enriched throughout the project. An
additional family is outlined, including use case enabling services. These services will enable the
realization of the use cases identified in the project, and possibly new ones.

The novel concept of Key Value Indicators (KVIs) capturing trustworthiness, inclusiveness and
sustainability of 6G on the one hand and 6G as an enabler for sustainability on the other hand is
introduced and the effect of the key enabling technologies on value creation for products, services,
and society is described. The state of the art on performance and value indicators is reported and
research challenges for 6G are outlined across four dimensions: the evolution of Key Performance
Indicators (KPIs) to address new use cases, the revolution of new End-to-End (E2E) measures,
the need to capture new network capabilities, and the definition of meaningful and measurable
KVIs to cover the aforementioned aspects.

The work concludes with an outlook on planned next steps.

Dissemination level: public Page 4/ 66



Hexa-X Deliverable D1.1

Table of Contents

List of Figures 8
List of Acronyms and Abbreviations 9
1 Introduction 12
1.1 Objective of the dOCUMENL ........cccoiiiiiiiiiee e 12
1.2 Structure of the dOCUMENL ........cciiiiiiiiiiie e 12
2 Project and Work Package 1 Set-Up 13
2.1 PrOJECt SIIUCTUIE ...ttt ettt sb e s bt saeeeteeaeens 13
2.2 Structure and main objective 0f WP .......cccvoviiiiiiiiieee e 13
2.3 Work plan and deliverables ............cocvieeiiiiiiiiiiiecie et 14
3 Common Vision 15
3.1 Analysis of current trends in society and technology ..........cccoecveiieniinieniinieeieeene 15
3.1.1 RaAtIONALE ...t 15
3.1.2 Societal trends towards 2030 and beyond............cccceevvvevieriiniieieeeeeenee e 15
3.1.2.1 Connectivity for a better and more sustainable world.............cccooveeninnnnann 15
3.1.2.2 Built-in trustworthiness in an OPen SOCICLY .........cccvereervrrireerreerieereeseesrenneenns 17
3.1.23 Digital inclusion that serves all populations...........ccccceveervieriienienienieeiee, 17
3.1.24 Pervasive Al for human-centric and trustworthy automation and intelligence
EVETYWHETE ..ottt sttt et s 18
3.1.2.5 Mobile communications as a global ecosystem and success story.................... 18
3.13 Economic trends towards 2030 and beyond .............cooeeeieeiiienienienieieceie e 19
3.1.3.1 New applications, new functions, new business models, and new market
SEEIMICIILS ....uevieeeeieesereeeteeesereessteeeseeessseesseeessseessseessseessseeassseesssesssseeensseessseennsses 19
3.1.3.2 Network as a powerhouse for twin ecological and digital transitions................ 20
3.1.33 Disruptive transformation of global education, skill and labor markets............ 20
3.14 Regulatory trends towards 2030 and beyond...........cccecveeiieiieniiniiniiieeeeeeie 20
3.1.4.1 Spectrum and operational aSPECtS..........ccveveerierieeiieerieereesee e ere e 20
3.1.4.2 Ethical @SPECES ..ccuviiieieiiiiiieeiieieeste ettt ettt e sre e 21
3.14.3 Environmental aSPECES........ccvevvierieiieiiiirierieieeeeseesre e ere e e sreesreeseaesere e 21
3.1.5 Technological trends towards 2030 and beyond............cceeeveevievienienienieeieeiens 22
3.1.5.1 Disruptive technologies that will shape future connectivity...........cccecvevueeennnne. 22
3.1.5.2 Technology evolution towards cost reduction and improved efficiency........... 23
3.1.6 Most significant global activities on future CONNECHIVILY........cceerveererrerriierireieens 24
3.2 Hexa-X VISION 0N OG ...c..eiiiiieieiieieie ettt sttt st ne e 25
3.2.1 Research challenges.........cooveeveiiiiiniiieet e 28
33 Aspects 0f 6G DUSINESS TMPACE ......cvvviiiiiieiiieieeieeseeeteeteeveereereesteestresereebeeseesseens 30
3.3.1 Convergence of data, connectivity and local special purpose platforms................ 30
332 New business ecosystem and stakeholders...........coecvevierieriieniienieecieeeeeeee, 30
3.3.3 Sustainable ecosystemic platform business models...........ccceevvevrievieneenienreennenn 31
334 Alternative future business SCENATIOS ......ccverveerierierierieriieierieeienieeieee e eaee e 31
3.3.5 Telecommunication and vertical specific regulation ...........c.cccceevveviiiieicieivieennnn, 32
4 Services, Use Cases 33
4.1 Ambition and MEthodOIOZY .......ccceeviiiiiiiiiiieie ettt reere b ens 33
4.1.1 MISSION SEALETNETIE . ...ttt ettt sttt ettt ettt s be e be et enees 33
4.1.2 TEIMUINOLOZY ..vecvviiereeiieitieeite ettt ettt et e eee et eebeebe e tresebeeebeesseesseessaessseessessseesseens 33
4.1.3 StAtE-0T-ThE-aIt.....ccei it 33
4.1.4 1Y 1571 10 e 0] Lo e RO PUPRRRPRRR 34

Dissemination level: public Page 5/ 66



Hexa-X Deliverable D1.1

4.2 Hexa-X families 0f USE CASES.....ciuiriiririieieiieiteieeeeee ettt 35
4.2.1 Overview of Hexa-X families 0f USE CASES.......eevuerririieriiiiiieieeeesiteee e 35
422 Sustainable deVelOPMENLt ..........c.cccveviierieriienieee e 36
4221 E-health for all........oooiiii e 36
4222 INStItUtIONAL COVETAZE ....evvveevrieriieiierieeie ettt eieeieeseeeseeeeaeesreebeesseessaessaesssesens 37
4223 Earth mMOnitor. ....oo.ii i e 37
4224 AUutonomous SUPPLY ChaINS.........cccvevvirciiriieiieieeere e s 38
423 MASSIVE EWINIIIIZ. ... eeuvieeiieiiesiieseeeteeteeteesteesteesseesstesssessseesseesseesseesssesssessseasseesseens 38
4.23.1 Digital Twins for manufacturing ...........cceceeveeiierienienie et 39
4232 Management of city flows to optimize liveability.........cccccceevververieriencieennnnn, 40
4233 Digital Twins for zero-hunger and production sustainability..........cc.ccceceeneee. 40
424 Immersive telepresence for enhanced INtEractions ..........c.cecvveevveriververveeciennieenieens 41
4.2.4.1 Fully merged cyber-physical Worlds ..........ccccoeiieniiiininiiieeeeeeee 41
4242 Mixed reality CO-AESIZN.....cccuiiriierierieeieeiiereereeee e e ere e ereesreesreesenessreenns 41
4243 IMMETrSIVE SPOTt EVENL ...o..eieiiieiietieciieeie ettt et e sb e 42
4244 Merged reality game/WOrK.........cooveviiiieiiiieiieieterte e 42
425 From 1ODOtS t0 CODOLS .....ouviuiiiiiiieieie ettt 42
4.2.5.1 CONSUIMET TODOLS. ....eeuiietietieriiesite et et e steeeateesteebe et e et e sbeesateenteeteesbeesseesneeenns 43
4252 W I o V30 ) - USRS 43
4253 Interacting and cooperative mobile rObOLS .........cccceevieriiriiieiieiereesie e 44
4254 Flexible manufacturing...........cccvevverierciiserieiieieseesee e e ereereesreeseeeseneseneeens 44
4.2.6 Local trust zones for human & machine...........ccccoeveeviiiiieiiieiieeee e 45
4.2.6.1 Enabling precision healthcare and personalized medical treatment.................. 45
4.2.6.2 Sensor INfrastructure Web .........cccooieiiiiieiere e 46
4.2.6.3 6G [oT micro-networks for Smart Cities .........ccceerveerierienienieeie e 46
4264 Infrastructure-less network extensions and embedded networks ...................... 46
4.2.6.5 Local coverage for temporary USAZE ........ceecveerueerieeriienienieeieeieesieesreesieesneeens 47
4.2.6.6 Small coverage, low power micro-network in networks for production &
MNANUTACEUTINIZ ...cevvieeieeiie ettt ettt ettt ettt e st esateenteenteesbeesbeesneesnseenes 47
4.2.6.7 AULOMALIC SECUTILY .. vveivviieieerieriestiesresreereereesseesseeseaesereesseesseesseesseesssesssesssensns 47
427 Use case eNabliNg SEIVICES. ....cccueruerteririerierieeienieeitenie sttt ettt 47
42.7.1 Compute-as-a-Service (CaaS) for resource-constrained devices ...................... 48
4272 Al-a5-2-Service (AlAaS) .....coieviiiiieciecie et 48
4273 Flexible device type change SErVICE .........c.eecuieruieriienieniienieeie et 49
4274 Energy-optimized SETVICES .....ccvvevrierreriieiierieiieieesieeseresreereesseesseesssessnessnesnns 49
4.2.7.5 INtEINEt-0T-TaGS ... eetieieiieie ettt ettt e sbe e s 50
4.2.7.6 Security as a service for other NetWOrks ..........ccoccvevviievienieniiecie e, 50
4.2.7.7 Al-assisted Vehicle-to-Everything (V2X)......ccccevieniiniiniiiiieeeeseeseeeeeee 50
4.2.8 Hexa-X USE CaSES: SUMMALY ....ccvieeiieeiiieiiieesreeeieeesereesreeeeeeessseesssesenssessssesenssens 51
5 Key value and performance indicators (KVI/KPI) 52
5.1 KVI and KPI mission StatemMent ..........c..cecuererieriininienieeieesieeiesie sttt 52
52 State of the art on 6G KPIs and KVIS........cccooieiiiiiiiiiieeeeeeeeee e 53
53 Hexa-X challenges and contributions regarding KVIs and KPIs ..........cccccevvivrirnnnnne 55
5.3.1 Advancing on existing KPIS .........cccceviiiiiiiiiiiiiiiccie e eve v 55
532 Redefinition of eXiSting KPIS .......ccccoeviieiiiiiieieeieeieeeeeeeeeeee e 56
5.3.3 New capabilities leading to new KPIS ........ccccoovviiiiiiiiiiiiiieciccece e, 57
534 Challenges when capturing societal needs with KVIs.......c..coccooinininnininnenn. 57
5.3.5 Challenges with measurability and increasing compleXity...........ccoocvereeriveriueenennns 58
5.3.6 Methodology and way fOrward...........c..cceeveeriinieiiieieere e 59

Dissemination level: public Page 6/ 66



Hexa-X Deliverable D1.1

6 Next Steps 60

References 61

Dissemination level: public Page 7/ 66



Hexa-X Deliverable D1.1

List of Figures

Figure 2-1: Hexa-X Project SIFUCIHUFE ..........cccooieeiieiieeiieieeseetesite sttt st 13
Figure 3-1: United Nation’s Sustainable Development GOQLS ............c.cccuveveviveviveriesiienereneneann, 16
Figure 3-2: HeXa-X 6G VISION «....cc.covueiiiieiiiieseeeeee ettt ettt sttt ettt ettt e e e 27
Figure 3-3: 6G research CRAIIENGES ...........c.occveeeeeeeeieeiieciieceeeesee e sre e ra et ssee e s eens 28
Figure 4-1: Overview of Hexa-X use case families .............cccoovvevoeenoiinoiniieieiieeseeseeeieeeeea, 36
Figure 4-2: Summary of Hexa-X use case families and use CASES............cocceeveevceesceesieerceenaennn, 51
Figure 5-1: Clustering of KPIS Gnd KVIS ........cccueevueiiieiciieciiecieciesiesee e ssesseessaesieessaesenesssesnns 52

Dissemination level: public Page 8/ 66



Hexa-X Deliverable D1.1

List of Acronyms and Abbreviations

2G 2nd Generation mobile wireless communication system
3D Three-dimensional

3GPP 3™ Generation Partnership Project

4D Four-dimensional

4G 4™ Generation mobile wireless communication system
5G 5" Generation mobile wireless communication system
5GC 5G Core

5G-PPP 5G Infrastructure Public Private Partnership

6G 6™ Generation mobile wireless communication system
AGV Automated Guided Vehicle

Al Artificial Intelligence

AlaaS Al as a Service

AIMDD Active Implantable Medical Device Directive

API Application Programming Interface

AR Augmented Reality

ARCEP Autorité de Régulation des Communications Electroniques et des Postes
ATIS Alliance for Telecommunications Industry Solutions
B5G Beyond 5G

CAPEX Capital Expenditures

D2D Device-to-Device

DMO Direct Mode Operation

DT Digital Twin

E2E End-to-End

eMBB Enhanced Mobile Broadband

EMF Electromagnetic Field

EU European Union

eURLLC Enhanced Ultra-Reliable Low-Latency Communication

FWA Fixed Wireless Access

GDP Gross Domestic Product

GNSS Global Navigation Satellite System

IAB Integrated Access/Backhaul

ICNIRP International Commision on Non-Ionizing Radiation Protection

Dissemination level: public

Page 9/ 66



Hexa-X Deliverable D1.1
ICT Information and Communication Technology
IoT Internet of Things
IoX Internet of Everything
ITU International Telecommunication Union
IVDMD In Vitro Diagnostic Medical Devices
KPI Key Performance Indicator
KVI Key Value Indicator
LEO Low Earth Orbit
LiDAR Light Detection and Ranging
LTE Long Term Evolution
MBB Mobile Broadband
MDD Medical Devices Directive
MEC Multi-Access Edge Computing
ML Machine Learning
mMTC Massive Machine Type Communications
MNO Mobile Network Operator
MR Machine Reasoning/Mixed Reality
Mx Month x after Project Start
NFV Network Function Virtualization
NGMN Next Generation Mobile Networks
NTN Non-Terrestrial Network
NR New Radio
NWDAF Network Data Analytics Function
OPEX Operating Expenditures
oT Operational Technology
PMSE Programme Making and Special Events
PPDR Public Protection and Disaster Relief
Qol Quality of Immersion
QoS Quality of Service
R&I Research and Innovation
RAN Radio Access Network
RF Radio Frequency
RTT Round-Trip Time
SDG Sustainable Development Goal
SDN Software Defined Networking

Dissemination level: public Page 10/ 66



Hexa-X Deliverable D1.1
SDO Standards Developing Organization
SDR Software Defined Radio
SLAM Simultaneous Localization and Mapping
SNS Smart Networks and Services
TCO Total Cost of Ownership
TSDCI Telecommunications Standards Development Society
TSN Time Sensitive Networking
TT™M Time to Market
UN United Nations
URLLC Ultra-Reliable Low-Latency Communication
V2N Vehicle-to-Network
V2X Vehicle-to-Everything
VR Virtual Reality
VRU Vulnerable Road User
WP Work Package
XR Extended Reality

Dissemination level: public

Page 11/ 66



Hexa-X Deliverable D1.1

1 Introduction

Hexa-X is one of the 5G-PPP projects under the EU Horizon 2020 framework. It is a flagship
project that develops a Beyond 5G (B5G)/6G vision and an intelligent fabric of technology
enablers connecting human, physical and digital worlds.

This report is the first deliverable of Work Package 1 (WP1) — “End-to-End Vision, Architecture
and System Aspects”.

1.1 Objective of the document

The objective of this document is to describe the initial Hexa-X vision on 6G including first use
cases, services and Key Value Indicator (KVI) aspects. The content is based on the following
activities: the analysis of current trends in society and technology, the creation and tuning of the
underlying vision, and the identification of relevant principles impacting business models. The
document guides the work in the project (especially of all technology-enabling work packages)
and will be disseminated globally.

1.2 Structure of the document

The document is structured in the following way: Section 2 introduces the overall Hexa-X project
structure and the structure, main objectives, work plan, and deliverables of WP1. Section 3
describes the common vision including an analysis of current trends in society and technology,
the Hexa-X vision on 6G and the identification of relevant principles impacting the business of
6G. Section 4 presents 6G services and use cases, the ambition and methodology of deriving them,
followed by an initial description of Hexa-X use case families. Section 5 focuses on KVIs and
Key Performance Indicators (KPIs). It includes a mission statement, a state-of-the-art analysis of
6G KPIs and KVIs, as well as a description of Hexa-X challenges and contributions regarding
KVIs and KPIs. The document concludes with the description of the planned next steps in Section
6.
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2 Project and Work Package 1 Set-Up

In this chapter, the overall Hexa-X project structure, the structure and objectives of WP1, and the
WP1 work plan and deliverables are introduced.

2.1 Project structure

The Hexa-X project is structured in nine work packages (see Figure 2-1) spanning a timeframe of
30 months: WP1 —“End-to-End Vision, Architecture and System aspects” — interacts with all
the other technical WPs (WP2 — WP7), steering their work and including the research results into
a common 6G Hexa-X End-to-End (E2E) view. The technical work packages are focused on
design and evaluation of technical enablers and components for BSG/6G. WP8 and WP9 cover
horizontal activities related to impact creation and project management, respectively.

Hexa-X
WP9: Project Management (PM: Nokia, TM: Ericsson)

WP6: Intelligent orchestration and service
management for future B5G/6G networks
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WP3: 6D high-resolution localisation and

WP2: Novel radio access technologies
sensing (Univ. Chalmers)

towards 6G (TUD)
WP?7: Special purpose functionality

WP4: Al-driven communication and
(Siemens)

computation co-design (Intel)

(Ericsson)

Figure 2-1: Hexa-X Project Structure

2.2 Structure and main objective of WP1

This report forms part of WP1, which has the main objective to define an overall vision, use cases,
and an architecture of the x-enabler fabric capable of integrating the technology themes of
research connected intelligence, sustainability, trustworthiness, inclusion, and extreme
experience. WP1 will guide the work in the whole project and will provide requirements for all
other WPs. It covers relevant E2E topics, such as architecture, security, spectrum, KVIs and KPIs.
WP1 is split into seven tasks (Task 1.1 — Task 1.7, see Figure 2-1) to achieve its main goal.
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2.3 Work plan and deliverables

The set of foundational elements on vision (Task 1.1), use cases and services (Task 1.2), and
KVIs/KPIs (Task 1.3) has been integrated to help build a seamless and cohesive 6G Hexa-X
vision and architecture.

WP1 will provide the following deliverables:

e D1.1: Initial 6G vision (delivery date: M02, month two after the project start). This report
will describe the initial 6G Hexa-X vision including first use cases and KVI aspects.

e D1.2: Initial Hexa-X vision, use cases, and KVIs (delivery date: M04). This report will
describe the vision to guide the future research towards 6G. Use cases and KVIs will be
identified, providing high-level requirements and definitions of the deployment
scenarios. An initial set of sustainability targets, spectrum requirements and security
guidelines will also be included.

e DI1.3: Hexa-X architecture for 6G networks — initial release (delivery date: M14). This
report will include an intermediate status update on use cases, KVIs, and spectrum, as
well as achievements with respect to sustainability (final targets and progress of the
project vs. targets). A draft of the E2E architecture will be delivered, including a draft
security architecture and updated guidelines for security.

e DI1.4: Hexa-X architecture for 6G networks — final release (delivery date: M30). This
report will present the final Hexa-X vision for 6G, with final use cases, links to the
technical work on enablers, final results on sustainability, the E2E Hexa-X architecture
including the security architecture and related security guidelines. The document will be
disseminated globally to support global discussion on 6G.

All WP1 deliverables are public.
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3 Common Vision

3.1 Analysis of current trends in society and technology

3.1.1 Rationale

Since the invention of mobile telephony half a century ago, wireless network technology has
undoubtedly transformed the everyday life of billions of people on the planet, and profoundly
shaped the economy and the evolution of human society to date. Today, the world is facing several
unprecedented challenges in parallel. The prosperity of human society and the long-term survival
of mankind are in peril. From climate change, global pandemics, social inequalities to
misinformation and distrust of democracy, every aspect that renders today’s global economic,
societal, and political agendas requires further and sustainable digitalization of the global
economy and society. Infused by emerging and disruptive digital technologies on the horizon,
wireless networks are and will be the keystone for enabling such a transformation. The evolution
journey will carry on in the next decade, with the adoption of 5G use cases at scale with decreasing
deployment and operation costs and enabling new and innovative use-case-driven solutions with
additional and higher economic and societal values.

At the center of such an evolution is the design of future networks that convey and embody a
human-centric (including human-in-control) approach involving human perspectives in all steps
of the design [LUM12]. Such human perspectives shall take the environment aspect as a focal
point in the consideration. The goals are to not only promote economic prosperity and growth but
also act responsibly and to serve the individual and collective needs, interests and values of global
society. In particular, facing the unprecedented societal challenges of the 21st century, it is crucial
to emphasize and pay great attention to societal and environmental aspects while designing future
networks.

In this context, for guiding the design of human-centered future networks in Hexa-X, major
societal and economic trends towards 2030 and beyond will be analyzed one by one in the
following subsections. In addition, regulatory and technological trends that are critical for the
design and deployment of future networks will also be discussed, ensuring the vision and the
research work developed in Hexa-X encompass all the essential elements and will lead to a future
network design that is deeply rooted in reality and profoundly benefits humanity in the mid-to-
long term.

3.1.2 Societal trends towards 2030 and beyond

3.1.2.1 Connectivity for a better and more sustainable world

In 2015, 17 interlinked Sustainable Development Goals (SDGs), as depicted in Figure 3-1, were
collectively identified and set for “a better and more sustainable future for all" by the General
Assembly of the United Nations (UN) [UN15]. Since then, all sectors of society have been called
for working towards and delivering on these goals with a timeframe of 2030. The Information
and Communication Technology (ICT) and wireless network industry is one of the major
industries that has positively contributed to all the 17 goals so far. For example, it has been
estimated that it has helped to lift 2 million people out of extreme poverty in Nigeria during 2010-
2016 [GSM20]. GSMA estimates that network technologies enabled a global reduction of around
2,135 million tons of CO, emission in many other industries in 2018 alone, which is 10 times
greater than the global carbon footprint of the network industry itself.
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Developing future networks towards 2030, there is a clear and strong consensus among major
stakeholders from industry, academia, and policy makers around the world: network technology
shall support and further accelerate this change for a better and sustainable world and network
industry will increase its share of contributions and responsibilities to society, enabling
significantly increased efficiency in the use of resources and facilitating new and sustainable ways
of living in the next decades [Eri20a], [Nok20a], [GSM20], [MAA+20], [Fet20], [Dem20],
[Sam20], [NTT20]. The envisioned relations between future networks and the future sustainable
development as outlined in the UN SDGs have also been thoroughly analyzed by a group of
international experts led by the Finnish 6G Flagship initiative in [MAA+20].
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Figure 3-1: United Nation’s Sustainable Development Goals

In particular, climate change is an issue that threatens the long-term survival of mankind and will
drive major decision making and actions of global governments, industries and citizens towards
2030 and beyond. For example, Europe has set up a Green Deal and announced its ambition to
become the world’s first climate-neutral continent by 2050 [EC19]. It calls for the development
of technologies in a holistic way with net positive impact, €.g., on power consumption and carbon
footprint, and even with zero-waste and zero-emission [MAA+20]. In this context, the
contribution of the network industry to SDG 13 Climate Action is emphasized with respect to
energy performance and carbon footprint. To avoid accelerated energy usage triggered by
foreseen exponential increase of traffic it is important to take drastic measures to reduce energy
consumption at every element of future networks [Nok20a]. To maintain current development
where exponential data growth is possible without increasing the energy usage of networks,
striving for that zero load translates to zero power consumption [JM18]. Such reduction has to be
further extended to resource and material usage where not only operational consumption but also
the consumption of energy and resources during the whole life cycle will be counted for
improving sustainability of networks and devices [Eri20a], [EXP20]. Future networks are also
expected to have a significant impact on many more societal and industrial sectors (e.g.
automotive, industrial, transportation, agriculture, education) by means of complementary
innovation, unleashed by the future network capabilities [CB20], [CB20a], [ITU20].

Meanwhile, it is worthy to notice that the SDG framework moves much beyond the climate and
calls for a holistic approach to all goals as they are interconnected so it will not be sufficient to
focus on SDG 13 alone to support all environmental, social or economic goals [RRS+19]. For
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guiding the design of future networks further within the SDG framework, it is important to take
two additional aspects — trustworthiness and digital inclusion — into account as well, which will
be discussed in detail in the next subsections.

3.1.2.2 Built-in trustworthiness in an open society

As communications networks are servicing and intertwined with all everyday processes of social,
economic and political life, the need for trustworthiness is apparent. Trustworthiness is also
closely related to several of the SDGs, especially #16, “Peace Justice and Strong Institutions” and
#9 “Industry, Innovation and Infrastructure”, which must rely on trustworthy systems.
Trustworthiness ia a human-centric value and a broad term that comes from evidence, while trust
is a firm belief. The characteristics of trustworthiness — security, privacy, availability, resilience,
compliance with ethical frameworks — are foreseen to become new fundamental requirements
for network design towards 2030 [Eri20a], [Dem20]. Future networks have to consider
trustworthiness from day one of their design, ensuring that humans will be in control in the age
of automation and Artificial Intelligence (AI) and promoting openness, transparency, and mutual
trust across different communities and eventually within the global society as a whole.

In addition, there will be increasing business and societal demands for delivering confidential
computing solutions, secure handling of identities and protocols, and E2E assurances towards
2030, as networks evolve beyond connectivity platforms towards system platforms that will
enable trusted services with special focus on security and privacy. For example, in the next decade
or so, digital cash and keys may become a new norm in society. The demand for delivering
trustworthiness services will be paramount [Nok20a].

With future networks, beyond communications-enabled services, there will likely be a massive
deployment of wireless cameras, radar, radio access with integrated sensing, and other sensing
modalities like acoustics with supreme recognition capacity infused by Al and machine vision.
The associated privacy concerns must be addressed by, for example, controlling access to data
and anonymizing information [Nok20a]. In general, data handling, network intelligence, and the
trustworthiness of Al components will be major factors to be considered for designing built-in
trustworthiness in future networks [Eri20a].

3.1.2.3 Digital inclusion that serves all populations

Digital inclusion is one of the major enablers for addressing most UN SDGs [MAA+20] such as
#1 “No Poverty”, #2 “Zero Hunger”, #4 "Quality Education”, and #10 “Reduced Inequalities” by
providing opportunities for the underserved. Developing network technologies towards 2030 with
human-centric values and digital inclusion has caught the special interest of stakeholders around
the world. It was estimated that nearly half of the world population, i.e., around 3.9 billion, had
no broadband access at all as of 2017 (among them 131 million in Europe), where roughly 60%
of them are living in rural or remote areas [Phil7]. The remaining 40% are underserved in urban
or metropolitan areas that are socio-economically prevented from access. Furthermore, global
coverage is very important to address the climate transformation of energy and transport
infrastructure as well as for small and medium enterprises outside the metropolitan areas. This
includes diverse elements such as support of smart automation services, for example, a fully
autonomous supply chain, everywhere on the planet, connectivity for global sensors monitoring
the status of forests and oceans, access to digital personal healthcare for everyone, and access to
high-end services for institutions (such as schools and hospitals) everywhere [Eri20a], [Eri20b],
[Dem20]. More importantly, the global coverage has to be achieved with excellent energy and
cost efficiency in both deployment and operation for supporting not only the service of today but
also tomorrow [Eri20a], [Dem20].
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Evolving towards 2030, connectivity will likely be regarded as a basic human right for accessing
equal education, business and health opportunities. Stressed by the pandemic beginning in 2020,
there is currently a strong societal, economic, and political drive to continue the expansion of
mobile networks for providing full global coverage and closing the digital divide to rural and
remote areas [Dem?20].

In addition to delivering technology solutions for all populations, it is of the same importance to
clearly communicate the benefits and implications of future networks to the public with human-
centric values in mind. The first deployments of 5G are facing more reluctance and opposition
than previous generations infused by the spread of misinformation on 5G. In order to foster the
smooth transition in the deployment of future networks towards 2030, it is very critical to frame
6G research and guide the subsequent design of future networks by clear societal value goals. To
minimize the creation and impact of misinformation, the network industry shall involve more
representatives of society, who will be end users of future networks, at each stage of their design,
and communicate transparently on the expected added value and technical facts to society and to
consumers, industry and enterprise customers, public communities, and governments, as
suggested in [Dem?20].

3.1.2.4 Pervasive Al for human-centric and trustworthy automation and
intelligence everywhere

In the next decades, Al is expected to be deployed and used everywhere in society for the
improved efficiency and enhanced possibility to solve complex real-life problems in, for example,
healthcare and transportation, and for liberating humans from mundane tasks for a better quality
of life. This may lead to a simplification of lives where services can be provided automatically
and without human intervention [Eri20a], [Nok20a], [NOK20c]. In the connectivity domain,
future connected devices will become fully context-aware for more intuitive and efficient
interactions among humans, machines and the environment, and the networks will become
increasingly advanced at predicting needs, optimizing/simplifying processes and improving
operation without or with minimal human participation and supervision [NOK20c], [ZVF+20].
Meanwhile, future networks will also act as a critical infrastructure that transports all the required
data and enables the application of Al technologies everywhere.

The integration of such intelligent features in future networks will raise issues such as value
alignment, i.e., “human control” and “human trust” in Al, as already mentioned in subsection
3.1.2.2. The design of any digital technology that could potentially expand human possibilities,
such as future networks and Al, has to respect and embrace human values, ensuring their positive
impact on humanity in the long term [Rusl5]. Frameworks for “trustworthy AI” have been
developed in Europe (e.g., [ECE19]) and will continue to evolve. It is anticipated that legislation
will follow in the next years (e.g., [ECM]), which designates that Al should be lawful, ethical and
robust from both societal and technical perspectives. The design of future networks should revisit
such works, shape actions based on human-centric and trustworthy Al, and propose enhancements
to the frameworks accordingly.

3.1.2.5 Mobile communications as a global ecosystem and success story

Since its second generation, mobile communications and its research have become a true global
success story driven by a worldwide joint effort and open collaboration by researchers,
technologists, standardization organizations, and companies. Global roaming is, for example, one
of the key attributes of mobile communications and an important prerequisite for global use of
applications. Standardization is bringing together experts from all over the world, and the 3%
Generation Partnership Project (3GPP) is today one of the most respected standard-developing
organizations of the world. The 5G Public-Private Partnership (SGPPP) under Horizon2020 frame
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program has become a model of industry-academia open collaboration with wide participation
from all European countries and significant contributions to the definitions, development and
trials of 5G standards [SGP]. To address the sustainability aspect of networks, it would be
beneficial to include the resource usage perspective, for example, energy and material to the
global standardization.

This success story is challenged today by an increasingly polarized geopolitical context that is
affecting the technology industry and global ecosystems to a level that we have not experienced
with previous generations. Technology sovereignty, supply chain resilience, cyber security and
national security arguments are brought forward and need to be considered. Regional societal
policies, for example, with respect to privacy and sustainability, need to be reflected in framing
the research agenda and subsequent system design, while at the same time not giving up the
common ground for a global standard enabling true global services and benefits through economy
of scale.

Hexa-X has the ambition to guide navigation in these troubled waters, advocating the European
position of open collaboration and precompetitive joint research.

3.1.3 Economic trends towards 2030 and beyond

Wireless network technology has long been regarded as an important engine for driving global
economic growth. With the world moving towards data economy, its impact on global industry
and economy is expected to increase in several orders of magnitude. As projected in [Rac20],
network technology that encompasses 5G and beyond will potentially trigger $13.2 trillion global
sales across ICT industry sectors by 2035, representing 5% of global real GDP, while 6G value
chain will be able to generate 22.3 million jobs globally by 2035. This estimation did not even
include the impact of connectivity on non-ICT sectors. As recognized in [EC20], “the next era of
industry will be one where the physical, digital and human worlds are coming together”, facing
great economic and societal challenges towards 2030. Future networks will be a key enabler for
such a revolution and must serve as critical digital infrastructure for all industry sectors with
advanced technology capability and human-centric design.

3.1.3.1 New applications, new functions, new business models, and new market
segments

As in every generation of network evolution, new use cases will arise with 6G, stemming from
new applications and new functions. Future networks will be able to integrate localization,
sensing, and imaging functions into its system design and provide ultra-high data rates and
capacity, which opens a new door for use case and business innovation, for example, holographic
communication, future decomposed handsets and wearable devices, and other novel human-
machine interfaces with immersive multi-sensory experience [Eri20a], [Nok20a]. Robots will be
increasingly present in everyday life, and their usage will no longer be restricted to optimization
and automation purposes in the industry, but will expand to various other areas. Integrating the
Internet of Things (IoT), Tactile Internet, Internet of Senses and even Internet of Robotics
together, future networks will enable not only further deepening of digitalization in all industry
sectors but also creating novel consumer products and services such as robotics and sensing-
enabled “white goods” [Fet20]. Sustainability will not only become a societal goal but also drive
new business cases and use cases for future networks. To serve billions of people who live in rural
or in less privileged areas of the cities, new use cases and new business models must be developed
along with technology development to provide economically viable and sustainable solutions.
Better communication infrastructure and more resilience to harsh climate and harsh environment
in remote locations will be essential to local economic growth in poor communities by lowering
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barriers to economic resources and supporting access to financial services and generating
employment opportunities [MAA+20]. Meanwhile, with the expansion of cellular networks into
new and specialized subnetworks, both public and private, with novel loT use cases and future
home and enterprise environments, there is an emerging trend to serve new and potentially niche
market segments where much more specialized or even tailor-made connectivity solutions will be
deployed [NOK20b].

3.1.3.2 Network as a powerhouse for twin ecological and digital transitions

Great challenges as well as great opportunities lie ahead of many industry sectors to progress
towards a sustainable future and growth. The key to succeed will be to infuse both ecological and
digital transitions simultaneously in those industry sectors [EC20], [EXP20], improve their
productivity, and upgrade their capability, efficiency, resilience, and competitiveness with
advanced digital technologies. Serving as digital infrastructure of the economy and supporting
the flow of gigantic amounts of data, for example., petabytes per year for city areas, the network
industry must carry out this twin ecological and digital transition itself, incorporate it into the
design of future networks and empower all the other industry sectors for such a transformation
towards a sustainable and circular economy [EC20]. To empower true and wide twin ecological
and digital transitions, future networks shall be designed with great energy, cost and
material/resource efficiency in both deployment and operation phases, and potentially address
other important sustainability areas such as biodiversity perspective in its design.

3.1.3.3 Disruptive transformation of global education, skill and labor markets

As shown in the pandemic starting in 2020, many economic activities can continue during the
lockdown thanks to advanced digital technologies, and interactions and operations may be
handled remotely as easily as locally. Towards 2030, future networks are expected to enable
immersive communication combined with a fully digital representation of the physical world,
which can allow very precise interaction and feedback loops that can remove distance as a barrier
to interaction [Eri20a]. Together with global coverage and other emerging digital technologies,
future networks might bring major disruption to global education, skill and labor markets. For
example, all schools and universities have to re-think and re-invent themselves to fit into this
digital age in terms of both contents and formats of education. Internet of skill may finally come
of age, enabling global access in both supply and demand sides in the labor market.

Empowered by automation and intelligence everywhere as well as with new applications, new
functions, new business models, and new market segments brought by future networks, new types
of jobs will be created, and many existing jobs will be fundamentally transformed [MLC17].
While global automation will lead to replacement of many jobs by Al and machines, it is of
paramount importance to educate and promote the right set of vocational skills to all populations
and help them prosper in the digital age and data economy.

3.1.4 Regulatory trends towards 2030 and beyond

3.1.4.1 Spectrum and operational aspects

Traditionally, the telecommunications sector has been strongly related to government bodies and
has been heavily subject to regulations. Towards 2030, this trend will continue. For example,
spectrum management is at the heart of future networks and any wireless technology
development, and governments and regulators will have new opportunities due to a wide variety
of spectrum bands with highly distinct deployment characteristics and spectrum access models
with different levels and needs of spectrum sharing. Another rising issue is Electromagnetic Field
(EMF) exposure. The deployment of 5SG technology has started in different areas of the world,
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and in some regions (including Europe) concerns over EMF exposure fuel the opposition of the
public to its rollout (JARC20a], [CON20]). The exposure to EMF is and will be regulated, based
on guidelines from the International Commission on Non-lonizing Radiation Protection
(ICNIRP). But some cities or areas of Europe, such as Brussels or Paris or the whole of Italy,
have defined more stringent limits, impacting the deployment of networks [GSM14]. Since the
beginning of telephony, regulations have played an important role in shaping innovation and the
operation of the telecommunications industry, for example, setting the industry to be monopolies
in the 1960s, liberalizing the sector with privatization in the 1990s and setting up new regulations
for 5G local and private networks. Towards 2030 and beyond, when an exponentially increasing
amount of data is being made available from all types of geographical, economical and social
contexts, many questions arise including: Who will own the accumulating data? Who will get to
decide on technology and who sets the rules and regulations? Future networks will likely combine
a range of radio access network (RAN) technologies from macro cells to small cells with very
high-capacity short-range links. This calls for refining regulations to resolve inconsistent local
approval processes to enable dense small cell deployments. In this context, future network
technology could bring unprecedented opportunity for a novel regulatory regime allowing
advanced specialized networks in a network-of-networks topology [MAA+20].

3.1.4.2 Ethical aspects

Networks are expected to encompass certain technologies and use cases that are likely to stress
current ethical boundaries. For instance, it is envisioned that miniaturized energy-harvesting
devices could be injected, ingested or implanted into the human body [MIT10], which would raise
concerns of potential health implications, monitoring, and questions of corresponding data
ownership. In addition, distribution of ubiquitous sensors and actuators could raise concerns
related to their potential excessive resource usage in production, biodegradability, and any long-
term effects. Another important aspect will be ethical considerations related to privacy as our lives
become further digitalized, and sensors can track our every movement. For each of these aspects,
ethics and regulatory actions will need to occur alongside the technological development to avoid
backlashes when deploying the technologies. Meanwhile, there is also rising ethical concern over
the use of Al as mentioned in Section 3.1.2.4. To address the transparency and the explainability
requirements, the European Parliament has recommended the creation of a regulatory body for
algorithmic decision-making in 2019 [EPAI].

3.1.4.3 Environmental aspects

There is a growing public awareness of environmental sustainability and the impact of
technologies on energy consumption and usage of natural resources. Regulators are addressing
the carbon footprint of networks and their related usages. At the European level, the EU Code of
Conduct for Energy Consumption [ECC17] sets out the requirements for energy efficiency, and
also following the EU’s Sustainable Development Strategy, policy background has been studied
to facilitate the common methodologies for Product Environmental Footprint [ECS12]. Also the
European regulator Radio Spectrum Policy Group has established a sub-group to support action
combating climate change [RSP]. At a national level, several initiatives are established; for
example, the French ARCEP is working on the definition of a Green Barometer in order to inform
users of fixed and mobile networks about their consumer behavior as far as their carbon footprint
is concerned [ARC20b]. New types of user devices are proposed, based on a modular architecture,
allowing renewal of only part of the smartphone to address the demand of circular economy action
[FAI], [ECC15]. In Finland, the Ministry of Transport and Communications highlights the need
to reduce energy and material consumption within the ICT sector itself and to harness the potential
of the ICT sector as a facilitator of a more climate and environmentally friendly society in its final
report of preparing an ICT climate and environment strategy [OMH=+20].
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3.1.5 Technological trends towards 2030 and beyond

3.1.5.1 Disruptive technologies that will shape future connectivity

Convergence of communications, localization, imaging and sensing: Localization was
introduced in Release 9 of the 3GPPP specifications and will continue to evolve. With the use of
wider bandwidth signals at high band spectrum (>100 GHz) as well as the incorporation of
Simultaneous Localization and Mapping (SLAM) with communications at lower frequencies,
future networks will be designed integrating high-precision localization (with centimeter-level
accuracy), sensing (radar-like but also including spectroscopy and gesture) and imaging (at
millimeter-level) capabilities. This requires the development of highly novel approaches and
algorithms to co-optimize communications, sensing and/or localization. It will transform not only
application layer aspects but also optimize the network performance, for example, with proactive
radio resource allocation and management, and determine design choice of waveform to enable
both extreme connectivity performance with ultra-high data rate and a full 6D map of the
environment that captures information in all three spatial (latitude, longitude, altitude) and
orientation (pitch, roll, yaw) dimensions. Combining extreme connectivity and such 6D maps
with movement predictions and Al, novel applications and use cases will come to reality that are
based on new immersive mixed reality experiences. This enables an intuitive way of interaction
and a variety of use cases ranging from medical to industrial context [Eri20a], [Nok20a]. Security
and privacy must be integrated into such applications and use cases to ensure that humans will
stay in full control of the augmented and mixed reality.

Network intelligence: Al/Machine Learning (ML) will bring a major disruption to future
networks from impacting the design of air interface, data processing, network architecture and
management towards computing for achieving superior performance [Nok20a], [NOK20c],
[Dem20]. It will become essential for the end-to-end network automation dealing with the
complexity of orchestration across multiple network domains and layers [ZVF+20]. Network
intelligence will help to improve energy efficiency and ensure service availability by performing
optimizations that are challenging for traditional algorithms with AI/ML approaches and carrying
out system management tasks autonomously with Al/Machine Reasoning (MR) [Eri20a].
However, an autonomous system can only be successful if it is trusted by humans and can be
understood and explained. It is extremely critical to establish suitable mechanisms for trustworthy
Al For example: the system needs to be able to explain its actions and why it ended up in its
current state; the intelligent system should i) act lawfully, respecting all applicable laws and
regulations [ECA18], ii) be ethical, respecting the right principles and values, and iii) be
technically robust while considering its social environment. Last but not the least, the system must
involve humans when needed [Eri20a].

Network of computing: Future network platforms will bring all physical things into the realm of
computing. It will act not only as a connector but also as a controller of physical systems —
ranging from simple terminals to complex and performance-sensitive robot control, and
augmented reality applications — hosting computing intertwined with communication in a
network compute fabric for the highest efficiency [Eri20a]. Ubiquitous universal computing will
be distributed among multiple local devices and clouds [Nok20a], [ZVF+20]. Service providers
can utilize their assets by integrating compute and storage into increasingly virtualized networks
to provide applications with maximum performance, reliability, low jitter, and millisecond
latencies. A network-compute fabric can provide tools and disruptive services that are supported
beyond current connectivity solutions, such as accelerated compute and data services and new
services that are enabled by disruptive technoloiges such as joint sensing and communications
and digital twins for customer segments and verticals, including enterprises and industries
[Eri20a].
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Resilience and security: Network resilience that helps the network to provide and maintain an
acceptable level of services facing faults or challenging situations will need to be addressed from
different perspectives. Applications that demand resilience, both for their connectivity and their
end-to-end communication, need to be supported. A distributed architecture may ensure that not
all information (and not all risk) is centralized among a few parties. Similarly, the necessary
internet infrastructure needs to be available, resilient, and resistant to commercial surveillance
[Eri20a]. It will be critical to ensure the integrity of the entire system including both RAN and
Core parts [Fet20]. In addition, associated with their impact on the economy and society, future
networks are expected to face more frequent and more sophisticated cyber-attacks and security
breaches. New and efficient security and privacy schemes need to be developed [Nok20a],
[Fet20], for example, applying Al to predict problems, detect and automatically resolve attacks
that are caused by either classical or Al-based approaches, [Dem20]. Last, but not least, resilience
and security-enabled trustworthiness can only be fully realized when it is embedded in both the
corresponding software and hardware implementations of the network technology [Fet20].

Digital Twin: A Digital Twin (DT) is a digital replica of a living or non-living entity. The virtual
representation reflects all the relevant dynamics, characteristics, critical components and
important properties of an original physical object throughout its life cycle. The creation and
update of DTs relies on timely and reliable multi-sense wireless sensing (telemetry), while the
cyber-physical interaction relies on timely and reliable wireless control [MLC20] over many
interaction points where wireless devices are embedded. In future networks, DTs will be used as
a valuable tool to create novel and disruptive solutions, especially for vertical industries, that are
enabled by a large scale of real-time, robust and seamless interactions among, for example,
machines, humans and environments. Particularly, DTs can be scaled up, which enables a large
scale of sustainable living with systematic climate mitigation measures, improves the resilience
of society in crisis situations by actively monitoring and simulating all possible scenarios and
potentially helps transform the whole societal structure that is suitable for 2030 and beyond.

3.1.5.2 Technology evolution towards cost reduction and improved efficiency

Reimagined network architecture: New network architecture paradigms involve sub-networks
and RAN—Core convergence [ZVF+20]. All future deployment scenarios will rely on a superior
transport network that is flexible, scalable and reliable to support demanding use cases and novel
deployment options, such as a mixture of distributed RAN and centralized/cloud RAN enabled
by Al-powered programmability [Eri20a]. The network architecture shall provide the capability
to facilitate all the Al operations in the network.

Predictable latency and reliability: Future networks shall address the extreme performance
requirements of more advanced vertical industry applications on latency, reliability and
potentially, age of information and age of task [NOK20b]. To achieve such extreme performances
with reasonable costs requires a joint design of communications, control and even computing
[Fet20], [HYJ+20]. To address less extreme requirements, a deterministic latency end-to-end
across the protocol stack will be important for enabling cost-efficient services.

New devices and interfaces: Future networks will be connected to multitudes of devices and
interfaces beyond mobile phones or computers, enabling novel human-machine/machine-
machine/Al-Al communications. New human-machine interfaces created by a collection of
multiple local devices will be able to act in unison [Nok20a]. In addition, the ubiquity and
longevity of IoT devices will be further enhanced through zero-cost and zero-energy devices
where printable, energy harvesting devices can be deployed anywhere.

Component and hardware: With advances in hardware development, it is now possible to
employ generic hardware acceleration for faster service deployments through cloudification and
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virtualization. On the other hand, the use of non-generic hardware acceleration will still continue
to address high performance required by Al and the real-time 6G physical layer, for example.
Meanwhile, novel research on metamaterials promises potentially revolutionary new applications,
questioning long-held presumptions based on classical components, for example, reconfigurable
surfaces or novel antenna designs [Eri20a]. Towards 2030, to minimize power consumption and
enable novel use cases and seamless interactions, novel and advanced component/hardware
technologies will continue to be developed.

Software: Application development for enabling functions and services will become easier than
ever. There will be a need for the ecosystem to develop new, innovative applications once more
things get connected. More development flexibility will be required to meet the increasing need
for highly customized applications. Common APIs and abstractions, together with new
programming concepts and simplified models, will be part of the solution [Eri20a]. Open source
and open APIs may play an important role to foster the growth of ecosystems.

Spectrum: More dynamic spectrum sharing methods are appearing (e.g., CBRS [CBR]) where
spectrum resources are dynamically allocated in time and space. It is straightforward to follow
this evolution forward into a more demand-driven system concept with a smaller granularity in
spectrum allocation and a shorter round-trip time. This can allow for smarter use of resources
complementing licensed and unlicensed bands and an opportunity for mobile services to use
spectrum resources in bands occupied by other services [Nok20a], [Eri20a].

Digital inclusion: Low-cost and power-efficient terrestrial solutions and/or non-terrestrial
networks (NTNs) will be required to provide coverage for humans and machines in rural and
remote areas, for example, with high-altitude platforms, Low Earth Orbit (LEO) satellites, and
Device-to-Device (D2D)-based crowd networking [Dem20]. Currently, 3GPP is working on
including NTN in the 5G New Radio (NR) scope in Release 17, while several LEO initiatives are
actively promoting NTN as a useful coverage complement to terrestrial high-capacity systems
[Eri20a].

Context-dependent services and applications: Introduction of special purpose networks and the
explosive emergence of new verticals-driven applications create richer user experience depending
on the time and place. Service offerings become different regarding requirements and depending
on the context and end user devices must be able to proactively utilize varying content offerings.
This gives rise to different microservices offered by different players depending on the specific
ecosystem. Agent technology-type solutions will serve users depending on the desired application
profiles, which also vary from work mode to leisure time, etc.

3.1.6 Most significant global activities on future connectivity

With significant impacts on society, economy and politics towards 2030, the global race on the
research of 6G networks has already started. The International Telecommunication Union (ITU)
has established a focus group on Technologies for Network 2030 in 2018 [TTU18] and the Next
Generation Mobile Networks (NGMN) alliance announced the launch of a project on visions
and drivers for 6G in February 2021 [NGM21].

In Europe, with support of the academy of Finland, the world’s first national 6G program, 6G
Flagship, was established at the University of Oulu in 2018 [6GF], [6GF19]. In January 2021,
nine EU 6G projects (including Hexa-X) kicked off under the last call of Horizon 2020 with a
total budget of €55 million [ICT52]. It is expected that these projects will carry out explorative
research and pave the way towards 6G. Meanwhile, building on activities and results of 5G-PPP
in Horizon 2020, a renewed European level private-public partnership on Smart Networks and
Services (SNS) joint undertaking will be launched in the spring/summer of 2021 under the 2021—
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2027 European Research Frame Programme, i.e., Horizon Europe, targeting at R&I beyond 5G
and towards 6G [SNS]. In addition to network design, with 2030s on the horizon, Europe has also
recognized the importance of strengthening its industry position and competence on connectivity
chip design. A cross-industry initiative — COREnect — was then launched in July 2020, bringing
European major players in microelectronics and telecommunications together and targeting the
reduction of Europe’s dependence on other continents for suppling electronic subsystems and
components towards 6G [COR].

Meanwhile, outside Europe, with “Secure 5G and Beyond Act” published in March 2020, the US
administration has officially announced its intention to work with the private sector to facilitate
the evolution and security of 5G [5GA]. On 13 October 2020, the Alliance for
Telecommunications Industry Solutions (ATIS) launched Next G Alliance, an industry initiative
that builds foundations for US leadership in 6G and beyond with 16 industry founding members
[NGA]. In Asia, as announced in September 2020, South Korea will target to invest €142 million
over 5 years from 2021 to secure high-risk basic 6G technology [Kor20], while Japan published
a paper on “beyond 5G promotion strategy — roadmap towards 6G” for public consultation in June
2020 [JAP20], and China’s Ministry of Science and Technology made in a statement in 2020 that
it will set up two working groups to carry out research on 6G covering both policy and technical
aspects of 6G development [CHI20]. Recently, the Telecommunications Standards Development
Society, India (TSDCI) has started to establish a 6G initiative with focus on 6G use cases and
requirements [TSD20].

3.2 Hexa-X vision on 6G

During the last half century, driven by continuous wireless innovations and by market needs,
mobile networks and the telecommunications industry have significantly transformed human
society and the lives of billions. The primary focus is always to meet peoples’ needs to
communicate anywhere/anytime. Since the time of 4G, the focus was on delivering a digital
infrastructure that also supports professional services, vertical sectors and machine-to-machine
communication. With the advent of 5G, this move has considerably been amplified. 5G is
expected to pave the way for the digitalization and transformation of key industry sectors like
transportation, logistics, commerce, production, health, smart cities, agriculture and public
administration. This trend of digitalization, making industries more connected, automated and
smart [Bar19] in conjunction with consumer interest in increasingly demanding services such as
Augmented Reality (AR) and Virtual Reality (VR) will continue. Therefore, the need of services
for connectivity is expected to keep growing exponentially [Eri20c], and will call for bit rates in
the order of hundreds of gigabits per second to terabits per second. Several additional aspects of
performance will be described below.

While 4G has enabled and 5G significantly enhanced our ability to consume digital media
anywhere, anytime, the technology of the future should enable us to embed ourselves in entire
virtual or digital worlds. In the world of 2030, human intelligence will be augmented by being
tightly coupled and seamlessly intertwined with the network and digital technologies.

With advances in Al, machines can transform data into reasoning and decisions that will help
humans understand and act better in our world. As the domestic and industrial machines of today
transform into swarms of multi-purpose robots and drones, new verticals based on human-
machine haptic and thought interfaces to control them from anywhere should become an integral
part of the future networks. As illustrated in Figure 3-2, Hexa-X envisions a future in which
everyday experience is enriched by the seamless unification of the physical, digital and human
worlds achieved through a new ecosystem of networks, sub-networks and device technologies.
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Such a transformation will undoubtedly generate unprecedented economic opportunities towards
the 2030 timeframe. To this end, 6G research should address studies into the fundamentals,
design, realization, application and market opportunities of future communications systems.
Multiple key requirements must be reconciled to serve the massively growing traffic and the
exploding numbers of devices and markets both in current deployment areas and for the currently
underserved. At same time there is the need to accomplish the highest possible standards
regarding sustainable energy and resource efficiency, low latency, strong security, and efficiency
in deployment (coverage) and operation, for enabling sustainable growth in a trustworthy way.
Despite increasing ambitions with more use cases and more performance, 6G should be an integral
part of a fully sustainable and carbon neutral world. The main motivation factors for the 6G vision
are:

Technology push: The advent of key technologies such as Al, radio access beyond 100 GHz,
network virtualization, cloud native implementation and architectural disaggregation concepts
promise to add important abilities and design dimensions for wireless networks. A timely start
into a technology and concept evaluation is required, even if some of these technologies are still
on a low Technology Readiness Level, to understand the potential performance and impact on the
overall system architecture. It is crucial to apply these new technologies to excel in new usage
domains, and to make them useful in the future society.

Society and industry pull: Climate change, pandemics, the digital divide, social inequalities, as
well as distrust and threats to democracy, are some of the unprecedented societal challenges of
our times. It is of utmost importance to mitigate these devastating challenges, while also creating
opportunity for innovation-led growth and employment. Wireless networks, being the central
component of a digitalized society, must reflect such complex needs and opportunities and
proactively provide sustainable digital solutions [WEF20] to help address United Nations (UN)
[UN19] and European SDGs [EC19]. Digitalization of industry sectors will continue to improve
efficiency, trust in and resilience of the economy, promote sustainable growth and create
meaningful jobs, supporting the transformation of Europe to a strong circular economy.

In light of the above, the 6G flagship initiative Hexa-X has been established by bringing together
the key industry stakeholders, along with the full value chain of future connectivity solutions
ranging from network vendors, operators, verticals, and technology providers as well as the most
prominent European research institutes and universities in this domain, streamlining expert forces
and creating a critical mass to lead an integrated effort of research and development towards 6G.
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Figure 3-2: Hexa-X 6G vision

The Hexa-X vision for 6G revolves around interactions between three worlds: a human world of
our senses, bodies, intelligence, and values; a digital world of information, communication and
computing; and a physical world of objects and organisms. The future 6G network system should
make it possible for these worlds to tightly synchronize and integrate to make it possible to
seamlessly move between them. Realizing these interactions will open up many new use cases,
applications, and services that will benefit people on all levels: as consumers, parts of enterprises
or societies.

Interactions between the physical and the digital world will enable digital twins of the world,
where rich sensor information can be used for deep data mining and analysis. Intelligent agents
can act on the digital twin and trigger actions in the physical world through actuators. Such actions
would improve the efficiency and resilience of operation in the physical world via better planning
and control as well as preventive actions, for example for maintenance before problems would
emerge. This could lead to a massive scale of usage of digital twins and hence massive needs for
communication.

Interactions between the human and physical world would enable efficient control and feedback
between the worlds, for example based on efficient human-machine interfaces.

Interactions between the human and digital world enable assistance from Al to improve our lives,
as well as empowering fully immersive communication between people. Collection of
information on the state of the human bodies and synching this from the human world to the
digital world would entail getting knowledge of the body through e-health applications, enabling,
for example, preventive healthcare.

Importantly, the vision has three core values at its center, around which the three worlds revolve
(see Figure 3-2), setting the ambitions for the new interactions enabled by 6G. These are:
trustworthiness for 6G as a backbone of society; inclusiveness for 6G to be available for everyone
and everywhere; and sustainability for 6G to play the largest role possible towards global
development with regard to environmental, social and economic aspects. These three core values
should influence the targeted 6G capabilities and requirements and should together with the three
world interactions guide the project. Taken together, the vision points towards a set of research
challenges to be addressed by the project, presented next.
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To fully embrace such a vision, Hexa-X recognizes the necessity to expand the fundamental
network design paradigm from mainly performance-oriented to both performance- and value-
oriented. Here value entails intangible yet important human and societal needs such as
sustainability, trustworthiness and inclusion. This will lead to a new class of evaluation criterion,
i.e., KVIs, which must be understood, developed and adopted in framing 6G research and the
network design towards 6G. Hexa-X understands that the development towards 6G requires wide
support and global efforts. It will strive for openness and collaboration among the European and
global research community, standardization bodies, and policy makers through, for example,
organization of public workshops, preparation of joint whitepapers, and active participation in
major events. An open, modular and flexible framework — the x-enabler fabric — will be
developed as a foundation, to integrate and weave together the technical enablers that address the
six research challenges, from both the Hexa-X project itself and other 6G projects. “X” in Hexa-
X refers to exploring the unknown and the x-enabler fabric adds the dimension of “x” as “cross-
enabler”. The realization of a new network generation takes about 8-10 years, and to guide the
Research and Innovation (R&I) globally towards 6G during this time, Hexa-X will lay the
foundation for the network of 2030 and develop long-term strategic roadmaps based on research
outputs obtained within the Hexa-X project as well as from other 6G research projects under the
H2020 5G-PPP umbrella.

3.2.1 Research challenges

In order to ensure that the 6G research progresses in the right direction to fulfil the needs of 2030,
it is important to focus on the most relevant issues. In this vision, six main research challenges
were identified as can be seen in Figure 3-3. These challenges must be addressed to lay the
technical foundation for the wireless systems of the 6G era:

DUENE

_ Connecting
experiences

intelligence

Network of

Trustworthiness
networks

Global service
coverage

Sustainability

Figure 3-3: 6G research challenges

1. Connecting intelligence: 6G shall assume a crucial role and responsibility for large-scale
deployments of intelligence in the wider society. 6G shall provide a framework to support
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(e.g., through advanced resource management), enhance (e.g., through supplementary
data, functionality, insights), and, ultimately enable real-time trustworthy control —
transforming AI/ML technologies into a vital and fully trusted enabler for significantly
improved efficiency and service experience, with the human factor (“human in the loop™)
integrated.

2. Network of networks: 6G shall aggregate multiple types of resources, including
communication, data and Al processing that optimally connect at different scales, ranging
from, for example, in-body, intra-machine, indoor, data centers, to wide areas networks.
Their integration results in an enormous digital ecosystem that grows more and more
capable, intelligent, complex and heterogeneous, and eventually creates a single network
of networks. It will serve various needs, support different nodes and means of
connectivity, and handle mass-scale deployment and operation fulfilling a large diversity
of requirements with utmost efficiency and flexibility, promoting business and economy
growth and addressing major societal challenges like sustainable development, health,
safety and the digital divide.

3. Sustainability: 6G shall transform networks into an energy-optimized digital
infrastructure and will deeply revise the full resource chains of wireless networks towards
sustainability and carbon neutrality. Its digital fabric shall, beyond providing
unprecedented connectivity and coverage, also create the ability to sense and understand
the state of the physical world in real time, and as such boost sustainability from the
environmental, economic, and social perspectives and importantly deliver effective and
sustainable digitalization tools for global industry, society and policy makers, help
achieve UN SDGs and assist the implementation/operation of the EU Green Deal, in
particular after the COVID-19 pandemic, towards a circular economy and a sustainable
world.

4. Global service coverage: 6G shall put digital inclusion as one of the top priorities and
encompass efficient and affordable solutions for global service coverage, connecting
remote places, for example, in rural areas and in transport over oceans or vast land masses,
enabling new services and businesses that will promote economic growth [AEM12] and
reduce the digital divide as well as improving safety and operation efficiency in those
currently under-/uncovered areas.

5. Extreme experience: 6G shall provide extreme bit rates (access in the order of hundreds
of gigabits per second to a few terabits per second), extremely low (imperceptible)
latencies, seemingly infinite capacity, precision localization and sensing, pushing the
performance of networks a leap beyond what is possible with 5G — unlocking commercial
values of new technologies at sub-THz range, supporting extreme experience of services
such as fully immersive communication or remote control at scale, and accelerating the
pace of digitalization.

6. Trustworthiness: 6G shall ensure the confidentiality, integrity and availability of end-
to-end communications, and guarantee data privacy, operation resilience and security,
building trust of wireless networks as well as its enabled applications among consumers
and enterprises — supporting and promoting European values of trust and privacy
protection as well as the technological EU sovereignty goal for fostering an open,
trustworthy and democratic Europe in the digital age.

Naturally the requirements of cost-effective deployability and operability always apply in order
to realize the results from these research challenges.
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3.3 Aspects of 6G business impact

The identification and development of future business opportunities will be an important aspect
in 6G research and development to address the needs of various vertical sectors that today are
learning to benefit from 5G. This will call for filling in the requirements of scalability,
replicability and sustainability in a legitimate way in a platform ecosystem of converging
connectivity, data and specialized services. Development of new ecosystemic platform business
models has to be done in a sustainable way. Business ecosystems that aim to bring together
stakeholders to solve systemic sustainability problems will require an open ecosystem-focused
value configuration and decentralized power configuration where there is no single dominating
stakeholder, but the roles and positions will vary depending on the problem at hand. Focus will
increasingly be on the long tail of specialized user requirements that crosses a variety of industries
[YAM20a].

A major challenge is in how 6G could become a truly general-purpose technology, i.e., potentially
strongly and widely affecting the world economy, instead of simply an enabling technology, to
support countries, organizations and society in the journey towards a sustainable future. The
achievement of the UN SDGs by 2030 calls for the whole ICT sector to support the verticals in
renewing their operations to meet the increasing requirements for sustainability [MAA+20],
[2Y20]. The deployment of 6G is expected to start in 2030 when the current SDGs should be
achieved. The UN SDG framework itself is likely to evolve during the full deployment of 6G in
the 2030s.

3.3.1 Convergence of data, connectivity and local special purpose
platforms

With the beginning of the 5G era, mobile communication networks have evolved into multi-
purpose business platforms of cross-sectoral relevance. The mobile connectivity platforms of the
Mobile Network Operators (MNOs) acquired from the network vendors are increasingly
becoming converged with the data platforms of cloud service providers, giving rise to new
platform-based ecosystems [AYM+20]. The convergence of data and connectivity platforms
continues to be a major influencer for the business of 6G and the related value-capture in the 6G
era requires understanding the dynamics of platforms and ecosystems [MYP20]. In addition to
wide area networks based on distributed multi-stakeholder cloud architecture, we will see millions
of subnetworks designed for both autonomous operation as well as operation in co-ordination
with wide area policies. Operator-assisted service discovery and function offloading will enable
an expansion of platform-based ecosystems beyond the dimensions of data and connectivity.
Performance attributes such as extreme reliability and low latency can be associated with
specialized and localized subnetwork platforms for the 2030s. Access to data and data ownership
continue to be major factors shaping the business around 6G, and limiting which stakeholdes can
make use of data is a means of controlling the ecosystem. Modularity and complementarity of
technology solutions raise difficult openness and transparency as well as collaboration vs.
competition issues in the future 6G business ecosystem. The resulting complex multi-stakeholder
ecosystem will be an arena of dynamic use case instantiation and monetization.

3.3.2 New business ecosystem and stakeholders

Combining various data platforms, connectivity and local special purpose platforms is a great
opportunity to enable new business ecosystems beyond the mass market paradigm; but it is also
a challenging task, especially in the real-life complex multi-stakeholder environments in verticals
where different organizations typically have their own data, connectivity and special purpose
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operations time platforms with interactions with outside platforms being limited. The business
ecosystem around future mobile communications is changing with evolving stakeholder roles and
new stakeholders emerging [AYM+20], [ZY20]. The serving of different verticals with local and
often private 5G networks has already introduced new stakeholders as local operators to
complement the MNOs [MLA+17]. For example, local operators are appearing to serve a closed
industry setting in a factory, MNOs’ customers in a local public network, or a mix of both
customer groups. Future 6G business ecosystems for solving sustainability problems need open
value configuration and decentralized power configuration focusing on specialized user
requirements that cross a variety of industries [YAM20a], [YAM20b]. Different sets of
stakeholders with their specialized expertise and resources come together in the 6G ecosystem to
solve specific sustainability problems.

3.3.3 Sustainable ecosystemic platform business models

In 6G the focus is on developing economically, societally and environmentally sustainable
solutions and business models and with special potential for specialized solutions tailored to
specific context and need.

The solving of sustainability problems with 6G-based solutions emphasizes the business
ecosystem level that brings the needed stakeholders together, instead of focusing at a single
organization’s level [YMA20]. As a result of the growing ecosystem level emphasis in 6G, the
development of business models in the ecosystem level will be increasingly important, shifting
the focus to ecosystemic platform business models. There the scalability and replicability of the
6G solutions’ business models are key in determining the success. A scalable business model is
agile and provides exponentially increasing returns to scale in terms of growth from additional
resources applied, while a replicable business model can be copied to several markets
simultaneously with minimum variations.

3.3.4 Alternative future business scenarios

Business scenarios present alternatives for the future, which is unknown. A set of 12 alternative
business scenarios were developed for 6G in [YAM20a], [YAM20b], [ZY20]. From the scenarios,
especially the most plausible “MNO6.0” Scenario and the most preferred “Sustainable Edge”
scenario present highly distinct views for the future. The MNOG6.0 scenario is built on the use of
MNOs’ wide existing customer base, with a growing demand for capacity through investments to
maintain and strengthen their customer base and market position in connectivity, enhanced with
customer data, relying on efficient spectrum usage and a variety of specialized attributes of
performance.

The sustainable edge scenario [YAM?20a], on the other hand, describes a future where novel
players take over both customer ownership and networks and MNOs play a role as a wholesale
connectivity service provider. New, local, and specialized demands provide an opportunitity for
novel business segments, specializing in governmental, municipal, vertical or enterprise
customers and vertical differentiation with increasing requirements for sustainability in specific
industry segments like education, healthcare and manufacturing. Also thinking and acting locally,
close to the customer, promoting resource sharing, and utilizing the lowest cost spectrum and
virtualized cloud infrastructure are key in the business scenario. In addition, we will see the
proliferation of private and campus scenarios privately run and operated using either unlicensed
or licensed spectrum.
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3.3.5 Telecommunication and vertical specific regulation

A key influencer of business of 6G continues to be regulation, which defines the rules and
conditions for the telecommunication network as well as the different verticals making use of the
data and connectivity platforms. The telecommunication sector is highly regulated, including, for
example, spectrum regulation, access regulation, pricing regulation, competition regulation,
privacy and data protection (see e.g. [MLA+18], [5GP20]). Additionally, the regulatory
environment for 6G in vertical services is complex, encompassing both the connectivity-oriented
communications market as well as specific vertical services offerings and performance attributes,
so requiring a large variety of regulatory challenges to be addressed within the proper bodies.
Moreover, the growing pressure from sustainability on environmental aspects, for example, will
influence the development of future 6G networks. In Hexa-X we will consider the evolution of
the spectrum requirements and of the current spectrum usages, in order to guarantee future-proof
migration paths for vertical services, for example, and to enable new business opportunities.
Deliverable D1.2 will look into the future alternatives of the business of 6G in more detail.
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4 Services, Use Cases

This chapter outlines the initial set of use cases envisioned for the Hexa-X project, and their
connection to the vision described previously. This first set of use cases is not meant to be
exhaustive, but representative of use cases envisioned for 6G. It will be updated and enriched
throughout the project.

4.1 Ambition and methodology

4.1.1 Mission statement

The 6G vision defined in Hexa-X is built on the interactions between the three worlds intertwined,
namely the physical, digital and human worlds, and these interactions are driven by three core
values, shared by European players and Hexa-X members, sustainability, inclusiveness and
trustworthiness. In order to design the 6G system, which would realize this vision and play a
crucial role in the development of society towards more sustainability, inclusiveness and
trustworthiness, a first step consists in defining relevant use cases. Hexa-X use cases should not
be only a simple extension of the 5G use cases, but should outline new usages, based on a more
inclusive (along the geographical as well as the societal axis) and more sustainable use of the
technology. To be in line with the vision, the set of use cases will relate to the six research
challenges described in Chapter 3. These use cases will allow the requirements applying to the
6G network to be derived and the specification of the Hexa-X technical enablers to be driven to
meet the target KPI/KVI values.

4.1.2 Terminology

The use cases considered in Hexa-X are real-life applications of the physical, human and digital
worlds. Use cases may support one or more applications of the three worlds, through a clearly
defined set of KPIs and K'VIs (see Section 5) and should apply to one or more verticals. The “real
life” aspect is highlighted in the use case descriptions, as this helps the wider audience appreciate
the everyday life applications of the demanding technical KPIs that Hexa-X aims to achieve.

4.1.3 State-of-the-art

In 2020 (and even earlier), some stakeholders of the mobile ecosystem have started sharing their
views about 6G. The white papers and other publications available already give some hints on
use cases targeted with 6G. This section gives an overview of the most cited ones in the selected
references.

Building on top of the 5G trend and the advent of VR and AR, Extended Reality (XR) will develop
in many different areas such as “entertainment, medicine, science, education, and manufacturing
industries” [Sam20]. Such techniques require not only huge data throughputs, low latency and
positioning capability in order to provide a high-quality user experience but also specific device
features like compute and battery. Such devices could be “lightweight glasses that project images
onto the eyes” [AKN20]. Going a step further, holographic representations of objects and people
are imagined [Sam20], [AKN20], [Eri20a]. The “multi-sensory holographic teleportation”
[AKN20] wording is even used, meaning that beyond 3D representations of distant objects or
people, all the senses are also transmitted; for example, you could attend, remotely, a meeting
with your colleagues, all being present in the same meeting room, hearing discussions, smelling
as if you were physically yourself in the room [Sam20], [Flag19]. As mentioned in [Eri20a], this
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could nicely help to cover the communication needs of the society, even in difficult situations
such as the COVID-19 pandemic.

In order to support this holographic use case, a digital representation of the physical world, based
on sensors and Al technologies, may be needed; this digital replica is called a digital twin. Actions
in real life via interaction with its digital twin are even considered [Sam20]. In [Eri20a], a 4D
spatio-temporal interactive map of a city could enable the realisation of actions in the “real” city,
such as sending commands to public transport, waste handling, or water and heating management
systems.

One of the key concerns of the society coming with the development of new technologies is that
its related services must be accessible for all and everywhere they are needed. This digital
inclusion requirement does not only mean “global coverage” (at an affordable cost in terms of
deployment and for the customer as well) but also “easy-to-use technology”, for example, for the
elderly or people with disabilities.

Such a need is already nicely identified in 6G use cases such as high-grade digital oasis [Eri20a]
or distance education [NTT20], sensors monitoring the status of forests and oceans [Eri20a], or
telemedicine and healthcare in rural areas not properly connected yet.

Usage of telemedicine has indeed been generalized during the COVID-19 pandemic. One of the
side effects of the COVID-19 pandemic is that, during lockdown periods, people are not keen to
go to the doctor, even if they have health problems that would require a consultation; it is
unfortunately expected that the number of deaths due to non-detection of cancers on due time will
increase in the coming years (e.g. see [MSM+20]). In order to avoid such situations, the
development of telemedicine and remote consultations appears as a good alternative, especially
in rural or challenging areas [NTT20]. Beyond this simple use case, 6G is also expected to foster
the development of e-health applications, thanks to in-body devices, such as biosensors to monitor
health conditions such as heart rate or blood pressure [Flag19], [Eri20a], [NTT20]. The network
will allow remote analysis and processing to adjust the medical treatment accordingly.

5G allows for improved efficiency in industrial process, and connected robots represent one of
the most emblematic use cases [ACI20]: mobile robots handling materials in warehouse and
production plants, extremely large autonomous guided vehicles in chemical plants, etc. The usage
of connected robots is expected to develop more in a 6G perspective and extend as well to other
fields: collaborative industrial Al partners could take care of tedious or dangerous tasks, and even
cooperate with human beings [Eri20b]; swarms of small robots will perform domestic chores in
home networks [VM20].

These use cases represent major trends in the literature for 6G, but the list is not exhaustive, as
more and more actors share their vision on future usages for 6G. Hexa-X will go one step further,
beyond individual viewpoints, and will bring a unified view on these use cases for 6G, sharing
the perspectives consolidated among a whole consortium of partners.

4.1.4 Methodology

This deliverable provides an initial set of use cases as a starting point for the technical work within
the project. This set of use cases was reached from a combination of top-down (relying on the
vision, the core values and research challenges as a basis to select use cases) and bottom-up
approaches (collecting views from the ecosystem through proposals from partners, state-of-the-
art, defining new use cases to illustrate the use of new technologies). The set of use cases has been
clustered into families of use cases. These families of use cases describe use cases involving
similar interactions and answering one or several of the six research challenges. The use cases
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grouped in one family are expected to share similar requirements. These families of use cases will
be consolidated iteratively, among the partners and with the Advisory Group.

4.2 Hexa-X families of use cases

4.2.1 Overview of Hexa-X families of use cases

The Hexa-X vision describes the envisioned role of 6G in the evolution of society. The vision and
the associated six research challenges lay the foundations on which relevant use cases for 6G can
be forecasted, accounting also for the societal and economic trends (see Section 3). Hexa-X
partners built on this vision to identify an initial set of use cases as a first baseline to guide the
technical work within the project. This first set of use cases is not exhaustive but a first set of
representative use cases, which will be refined and extended. These use cases encompass a wide
range of usages, from evolutionary ones, extending and enriching the 5G usages with new
capabilities, to more disruptive ones, opening up new horizons where 6G could benefit and
transform society. These use cases are clustered into families of use cases, according to the type
of usages and research challenge addressed, as pictured in Figure 4-1. Trustworthiness is a
common value shared by all families of use cases, as well as sustainability. Global service
coverage is the other value emphasized in the Hexa-X vision, and different use cases, gathered in
ause case family Sustainable development, illustrate how 6G can contribute to the transformation
of society, targeting UN sustainable development goals and the EU Green Deal, providing global
access to digital services and energy-optimized infrastructures and services. Massive twinning is
another use case family involving the massive use of digital twins to represent and control the
physical world. The Telepresence use case family covers immersive telepresence for enhanced
interactions, involving mixed reality or merged reality, providing extreme and fully immersive
experience. The use case family Robots to cobots includes various use cases involving interacting
robots, at home to facilitate everyday life as well as in professional environments to improve the
efficiency of processes. 6G will also integrate multiple sorts of networks and handle the
complexity and heterogeneity of a network of networks. The use case family Local trust zones
(for human and machine) encompasses different use cases, involving nanoscale in-body
networks to wide area deployment of sensors networks.
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Figure 4-1: Overview of Hexa-X use case families

4.2.2 Sustainable development

The development of the 6G system heralds applications that go far beyond the user- and vertical-
centric applications of current and former generations. To address the growing societal concerns
of the sustainability of our environment and society, the 6G system will be very well suited to
provide a meaningful impact, for example, by providing solutions contributing to meet UN SDGs
or helping verticals to reduce their environmental impact. The core values of Hexa-X are
trustworthiness, digital inclusion and sustainability. Naturally, these should penetrate through all
design and development towards 6G and should be fundamental aspects of all use cases.
Especially use cases contributing to dematerialization (telepresence, e-health for all, merged
reality game/work), efficient resource usage (flexible manufacturing, Al partner), and
optimizations (energy-optimized services) will have substantial beneficial impact towards these
core values. However, enablers for sustainability (accounting for digital inclusion) also form a
group of use cases of its own, focusing on sustainable development of society.

Sustainability is explicably the foremost research challenge addressed by this use case family,
both in terms of environmental sustainability as well as sustainable development of human
societies. However, in order to fulfil the UN SDGs, the use case family will encompass all the
other research challenges to make the sustainable development come to realization. The extreme
performance and global service coverage will be needed to empower the underserved and bridge
the digital divide virtual-realistic remote experiences as well as provide means to monitor and
counter-act current and impending environmental challenges. Connected intelligence and network
of networks will enable operations to be optimized for sustainable performance. Naturally, any
system addressing the societal and environmental challenges has to be trustworthy at its core in
order to foster widespread confidence in their operation and execution.

4.2.2.1 E-health for all

With trustworthy Mobile Broadband (MBB) connections to medicine expertise, basic e-health
services can be delivered anywhere. Connectivity can be complemented by local analysis of
samples, etc. with dedicated devices, and availability of expertise can be extended with Al agents
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giving first-line support. Local mobile e-health hubs can provide last-mile connectivity in areas
with infrastructure challenges.

Providing virtual doctor visits to all who need it would be an enormous health benefit, requiring
a full expansion of cellular network coverage capable of supporting these services. Reaching
everyone in the world in a cost-effective way, and reaching areas where deployment of fiber is
not an option (remote islands, rural areas, politically unstable regions) is a meaningful challenge
for 6G networks. Sensitive medical data would need to be routed, stored, and processed
throughout a network that may consist of multiple hops and access types, and service availability
needs to be assured with affordable solutions.

3GPP Release 17 is already moving to this direction with NTNs, as documented in [38.821], for
example, along with other satellite communication systems. In 6G we foresee that a tight
integration between different topologies will allow for cost-efficient deployments and operations,
even to underserved regions, which is currently cost-prohibitive.

4.2.2.2 Institutional coverage

The ultimate goal must be to include all communities with high-grade wireless services — this is
true digital inclusion for networks. A more realistic goal is perhaps to make sure that schools,
hospitals, etc. around the world can have access to full 6G services, even in developing countries
and remote rural areas of developed countries. This goes far beyond video services and includes
immersive and precise communication such as telepresence, remote virtual education and
medicine. In many areas, deployment of fiber communication may be cost prohibitive, for
example, due to long distances in remote areas or islands, or because of inaccessible areas due to
political instabilities. By expanding and further improving the deployment and performance of
5G Fixed Wireless Access (FWA), for example, Release 16 integrated access/backhaul (IAB)
features and Release 17 NTN features, backhaul based on 6G can be provided to dedicated
localities that will act as full-6G digital oases. These key societal institutions connected to 6G
services can spread connectivity locally, providing benefits for local companies and
infrastructure, and make sure that society is included in the digital development.

3GPP Release 17 is already moving to this direction with IAB as documented, for example in
[38.174]. In 6G, we foresee that the wireless backhaul capacity will be enhanced by orders of
magnitude, enabling cost-efficient provision of 6G services even to remote areas that are currently
cost prohibitive.

4.2.2.3 Earth monitor

By providing ubiquitous bio-friendly energy-harvesting sensors that can easily be deployed
anywhere with cost-effective connectivity via, for example, NTN, long-range terrestrial or local
mesh networks, a deluge of sensor data can provide near-real-time monitoring of system-critical
environmental aspects such as weather, climate change, or biodiversity. Sampling of key data is
made possible also in truly remote areas, far from infrastructure. This global telemetry system can
be used to improve weather/climate models, provide surveillance and monitoring of
environmental status and enable early warning systems for natural disasters such as flooding or
landslides, or protect threatened ecosystems like endangered species from illegal logging and
poaching.

Even though 3GPP Release 17 is already moving towards NTN, as documented, for example, in
[38.821], this use case would require zero-energy and (near) zero-cost biodegradable devices that
can effectively communicate with NTNs with very limited power.
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4.2.2.4 Autonomous supply chains

To ensure a fully integrated autonomous supply chain, the demand of scoping, ordering, sourcing,
packaging, routing and delivery must be automated using local and central Al agents continuously
optimizing the process, for example, in relation to unexpected events such as natural events,
disasters or political circumstances. With global end-to-end lifecycle tracking of goods from
production, shipping, distribution, usage and recycling, a higher resource efficiency and reduced
material and energy consumption can be achieved. The use of 6G-connected micro tags on goods
can simplify tracking, customs, safety checks, and bookkeeping, allowing it to be done without
manual interference.

This use case builds on the work done with Narrowband Internet of Things and New Radio
Reduced Capability with NTNs and integration of AI/ML. This will require a global system of
systems, integrating different technologies into a unified, transparent, and cost-efficient access,
which can orchestrate an optimal supply chain end-to-end, while also locally adjusting to any
dynamic variations using the currently most appropriate connectivity solution. The system will
also monitor the current statuses of businesses and factories in order to predict whenever
something needs to be sourced, from where, what optimal and alternative delivery routes are
available and to provide even the last-mile delivery. At every step of the way, the location and
status of the goods should be monitored in order to facilitate a dynamic and responsive supply
chain.

4.2.3 Massive twinning

Massive twinning, i.e., the application of the more fundamental Digital Twin (DT) concept in a
wide set of use cases, will gain importance. Massive twinning is designed to lead us towards a
full digital representation of our environment, extending the use in production/manufacturing (as
it has started today), but also, for example, in the management of our environment, in
transportation, logistics, entertainment, social interactions, digital health, defense and public
safety.

Twinning is essential in various use cases. A DT is a virtualized model and real-time
representation of an asset in the physical world, i.e., a representation within the digital domain,
of the asset’s structure, role and behavior. Some example areas that are addressed in the remaining
part of this subsection are manufacturing (so as to start discussing the progress from the situation
of today), the drastic enhancement of the liveability of our cities, the enhancement of the
productivity for addressing the “towards zero-hunger" goal, while maximizing the sustainability
and the transformation of sectors like health or security. From the discussion it will be shown that
such areas will need the transfer of vast information volumes, low delays, high reliability, and
capacity levels that will be pushing the current boundaries. Things will continue to evolve and be
disrupted. More capacity will be needed (for example, for massive twinning), along with higher
bit rates, and improvements in efficiency, reliability and security. Solutions should be
characterized by sustainability, power trustworthiness, and most often be suitable for global
coverage.

In all cases a fully synchronized and accurate digital representation of the physical and biological
worlds is key. This is costly in resources, as it requires precise representations of the physical
world, enhanced means for generating insights and predictions, as well as for experimenting with
“what-if”” scenarios; furthermore, means to impact the environment are imperative. All these need
the transfer of vast volumes of data, extreme performance (capacity, bit rates, low latency,
compute power) and reliability, as well as sustainability, and also trustworthiness, at
unprecedented levels. High-resolution and interactive 4D (spatio-temporal) mapping is needed,
in conjunction with means to influence the physical world. High-resolution indoor and outdoor
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mapping will drive use case scenarios of dynamic DTs and virtual worlds in conjunction with
real-time, multi-sensory mapping and rendering, movement prediction and real-time analytics.
The availability of both the virtual and physical worlds will allow mapping and analysis of data
and monitoring of systems to predict performance and operational issues to minimize downtime
(predictive maintenance), and improve contextual awareness.

4.2.3.1 Digital Twins for manufacturing

The use of DTs will continue to grow in industrial/production environments, leading to Massive
Twinnning. It will enable us to go beyond the current levels of agility of production, enabling
more efficient interaction of production means to encompass a larger extent of the respective
processes, and also to achieve the transfer of massive volumes of data, and, often, extreme
performance and reliability. In the realm of production and logistics, DTs can be used for many
beneficial applications. For instance, the following sub-cases can be identified:

(a) Managing infrastructure resources. The operator of the production facility is trying various
scenarios through the DT’s “what-if” capability. The scenarios are supported through real-time
interaction with the physical world. The operator decides to apply a certain configuration; it is
applied with speed and reliability. A critical situation may also arise. The DT forms an accurate
picture of the situation (based on advanced reasoning, ML/prediction mechanisms, etc., in
conjunction with more traditional polling, alarm functionality), mitigation actions are found by
the DT and are enforced at the highest performance levels and with the utmost security.

(b) New products need to be designed and automatically be linked to their DT. New products are
designed, and then tested in a virtual environment (even today up to a point); the DT of the
planned product is created and is tested in the digital world. Only when that equipment performs
to exact specifications in the digital work environment, the physical manufacturing is allowed to
start. Once manufactured, the physical build would be linked to its DT, for example, through
sensors and actuators, so that the DT contains all the information that its physical counterpart
possesses.

(c) The cooperation among multiple DTs in a flexible production process will also be needed, as
it ensures anomalies in the real world are detected and mitigated through reconfigurations of the
communication system or dynamic adaptations of the production process, or a combination of
both. This means that due to the real-time, safety and privacy requirements of production
processes, the respective DTs need to be executed in an environment guaranteeing these
properties while ensuring access to all relevant data (production, sensing, communication)
required to perform the necessary mitigation steps in case of anomalies or to increase efficiency.
This use case is also tightly related to the use case family “From robots to cobots” (see section
4.2.5).

(d) Another practical usage of digital representations is to follow the history through “digital
threads”: the history of every part of the system can be used to learn, to replace parts, etc.

This use case demands low latency and high reliability, at capacity levels that will be much larger
than those envisaged for such services in 5G, due to the growing adoption. Moreover, the highest
possible level of efficiency is needed for increasing the chances of commercial success. Therefore,
this use case requires the realization of Ultra-Reliable Low-Latency Communications (URLLC)
grade services, at high capacity levels, and with the highest possible efficiency. The highest
possible levels of trustworthiness will be needed (which are associated to the levels of
performance, dependability, security, resource efficiency/cost) to ensure adoption at scale.
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4.2.3.2 Management of city flows to optimize liveability

City liveability is a concept that is determined by large parameter sets, which are weighted. The
sets correspond to wide application areas, relevant to the city infrastructure (for example,., roads,
buildings, networks), the ambience/environment (for example, climate, air quality), healthcare
aspects, education and culture issues, the stability/safety, and many others. The effective
management of all these factors, on various time scales, opens technical challenges, potential
from a societal perspective, and business opportunities. Technical challenges are associated with
aspects related to the volume of traffic that needs to be transferred, the associated time scales and
reliability, etc. Societal value lies in the potential of perceiving, predicting and managing hazards
or other less critical situations. Business opportunities occur for operators and other ICT players,
by assisting cities in the accomplishment of their goals. Mapping and planning of smart cities will
be another use case scenario for DT technology. A city in the 2030s will be a dynamic system of
systems with many constituting elements such as people, infrastructure and events. In conjunction
with real-time feedback from the physical world and its associated assets, the DT city model will
be a powerful tool for future evolution and planning as well as enhanced and efficient operations
of future smart cities. An interactive 4D map can be used to plan utilities management such as
public transport, garbage, piping, cabling, buildings, and heating, or to connect the many parts of
a factory that can be inspected and steered in detail. By overlaying physical modelling, the 4D
map can be used to forecast expected and predicted actions and behaviors of the environment and
of other users, follow the history, and to check and control the function of parts. Human and Al
operators can explore the rich data and simultaneously modify to manage and schedule activities,
effectuating changes and tasks through actuators and controllers in the network. This optimized
management of flows can also contribute to the transformation of cities towards sustainable
models

This use case requires the transfer of vast amounts of data within certain time limits (from ultra-
low latency to vehicles or health, to “near” real-time). This is important for enabling actions that
will influence the city operation and enhance its liveability. In parallel, the highest possible levels
of sustainability are called for, while trustworthiness is most important and will be demanded by
citizens.

4.2.3.3 Digital Twins for zero-hunger and production sustainability

One of the UN SDGs is to end hunger, to achieve food security, while maximizing the sustainability
of the production. Massive twinning is a valuable concept in this direction, especially, in the light
of the challenges for mankind in our time, for example, higher populations, climate aspects, and
need for enhanced efficiencies.

EE RT3

The main challenge is that “remote”, “rural”, “in-sea, close to shore” areas need to be provided
with higher capacity and performance than today. This is essential for monitoring in real time the
conditions at the level of micro-locations (microclimate, soil conditions), inspecting and
developing optimized and targeted plant treatments (including disease combatting),
experimenting with various actions or strategies (for example, removal of plants, alternate
cultivations, spraying strategies), or enforcing actions, including the control of semi-autonomous
ground robots. Human expert knowledge will benefit from the closely synchronized digital
representation of the physical world, not only for inspecting, but also for experimenting with
actions in the digital realm, and, ultimately, impacting the physical world. Therefore, in this use
case, the fully synchronized digital representation is the key to optimize agricultural production
through improved management and prevention of threats.

This use case requires the transfer of vast volumes of data, from areas that can be characterized
as “underserved”, in terms of offered capacity and coverage. Nevertheless, close synchronization
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is needed. This will make possible the tackling of important challenges of our time, namely, those
on sustainability, global coverage, inclusion and opportunity.

4.2.4 Immersive telepresence for enhanced interactions

This use case family consists in being present and interacting anytime anywhere, using all
senses if so desired. It enables humans to interact with each other and with the other two worlds,
and physical and digital things in these worlds. All human senses can be used exchanging sensory
information and even extending the capability of the senses. This is well fitting the Hexa-X vision
of a future in which everyday experience is enriched by the seamless unification of the physical,
digital, and human worlds achieved through the new network and device technologies.

All the research challenges need to be met in order to provide this use case family. Extreme
experience is needed to be able to meet the needed data rates. Low enough latency with high data
rates and enough reliability is needed to avoid incomplete experience or even nausea. A network
of networks is the basis for the connectivity. Connected intelligence improves the performance.
This all needs to be done in a sustainable way and trustworthiness is also a fundamental starting
point. Global service coverage enables provisioning of telepresence everywhere. Telepresence
will have to be delivered in a sustainable way but can also contribute to sustainability and meeting
UN SDGs by reducing the need for travel.

4.2.4.1 Fully merged cyber-physical worlds

Mixed Reality (MR) and holographic telepresence will become the norm for both work and social
interaction. Via holographic telepresence it will be possible to make it appear as though one is in
a certain location while really being in a different location — for example, appearing to be in the
office while actually being in the car. Other example use cases include facilitating collaboration
and performing remote home-working beyond office type of work by white-collar workers,
improving diagnosis during tele-consultations and enhancing teacher-student interactions in e-
learning classes. This can also mean virtual traveling to far-away places and telepresence
meetings with friends and family. You would experience the world where your hologram is,
through very rich sensing of multiple sorts, synchronized to devices on your body for an enhanced
sensory experience.

Users want to communicate with distant persons with a quality of interaction very close to reality.
They want a better perception of body language (gesture, intonation, expressions, surrounding
sounds, etc.), and also of other senses (for example, touching objects).

MR telepresence allows interaction with both physical and digital objects, which are near or far
in physical reality. This experience and use case will be enabled by wearable devices, such as
earbuds and devices embedded in our clothing and other novel user interfaces. Humans will carry
multiple wearables, working seamlessly with each other, providing natural, intuitive interfaces.

Touchscreen typing will likely become outdated. Gesturing and talking to whatever devices are
used to get things done will become the norm. The devices we use will be fully context-aware,
and the network will become increasingly sophisticated at predicting our needs. This context
awareness combined with new human-machine interfaces will make our telepresence interaction
intuitive and efficient.

4.2.4.2 Mixed reality co-design

Mixed reality co-design means remote collaboration and "experience before prototyping". This
may for example apply to a factory scenario where two people are remotely designing something
intricate together with some physical objects and some virtual objects.
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A MR reality co-design system will allow designers to cooperatively design innovative virtual
products in a virtual-real fusion of worlds. Context awareness as an integral part of the MR co-
design process will allow designers to focus on the design itself and its relationship with the
external environment. MR co-design will link into new forms of man-machine interaction such
as capturing the designer’s head or eye movement, emotional state, facial expressions, and body
parameters such as heart rate or blood pressure. Such an approach can be subsumed under the
term “spatial computing”. Moreover, the co-design context can be captured by spatial mapping
and imaging technology. In the 2030s, we expect designers’ behavior and vital parameters to be
included in the co-design process and task.

With the leverage of machine learning and Al, the MR co-design use case will be greatly
enhanced. The decomposed and advanced user equipment in conjunction with wearables will
transform the next generation of Industrial [oT.

4.2.4.3 Immersive sport event

Current sport simulators utilize motion capture technology to create life-like renderings of real
players. With the advent of XR gaming, this will be further expanded to allow 3D rendering of
any simulated sports event. With 6G, it will be possible to motion capture actual games in real
time to create a DT of the whole game, which can be experienced live from any angle, by hundreds
of millions of people worldwide. The majority of viewers would likely be satisfied with a classical
overview, determined by professional camera operators and thus, the bulk of the information can
be broadcasted single-to-multipoint. However, the 3D rendering also allows end users to
experience the game from any angle with a 360° view, for example, following a specific player,
watching the game from the ball’s point of view. In these cases, the processing would have to
take place locally to allow high fidelity rendering of the interesting field of view. Al models could
also assist in predicting the near-future motion of the players merging real-time footage with pre-
rendered models. The experience could be to watch the game from a virtual bleacher while
interacting virtually with your friend while watching the game.

4.2.4.4 Merged reality game/work

Gaming in a public or in a dedicated space is experiencing a shared merged reality with a massive
amount of people where the distinction between reality and virtuality has been blurred. Some
objects or other players in the game are present in the physical world, others are digitally enhanced
with visual, haptic or olfactory sensation while yet others are fully digital but appear to be real.
Players in the same game share a common merged experience and exchange synchronized sensory
information that is authentic or synthetic. Digital meetings can take place where you participate
with a hologram avatar of yourself, making you appear fully present. Tactile and sensory feedback
can be delivered to participants, and visual information is immersively experienced through a
smart contact lens, for example. Digital co-creation is easily handled in the virtual domain,
simplifying remote work and training.

Concerning the four use cases described in this section, 3GPP Release 17 is already moving to
this direction, as documented in [26.928] and also addressed via the ongoing 3GPP RAN Rel-17
Study Item, whose outcome will be reported in [38.838]. In 6G the efficient interaction among all
the three worlds is of high interest, using all senses in a massive scale.

4.2.5 From robots to cobots

The 6G system provides the technical fabric to go beyond pure command-and-control of
individual robots. Instead, it empowers robots to become “cobots” in that they form symbiotic
relations among each other to fulfil complex tasks efficiently or better cater to the needs and
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demands of humans in day-to-day interactions. Trustworthiness and digital inclusion are core
values in human-machine and machine-machine interaction. By collaborating and building
symbiotic relations, complex tasks can be fulfilled in a sustainable fashion: rather than devising
more and more complex machinery and allocating more and more resources, intelligent and
flexible utilization of existing capabilities to the benefit of society is at the core of this use case
family. This also enables new business models for verticals: with increased flexibility in
production and resource utilization and connected intelligence, machinery can perform highly
individualized on-demand tasks, enabling lot size one production and fully utilizing novel
production methods such as additive manufacturing.

A number of research challenges are targeted with this use case family. Trustworthiness is at the
core, especially as use cases in this family depend on connecting intelligence and coming to joint
decisions. This requires flexibility in network topologies and resource allocation, targeting the
network of networks challenge. Some use cases, for example in the industrial context demand
extreme performance, for example in terms of latency, dependability and positioning.
Sustainability is an underlying challenge, especially when dealing with extreme performance use
cases. Having meaningful Al partners and human-machine interaction addresses the challenge of
inclusion.

4.2.5.1 Consumer robots

Numerous consumer robots will go beyond the automated vacuum cleaners and lawn mowers that
we know today and become an essential part of future living. These may take the form of a swarm
of smaller robots that work together to accomplish tasks or autonomous robots that provide
convenience. Enabled by 6G, the robots will be, for example, equipped with video cameras
streaming to a local compute server for real-time processing as well as equipped with advanced
sensing and positioning features for seamless and intuitive interactions among users, robots and
environment. Robots will utilize the connected Al capabilities offered by 6G for situation-aware
cooperation and collaboration and assistance. Thus, we will see an increase in the number of
devices and higher capacity requirements within our home networks, further demanding seamless
connectivity across the resulting network of (local) networks. In the big picture, domestic robots
will enable the elderly to stay in the comfort of their homes for longer and improve their quality
of life.

This use case extends existing 5G functionality into more challenging scenarios with an increased
number of devices, increased latency demands, positioning and computational requirements with
higher integration needs when it comes to sensing and utilization of Al, as later detailed for the
use case enabling service “Al as a Service” (see section 4.2.7.2).

4.2.5.2 Al partners

With the advances in Al and its embedding into 6G systems, Al agents will become more
prevalent and ingrained in society, alleviating more and more tasks from humans. However, many
tasks will still involve human operators actively interacting with Al partners to jointly solve tasks,
not only the Al assisting the human operator, but the Al and human working as equal partners.
Instead of relying on dedicated machines or specific autonomous system, the Al agent can be
much more general-purpose and act as a partner which autonomously and adaptively interacts
with other agents (humans/machines), by interpreting intents and surroundings, performing
challenging and risky tasks. This Al agent could be a simple stationary machine in a factory,
software controlling the illumination wherever you are by communicating with other Al agents
in the vicinity, either in your home, in the office, or in a public space, or it could be a group of
drones autonomously collaborating to solve various tasks. This requires trustworthy cyber-
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physical systems able to smoothly cooperate with groups of humans and intelligent machines with
precise action.

This use case focuses on broad integration of Al capabilities in 6G communication systems and
their offering as a service to applications, such as broad applicability of Al for cooperation with
humans. It relies on use case enabling services w.r.t. Al functionality (“Al as a Service”, see
section 4.2.7.2).

4.2.5.3 Interacting and cooperative mobile robots

In consumer-oriented use cases with multiple robots as introduced above, machines need to
identify others, connect, exchange intent and negotiate action through automated communication.
Examples of where robots need to coordinate with each other are, for example, awareness such
that your personal butler doesn't step on your robot vacuum cleaner; in construction/building
scenarios where different robots need to sync/coordinate their movements of lifting, etc.;
Automated Guided Vehicles (AGVs) outdoors that need to avoid collisions; swarms of simpler
robots coordinating among themselves to perform tasks through emergent action. In industrial
environments, going beyond flexible modular production cells (i.e., specific areas where mobile
robots and machines collaborate on a production task), some production tasks can be conducted
by collaboration among mobile machinery, for example, robots collaboratively carrying some
goods while being mounted on AGVs. Here, in addition to the coordination among the interacting
entities, process data among involved entities needs to be exchanged, meeting real-time
requirements and requiring synchronization: with (static) machinery when departing from a
modular flexible production cell, among collaborating machines while on the move, and when
reaching the target production cell for the next process steps. Reliability, functional safety, latency
and positioning requirements as well as high-energy performance need to be met during all steps
and even if trajectories are blocked or need to be altered.

This use case extends existing 5G functionality into more challenging scenarios with an increased
number of devices, increased latency demands and a high share of local communication. It moves
central tasks of coordinating interacting entities to the entities themselves. 3GPP Release 17
moves into this direction through capability exposure for time-sensitive communication and
Quality of Service (QoS) and a fully distributed configuration model for Time-Sensitive
Networking (TSN), for example, as detailed in TR 23.700. Sophisticated coordination among
entities relies on use case enabling services related to distributed Al functionality exposed to
applications.

4.2.5.4 Flexible manufacturing

With increasing personalization and modularization of production (for example, lot size one
production of a single, highly customized product) and flexibility of manufacturing systems (for
example, mobile robots) comes the need for powerful wireless communication and localization
services as well as flexible, dynamic configuration of communication services in the network.
The machinery and associated communication will be configured dynamically for each
production task, either by a production system or even in a self-organizing way by direct
collaboration among (mobile) production machines. This involves the orchestration of AGVs, as
higher flexibility in the production process requires higher flexibility in logistics. Dynamic
configuration of real-time communication services is required, potentially initiated by end
systems themselves and executed in a distributed fashion. Respective communication resources
and capabilities (for example, local compute, direct D2D communication, frequency ranges) need
to be assigned through a flexible framework. High availability and functional safety requirements
need to be met, and data from the production process needs to stay secure and private.
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This use case extends existing industrial 5G functionality in more dense industrial environments
with higher flexibility, self-organization capabilities, local processing and direct communication
among entities. As stated for “Interactive and cooperative mobile robots use case” (see section
4.2.5.3), 3GPP Release 17 moves into this direction. The use case enabling service “Compute-as-
a-Service" as another enabler for this use case details additional requirements for local compute
capabilities on constrained devices.

4.2.6 Local trust zones for human & machine

“Mobile” communications are up to today often “cellular” communications. Many use cases,
however, require local or private communication capabilities for very sensitive information that
are tightly integrated in wide-area networks. Here, network topologies beyond cellular topologies
and security concepts beyond classical security architectures are required. Local trust zones
protecting individual or machine specific information and independent sub-networks such as body
area networks enabling advanced medical diagnosis and therapy or on-board networks of AGVs
have to be dynamically and transparently integrated in wide area networks.

The work towards research challenges “Connecting Intelligence”, “Network of Networks”, and
“Trustworthiness” will contribute to building communication solutions for these use cases. In all
cases, private and often local sub-networks are integrated in the classical cellular networks, trust
zones for sensitive information — often under very specific regulation — are implemented, and Al
functionality is integrated.

4.2.6.1 Enabling precision healthcare and personalized medical treatment

Today's medicine typically follows a one-size-fits-all approach, in which disease treatment and
prevention strategies are developed for the average person. In contrast to this, precision medicine
is "an emerging approach for disease treatment and prevention that takes into account individual
variability in genes, environment, and lifestyle for each person," according to the Precision
Medicine Initiative. In order to understand the environment and lifestyle of persons, 24/7
monitoring of vital parameters for both the healthy and the sick through numerous wearable
devices will be useful.

In general, health monitoring, diagnosis and therapy, for example, based on precision medicine,
will enable personalized diagnosis and treatment. Here, in-body devices communicate with
wearables outside, which in turn can transport the data to the internet. Using topical, implanted,
injected or ingested sensors and devices, continuous health monitoring can be performed and
adjustive measures can be implemented if needed, such as medicine dispensers. Bodily and
sensory reactions like organ malfunction and pain can be represented and analyzed in the digital
domain. A 6G tele-medical paradigm will be enabled by in-body sensing and analytics in
conjunction with a wide area connectivity option. Obviously, very high privacy requirements
including the need for local anonymization and pseudonymization will require local protected
signal processing capabilities. Logging activities and environment of persons might require the
access to information of the Cyber-Physical Environment. Application domain-specific
regulations have to be considered.

This use case requires the interaction of a local trust zone with the wide area network security,
access to information available in other networks under pre-defined filtering rules, and a split of
network transport, control and security. From a regulatory perspective, in addition to the
difficulties to adjust to regulations of the medical sector, the integration of medical devices in
wide area networks is today at least challenging and is disruptive.
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4.2.6.2 Sensor infrastructure web

A simple autonomous vehicle (with no or limited sensor capabilities) is moving around the
environment, while relying on external third-party sensors as if they were on-board sensors. The
vehicle obtains external sensor data or navigation commands through the network with utmost
confidence in the reliability, timeliness and confidentiality of the data, and can as well share its
own sensor data. This allows aggregation of sensor data across different systems, even to devices
lacking their own sensor capabilities.

The network can advertise locally relevant and trusted sensor information that all connected
devices, for example, vehicles, can access.

3GPP today does not allow diffusion or sharing of sensor data in predefined local environments
and to networks or network parts under external security management. Depending on the
implementation, this use case might require the split of network ownership, network control,
network transport and network security. Finally, today it is not possible to allow a network to
advertise and distribute third-party provided sensor data in well defined local areas.

4.2.6.3 6G IoT micro-networks for smart cities

The expansion of smart cities usages (for example, energy management, traffic control, citizen
safety) will entail massive deployment of communicating objects. Administrators of smart cities
want to deliver the required coverage for smart city networks with minimized energy consumption
and without multiplying base stations. They need self-adaptive networks, relying on objects as
relays. These micro networks would manage the flows of information from objects, robots, etc,
locally interacting in a complex system.

Network slices and private networks bringing their own network nodes exist in 5G. Here, micro-
networks of potential different ownership and with a potentially external security management
might share parts of the infrastructure with wide area networks, i.e., a private network with partly
owned infrastructure and a private trust policy is integrated in a public network.

4.2.6.4 Infrastructure-less network extensions and embedded networks

At the edge of network coverage, a temporary network coverage extension is required, for
example, for providing connectivity between several agriculture vehicles during harvesting
campaigns. The connectivity should remain even when the vehicle platoon is leaving the network
coverage completely while still in the harvesting campaign.

An industrial vehicle manufacturer has a fleet of its shop-floor vehicles deployed in a factory.
While all or some of them are connected to the wide area network, the manufacturer wants to
have reliable networking solutions between his vehicles not using the local network, i.e., a local
private infrastructure-less network being established. This network might have authorized access
to the spectrum of a local non-public network or a public network, thus external network control
should be enabled.

D2D solutions exist in LTE and 5G. Direct Mode Operation (DMO) is a typical requirement for
Public Protection and Disaster Relief (PPDR). Construction work, agriculture, and tactical
services — often operating at the edge of network coverage — regularly ask for coverage
extending concepts beyond D2D and autonomous operation of island solutions. Mesh networks,
multi-D2D might be options. Temporary security solutions are required. Networking islands of
several devices re-joining the cellular networks shall be seamlessly re-integrated. D2D could be
seen as a first step, and DMO solutions are known from several standards.
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4.2.6.5 Local coverage for temporary usage

PPDR and Program Making and Special Events (PMSE), roadwork and harvesting campaigns
benefit from applications as massive video transmissions that often require local networking
coverage fulfilling high requirements. When cellular coverage is not available, local, only
temporarily deployed networks enabled by drones, high altitude platforms or other means can be
used. Automated licencing processes can help to guarantee access to the required spectrum
resources.

Today temporary deployments for PPDR and PMSE are already used. However, lowering the
costs of the deployment and the administrative burden, for example, by automated licencing,
might help this option to become more widely used.

4.2.6.6 Small coverage, low power micro-network in networks for production &
manufacturing

A machine manufacturer wants to mutually connect a large population of sensors in his machine
using — for reliability reasons — non Industrial, Scientific and Medical spectrum. This can be done
with very low-power devices and very limited coverage as an underlay network, potentially with
one of the sensors getting the authorization out of the public or non-public network of which the
spectrum is used.

This could be seen as a shared spectrum access concept under full control of the incumbent. The
incumbent might have the option to disable the spectrum usage by signalling.

4.2.6.7 Automatic security

There will be a massive deployment of wireless cameras as sensors. With advances in Al and
machine vision and their capacity to recognize people and objects (or more generally,
automatically gather information from images and videos), the camera will become a universal
sensor that can be used everywhere. Privacy concerns will be addressed by limiting access to data
and anonymizing information. Also, radio and other sensing modalities like acoustics will be used
to gather information on the environment. In short, advanced techniques will be used in security-
screening procedures to eliminate security lines. A combination of various sensing modalities will
be used to screen people as they move through crowded areas rather than only at entrances. Radio
sensing will be an essential component of achieving this; supported by the communication
systems of the future the network can sense the environment. For example, it could be
programmed to automatically detect metallic objects of certain kinds that people or robots may
be carrying in a crowded square. The network can sense and identify potential threats.

4.2.7 Use case enabling services

In the initial collection of use cases, some ideas have emerged, that may not be categorized as use
cases according to the definition above, but that deserve to be shared to the ecosystem. They can
be considered as services useful to address the use cases proposed above and, possibly additional
ones.

The services identified and detailed below enable the realization of the use cases described in the
previous subsections. For instance, scenarios falling under the massive twinning and robots/
cobots use case families can benefit from the Compute-as-a-Service (CaaS), general-purpose Al-
as-a-Service and Al-assisted Vehicle-to-Everything (V2X) concepts, as these use cases may
involve resource-constrained devices and may need to be based on data-driven decisions,
respectively. In another example, a service dedicated to addressing the challenge of multiservice
devices with heterogeneous requirements may be applicable to immersive telepresence scenarios
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characterized by both extreme data rate and ultra-low-latency requirements. Also importantly, use
cases related to sustainable development may benefit from energy-optimized "green" connectivity
services and "Internet-of-tags" services aiming to limit the incurred environmental footprint.

Additionally, these services are, in their turn, enabled by key technologies that are building blocks
of systems, subsystems and components, and which will be studied in detail in different WPs of
Hexa-X. Some of these key technologies are: distributed computing, AI/ML and network
intelligence, radio access beyond 100 GHz, as well as an open service-based network architecture.
The aim of such architecture will be to provide needed interfaces outside network infrastructure
(for example, user devices) entailing network virtualization and disaggregation concepts.
Moreover, energy-efficient networking solutions are essential to ensure a sustainable digital
world. Each of the services described here is connected to one or more research challenges
identified in the Hexa-X 6G vision.

4.2.7.1 Compute-as-a-Service (CaaS) for resource-constrained devices

This service is aimed to be used by resource-constrained devices (static or mobile, [oT, handhelds,
etc.) that choose to delegate demanding, resource-intensive processing tasks to a network
providing more powerful compute nodes; these service-offering compute nodes can be either
onboard other devices or, for example, edge cloud servers at the infrastructure side. A first
example is the one of a worker performing equipment maintenance. The worker uses special
equipment (glasses, gloves, vests, etc.) useful to capture information (for example, video footage,
images, sensory information) of the process. The respective workload for data fusion, sensor data
processing, etc. needs to be processed in a reliable and timely fashion; however, the
computational/ memory/ storage resources of the special equipment are limited. As an alternative,
instead of a human, any kind of small robot (for example, AGV, unmanned aerial vehicle) of
limited energy, storage and computational resources can play the role of the maintenance entity.
Workload delegation to powerful nodes at the network will be essential for the stability of a closed
loop system involving measurement capturing, processing, issuing an actuation policy and
implementing it. Another example is the one referring to the collection of data and remote
processing for Earth monitoring; examples are small robots/pathfinders/probes and ground
stations deployed in forest/arctic areas collecting sensory information or analyzing (air, water,
ground, etc.) samples. A third example of the CaaS concept is the one of multi-player gaming,
where complex computer games may be processed on computational resources in the network,
which will be able to address high computation load requirements and meet low latency
requirements for multi-player gaming. The CaaS service tightly relates to the Extreme
Experience, Sustainability and Connecting Intelligence research challenges.

This service goes beyond 3GPP Rel-17 specifications on support for Edge Computing in 5G Core
network (5GC) (see [23.748]). It also expands beyond the task offloading use case, as documented
by [EGM20].

4.2.7.2 Al-as-a-Service (AlaaS)

This service can be consumed by applications instantiated at either user and IoT devices, or at
network infrastructure submitting requests for ML-based inferencing decisions to the network
(for example, to other devices or to edge cloud hosts with already trained models). A first example
relates to inclusiveness of the elderly and people with motion/vision impairments, in which, for
example, a person with vision impairments is equipped with wearables including sensors
collecting environmental/ surroundings data. These sensory data are exploited to infer and identify
objects, street furniture and possible hazards so that the user can be informed in advance and take
proactive measures. Such environmental identification via object classification is useful to
improve the inclusiveness and quality of life per the UN SDGs. A second example is the one of
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in-advance QoS predictions based on a plurality of data (for example, from the Uu and PC5
interfaces but also from vehicle sensory (RADAR, LiDAR) information); a driver/ machine (for
example, used for tele-operated driving) planning to perform a journey would like to be informed
of any V2X service degradations along the planned route. The reasoning of such needed
notifications is the possible prioritization or postponing of software over-the-air downloads, the
activation/de-activation of autonomous driving functionalities and features, etc. Computational
intelligence is needed, in this case, which can be provided by an ML-based prediction function
instantiated anywhere at the network. An additional example is the one of Al-based high-
resolution image/video processing in which a user is able to take a high-resolution image or video
of a large crowd such as an audience in a soccer stadium. A remote Al agent may be used to
identify specific persons or objects, including friends, family, an unattended child, etc. The AlaaS
service primarily relates to the Connecting Intelligence research challenge.

On top of 3GPP Rel-17 specifications (e.g., [29.520] on Network Data Analytics Services), where,
the consumer of the service provided by the Network Data Analytics Function (NWDAF) is a
Network Function (including an Application Function implying also a third part application), per
AlaaS concept, the service producer can be any Al agent reachable, as part of the network, even
instantiated at the UE side (in case the latter one is of needed inferencing capability).

4.2.7.3 Flexible device type change service

This service aims to be consumed by devices to effectively and flexibly change their device type,
for example, from a consumer device (like today's smartphone) to an industrial IoT device to a
V2X device. As an exemplary user scenario, we consider the case that a user owns a consumer
device (such as today's smartphone) that is typically used for voice/data communication in a non-
safety-related context. When the user is entering an area where V2X communication is being used
(for example, on a road, on a side-walk close to a road), the user device changes its purpose (and,
therefore, its type) and will enable safety-related communication; a Vulnerable Road User (VRU),
such as a pedestrian, will be warned in case of danger, a vehicle will have access to Vehicle-to-
Network (V2N) services through the smartphone, etc. This requires that a device can flexibly
change its type and configuration depending on the currently active service needs. This service is
mainly relevant to the Network of Networks and Trustworthiness research challenges.

This service goes beyond 5G NR standardization, as device assignment to a network slice is static
in 5G; for example, a consumer device is assigned once to a specific network slice. The challenge
for B5G/6G systems lies in the extremity of performance requirements for new applications, for
the addressment of which 5G solutions may be insufficient. Flexible device type change may
evolve today's network slicing concept in 5G to the one of "device slicing".

4.2.7.4 Energy-optimized services

Users want to be given the choice of consuming "green" ICT services, with reduced
environmental impact with respect to traditional services, in a holistic manner, considering not
only the applications, material, etc. but also the technology and the E2E network design. As
environmentally friendly users, they will be invited to consider possible trade-offs between
performance, cost and environmental impact, enabling them to monitor the overall environmental
impact of their products/services. Such services aim to mainly address the Sustainability and
Global Service Coverage research challenges.

This service considers the energy consumption end-to-end, considering the environmental impact
of all the elements involved in the service: application, network, terminal, etc. These energy-
optimized services will require not only energy-optimized networks, but also energy-optimized
applications, appropriate upcycling of materials, etc. Providing a holistic view will require new
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indicators of the environmental impact and an aggregation of these indicators to reach a global
view.

4.2.7.5 Internet-of-Tags

Tags will be present everywhere to facilitate everyday life. The tags will enable multiple
operations: collecting information through tracking of label-tags and monitoring and acting on
the environment through smarter tags, with sensing or actuating capabilities in addition to
communication capabilities. For instance, tracking merchandise with basic label-tags can improve
logistics; tags capable of sensing temperature/light, etc. can be monitored to optimize energy
consumption for heating/lighting, etc.; tags that are activated with the manual pressure of a button
can be used to switch on/off light or heating. To limit the impact on the environment, tags will
not be powered but will rely on energy harvesting to enable communication between tags or
between tags and network, sensing, actuating, processing of the data collected. Energy harvesting
will be performed through re-using ambient or renewable energy, for example, using surrounding
(already existing) or dedicated RF waves, solar energy, wind, vibration, mechanical push. Finally,
“zero-environmental-cost” tags can be considered, utilizing for example printed electronics to
enable ubiquitous tags, while still ensuring sustainable handling at end-of-life of tags (e.g., bio-
degradable).

This service generalizes and extends the use of tags and the concept of energy harvesting, relying
on multiple possible sources (RF waves, solar, ...), going into massive deployment. It also
includes communications of the tags with the network and will enable monitoring and controlling
the environment.

4.2.7.6 Security as a service for other networks

Any kind of device being connected to a public or non-public 6G network with large coverage
uses the connectivity for selected device management and in particular security functions only
and the transport from other networks or even wireline.

This option is already used today, but requires full management plane. A super light version with
only selected management functionality might open up new business cases for MNOs as Trust-
Anchor Provider, Trusted Assessment Provider or Device Manager. Network efficiency from the
cost, power consumption, and management complexity points of view need to be further enhanced
beyond current 5G approaches.

4.2.7.7 Al-assisted Vehicle-to-Everything (V2X)

Safety and security are of high importance for any transport system, especially road transport due
to the prevalence of accidents. Several initiatives have been conducted to promote rules, technical
standards and awareness campaigns to decrease the number of fatalities caused by road accidents,
(refer to the European Commission’ Road Safety website [ERS21]). Moreover, studies and trials
proved that Al can be exploited for making roads safer, as reported in [FSN19] and [MSN19].
This motivates the need to further explore the potentiality of the Al algorithms for enhanced
automotive services provided by future 6G networks. The novel Al algorithms, applied to the big
data collection gathered by sensors (in and outside of the cars) as well as radio stations in the
operators’ networks, will allow dynamic shaping, monitoring and suggesting
actions/recommendations to connected vehicles’ drivers — or, potentially, to directly control the
automated vehicles in order to reduce the traffic caused by them. This will have an important
societal impact allowing a safety improvement for drivers and passengers as well as minimizing
traffic congestion. With respect to C-V2X technologies already developed and based on LTE and
NR, the processing of the massive amount of data gathered through the automotive services
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offered by communications networks is far to be managed properly and this creates room for the
introduction of Al-based algorithms to dynamically control and shape the traffic, generating a
digital replica of the real traffic scenario. The real-time creation and adaptation of such digital
replica encompassing an entire urban area is very challenging and requires network capabilities
not currently available; in addition, the intertwining of digital and physical worlds, as foreseen in
Hexa-X, will improve not only safety but also the mobility’s sustainability in a human-centric
fashion. Latency and location accuracy are essential for these Al algorithms in order to control
real-time-like the type, the evolution and the shaping of the traffic in large scenarios like today’s
cities.

4.2.8 Hexa-X use cases: Summary

The project identified five main use case families, and an additional family of use-case-enabling
services. This initial set of use cases, summarized in Figure 4-2, is a starting point for the project,
and will be enriched, accounting for developments in the ecosystem, new findings in the project
and from other projects.
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Figure 4-2: Summary of Hexa-X use case families and use cases
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5 Key value and performance indicators (KVI/KPI)

In this chapter, the reasoning behind introducing Key Value Indicators (KVIs) and their role in
assessing the effect of the key enabling technologies is detailed. State of the Art on performance
and value indicators is reported and research challenges for Hexa-X are outlined.

5.1 KVI and KPI mission statement

Hexa-X recognizes the necessity to expand the fundamental network design paradigm from
performance-oriented to both performance- and value-oriented in order to fully embrace the 6G
vision. Here, value entails intangible yet important human and societal needs such as
sustainability, trustworthiness, and inclusion. This leads to a new class of evaluation criteria, i.c.,
Key Value Indicators (KVIs) that must be understood, developed, and adopted in the network
design towards 6G. Figure 5-1 illustrates the concept of KVIs. The KVIs mentioned in the top
right address the UN sustainable development goals, with measures for sustainability, security,
inclusiveness, and trustworthiness. In addition, the value of new capabilities enabled with 6G
needs to be captured; this includes integrated sensing, embedded devices, local compute
integration and integrated intelligence, as illustrated in the lower right. While some KVIs are
motivated by the use cases as discussed in the previous section, others are directly motivated by
technology: this includes, for example, the integrated sensing capabilities of a 6G system.
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Figure 5-1: Clustering of KPIs and KVIs

In addition to the novel concept of KVIs, KPIs and performance goals need to go beyond what
5G can do to address new use cases discussed in the previous chapter. This includes increasing
peak data rates and data rates achievable at the cell edge, density of connections, traffic capacity,
and location accuracy to a substantial extent. For some performance goals, e.g., dependability and
determinism, service availability, affordable coverage, and network energy efficiency, the focus
will shift more towards new end-to-end KPIs in specific use cases, and extreme performance in
terms of data rates might be confined to specific scenarios rather than being a general, system-
wide goal. Depending on the use case, novel KPIs for this end-to-end perspective will be defined.
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In addition, the relation between the fulfillment of KPIs and the associated total cost of operation
becomes increasingly complex, given the number of stakeholders involved and the potential of
networked intelligence and service-oriented ownership and business models on local and global
scale.

The evolution of KPIs and the revolution of new end-to-end KPIs and new KVIs in 6G is tackled
top-down on a use-case basis and bottom-up from the viewpoint of individual technical enablers
in Hexa-X (WP 2-7), as outlined in the following sections.

5.2 State of the art on 6G KPIs and KVIs

In [ACI20], an open ecosystem for Operational Technology (OT) networks in industrial
environments is motivated: Openness relates to interoperability with other hardware used in OT
networks, compatibility with commonly used technology like Time-Sensitive Networking (TSN),
and sustainable integration with the existing installed base. To quantify the required and achieved
level of openness in this regard, novel KVIs are required. Local and remote use cases are
distinguished in [ACI20], with aspects such as isolation for automation networks and machine
safety, but also regarding data privacy (for example, data is not allowed to leave the premises).
Here, requirements originating from the automation application such as packet loss rates below
5*10"7 and no consecutive packet loss motivate the need for novel cross-layer dependability
metrics. Such dependability metrics need to take application characteristics such as recovery times
into account. Additionally, reliable time synchronization within microseconds is a key
requirement for automation networks. Regarding security, the potential for integration into
existing security architectures is a requirement that needs to be supported.

In [ZY20], the authors state that KVIs can be broadly clustered into (i) growth and (ii)
sustainability and efficiency domains. They propose to measure 6G impact for growth by
measuring economic growth and new value chain, ecosystem and business models. Sustainability
and efficiency objectives should utilize the following value indicators: total cost of ownership
(TCO), time-to-market (TTM) and flexibility, open collaboration, security, privacy and trust,
energy consumption, serving the underserved, megacity impact, and public protection and disaster
recovery (PPDR).

According to [ZY20], 6G performance indicators with very high impact on economic growth
include the expected high number of 6G private and dedicated networks as well as the number of
devices including sensors. Furthermore, network slicing and network of networks automation as
well as sensing will show high impact on economic growth. Ecosystemic business models and
platform transformation is found to be a key value driver enabled by very high number of private
and dedicated networks and 6G flexibility, automation and granular slice instantiation. Besides
impact on scalability and replicability and therefore growth, sustainability and efficiency targets
deserve attention. Six performance indicators were identified with likely very high impact on
efficiency and sustainability targets: new business models will be greatly boosted by a fast
growing number of private networks; TCO will be significantly reduced by zero energy devices
and by flexible automation of network of networks; flexibility and automation and capability to
instantiate thousands of network slices will also have positive impact on TTM. Open collaboration
can be considered both a means and a goal — flexibility as required to build network of networks
architecture and technology will leverage vehicles of openness including SDOs, open source and
white box. Key enabler to help reduce energy consumption may well come from making trillions
of devices and sensors consuming zero energy. The key performance indicator with single-most
important impact on driving smart megacity transformation may well be density of devices per
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square-kilometer, whereas coverage and non-terrestrial coverage will help deliver on the objective
of serving the underserved.

In the white paper [Eri20a], the vision of Ever-present Intelligent Communication is discussed
based on the drivers of trustworthiness, sustainability, extreme applications, and simplified life.
Looking at the use cases that are expected to come from these drivers and to appear in the 2030
timeframe, [Eri20a] sees two directions of expansion going from 5G to 6G; the first being to
continue improving the current set of capabilities pointing at targeting quantitative parameters
like capacity, data rates, E2E latency, and connecting massive amounts of devices; while the
second being to aim at new capability dimensions with more qualitative nature such as security,
local compute integration, service availability, and positioning and sensing capacities. In between
those two sets of capabilities, one can place energy efficiency and coverage, which have been
targeted by previous generations of mobile networks but where the interpretation and ambitions
should be scaled up to cover the whole network system and the whole world, respectively.
Important is also to consider a sustainable level of total cost of ownership or operations as a basic
ambition.

The white paper [NTT20] presents 6G as focused around Cyber-physical fusion. The main areas
for 6G to address are solving social problems, communication between humans and things,
expansion of communication environment, and sophistication of cyber-physical fusion. The 5G
use case areas of mMTC, URLLC, and eMBB will evolve into new combinations with more
specific use cases and extreme requirements. The capabilities needed for delivering this around
2030 are mainly seen as expansions of those of 5G, aiming at going further in the directions of
data rate, capacity, coverage, low energy consumption, low cost, low latency, high reliability, and
massive connectivity, but with the last two pointing in partly new directions of security/privacy
and positioning/sensing.

The white paper [Sam20] envisions 6G to bring the next hyper-connected experience to every
corner of life, with a focus on the megatrends of connected machines, Al, openness, and social
goals. The new services brought by 6G will revolve around the key areas of immersive XR, mobile
holograms, and digital replicas, which will require improvements in the 5G KPIs of data rate,
energy efficiency, spectral efficiency, latency, connection density, reliability; but also an
expansion into the new capabilities of communication and computing convergence, and new
requirements in the domain of security.

The first Finnish 6G Flagship white paper [LL19] addresses key drivers and research challenges
for 6G. Many of the technology-driven KPIs developed for current and emerging 5G technologies
(e.g., peak data rate, ultra-reliability, traffic increase) are seen valid for 6G with respective
increments in capability. However, they should be critically reviewed and new KPIs need to be
seriously considered. Initial 6G KPIs have been divided into technology and productivity driven
KPIs and sustainability and society driven KPIs. The former can be further categorized to latency,
jitter, link budget, extended range/coverage, 3D-mapping fidelity, existing tuned 5G KPIs,
position accuracy and update rate, cost, and energy related KPIs. The latter covers inclusion of
vertical players in definition of requirements and standardization, transparency KPIs (e.g., related
to Al), privacy/security/trust KPIs, global use case-oriented APIs, UN SDG inspired KPIs, open
source everything, and ethics KPIs.

The next round of the Finnish 6G Flagship white papers [6GC20] go deeper in the following
thematic areas: 6G drivers and the UN SDGs, business of 6G, validation and trials for verticals
towards the 2030’s, connectivity for remote areas, networking, machine learning in 6G wireless
communication networks, edge intelligence, research challenges for trust, security and privacy,
broadband connectivity in 6G, critical and massive machine type communication towards 6G,
and localization and sensing [6GC20]. Performance and value indicators are considered more
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closely from each topic’s own perspective. As an example, [Pou20] compares industry mMTC,
industry eURLLC, mobility, eHealth, energy, finance, public safety, and agribusiness verticals
and their respective KPI and KVI requirements. It is noteworthy that KPI assessment is highly
use case dependent with a large variation between verticals. Also, setting numerical values for
KVIs is hard and the assessment of them is only indicative at first. The use case dependency of
KPIs is also stressed in recent technical reports by the ITU on representative use cases and their
requirements [[TU20a, ITU20b].

In [Ora20], the importance of defining societal requirement is stressed, in addition to the
“traditional” performance KPIs (data rates, capacity, latency, reliability, connection density, etc.).
Defining 6G should build upon the lessons learnt from 5G deployment, and more specifically the
real adoption of extreme requirements, before defining new performance requirements. In order
to ensure societal relevance and acceptance, the needs and expectations from end users must be
accounted for, through the formulation of societal requirements, associated with target values for
6G. These societal requirements should be considered with equal importance as performance
requirements, and can include energy efficiency, aiming at gains as high as capacity gains with
respect to 5G, very low end-to-end environmental impact, higher EMF-awareness, higher digital
inclusion (with improved affordability, coverage of low density areas), higher security and much
higher resilience.

5.3 Hexa-X challenges and contributions regarding KVIs
and KPIs

The main challenges with respect to KVIs and KPIs are illustrated in Figure 5-1: being able to
measure novel KPIs and KVIs, and being able to provide controllable trade-offs while balancing
total cost of operation. In the following, we provide a more detailed discussion on the challenges
ahead and on the planned contributions in Hexa-X.

When developing towards 6G we should move in multiple dimensions: expanding the set of
capabilities, aiming at key values, and redefining as well as advancing on an existing set of
capabilities. The capabilities in turn can be mapped to measurable KPIs, whereas key values are
mapped to KVI (see 6.3.4).

5.3.1 Advancing on existing KPIs

Bringing 6G forward, it remains important to advance on the fundamental capabilities of
delivering extreme data rates, capacity, location accuracy, and connection density, which will
continue to serve both the existing use cases with better performance and reliability as well as
novel use cases relying on similar capabilities.

Data rate

Peak data rates are important in certain scenarios for extremely demanding services, while in a
general scenario, it is more important to consider the user experienced data rate. Both should take
a significant step from the 5G levels. For instance, fixed wireless access (FWA) and integrated
access and backhaul (IAB), are expected to operate at peak data rates, as the stationary nature of
the use cases can enable full utilization of line-of-sight communication without restrictive battery
operation, whereas handheld or other devices will be highly mobile with stringent power
consumption restrictions. In all scenarios, it will be imperative that the performance delivered
suffices to fulfil the service requirements of the applications in use.
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Capacity

Compared to 5G networks, the total traffic capacity per area should increase several times to
support demanding services with a multitude of concurrent users. As both, the peak and average
date rate and the connection density are expected to rise significantly for addressing extremely
demanding multi-user use cases, the traffic capacity must be extended for all, the access, transport,
and core networks.

Localization

Precision and accuracy in positioning services should by far exceed that achievable in 5G and
GNSS. Although current systems allow for meter precision in positioning, e.g. for map services
or localization for emergency calls, 6G will enable applications that rely on much stricter
positioning accuracy.

Connection density

The number of served/connected devices in an area should be much higher than supported in 5G
to enable embedded devices everywhere. With the advent of near zero-cost, near zero-energy
devices, the marginal cost of introducing additional devices will plummet, adding additional
requirements on the network to support the connections while still maintaining service for the
high-performance devices.

5.3.2 Redefinition of existing KPIs

A set of capabilities have been in focus for previous generations of communication networks, but
should now be considered in a comprehensive, end-to-end perspective. By shifting focus from
enhancing the best-case peak performance to improving the worst-case guaranteed performance
a new slate of critical services can be enabled.

Service availability

As applications and services become even further ingrained in our societies, the expectations of
ubiquitous and interminable service availability will rise. Important aspects are here: the fraction
of device population for which a service can be delivered with a certain availability; minimum
service interruption due to events or mobility; and network survivability over time.

Deterministic services

It should be possible to deliver guarantees for: achievable data rate; maximum end-to-end service
latency; and end-to-end packet reliability in order to enable, e.g., use cases from the automation
domain or in human-machine interaction (c.f. use cases in Section 4.2.5).

Coverage

The key aspects to consider here are: fraction of global surface covered; fraction of population
covered; total cost of coverage per area; and traffic volume while providing 6G performance and
services.

Network energy efficiency

The end-to-end perspective should be considered for energy consumption. Relevant parameters
are: total energy per delivered bit; signaling overhead; total energy consumption per service area;
and total resource consumption per delivered bit.
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5.3.3 New capabilities leading to new KPIs

6G is targeted to introduce several new capabilities which will broaden the utility of the
communication networks. These capabilities will both enhance the performance of traditional
services as well as enable paradigm-shifting new services. For this expanded set of capabilities
there should be clear definitions and targets both in terms of intrinsic performance of the
capabilities as well as the enabling effect to other features. These performances will be developed
further during the progress of the project to capture the improved understanding and align it across
technical work packages.

Integrated sensing

The intrinsic properties of localization and sensing rely on traditional sensing parameters such as
relative precision in position and velocity; angular resolution; accuracy in parameter estimation;
and convergence time of estimation. However, the system co-design for both, communications
and sensing purposes, allows for enhanced performance in terms of coverage and throughput, as
well as service interruption during mobility.

Local compute integration

The intrinsic properties of local compute integration will be key parameters such as RTT to
compute and storage as well as time-to-market to introduce additional compute capabilities.
However, the integration of local compute capabilities is done to enhance other features which
could be measured with use-case specific KPIs, for example, Quality of Immersion.

Integrated intelligence

Integration of AI/ML encompasses both utilization of AI/ML for optimization of network
operations in a pervasive way (for example, AI/ML-defined air interface framework), as well as
optimization of network operations for optimal performance of AI/ML features. For the utilization
of AI/ML to enhance network features, the relevant parameters will be e.g. convergence time;
enhancements over existing analytical or heuristic features; fault rate; and added energy
consumption. For the optimization of the network to facilitate AI/ML features, the relevant
parameters will rather be flexibility to adjust parameters; time-to-market of new features.

Embedded devices

If a wireless device is to be embeddable anywhere, access to an external power source cannot be
taken for granted. In addition, the placement of the devices may prevent or prohibit the usage of
batteries as a power source. Therefore, these devices may rely on energy-harvesting of some form
and to keep down cost, the devices may be produced using printable electronics.

Key aspects to consider for embeddable devices are: energy consumption; form factor; cost; time
between maintenance occasions; total resource consumption and end-of-life handling.

5.3.4 Challenges when capturing societal needs with KVIs

There are key values and defining characteristics that will drive 6G, as outlined in the project
vision in Section 3.2. These include sustainability, inclusion, and trustworthiness.

It is generally much harder to quantify values than technical capabilities. If it appears to be
overwhelming to measure a certain value, it is always possible to resort to softer indicators in the
value evaluation. This could mean, for example, ordering values in their respective significance
from the application and use case point of view or recognizing emerging trends and taking those
into account while elaborating KVIs. In addition, the perceived performance is more or less
universal, the perceived value is heavily rendered by background, culture and even ideology of
individuals as well as operating locations, regulatory environment and stakeholder structure of
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enterprise. Consequently, an open and inclusive framework is required to be able to adapt to
different perceptions and backgrounds when quantifying and weighing different KVIs.

Being able to include individual perceived value in a flexible framework also addresses ethical
issues when it comes to the right of being included (and, equally important: the right not to be
included) in certain new technical abilities of a system. This relates, for example, to localization
and mapping, but also to utilization of data in Al-based algorithms.

Regarding sustainability, even if the current contribution of ICT domain to the total carbon
footprint of the society is limited (between 1.4% [EriTelial8] and 3.7% [Shil9]), the increase of
digital usages will require densification of networks capacity adaptation and more devices and
IoT manufacturing leading to an increase of this ratio (from 2% in France in 2019 to 6.7% in 2040
[Sen19]) if no drastic change in the behaviors and policies is applied; this being said it is expected
that the ICT sector could reduce its environmental footprint by 45% between 2015 and 2030,
assuming the 1.5°C trajectory has to be met [I[TU20a]. Interesting to note that in 2015 the power
consumption of devices represents more than 50% of the ICT power consumption (roughly 20%
of the ICT power consumption comes from devices manufacturing and supply chain). This means
that for the “usage” phase, devices and networks are more or less equivalent. However, the
“manufacturing” part of ICT total carbon footprint is a little bit more than 15%, what requires to
focus part of the effort on improvement of life cycle of the networks (including equipment and
devices, their lifetime, their recycling, etc.).

ICT sector spent more than a decade improving its efficiency thanks to hardware optimization,
material novelties and sleep modes innovations. This lead probably to maintain the IT and
network sector environmental impact under control while the traffic has increased by +40 to 100%
per year in the same period. Trends in Europe and all over the world are now towards ecological
transition of all the sectors (agriculture, education, transport, industry...) and ICT has a crucial
role to play to achieve this challenge.In order for the user of digital services to be informed and
aware of the impact of his digital behavior to the environment, it is of interest to define and
provide him/her with a Green Barometer, what is actually promoted by the French regulator
ARCEP [Arc20a].

Once this barometer and its parameters are known (end of 2020), Hexa-X can build on top of it
and could derive recommendations to the end user in order for him/her to act in a more sustainable
manner. This not only affects end users, but all stakeholders along the value chain, including
service offerings running on the 6G system.

5.3.5 Challenges with measurability and increasing complexity

The KPIs and KVIs (and their target values) may lead to contradictory actions, e.g., providing a
global coverage may require the deployment of additional infrastructure, e.g., base stations, and
then lead to an increase in power consumption and carbon footprint. So the 6G technology needs
to provide built-in capabilities to (i) maximise the performance of each design dimension in a
cost-efficient way (TCO) and (ii) allow network operators and involved parties to resolve the
inherent trade-offs according to their needs and use cases.

In general, the quantification of values will be very challenging, as already discussed in the
previous section. However, in some cases interpreting those quantified results in a meaningful
way is even more challenging. For example, what does a higher value in trustworthiness mean?
The system is more trustworthy, the vendor is more trustworthy or the service is trustworthy?
One-dimensional KVI measures might, thus, not be suitable to address the problem; instead,
multi-dimensional criteria most likely need to be established to provide meaningful and
comparable data regarding a specific value that is to be quantified.
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In addition, the scope of a KVI needs to be carefully specified, as it is important contextual
information required to interpret and compare solutions. For example, KVIs require a precise
definition of E2E. Looking at 5G, E2E is about from one end of network to the other end
depending on use cases, which is totally reasonable for KPI definitions. For KVIs, such as
sustainability and trustworthiness, we need to carefully define the criteria of what is to be
included, as sketched above: do we want to also include the value chain and the use of material
and energy resources in the production? There needs to be a balance between the complexity of
measuring and quantifying a KVI and its ability to quantify the underlying societal value to
provide a real benefit for enabling technologies and the 6G system. Consequently, we need to
distinguish between quantitative and qualitative KVIs.

5.3.6 Methodology and way forward

This deliverable contains the mission and rationale behind KVIs and KPIs in Hexa-X and an
initial set of research challenges and planned contributions derived from the overall project
mission and the core enabling technologies. It serves as a blueprint for the technical work
packages with the bottom-up refinement of KPIs and KVIs. This includes, for example, the
refinement of “integrated sensing” as a new capability and “location accuracy” as an associated
KPI driven by WP3.

Work on KVIs and KPIs will further benefit from technical work packages refining and
augmenting the use cases and scenarios during their initial gap analysis phase. The respective
work in WP1 (Task 1.1 “Common Vision” and Task 1.2 “Services, use cases”) contributes to the
top-down view on KVIs and KPIs.
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6 Next Steps

As a next step the content of this report will be updated and extended in the following way:

The 6G Hexa-X vision will be updated and refined based on an additional analysis and in an
iterative fashion across all work packages and tasks. Outside-in perspective will be continuously
taken into account, including the feedback from the international Hexa-X Advisory Group. A
service and use case questionnaire will be developed to collect additional input from project
external stakeholders. It will enable Hexa-X to expand and analyze the outside view on services
and use cases and refine or extend the current set of use case families and services. KVIs and
KPIs will be updated with a mapping to the identified and refined use cases, including
quantification of KPIs in the respective use cases wherever feasible. Research challenges in terms
of novel KPIs and KVIs will be extended and aligned with the gap analysis activities of technical
work packages WP2-WP7.

Additionally, Task 1.5 “Spectrum”, Task 1.6 “Sustainability” and Task 1.7 “Security” will
continue to work on an initial set of sustainability targets, initial spectrum requirements and a first
draft of security guidelines.

The results of the described work will be reported in Deliverable D1.2.
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