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xix

Henning Schulzrinne, Columbia University, USA

The first few iterations of cellular networks, 1G through 3G, were largely telephone net-
works with mobility added on, including the choice of addressing through telephone num-
bers, signaling through SS7, and emphasis on interoperable voice services. 4G and 5G 
started the transition to an Internet-driven architecture, with remnants of the old architec-
ture still clearly visible. But beyond the protocol choices, all existing generations were 
largely driven by the assumption that networks are operated by a relatively small number 
of carriers, typically with at least a nationwide service footprint, reliant on licensed spec-
trum and an assumption of mutual trust. 5G has started to focus more attention on using 
the same radio technology for both industrial and consumer networks, but the large-carrier 
mindset still pervades the design, with a tightly-coupled set of protocols and entities. This 
tightly-coupled model provides some advantages; it bundles a consistent set of features and 
technologies designed and packaged to work together, relying on a strict user management 
and authentication framework. However, this model comes also with drawbacks, such as 
the lack of flexibility to adapt to new technologies or use-cases, and having to rely on three 
or at most four carriers in most countries.

Since 3G, branding mobile network generations have had both a technical and a con-
sumer marketing role. The generations provided checkpoints for equipment vendors, and 
made advances in technology that’s otherwise largely invisible to consumers relevant and 
marketable. 5G is probably the first iteration where a transition in technology standards 
became a matter of national pride and an indicator of national or regional competitiveness, 
with promises of increases in consumer and societal welfare that may be hard to deliver. 
However, as the digital divide during COVID-19 illustrated, universal access to affordable 
broadband, typically at home, mattered more than higher 5G speeds in the downtown busi-
ness districts and digital transformation is not assured by having nationwide 5G. Thus, 
technologists and policy makers working on post-5G efforts should be careful in calibrating 
expectations, given that wireless network technology may not be the most significant hur-
dle that prevent addressing key societal challenges.

It seems likely that we will see a much larger variety of operational scenarios in the next 
decade, from traditional vertical-integrated carriers to disaggregated carriers and to private 
or federated enterprise networks. Any future network architecture needs to be sufficiently 
modular so that it can scale down to unmanaged home networks and scale up to networks 

Forewords
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where participants have limited trust in each other. This suggests a much more flexible and 
much simpler authentication and roaming model than we have had in previous network 
generations. Here, 6G can probably learn from another wireless technology where “genera-
tions” have played less of a role – ubiquitous Wi-Fi.

Developments for IoT during the 5G standardization and deployment phase may also 
hold lessons that encourage predictive modesty for 6G. Rather than being the universal 
network that connects billions and billions of IoT devices to create “smart” buildings and 
cities, cheap home Wi-Fi and new low-cost technologies like LoRa, leveraging unlicensed 
spectrum, have come to dominate, with carrier IoT offerings falling short of expectations – 
indeed, retaining boring and obsolete 2G often seems to draw more interest than new 5G 
ultralow latency capabilities.

Previous generations of cellular networks offered their per-user speed as the headline 
advantage, but 5G is already showing the limitations of that approach, as few mobile appli-
cations are likely to be built that will rely on 1 Gb/s or above speeds. Thus, the key metrics 
will not be per-user throughput or latency, but cost per base station month, governing 
deployment cost in low-density areas, and cost per bit delivered, i.e., primarily operational 
costs. Environmental metrics such as energy consumption or electromagnetic fields (EMF) 
must also be considered. For many years, capital equipment has only accounted for about 
15% of revenues of most carriers, i.e., the vast majority of expenses are operational. This 
argues for a simple, self-managed, and robust network, with as many commodity compo-
nents and protocols as possible and as much re-use of available fiber access networks as 
possible, rather than infinite configurability or elaborate QoS mechanisms. The largest 
opportunities for improved operational efficiency and reduced complexity are in the control 
plane, not the data plane, relying for that on machine learning and automation technologies 
as detailed in this book. However, since 6G will serve as infrastructure, with concomitant 
reliability expectations, robustness, predictability and explainability of any use of machine 
learning will be more important than squeezing out the last percentage points of efficiency.

Despite all the changes in technology, the common thread across mobile technology gen-
erations has been a dramatic reduction in the consumer unit cost of mobile data, with new 
applications enabled simply because they became affordable. Thus, 6G will likely only offer a 
significant value proposition beyond a marketing tag line if it is engineered to minimize oper-
ational complexity, maximizes operational automation and ensures high availability. The Wi-
Fi experience can offer lessons and might even offer an opportunity for convergence, where 
6G radio access is just another PHY, with a common upper-layer stack optimized for a hetero-
geneous service provider environment that allows a wide variety of industry, academic and 
government users to rapidly and cheaply create new applications and an even wider variety 
of entities to offer access to network services. Deciding what to omit from 6G and leave it to 
other parts of the networking eco system will be as important as deciding what to include.

Research, particularly academic research, should be driven by the urgent needs of soci-
ety, not just supplying patent-protected “moats” against competition, whether between 
companies or nations. 6G offers a unique opportunity to the research community to iden-
tify the best engineering approaches that enable universal, affordable, secure and reliable 
networks. This book provides an initial and valuable exploration of these questions.

Henning Schulzrinne
Columbia University, USA
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Peter Stuckmann, Head of Unit, Future Connectivity Systems, European Commission

Recent years and in particular the COVID-19 crisis have shown us the importance of resil-
ient and high-speed communications infrastructure. Trust and acceptance in connectivity 
infrastructure has grown as global societies have discovered its added value and the possi-
bilities for remote working, but also for citizens’ daily lives. Business has understood the 
critical importance of high-speed networks and technologies in maintaining operations 
and processes. The crisis illustrates both the potential that 5G networks have to provide the 
connectivity basis for the digital and green recovery in the short to mid-term, and the need 
to build technology capacities for the following generation – 6G – in the long term.

5G technology and standards will evolve in the next few years in several phases, just as 
deployment advances. Operators worldwide have launched commercial 5G networks in 
major cities. This early deployment will build on 4G networks and will aim primarily at 
enhancing mobile broadband services for consumers and businesses. Huge investments 
need to be unlocked for the more comprehensive deployment covering all urban areas and 
major transport paths by 2025. 5G technology is expected to evolve towards new ‘stand-
alone’ 5G core networks enabling industrial applications such as Connected and Automated 
Mobility (CAM) and industry 4.0. These will be a first step towards digitising and greening 
our entire economy. The growth potential in economic activity enabled by 5G and later 6G 
networks and services has been estimated to be in the order of €3 trillion by 20301. For such 
critical services, we need to ensure that 5G networks will be sufficiently secure.

R&I initiatives on 6G technologies are now starting in leading regions world-wide, with 
the first products and infrastructures expected for the end of this decade. 6G systems are 
expected to offer a new step change in performance from Gigabit towards Terabit capacities 
and sub-millisecond response times, to enable new critical applications such as real-time 
automation or extended reality (“Internet of Senses”) collecting and providing the sensor 
data for nothing less than a digital twin of the physical world.

Moreover, new smart network technologies and architectures will be needed to enhance 
drastically the energy efficiency of connectivity platforms despite major traffic growth and 
keep electromagnetic fields (EMF) under safety limits. They will form the technology base 
for a human-centric Next-Generation Internet (NGI) and address Sustainable Development 
Goals (SDGs) such as accessibility and affordability of technology.

All parts of the world are starting to be heavily engaged in 6G developments. There will 
be opportunities and challenges concerning new business models and players through soft-
ware networks with architectures such as Open-RAN2 and the convergence with new tech-
nologies in the area of cloud and edge computing, AI, as well as components and devices 
beyond smartphones.

Firstly, success in 6G will depend on the extent regions will succeed in building a solid 
5G infrastructure, on which 6G technology experiments and, later, 6G deployments can 
build. In this context, building 5G ecosystems will be of key importance, also because 
industry R&I investments tend to relocate where markets are more advanced.

1  McKinsey Global Institute, 2/2020, Connected World – An evolution in connectivity beyond the 5G 
revolution
2  More open and interoperable interfaces in Radio Access Networks (RAN)
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Secondly, 6G will require taking a broader value chain approach, ranging from connec-
tivity to components and devices beyond smartphones with the massive development of 
the Internet of Things (IoT) and connected objects like cars or robots. They also exist on the 
service side, with edge computing integrated in connectivity platforms and cloud comput-
ing enabling advanced service provisioning, e.g. for big data and AI.

One important success factor to create and seize such opportunities is to be a standard 
setter in 6G and the related technology fields. Both future users and suppliers need to shape 
key technology standards in the field of radio communications, but also in next-generation 
network architecture to ensure the delivery of advanced service features, e.g. through the 
effective use of software technologies and open interfaces, while meeting energy-efficiency 
requirements.

Spectrum resources are another key factor that will determine success in 6G. Whereas 
bands currently allocated for mobile communications will be reused for 6G, new frequency 
bands will be identified and harmonised. Industry and governments need to identify the 
opportunities related to spectrum that can be suitable for 6G and be made available with 
the potential to be harmonised at global level. 6G technology will also have the potential to 
make a further step towards a multi-purpose service platform replacing legacy radio ser-
vices for dedicated applications. This could help the progress in defragmenting the radio 
spectrum and drastically enhance spectrum efficiency that will in turn free up new bands 
for 6G or other purposes.

Such outcomes in global standardisation and spectrum harmonisation need to be pre-
pared by proactive and effective international cooperation at government and industry-
level. This includes regular dialogues with leading regions and possible focused joint 
initiatives in R&I, standardisation or regulation.

I am looking forward to the creativity and ambition of the global research and innovation 
community to shape the new generation of communication technology throughout 
this decade.

Let’s kick this off!

Peter Stuckmann
Head of Unit, Future Connectivity Systems, European Commission
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Akihiro Nakao, The University of Tokyo, Japan

Mobile network systems have evolved from communication infrastructures to critical and 
indispensable social infrastructures over the generations. The 5th generation mobile 
network system (5G) has been getting deployed commercially since 2019 and is bringing 
new innovations, both in terms of technology and business models. New models of 5G 
private network deployments are indeed emerging, and the connectivity landscape appears 
to be more and more split between various players and domains. Beyond 5G networks are 
expected to be deployed around 2025 onward, and studies on standardization of 6G have 
already begun.

6G networks and services are expected to play a central role as the backbone of our future 
societies by tightly integrating virtual and physical spaces. Japanese governmental agencies 
have forged the term Society 5.0 to designate this future society that Japan should aspire to 
be. Following the hunting society (Society 1.0), agricultural society (Society 2.0), industrial 
society (Society 3.0), and information society (Society 4.0), Society 5.0 should achieve a high 
degree of convergence between cyberspace (virtual space) and physical space (real space). In 
this future Society 5.0, huge amounts of information from sensors in physical space are 
accumulated in cyberspace and analyzed by artificial intelligence (AI) to provide intuitive 
and near-real-time feedback to humans in physical space. This vision first drawn by science 
fiction authors in the early 1980s is about to become a reality. “Cyberspace. . . Data abstracted 
from the banks of every computer in the human system. Unthinkable complexity.” wrote 
William Gibson (who coined the term of cyberspace) in his 1984 novel Neuromancer.

The recent COVID-19 misfortune might appear as a new step toward this Society 5.0, as 
we have re-recognized the need for enhancing and upgrading information communication 
infrastructure to ensure the continuity of our social activities, as well as the growing blur-
ring between virtual and real relationships. On this road, it is essential not only to promote 
research and development of technology but also to consider the global environmental 
impacts (such as carbon neutral and green recovery), the social inclusiveness so that no one 
will be left behind, and the ethics and social acceptability of these forthcoming 
technologies.

This wish for a future better and enhanced society shall be and remain the underlying 
foundation for designing future 6G networks. It should bond all the stakeholders engaged 
in research and development of next-generation cyber infrastructure, 6G mobile network 
systems, to globally unite forces to define new requirements, use cases, and fundamental 
theories and technologies that must be realized for the next decade. These researches are 
also a way to progress for accomplishing the 2030 Agenda for Sustainable Development 
adopted by the United Nations in 2015, where one of the sustainable development goals is 
about building resilient infrastructure, promote inclusive and sustainable industrializa-
tion, and foster innovation.

Although it is just the very beginning of our journey for developing 6G mobile network-
ing, we can assume that the next-generation cyber infrastructure will bring us communica-
tions features very close to human capability, such as ultralow latency, ultra-high capacity, 
ultra-large number of connected devices, ultralow power communication, stringent secu-
rity and privacy, autonomy enabled by machine learning and AI, and ultra-coverage and 
extensibility including non-terrestrial networks, underwater communication, etc.
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This journey will not only be driven by the telecom industry. Many countries have allo-
cated frequency white space to private 5G usage and made open to non-telecommunication 
companies so that they can operate their own customized 5G networks. We believe that this 
“democratization” (i.e. making something accessible to anyone) of 5G networks will open 
a door to new innovations coming from the civil society as well as from industrial players. 
6G will thus be the opportunity to conciliate various types of innovations: grassroots inno-
vations coming from local players with new use cases and ad hoc solutions, radio and core 
layer innovations coming from Telco players, and also real-time software innovations com-
ing from Internet player. Besides the regular migration path from 5G to 6G promoted by 
telecommunication operators and vendors, there is another evolution avenue possible, 
from private 5G to private 6G and then to public 6G because a lot more stakeholders may 
participate in the game of developing custom solutions tailored for their real use cases that 
may be eventually distilled and adopted as viable 6G technologies to be standardized.

Along with the editors, I hope that this book serves as a navigating compass in our 
endeavor for developing 6G infrastructure for the next decade, by providing the insights 
from internationally known distinguished experts.

Akihiro Nakao
The University of Tokyo, Japan
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