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Executive summary

As a leading research institute in software-intensive
systems, fortiss is at the forefront of shaping the

Sixth Generation Mobile Communication (6G) vision.

Our mission is to ensure that 6G technologies and
architectures not only meet technical benchmarks
but are also grounded in societal needs. fortiss ac-
tively contributes to national and international 6G
initiatives, including standardization bodies and
collaborative R&D programs. We focus on advanc-
ing software-based, Al-enabled, and sustainable
communication services that place human needs
at the core of innovation. The sixth generation of
mobile communications (6Q) is set to redefine digital
connectivity by integrating cognitive intelligence,
decentralized orchestration, and sustainability -
driven architectures. As demand grows for ultra-
reliable, low-latency communication (Ultra-Reliable
Low-Latency Communication (URLLC)) and user-
driven digital experiences, 6G must surpass its
predecessors. It will do so by leveraging Al-native
networking, Edge-Cloud resource orchestration,
and energy-efficient data frameworks. These inno-
vations must balance technical performance with
societal and individual needs.

This white paper outlines fortiss' vision for a human-

centered, sustainable, and Al-integrated 6G network.

It presents core research areas, including semantic
communication, green orchestration, distributed Al,
and links them to societal and technological chal-
lenges. The vision considers a system architecture
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integrating Edge-Cloud-IloT intelligence with collab-
orative and ethical principles, supported by ongoing
standardization and research efforts. The document
concludes with strategic enablers and open research
questions to foster community collaboration toward
the 2030 6G vision.

The white paper is intended for a broad audience of
stakeholders involved in the future of communi-
cations, e.g., researchers, industry leaders, policy-
makers, and system developers. Its purpose is to
outline the strategic vision and ongoing contribu-
tions of fortiss to the evolution of 6G technologies,
emphasizing human-centered design, Al integration,
and sustainable network architectures. By highlight-
ing both challenges and research directions, the
paper aims to foster collaboration and inspire inno-
vation across disciplines.

Invitation to collaborate:

fortiss invites industry partners, academic institutions,
and public sector organizations to join us in defining
the future of 6G. Whether through joint research
projects, testbed development, policy engagement,
or standardization efforts, we welcome opportunities
to co-create a 6G ecosystem that is not only techno-
logically advanced but also ethically grounded and
inclusive by design.
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Introduction

The vision for the sixth generation (6G) of wireless
and mobile communications is currently taking
shape worldwide through a variety of initiatives. At
its core, 6G represents the next phase in the evolu-
tion of cellular networks, a progression that began
with 2G and 3G primarily enabling voice and text
communication between individuals. With 4G, the
focus shifted significantly, driven by the widespread
adoption of mobile technologies for high-volume
voice and video consumption. The advent of Fifth
Generation Mobile Communication (5G) introduced
support for the Internet of Things (loT) and enabled
greater automation, leading to a surge in data usage
and service consumption across the Internet [1/2].

The widespread adoption of 5G is largely driven by
its ability to support a broad range of services and
applications centered around User Equipment (UE),
i.e., personal devices such as smartphones, tablets,
and other connected gadgets. A key shift from 4G
to 5G lies in this enhanced support for user-centric
services, enabling more personalized, responsive,
and data-intensive experiences. 6G is expected to
go beyond the incremental evolution of previous
cellular generations, the so-called "Gs”, by funda-
mentally redefining how networks interact with
users, devices, and digital ecosystems [3].

This transformation is powered by advancements

in software-defined networking, virtualization, edge-
cloud computing, and Artificial Intelligence (Al). The
convergence of these enablers is already paving the
way for a new wave of human-centered applications
and services, marking a profound transformation in
network design and capability. One of the significant
changes in 6G relates with the massive deployment
of loT. According to Statista, global ol connections
are projected to rise from 18 billion in 2024 to over
32.1 billion by 2030%.

The consumer segment currently accounts for
approximately 60% of the overall market, a trend
that is expected to continue into the next decade.
This exponential growth reinforces the need for

a robust, intelligent, and highly scalable 6G infra-
structure. However, realizing the 6G vision demands
an interdisciplinary approach that extends beyond
advancements in telecommunications alone.

By 2030, 6G is expected to act as a catalyst for
socially impactful use cases, enabling seamless

data exchange and cognitive interaction between
humans and cyberphysical systems. Future 6G
applications are already being envisioned to go
beyond traditional Augmented Reality (AR)/Virtual
Reality (VR), incorporating multi-sensory experiences
and fully immersive digital interactions [4]. Conse-
quently, sensing, data communications, and Al will
serve as foundational technological enablers of

the 6G era?. Achieving a holistic 6G vision requires
cross-disciplinary brainstorming among communica-
tion engineers, computer scientists, social scientists,
and industry stakeholders. It is essential to integrate
existing infrastructure with forward-looking innova-
tions while addressing emerging societal and ethical
considerations. To this end, global research and
innovation initiatives are actively working on 6G road-
maps to guide the first pilot deployments expected
around 2030.

As a leading research institute, fortiss is actively
engaged in a broad range of research and develop-
ment initiatives that contribute to shaping the next
generation of wireless communication, i.e., 6G.

These efforts are particularly focused on enabling
sustainable, secure, and human-centered services
that are powered by software-defined and Al-driven
network architectures. Recognizing that 6G repre-
sents more than just a technological leap, fortiss is
approaching the challenge from an interdisciplinary
perspective, integrating insights from computer
science, engineering, human-computer interaction,
and socio-technical systems.

The White Paper aims to shed light in the multi-
faceted 6G research activities currently underway
at fortiss. It highlights the institute’s unique contri-
butions to the development of software-based
enablers for 6G, the exploration of future use cases,
and the creation of frameworks that prioritize human
needs and values. Furthermore, the paper outlines
fortiss's strategic positioning within both the national
and international 6G research landscape, demonstrat-
ing its commitment to collaboration, innovation, and
impact across industry, academia, and policy.

1 https://www.statista.com/statistics/1183457/iot-connected-devices-worldwide/

2 https://digital-strategy.ec.europa.eu/en/policies/6g




As a hub for applied research and development in
Bayern, Germany, fortiss contributes to shaping
the 6G ecosystem by developing research across
the following 6G areas of action:

Research and innovation in
6G technologies

Edge-Cloud continuum

fortiss explores cognitive, decentralized edge-cloud
orchestration techniques that optimize the manage-
ment of 6G infrastructures. These advancements
focus on user-centric applications, ensuring efficient
data processing, computation, and networking.

Al integration and development

fortiss pioneers Al-driven methodologies for data
validation, network optimization, human-Al col-
laboration, context-aware Al, human-in-the-loop,
and learningbased perception and control within
6G-connected environments.

Human-centered design

We engineer data communication technologies that
meet human needs, advancing universal accessibil-
ity, proactive inclusivity, digital wellbeing, and con-
text-aware enhancement of Quality of Experience
(Qok).

Software engineering

We are dedicated to rethinking the fundamentals
of software development in an era where Al, auto-
mation, and instantaneous prototyping are reshap-
ing what is possible. Our mission is to explore how
development methods, tools, and mindsets must
evolve when traditional bottlenecks like user inter-
face design, documentation, and refactoring become
near-instantaneous, and Al-assisted co-creation is
the new norm.

Standardization and collaboration

Research to standardization transfer:
fortiss actively participates in pursuing the transfer
of technological research to standardisation.

Cross-sector collaboration:

fortiss engages with industries, academia, and
government to align 6G advancements with
practical needs.

This white paper targets researchers, policymakers,
and industry leaders involved in shaping the future
of communication networks. It outlines fortiss's
strategic contributions to 6G development, focus-
ing on Al integration, Edge-Cloud orchestration,
semantic communication, and sustainability.

The paper is organized as follows:

Section [2] introduces the 6G paradigm and its
current status.

Section [3] presents the fortiss ongoing research
contributions and activities towards the realization
of 6G.

Section [4] presents the positioning of fortiss in
different international 6G activities.

Section [5] debates the realization of a 6G vision,
based on the fortiss interdisciplinary research.

Section [6] summarizes the white paper, highlight-
ing main takeaways.
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6G vision, enablers, and

2.1 Vision

The sixth generation of cellular communications
(6Q) is expected to launch commercially around
2030. Unlike its predecessors, 6G aims to meet
the rising demands of data-intensive applications,
ubiguitous connectivity, and ultra-low latency ser-
vices. According to the International Telecommuni-
cation Union Radiocommunication Sector (ITU-R)
Global 6G Vision (International Mobile Telecommu-
nications (IMT)-2030)3, six key use-case areas have
been identified: immersive communication, Al-inte-
grated communication, hyper-reliable low-latency
communication, ubiquitous and massive connec-
tivity, and integrated sensing.

These are underpinned by four core principles:
sustainability, connecting the unconnected, ubiqui-
tous intelligence, and security/resilience. To meet
these goals, 6G will adopt a simplified, energyeffi-
cient architecture designed to reduce latency and
support trillions of interconnected devices-paving
the way for widespread |oT applications across
sectors such as Health, Energy, Manufacturing.

Timeline for 6G studies

challenges

The timeline for 6G development, being steered

by the 3@ Generation Partnership Project (3GPP)*
and by the International Telecommunication Union
(ITU)® and represented in Figure 1 is structured
across multiple phases, with key milestones defining
its evolution.

The specification development and standardization
process is expected to take place between 2025
and 2029, during which Standards Development
Organizations (SDOs) such as 3GPP, ITU, IEEE, will
work towards defining 6G's technical framework.
Early-stage laboratory testing and pilot deployments
are anticipated to begin around 2028, allowing

for real-world validation of 6G technologies and
their integration into existing communication infra-
structures. A crucial milestone in this journey is the
release of 3GPP Release 19, scheduled for comple-
tion in late 20258, which is laying the foundational
groundwork for the development and deployment
of 6G networks.

2022 2023 2025

WCR-23

—2021 2024

ITU report on new
Future Technology
Trends

Recommendation on a framework of |
IMT towards 2030 an beyond Technical peformance
- - requirements (TPR)
Report in IMT feasibility above 1 1
100GHz
|

Modifications of | |

resolutions 5G
and 6G (or new) methodology

Release 18

Release 19

Requirements,
evaluation criteria,

and submission 1
1 templates

Circular letter (and later addenda)

Evaluation criteria &

2029

2030

2026 2027

WCR-27

2028

Technology proposals for
IMT-2030

Evaluation

Outcome
& decision
1
IMT-2030
specifications

T# doysyiom
2# doys)iom

Release 20 Release 22

Release 21

6G technical study item

6G work item

Figure 1: Timeline for 6G studies. Blue boxes represent the ITU-R expected releases; green represent the proposed

3GPP releases; yellow represents the 3GPP phases




2.2 Enablers, perspective from the main 6G ongoing specifications

release 21 (First Set of 6G Technical Specifications).
These are summarised in Table 1 and presented in
the next sub-sections.

The main 6G enablers are being debated and devel-
oped via multiple 3GPP releases, of which the main
ones are release 19 (initiation of 6G Requirements
studies); release 20 (Technical Studies on 6G Tech-

nologies);
Main features in 3GPP Releases 19-21
Feature . 20 il
5G-Advanced Start Finalizing 5G Advanced 1t 6G Release
Spectrum Suﬁgﬁ;fe& New upgaerr]—dn;mVVave Terahertz (THz) bands
Network Al-driven Al-native
B optimization automation 6G core
Latency/scheduling Al-based Fully immersive,

Extended Reality (XR)

Non-Terrestrial Networks

Sustainability & Energy

Security

6G Studies

improvements

loT NTN, programmable
payloads

Power-saving modes,
SSB optimizations

5@ security
updates

Initial feasibility
studies

Table 1: Main features in 3GPP Releases 19-21

traffic steering

Voice/data over NTN,
seamless handover

Carbon footprint tracking,

adaptive power

Al-enhanced threat
detection

6G requirements
deep-dive

Al-enhanced

Full 6G-NTN
integration

Ultra-sustainable
design

Quantum-resistant
(Post-Quantum
Cryptography (PQC))

First official 6G
specifications

3 https://www.itu.int/en/mediacentre/Pages/PR-2023-12-01-IMT-2030-for-6G-mobile-technologies.aspx

4 nhttps://www.3gpp.org/

5 https://www.itu.int/en/Pages/default.aspx
6 https://www.3gpp.org/specifications-technologies/3gpp-work-plan



2 0G vision, enablers, and challenges

2.2.1 3GPP Release 19

The 3GPP Release 197, part of the ongoing 5G-
Advanced evolution, is aimed at enhancing network
performance, enabling new applications, and pre-
paring the foundation for future 6G developments.
In addition to its technical advancements, Release
19 includes initial studies on 6G requirements, help-
ing to define the baseline for future specifications.
The key enablers currently being addressed in this
release include:

Spectrum management

Key focus areas include spectrum diversity and
mobility management. Release 19 enhances beam-
forming in the 6-7 GHz range with support for larg-
er antenna arrays and introduces cost-efficient solu-
tions for distributed Multiple-Input Multiple-Output
(MIMO). It also improves mobility by accelerating
beam management and extending Layer 1/2-trig-
gered handovers between different 5G base stations
e.g., next generation Node B, gNB), supported by
Al/Machine Learning (ML)-based predictions.

Support for advanced applications:

Metaverse, Extended Reality (XR), Ambient
power-enabled loT [6]

Release 19 enhances XR support through improved
scheduling based on packet delay and reduced im-
pact of measurement gaps. It also explores support
for Ambient IoT devices powered by energy har-
vesting, targeting ultra-low power consumption and
long lifecycles. Additionally, it introduces ground-
work for localized mobile Metaverse services, with

TR 22.856 defining related service requirements
and frameworks®, and TR 23438 defining Service
Enabler Architecture Layer for Verticals (SEAL) Digital
assets facilitating application support for mobile
metaverse services.

Network sustainability and automation

The main focus is on energy efficient and Al/ML
integration. Building upon previous enhancements,
Release 19 introduces features such as on-demand
Synchronization Signal Block (SSB) transmission in
secondary cells and adaptive transmission periodic-
ity to improve network energy efficiency. Further-
more, studies address energy efficiency and energy
savings by design. In terms of Al/ML integration,
release 19 specifies a general framework for using
Al/ML on the air interface, addressing use cases
such as positioning and beam management, and
continues exploring Al/ML applications in mobility
and other areas.

Non-Terrestrial Networks (NTN)

Release 19 improves uplink capacity for 10T, NTN,
and NR-NTN, enabling more efficient device-to-sat-
ellite communication. It also introduces support for
regenerative payloads, allowing satellites to handle
on-board processing tasks. Downlink coverage is en-
hanced to ensure more reliable service, while energy
efficiency is boosted through extended support for
Reduced Capability (RedCap) devices in NTN, en-
abling low-power, cost-effective loT applications [7].




2.2.2 3GPP Release 20

Release 20°, which is starting in 2025 and expected
to be concluded in 2027 as the final part of the 5G-
Advanced phase, focuses on technical studies for
potential 6G technologies, e.g., advancements in
radio interfaces and core network architectures to
provide a smooth transition towards 6G technol-
ogies. Key focus is on a better integration and use
of Al/ML, and on energy efficiency aspects, as well
as on a better NTN integration. The main aspect
being worked are as follows:

Network energy efficiency

Release 20 emphasizes reducing the carbon foot-
print of communication services by introducing
dynamic adjustments based on energy availability
and enabling the reporting of carbon footprints for
specific 6G services, e.g., fleets of mobile robots
or vehicles, dense IoT.

Al/ML integration

Considers a more comprehensive integration of
Al/ML for network management and other network
operations, enhancing performance and user expe-
rience. This integration includes distributed learning
and embedding Al within both network infrastructure
and user devices.

Support for advanced applications:

XR/AR, Metaverse, A-loT

Release 20 focuses on Quality of Service (QoS)
handling and monitoring specifically addressing
the needs of the advanced applications studied

in release 19. Furthermore, for A-loT release 20
expands the scope of Ambient Internet of Things
(A-IoT) to include topologies better suited for cellu-
lar networks and potentially more capable devices,
moving beyond limited Radio-Frequency Identifi-
cation (RFID)-type functionalities.

NTN integration

Release 20 advances NTN capabilities by supporting
low data rate voice communication over |oT-NTN
connections, providing alternatives for satellite-based
emergency calls, and enhancing mission-critical
services through satellite access.

2.2.3 3GPP Release 21

Release 219, expected to be released by the end of
2028, aims to provide the initial set of 6G technical
specifications, serving as the basis for IMT-2030
submissions and paving the way for commercial 6G
deployments anticipated around 2030. It will be the
first official 6G standardization release and sets the
overall 6G architecture, spectrum, and use-cases.
Key enablers can be summarized as follows:

Advanced spectrum utilization

Release 21 is expected to support operations across
a broader spectrum, including frequencies beyond
those utilized in 5G, to accommodate higher data
rates and new services.

Enhanced network architecture

The key focus is on convergence of communica-
tion and sensing functionalities, enabling networks
to not only transmit data but also perceive and
interpret environmental contexts.

Al/ML-driven network management
Functionality to assist in a resilient integration of
Al/ML in the context of network management and
adaptive optimization, leading to more efficient
and resilient networks.

Sustainability and energy efficiency

Emphasis is being placed in defining "Green net-
works’, i.e., supporting and devising energy-efficient
protocols and architectures to reduce the carbon
footprint of mobile networks, aligning with global
sustainability goals.

Security and trustworthiness

The current focus is on the development of robust
security mechanisms to protect against emerging
threats, ensuring data integrity and user privacy in
increasingly complex network environments.

7 https://www.3gpp.org/specifications-technologies/releases/release-19
8 3GPP TR 22.856, https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx?specificationld=4046

9 https://www.3gpp.org/news-events/3gpp-news/sa-rel20
10 https://www.3gpp.org/news-events/3gpp-news/sa-rel20



2 6G vision, enablers, and challenges

2.3 Challenges

The overall 6G vision integrates the core concept of
universal and inclusive connectivity, affordable to all,
and of immersive, inclusive communication, cogni-
tion, and twinning. The focus is on applications and
services that can improve societal well-being based
on an advanced intertwining of virtual representa-
tions in the digital world of entities in the physical
and human worlds. Such virtual representations will
serve human needs by offering reasoning capabili-
ties and intelligent connection with sensors

Spectrum
Efficiency

Integrated
Sensing

Trustworthiness

Figure 2: Challenges being addressed in the 6G fortiss research.

6G

Enhancing
Human
Experience

and actuators in different forms. Therefore, in terms
of data communications, the final 6G architecture
needs to address functions that will have to manage
not only interconnection between end-user devices
but also seamless and intuitive interactions between
human users and virtual digital entities, requiring
ultra-low latency and extremely high data rates that
match human perceptual capabilities [8]. This leads
to several challenges as represented in Figure 2.

Al-Driven
Networking

Privacy
Preservation

Ultra-reliable TN-NTN
Communications



The possibility to engineer the necessary support
requires a paradigm shift that goes beyond the
development of advanced hardware. Specifically,
XR multi-sensory applications will require tight syn-
chronization, which is not feasible to be achieved
simply by improving spectrum diversity. This chal-
lenge is further exacerbated by the increased de-
mand for Integrated Sensing and Communications
(ISAC)/Joint Communication and Sensing (JCAS),
where wireless signals are used simultaneously for
data transmission and environmental awareness,
raising concerns regarding interference manage-
ment, privacy, and regulatory frameworks. Meeting
the demands of a human-centered 6G vision goes
far beyond simply scaling connectivity through
more devices, higher data rates, or incremental
advances in hardware, spectrum, or Al/ML integra-
tion. Instead, it requires a fundamental rethinking
of immersive, context-aware communication—par-
ticularly the seamless integration of terrestrial and
non-terrestrial networks (NTN).

Future 6G infrastructures will be multi-layered and
distributed across both earth and space, incorpo-
rating smart satellite constellations, High-Altitude
Platform (HAP), and Unmanned Aerial Vehicle (UAV).
These heterogeneous networks introduce significant
challenges, including efficient hand-overs, signal
propagation delays, and the need for seamless end-
to-end connectivity. Addressing these issues is crucial
to enabling uninterrupted, human-centered services—
regardless of user location, activity, or environmental
context.

A central challenge in realizing 6G lies in the dynamic
orchestration of shared resources across heteroge-
neous networks. In this context, Al/ML engineering
plays a critical role, enabling real-time network op-
timization and adaptive service delivery. However,
the integration of Al/ML also introduces significant
concerns.

Foremost among these are energy consumption
and data scarcity. Real-time Al-driven operations
demand substantial computational resources,
which may conflict with 6G’s sustainability goals.
Furthermore, issues of explainability, transparency,
and bias in Al-driven decision-making present addi-
tional risks. As network functions become increas-
ingly automated, it becomes essential to develop
trustworthy, interpretable, and fair ML models that
support not only effective performance but also
accountability and human-aligned outcomes.

Security and privacy preservation become even
more critical in the context of 6G. As networks
evolve into a dynamic, decentralized Edge-Cloud
continuum, the ability to protect sensitive data
across distributed environments is essential. This
urgency is amplified by 6G’s anticipated support
for emerging technologies such as digital twins,
holographic communications, and Brain-Computer
Interfaces (BCI), all of which involve the transmis-
sion of deeply personal data. These applications
raise significant ethical and security concerns,
requiring robust, privacy-aware architectures that
can ensure data protection without compromising
performance or user trust [9].

Summarising, 6G'’s success will be measured not
only by its technical capabilities but by how well
it serves humanity. Beyond supporting vastly in-
creased connectivity demands, it must address
fundamental limitations in ways that enhance
human experience, promote sustainability, and
build trustworthiness through transparent, ethical
design. The convergence of spectrum efficiency,
Al-driven networking, integrated sensing, security
frameworks, and ultra-reliable terrestrial to non-
terrestrial (TN=NTN) communication will define the
success of 6G in delivering ubiquitous, intelligent,
and sustainable connectivity that enhances human
lives at both the individual and societal level.
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6G research at fortiss

With the vision of 6G established as a human-cen-
tered, intelligent, and sustainable communication
paradigm, we now turn to the enabling techno-
logical foundations that must evolve to realize this
vision. The following subsections explore the archi-
tectural, computational, and semantic innovations
required to support 6G’s interdisciplinary goals. As
a leading research institute, fortiss is at the forefront
of efforts to advance sustainable and human-cen-
tered 6G technologies and services. Its efforts are
structured around three key thematic clusters, each
addressing distinct but interrelated aspects of the
6G vision:

Software & Systems Engineering

Developing methods and tools for reliable, secure,
and maintainable software systems that can operate
in unpredictable environments.

Al Engineering

Creating robust and trustworthy Al technologies for
6G systems that can make safe decisions in uncertain
conditions.

loT Engineering

Developing flexible, software-based, smart infra-
structures for 6G that adapt to changing require-
ments and integrate sensing, computation, and
communication capabilities.

Current fortiss contributions span several key areas
which are represented in Figure 3, including Edge-
Cloud orchestration, green networking, semantic
communications, decentralised learning, network-
as-a-sensor, human-centered design and Al-
enabled software engineering.

Al-driven
Edge-Cloud
orchestration
Al-enabled
Green
Software i
i f networking
En?g:eseélng architectures

Human-
centered and

sustainable
6G

Human-
centered
6G design

Network-
as-a-Sensor

Semantic
communications

Decentralised
learning

Figure 3: Main categories of research being developed at fortiss, envisioning a human-centered and sustainable 6G paradigm.



3.1 Al-driven Edge-Cloud
resource orchestration

fortiss focus

Developing adaptive orchestration strategies for
dynamic, privacy-aware resource management
across the Edge-Cloud continuum.

fortiss contributes to this area by

Designing software-based orchestration mechanisms
that jointly manage data, compute, and network
resources in multi-tenant, distributed 6G environ-
ments. Being a next generation communications
paradigm, 6G requires flexible and Al-based network
management, to adapt to new applications, user
behavior, and dense application deployment, while
at the same time ensuring data privacy and sover-
eignty. To fully realize its potential, 6G must address
a synergy between shared resources at the compu-
tational, data, and networking levels, particularly
across the Edge-Cloud continuum. This continuum
integrates edge computing - bringing computation
closer to data sources- with cloud computing’s
centralized processing power. The goal is to estab-
lish an efficient, scalable framework that meets the
diverse requirements of latency-sensitive and high-
throughput applications central to 6G, such as IoT,
autonomous systems, and multi-sensory XR.

For this and as represented in Figure 4, several
topics are being worked upon, as explained next.

Dynamic deployment across the Edge-Cloud con-
tinuum will be a cornerstone of 6G, ensuring that
compute, storage, and networking resources are
allocated in real time to meet application-specific
needs. A key challenge in this context—one fortiss
is actively addressing—is the joint orchestration

of computational, network and data resources in
multi-tenant, distributed environments. This requires
adaptive strategies that account for varying appli-
cation profiles. For instance, autonomous vehicles
demand ultra-low-latency, real-time processing at
the edge, while Al-driven analytics often benefit
from federated or decentralized models spanning
edge and cloud.

The ability to manage this interplay between edge
and cloud resources will be essential for creating a
network that can dynamically adapt to varying work-
load demands and environmental conditions.

A significant contribution being developed by fortiss in
this context relates with the development of software-
based orchestration mechanisms that rely on a data-
compute-network orchestration approach [10].

Compute resources
(Edge & Cloud)

Data management
(Context & Privacy)

Network resources
(Latency & Throughput)

Software-based orchestration (Joint compute-data-network)

Autonomous robots
Low-latency

XR Al analytics

Multi-sensory

Distributed models

Figure 4: fortiss joint orchestration across compute, data, and network. Infrastructure resources are represented above in white
boxes; examples of application workloads considered are represented in light blue boxes below the main goal of software-based
joint orchestration. Arrows represent direct interdisciplinary input to the specific research goal. [10].

11 https://zenodo.org/communities/he-codeco/records?q=&l=listgp=16s=10&sort=newest



3 6G research at fortiss

3.2 Green networking
architectures

fortiss focus

Enabling energy-efficient, cross-layer orchestra-
tion across the Edge-Cloud continuum to meet
the growing demands of data-intensive and Al-
enhanced 6G services.

fortiss contributes to this area by

Developing energy-aware QoS models and orches-
tration strategies that optimize resource alloction
based on workload, network conditions, and car-
bon footprint. Another key challenge that 6G must
address is the design of an energy-efficient, cross-
layer architecture for the Edge-Cloud continuum
[11]. A representation on how fortiss is proposing
to address this challenge is provided in Figure 5
are being worked upon, as explained next.

As data generation and transmission grow expo-
nentially driven largely by the proliferation of 10T
devices, the energy consumption of the entire in-
frastructure, including both hardware and software
components across devices and networks, has
become a critical concern. Integrating Al/ML tech-
nologies and workloads increases complexity in 6G
networks. Energy efficiency will depend not only
on individual assets (e.g., devices, data centers) but
also on the computational and network resources
needed to maintain resilience and reliability. Conse-
qguently, energy efficiency must be a core principle
in the design of flexible Edge-Cloud orchestration
strategies.

For instance, Edge computing nodes can help
reduce data transmission costs and energy con-
sumption by processing data locally, while Cloud
data centers can be optimized for energy efficien-
cy using crosslayer Al-based workload distribution
strategies, e.q., Multi-Agent Reinforcement Learning
(MARL). In this context, cross-layer design refers to
the intelligent optimization of energy usage across

edge and cloud environments, where the system
dynamically determines where to process, store,
and transmit data based on real-time network con-
ditions application workload demands, and overall
energy consumption, or CO, footprinting.

Figure 5 shows a high-level representation of an
Edge-Cloud infrastructure, where multiple Edge
nodes (Far and Near Edge) are equipped with local
Al agents and collaborate with a distributed orches-
tration layer. This orchestration layer, powered, for
instance, by MARL and energy-aware QoS models,
dynamically manages workload placement and re-
source allocation across Edge-Cloud. Control data,
represented by dashed arrows, flows between Edge
nodes, the orchestration layer, and a green net-
working monitor enable intelligent, real-time adap-
tation based on energy consumption and CO, emis-
sion metrics. Application workloads are then placed
across Edge-Cloud based on decisions developed
in the Al-driven, energy-aware orchestration layer
(stealth arrows).

This concept embodies the principle of cross-layer
optimization: Edge devices can process data locally
to minimize transmission energy, while Cloud-scale
data centers optimize large-scale processing and
storage using Al-based strategies. The energy and
CO, monitoring block informs these decisions by
feeding real-time environmental metrics back into
orchestration and workload deployment logic.

In this context, fortiss's contribution focuses on
designing orchestration strategies that are energy-
efficient by design, integrating both performance
and sustainability constraints. These strategies rely
on flexible, scalable coordination mechanisms that
optimize computing and network resources holis-
tically, across all system layers. Ongoing contribu-
tions in this context relate with the definition and
application of energy QoS models, and on resource
orchestration that is energy-efficient by design [12].
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Figure 5: Energy-aware orchestration and workload deployment across the Edge-Cloud continuum. fortiss contributes with multi-
agent Al, reinforcement learning, and QoS models to optimize resource allocation under energy and carbon constraints. Dashed
arrows represent control data; stealth bi-directional arrows represent service/data plane data.

3.3 Semantic communications

fortiss focus

Advancing context-aware semantic communication
systems that prioritize intent and meaning over raw
data to enhance efficiency in loT-Edge-Cloud eco-

systems.

fortiss contributes to this area by

Developing semantic communication architectures
tailored for Industrial Internet of Things (lloT), enabling
intelligent data prioritization, reduced redundancy, and
improved QoS/Qok in real-time applications. Semantic
communication architectures will play a critical role in
enabling efficient information exchange in 6G, espe-
cially across the loT-Edge-Cloud continuum. As loT
devices and sensors continue to generate vast vol-
umes of data, there is a growing need to move be-
yond conventional bit-level transmission. Semantic
communication focuses on conveying the meaning
or intent of information, rather than simply transmit-
ting raw data bits.

This shift allows for more context-aware and pur-

12 https://www.fortiss.org/en/research/projects/detail/semcomiiot

pose-driven communication, significantly reducing
data redundancy and optimizing network resource
usage. For instance, instead of transmitting complete
sensor datasets, a semantic communication system
as represented in Figure 6 (next page) may send
only the insights necessary to support a decision

or trigger an action. This not only reduces network
congestion but also enhances system responsive-
ness and overall energy efficiency.

At fortiss, the research in semantic communications
focuses on the analysis and integration of semantic
communication architectures into the evolving
Edge-Cloud continuum and loT ecosystems??. The
focus is on analyzing how communication systems
can become more context-aware, enabling smarter
decisions about what data to transmit, when, and
how to prioritize it. Context-aware communication
allows the system to assess the relevance of informa-
tion in real time, improving efficiency by transmitting
only what is most meaningful for the task at hand.
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Figure 6: Semantic communication architecture for the loT-Edge-Cloud continuum. Data is semantically filtered at the edge before
transmission. fortiss focuses on context-aware orchestration to reduce redundancy and improve QoS/QoE, with decision loops from
Al/Human systems feeding back into data prioritization. The dashed arrows represent this

For example, in a smart city scenario, traffic moni-
toring systems could transmit high-level insights—
such as congestion alerts or accident reports—in-
stead of streaming continuous raw traffic data. This
targeted communication reduces bandwidth usage,
lowers energy consumption, and supports faster,
more informed decision-making.

A first aspect being addressed relates with the devel-
opment of context-aware loT and communication
systems. The goal is to develop systems capable of
understanding not only the data itself but also the
intent behind its transmission. This enables more
efficient use of network resources by allowing data
to be prioritized based on its importance, urgency,
and contextual relevance to a specific user or appli-
cation. Such an approach can significantly enhance
Quality of Service (QoS) for both real-time and non-
real-time applications, ensuring that critical informa-
tion is delivered promptly while minimizing unneces-
sary data transmission.

A second key aspect under development is the capa-
bility to reduce data redundancy. By emphasizing
the meaning of the information rather than the raw
data itself, semantic communication systems aim
to transmit only the most relevant portions of data-

eliminating the need to send excessive or redundant
information. This is particularly relevant to dense loT
environments, where millions of connected devices
continuously generate large volumes of data. Tradi-
tional communication systems typically transmit all
collected data, which can lead to network congestion
and inefficiencies. In contrast, semantic systems can
intelligently filter and prioritize transmissions based
on contextual relevance, enabling more efficient use
of bandwidth and reducing the processing burden
on network infrastructure.

For example, in an Industrial IoT scenario, machinery
sensors can communicate the current status of
the system, but rather than sending raw data con-
stantly, the system might only transmit information
when anomalies or threshold limits are exceeded,
drastically reducing the communication overhead
and improving overall network efficiency. From a
practical standpoint, the semantic communications
research at fortiss focuses on the development of
semantic communication architectures tailored to
support lloT services.



3.4 Decentralized learning
for a flexible control plane

fortiss focus

Advancing decentralized, Al-powered cognitive
control planes to enable adaptive, autonomous
decision-making across the Edge-Cloud contin-
uum in 6G networks.

fortiss contributes to this area by

Developing scalable Al-as-a-Service frameworks and
real-time, distributed learning strategies—including
reinforcement learning and split inference—to support
intelligent orchestration in dynamic, resource-con-
strained 6G environments.

The cognitive control plane will be a foundational
component of 6G networks, especially within the
decentralized Edge-Cloud continuum. Its role is to
dynamically manage network operations based on
realtime data, enabling the system to learn from its
environment and make intelligent, context-aware
decisions. As 6G integrates a diverse range of tech-
nologies across an Edge-Cloud continuum with

elements both on earth and space, the control plane
must operate autonomously, as represented in Figure 7.

This autonomy is essential for coordinating resources,
optimizing traffic flow, and maintaining security with-
out relying on centralized control. Such a decentral-
ized approach will enhance the network’s resilience,
scalability, and adaptability, allowing it to respond to
local conditions and user-specific demands in real-
time. The cognitive control plane will also be critical
for enabling a wide array of advanced 6G applications,
including autonomous vehicles, immersive media, and
industrial automation, all of which require intelligent,
responsive, and low-latency network behavior.

Current Al/ML centralized approaches are not suffi-
cient to support the required 6G flexibility, as it will
collide with scalability and fault tolerance require-
ments of 6G.

An emerging trend is the provision of Al-as-a-Service
by network operators. In this model, Al-driven capa-
bilities are offered as on-demand services to support
the management of increasingly complex network
environments [13].

Al-as-a-Service
- o
0 for resource optimization
' Far Edge Near Edge Nodes Cloud
E Local RL/MARL SplitNN Centralized Al support
D Swarm learning Partial LLM inference Full model execution
. Cognitive control plane

Real-time decision making

L

Autonomous systems

Immersive media XR

Industrial automation

Figure 7: Decentralized cognitive control plane with Al-as-a-Service and distributed learning across Edge-Cloud 6G systems. The

figure illustrates a decentralized cognitive control plane that coordinates Al-driven decision-making across Far Edge, Near Edge, and
Cloud layers. Edge layers support local learning (e.g., RL, MARL, SplitNN), while the Cloud enables full model execution. Al-as-a-Service
modules can trigger optimization or adaptation strategies across layers. The control plane integrates real-time data flows and semantic
prioritization for key applications such as immersive media (XR), industrial automation, and autonomous systems. The dashed arrows

represent the control data; the solid arrows represent the data plane.
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Al-as-a-Service address critical areas such as net-
work resource optimization and configuration
automation, enabling more agile, efficient, and re-
sponsive systems. For instance, Al can dynamically
allocate bandwidth, predict traffic surges, or auto-
mate network configurations based on real-time
analysis, significantly reducing manual intervention
and improving operational efficiency. The current
research being developed aims to address Al Engi-
neering across 6G mobile environments, consider-
ing its deployment from the far Edge to the Cloud.

The concept of Al-as-a-Service offers significant
potential to enhance the agility, scalability, and func-
tionality of 6G networks. By delivering Al capabilities
as modular, on-demand services, network operators
can support a broad spectrum of applications for
diverse stakeholders—from enterprises to individual
users. These services might include predictive ana-
lytics for network optimization, automated fault de-
tection and resolution for improved service reliability,
or Al-driven user interfaces for personalized network
configuration.

Hence, Al-as-a-Service not only democratizes ac-
cess to advanced Al tools but also fosters innovation
by enabling smaller organizations and developers

to leverage cutting-edge technologies without the
need for large-scale infrastructure. In doing so, it cre-
ates a more inclusive and dynamic 6G ecosystem,
where intelligence is both accessible and adaptable
to specific user needs.

A trend in this context focuses on addressing up to
which point can decentralized or hierarchical Al/ML
approaches be helpful. Specifically, Swarm Learning
[14], SplitNNs [15] and Gossip Learning are relevant
in the context of knowledge exchange across the
Edge-Cloud.

A related trend involves the adaptation of Reinforce-
ment Learning (RL) and MARL to the Edge-Cloud
continuum, with a focus on training and adapting
personalized models to specific environments while
ensuring scalability in multi-tenant scenarios. A key
challenge here is moving beyond traditional offline,
centralized training approaches. Instead, there is
growing emphasis on enabling inline (real-time)
training at the far edge—where data is generated—
so that learning can occur in dynamic, resource-
constrained environments.

To support this, current research explores the design
of a decentralized learning and decision-making layer
integrated with the Edge-Cloud control plane. This
layer facilitates partial, localized decision-making
and continuous adaptation of the system, allowing
edge clusters to maintain operational isolation while
still sharing sufficient resources to support a self-
organizing, scalable ecosystem. Such an approach
is critical to achieving autonomous, context-aware
behavior across distributed 6G environments.

Central to this exploration is the potential role of
large foundational models, which have demon-
strated remarkable capabilities in natural language
processing, semantic understanding, and adaptive
decisionmaking, to assist the flexible orchestration
of 6G [16]. Initial research in this context relates with
network optimization aspects, in particular concern-
ing radio resource sharing.

However, there are critical challenges when consid-
ering the deployment of large foundational models
at the edge (currently, Near Edge), in particular relat-
ed with training and inference due to the limited en-
vironments at the Edge [17]. Different techniques are
relevant to be considered in this context, e.g., split
learning, quantization.



3.5 Network as a sensor

fortiss focus

Exploring the fusion of communication and sensing
to enable intelligent, perception-aware 6G networks
capable of environmental awareness and precise
localization.

fortiss contributes to this area by

Advancing research in ISAC/JCAS and privacy-aware
6G localization, including Simultaneous Localization
and Mapping (SLAM) applications, to support autono-
mous systems, XR, and secure context-driven services.

Another game-changing development of 6G technol-
ogy is to consider the network infrastructure as an ad-
vanced sensing infrastructure and enable it to perceive
its overall environment and context without requiring
active sensors and actuators. Key components for this
development are represented in Figure 8.

This capability is seen as a natural evolution of existing
technologies like radar and loT sensors. By leveraging
radio frequency reflections, 6G networks can detect
objects, their properties, and movements, creating a
“digital twin” of the physical world.

Such a 6G network sensor is expected to revolutionize
communication networks by extending human aware-
ness far beyond physical limitations and enabling a

Wireless communication
6G radio signal

wide array of innovative services. Two relevant areas
being addressed in fortiss comprise ISAC/JCAS and
6G localization.

ISAC/JCAS integrates wireless communication with
environmental sensing, enabling networks to detect
and map surroundings without active sensors. Utiliz-
iNng higher frequencies, broader bandwidths, and ad-
vanced antennas, ISAC/JCAS transforms radio signals
into tools for precise object detection and mapping.
This dual capability enables applications like enhanced
safety, autonomous navigation, and advanced human-
machine interactions. By sharing resources between
communication and sensing, JCAS optimizes perfor-
mance, merging connectivity with environmental
awareness to revolutionize wireless networks.

A promising application of 6G localization is the Simul-
taneous Localization and Mapping (SLAM) problem,
which could enhance navigation for autonomous
vehicles and drones, and support advanced crossreality
(XR) experiences. Additionally, 6G radar and commu-
nication systems will work together to provide a rich,
accurate virtual map of the environment, transforming
industries reliant on precise location data.

Our foundational research challenges in 6G local-
ization address privacy, security, and trust, calling for
interdisciplinary efforts to unlock the full potential of
6G localization.

Environmental sensing
Passive/active sensing

L

Shared resources: ISAC / JCAS integration

|
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Figure 8: fortiss research in JCAS, where wireless signals are used not only for connectivity but also for environmental awareness. Commu-
nication and sensing components (top boxes) feed into a shared JCAS integration layer, which enables advanced applications such as SLAM
for autonomous systems and extended reality (XR). These applications, in turn, support a privacy-aware 6G Localization Engine. Light boxes
represent system components such as communication, sensing, and shared resource integration. Darker boxes represent target applications
or joint functionalities. Solid arrows show the main data and function flow between components, while dashed arrows represent semantic,

contextual, or inferred data relationships contributing to localization.
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3.6 Human-centered 6G design

fortiss focus

Designing human-centered 6G systems that em-
phasize transparency, explainability, and collabora-
tive intelligence in mission-critical environments.

fortiss contributes to this area by

Developing intent-aware, human-in-the-loop deci-
sion support mechanisms that integrate symbolic

reasoning and causal inference to build trust, mit-

igate over-reliance, and ensure safe, ethical Al de-
ployment in 6G networks.

Human-centered principles are emerging as founda-
tional for 6G systems that are transparent, explain-
able, and capable of fostering meaningful human-Al
collaboration. Beyond autonomous network optimi-
zation, 6G should enable collaborative intelligence
in next-generation communication ecosystems,
enhancing human decisions-making, fostering trust,
and operating transparently in high-stakes and
dynamic contexts such as Healthcare, Mobility,
and Public Safety, as represented in Figure 9.

Explainability and transparency are crucial as Al
increasingly governs network functions and control
such as adaptive resource management, predictive
service provisioning, and integrated sensing. The
objective is to develop systems that align with user’s
mental models, expectations, and domain-specif-
iC reasoning processes. Some of our researches
demonstrate the importance of calibrating trust
appropriately, enabling users to meaningfully en-
gage with Al explanations rather than blindly follow-
ing automated decisions. This is essential for user
trust-building and regulatory compliance and safe
deployment in highstakes environments.

Trustworthy Al <--
Explainability + transparency !

Effective human-Al collaboration in 6G requires
adaptive decision support mechanisms that move
beyond black-box optimization toward intent-aware
and context-sensitive models by being aware of the
risk of over-reliance. These models must account
for human goals, particularly in complex scenarios
like emergency response, where decisions must
balance technical efficiency with fairness, risk, and
well-being. System design must address the risk of
over-reliance, a form of maladaptive trust where
users defer excessively to Al systems. Research can
integrate symbolic reasoning and causal inference
into real-time decision pipelines to better reflect
human judgment.

Human-in-the-loop (HitL) mechanisms are trans-
forming 6G system design, balancing Al autonomy
with human oversight through human expertise,
contextual understanding, and real-time feedback.
This approach is essential as Al governs mission-
critical 6G functions including dynamic spectrum
allocation, edge-cloud orchestration, semantic
communication, and predictive quality-of-service
management. This approach moves beyond reac-
tive monitoring to proactive co-decision, particularly
vital given 6G’s extreme performance demands and
unprecedented complexity. In decentralized 6G
environments, research focuses on orchestrating
human input across multiple abstraction levels while
maintaining privacy and security. This approach
redefines 6G architecture by creating systems that
learn with, from, and for humans-shifting from auto-
mation-centric to human-centered design where Al
augments rather than replaces human insight.

As 6G evolves beyond technical advancements,
human-centered approaches becomes one core
research priority aligning with human values.

Context-aware decision support
! Intent & risk awareness

Human-Al collaboration

in 6G systems

¢

Human-in-the-loop
Feedback & oversight

Healthcare, mobiiity, public safety
High-stakes domains

Symbolic + causal Al
Domain reasoning

Figure 9: Human-centered design in 6G: enabling trust, context-awareness, and adaptive intelligence for relevant competitiveness
domains. Light boxes represent functional modules contributing to the system’s cognitive and ethical capacity. Dashed arrows indicate
cognitive and contextual input into the collaboration core, while the solid arrow represents the downstream influence on applications

across different domains.



3.7 Al-enabled Software
Engineering for 6G

fortiss focus

Investigating how Al-assisted software engineering
can accelerate 6G development by supporting de-
velopers in navigating novel and complex system
architectures.

fortiss contributes to this area by

Exploring domain-specific Al coding assistants, adap-
tive code generation, and knowledge transfer meth-
ods to improve code quality, reduce development
time, and promote best practices in emerging 6G
environments, as represented in Figure 10.

A significant challenge in the development of 6G
systems is that developers will initially lack familiarity
with effective design patterns and solutions specific
to the 6G emerging paradigm.

Recent advancements in Al-powered coding assis-
tants—such as the GitHub Co-pilot**—are proven to
be useful in accelerating software development by
suggesting solutions to common problems, heavily
relying on large, existing codebases for training.

General Al coding assistants
e.g., GitHub copilot

With 6G still in its early stages of definition and stan-
dardization, limited training data exists in the form of
example implementations, protocols, or architectural
templates. This scarcity presents 6G as a compelling
case study in two key respects. First, it offers a unique
opportunity to evaluate the effectiveness of Al coding
assistants when applied to domains that are under-
represented in their training data. Second, it highlights
the need and potential for developing domain-specific
Al coding assistants tailored to 6G. These specialized
tools could support developers in navigating the com-
plexity of new 6G architectures, ensuring code quality,
encouraging best practices, and reducing time to im-
plementation.

At fortiss, ongoing research into Al-assisted software
engineering is exploring how these tools can be
adapted to support new and complex domains. This
includes research on knowledge transfer in software
design, adaptive code generation, and domain-aware
Al models. These models aim to assist developers
working in unfamiliar environments.

Applying these insights to 6G development could not
only ease the onboarding process for developers but
also promote the creation of robust, efficient, and se-
cure software infrastructures aligned with 6G goals.

Domain-specific Al assistants
Tailored to 6G needs

rd

Knowledge transfer
Adaptive code generation

N

Developer support
Onboarding, best practices

Figure 10: The figure illustrates the flow from high-level coding assistants (top) to addressing the core design challenges of 6G (center),
enabling knowledge transfer and developer support (middle), which ultimately leads to faster and more robust software development
(bottom). Light blue blocks represent general purpose, domain-specific Al coding tools. Darker blocks represent core challenges or
system-wide impacts. Medium-light blocks capture development activities supported by Al methods. Solid arrows indicate the flow of
influence or functionality from assistants through challenges to implementation outcomes.

13 https://github.com/features/copilot



4

fortiss in the 6G landscape

Having outlined the core technologies shaping 6G,
such as Al-driven control, Edge-Cloud orchestration,
and semantic communications, the next subsections
briefly explain fortiss's research initiatives and strategic
focus areas that contribute to shaping the future 6G
landscape, as summarized in Figure 11.

fortiss is a key contributor to the international 6G
landscape (rf. to Figure 11), driving innovation through
cutting-edge research, active involvement in stand-
ardization efforts, and cross-border collaboration.

Its work spans critical areas such as sustainability,
policy, and next-generation network design-helping

to shape 6G systems that are not only intelligent
and efficient but also aligned with global societal
priorities.

By actively engaging in international research eco-
systems, fortiss plays a pivotal role in bridging the
gap between technological advancement and real-
world needs. Its interdisciplinary approach and
commitment to responsible innovation position it
as a leader in the transformative journey toward 6G,
ensuring that future networks serve both technical
excellence and human-centered values.

6G-IA European Technology
oA < > | Platform for Communications
Semantic communications ‘ ‘ Networks (Networld Europe)
Edge-Cloud Strategic research and
. . . innovation agenda,
fortiss 6G contributions Softwarization
Research, standardization,
collaboration
one6G 6G CONASENSE DIA
Performance indicators Localization, sustainability, Sustainability, architecture,
Use-Case analysis Edge-Cloud cognition

Figure 11: fortiss engagement in international 6G research and standardization initiatives.

4.1 6G-lA: 6G Infrastructure
Association

6G-IA is the leading European industry association
dedicated to the development, promotion, and
advancement of future communication infrastruc-
tures, including 6G networks. It plays a pivotal role
in driving research, enabling innovation, and facili-
tating collaboration across stakeholders within

the European Union, while also aligning European
efforts with global 6G initiatives.

In 6G-1A (6G Infrastructure Association)®, fortiss as
Research Member leverages its 6G interdisciplinary
expertise in advanced technologies such as Al-

driven network management, semantic communi-
cations, and Edge-Cloud orchestration, to support
the 6G-I1A’s mission of fostering research and inno-
vation in next-generation communication systems.

4.2 NetworldEurope ETP

NetWorldEurope is a European Technology Plat-
form (ETP) dedicated to driving research, innovation,
and collaboration in the field of telecommunications
and digital infrastructure. It acts as a strategic forum
for stakeholders across the Information and Com-
munication Technology (ICT) sector, focusing on



the advancement of communication networks and
their applications, with a particular emphasis on
5@, 6G, and beyond. Originally launched as Net-
World2020, it evolved into NetWorldEurope to
reflect its growing focus on future networks and
align with global trends. The platform serves as a
key player in shaping the European Union's prior-
ities for research and development in communi-
cation technologies, ensuring Europe maintains a
competitive edge in the global digital economy.

In NetworldEurope?®, fortiss has been actively con-
tribute to the mid-term and long-term vision of be-
yond 5G and 6G, with particular focus on network
softwarization and Edge-Cloud orchestration. Regu-
lar contributions to the NetworldEurope's Strategic
Research and Innovation Agenda (SRIA) in aspects
such as decentralized Edge-Cloud orchestration,
Al-driven communications.

4.3 oneb6G Initiative

onebG is an international initiative and research
consortium dedicated to driving the development,
standardization, and deployment of 6G networks
and beyond. It acts as a collaborative platform to
bring together stakeholders from academia, industry,
and government to explore the opportunities and
challenges posed by next-generation communica-
tion systems. one6G builds on the advancements of
5G while addressing the unique requirements of 6G,
including ultra-low latency, energy efficiency, global
connectivity, and human-centered designs.

In the one6G initiative!® fortiss engages in the analysis
and collection of Key Performance Indicators (KPIs)
for 6G use-cases, and on enabling technologies and
system architectures.

4.4 6G CONASENSE

The 6G COmmunications NAvigation, SENsing and
SErvices (CONASENSE)Y is a research brainstorm-
ing initiative focused on advancing communications
technologies, via regular and interdisciplinary brain-
storming on 6G main areas of research. Itis an

open, collaborative and volunteer effort involving
researchers, industry experts, and other stakeholders
worldwide. Its ultimate goal is to provide the re-
quired technical support to develop innovative,
human-centered sustainable services backed up
by advanced communication systems. fortiss leads
CONASENSE since 2021, together with the CTIF
Global Capsule (CGC) research and transfer insti-
tute. In the core of the CONASENSE vision is a 6G
intelligent, heterogeneous wireless system that
will provide not only ubiquitous communication
but also empower high accuracy localization and
high-resolution sensing service.

In the envisioned 6G systems, localization, sensing
and communication must all coexist, sharing the
same time-frequency-spatial resources. However,
the support of next generation 6G services must
also address interdisciplinary topics, such as energy-
awareness by design, integration of user-centric be-
haviour, joint computation and networking resource
management, or adaptation and learning from the
far Edge to the Cloud.

4.5 DIA: Datacom Industry
Association

Datacom Industry Association (DIA)*® aims at fos-
tering discussion and cooperation between 6G
data communication and verticals across different
competitiveness domains, e.g., Energy, Manufac-
turing, Transportation, Aerospace. The key focus is
on strategic research and innovation topics such as
security and privacy; routing and addressing; control
plane; telemetry. DIA aims at forming a one-stop
community for Information and Communication
Technology (ICT) experts to discuss and to coop-
erate with vertical experts, to agree on what new
researches, standards and policies are needed, and
collaborate to realize them.

fortiss is a DIA Founding Member and is also in the
DIA Board, participating actively in the definition of
DIA, as well as in research concerning an advanced
cognitive plane, routing, and orchestration.

14 nhttps://6g-ia.eu/ 15 https://www.networldeurope.eu/ 16 https://one6g.org/ 17 https://www.conasense.org/ 18 https://datacom-ia.eu/
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Vision towards 2030

6G is currently being envisioned as a connected
system of systems, which is expected to bring a
paradigm shift in terms of the societal and techno-
logical environments.

In contrast to the former "Gs’, 6G represents a fun-
damental transformation in wireless technology,
seamlessly integrating communications, sensing,
computation and Al to deliver human-centered,
immersive experiences. At the core of this vision is
a future decentralized (de-aggregated) Al-enabled
architecture, where sustainability principles are ex-
pected to be integrated by design, and where NTN
and terrestrial communications are the backbone
for ubigquitous, smart, open connectivity.

The fortiss vision considers that Al-driven decision-
making is expected to enable dynamic, human-
centered orchestration of computational, network
resources and context-awareness across the entire
continuum, from the far edge to the cloud. This
intelligent orchestration will support real-time infra-
structure optimization while also addressing energy
efficiency and contributing to a reduced overall
carbon footprint.

Emerging XR-based and multi-sensory applications,
combined with the large-scale deployment of loT
devices across both personal and industrial domains,
will drive significant advancements in digitization
and automation. These developments will underpin
future cognitive and autonomous systems, digital
twins, and advanced healthcare solutions. With the
number of |oT devices projected to surpass 32 billion
by 2030, existing communication models will face
increasing strain.

To address this, novel paradigms such as semantic
communications—and eventually quantum commu-
nications—will be essential. These approaches aim
to reduce data redundancy, optimize bandwidth
usage, and enable context-aware, mission-critical
transmissions that align with the real-time demands
of complex, interconnected systems.

19 https://gitlab.eclipse.org/eclipse-research-labs/codeco-project/

At its core, the evolution of 6G will be guided by
human-centered principles, with a strong focus on
inclusivity, accessibility, and enhanced QoE across
diverse user groups and usage contexts. Realizing
this vision demands more than just advanced tech-
nologies: it requires a deliberate and sustained
commitment to designing systems that align with
human values, needs, and capabilities, ensuring
that 6G serves as an enabler of equitable and
meaningful digital experiences.

In this context, cross-disciplinary collaboration is
essential, involving experts from telecommunicati-
ons, Al, social sciences, and sustainability domains
to ensure ethical, secure, and inclusive 6G develop-
ment. As global initiatives continue to shape the 6G
landscape, fortiss will remain at the forefront of this
evolution, contributing to intelligent, secure, and
human-centered 6G services that redefine digital
interactions. fortiss envisions 6G as a cognitive, and
decentralized networking system of systems that
seamlessly integrates communication, computation,
and data orchestration across an advanced Edge-
Cloud continuum. By leveraging Al-driven network
intelligence and frameworks like Cognitive, Decen-
tralized Edge-Cloud Orchestration (CODECQO)®, 6G
will enable dynamic, self-optimizing, and scalable
resource management. This approach will support
Al-native networks, capable of making autonomous
decisions, optimizing traffic flow, and ensuring ultra-
reliable low-latency communication (URLLC) for
emerging applications in smart cities, autonomous
systems, energy, health, and industrial automation.

Greenness by design is central to fortiss 6G research.
Future networks must minimize energy consumption
while maintaining high-performance connectivity.
fortiss is actively exploring cross-layer energy-efficient
network designs, where decentralized computing,
federated Al, decentralized learning, and dynamic
energy-aware orchestration will be key enablers of
green 6G networks. Additionally, fortiss contributes
to sustainable software development, lifecycle ma-
nagement, and circular economy initiatives to redu-
ce the environmental footprint of communication
technologies.



Finally, fortiss is committed to shaping the global 6G
ecosystem through active participation in standard-
ization efforts and cross-disciplinary collaboration.
Engaging with 6G-IA, NetworldEurope, one6G, and
CONASENSE, fortiss aligns its research with interna-

By integrating Al-driven networking, decentralized
intelligence, and sustainable engineering, fortiss con-
tributes to a resilient, intelligent, and adaptive 6G era
that will redefine how humans and cyber-physical
systems interact in 2030 and beyond. In this context,

tional 6G roadmaps, ensuring that 6G advancements
support ethical Al, secure digital infrastructures, and

future-proof communication systems.

Key research pillars in fortiss' 6G research

Pillar

Edge-Cloud
orchestration

Al-as-a-Service

Green network
architectures

Semantic
communications &
context-aware
networking

Network as
a Sensor

Human-centered
6G design

6G Standardization
and policies

Challenge

Traditional cloud-centric ar-
chitectures introduce latency,
inefficiency, and privacy con-
cerns for 6G applications.

Al in current networks
remains largely centralized
and lacks the adaptability
required for the 6G Edge-
Cloud continuum.

Increasing network energy
consumption conflicts with
sustainability and carbon
reduction targets.

Traditional bit-based commu-
nication is inefficient for 6G
applications requiring intelli-
gent data transmission.

Conventional networks focus
only on data transmission,
lacking sensing capabilities.

Demands on aligning advan-
ced Al-driven technologies
with human needs, ensuring
trust, transparency, inclusivity,
privacy and usability.

6G standards are still evolving,

requiring coordinated research,

industry, and policy efforts.

Table 2: Key research pillars in fortiss’ 6G research.

Research contribution

* Development of Al-driven orchestration
frameworks (e.g., CODECO) for dynamic
and adaptive resource allocation across
Edge, Cloud, and network layers.
Exploration of decentralized computing-
models to reduce central bottlenecks.

Development of Al-as-a-Service models
for scalable, on-demand Al-driven network
management.

Exploration of decentralized learning
approaches (e.g., Swarm Learning, Feder-
ated Learning, MARL) for effective 6G-Al
integration.

® Al-driven energy-aware network
resource allocation.

Development of cross-layer energy-
efficient models integrating IoT,
Edge-Cloud, and Al.

Development of semantic-aware com-
munication architectures that prioritize
relevant data over raw transmission.
Implementation of context-aware loT and
intelligent data filtering to reduce network
congestion.

Development of 6G localization, radar-
based communication, and JCAS systems
for environmental awareness.

Research on JCAS for applications in smart
cities, autonomous systems, and human-
machine interaction.

Developing explainable models ensuring
Al-driven decisions transparent and trust-
worthy .

Designing systems that can adapt to user
preferences, needs, and cognitive models.
Human-in-the- Loop integration enables
scalable human involvement in Al decision-
making of 6G.

fortiss contributes to global 6G standard-
ization via 6G-IA, DIA, NetworldEurope,
one6G, CONASENSE, and other initiatives.
Focus on cross-sector collaboration to
align 6G with industry and sustainability
goals.

the contributions towards the 6G 2030 vision being
researched by fortiss are summarized in Table 2.

Expected impact

Enhanced performance,
reliability, and real-time
service provisioning in
6G networks.

Al-native 6G networks
that are self-learning,
self-optimizing, and
highly resilient.

Green 6G networks
reducing carbon foot-
print while maintaining
high-performance
connectivity.

Improved bandwidth
efficiency, lower latency,
and better resource
utilization.

Al-driven real-time
environmental
awareness enabling
advanced 6G services.

Enable human-centered
design of 6G.

Bring awareness and as-
sist in a human-centered,
energy-efficient, and
resilient design of 6G.



®

Summary

The evolution of 6G marks a paradigm shift beyond
previous generations, placing a strong emphasis on
human-centered design, Al-driven intelligence, and the
seamless integration of cyber-physical systems. As
loT connectivity expands and immersive digital expe-
riences become more widespread, 6G will demand
a robust, scalable, and interdisciplinary approach to
innovation.

fortiss is actively contributing to this transformation
by advancing Edge-Cloud continuum architectures,
developing Al-powered network optimization strat-
egies, and promoting user-centric design method-
ologies. In addition to its technical contributions,
fortiss plays a vital role in standardization efforts and
cross-sector collaboration, ensuring that 6G devel-
opment is aligned with the needs of industry, aca-
demia, and society at large.

Key takeaways from fortiss’'s 6G research efforts
highlight the need for decentralized, Al-driven net-
work management, sustainable and intelligent infra-
structure, and real-world use cases spanning smart
cities, industrial automation, and energy systems.
The institute’'s commitment to interdisciplinary

research strengthens its position as a key player in
shaping the 6G ecosystem. As global initiatives push
toward 6G standardization and pilot deployments
by 2030, fortiss remains at the forefront, driving
innovation that ensures 6G serves as a transforma-
tive force for connectivity, intelligence, and societal
advancement.

The current ongoing research emphasizes the
following aspects

e 6G is more than faster speeds and high
throughput — our vision emphasize
intelligence, automation, and sustainability.

¢ Al-driven networking and decentralization
will enable self-optimizing, scalable networks.

o Energy efficiency is a priority, ensuring
sustainable and carbon-neutral infrastructure.

¢ 6G will empower human-centered services
through large-scale integration of intelligent
sensing, ubiquitous loT, and adaptive interfaces to
deliver personalized, context-aware experience.
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Shaping a Human-centered 6G future

The development of 6G is not just a technological endeavor — it is a societal one. To realize a truly
inclusive, sustainable, and intelligent communication infrastructure, collaboration across disciplines
and sectors is essential.

We invite Interested partners can engage via

¢ Academic researchers to engage with fortiss (1) Joint Horizon Europe project proposals
in exploring interdisciplinary challenges, from
Al ethics to edge intelligence. (2) fortiss-hosted 6G initiatives

¢ Industry partners to co-develop testbeds and (3) Contribution to experimental deployments
applications that stress-test 6G concepts in based on open-source software
real-world scenarios.

¢ Policymakers and standards bodies to align
regulatory frameworks with the human-centered,
privacy-preserving principles envisioned for 6G.

e Developers and innovators to contribute to
open tools and coding platforms that accelerate
6G adoption.
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List of acronyms

6G ... Sixth Generation Mobile Communication

5G Fifth Generation Mobile Communication

Al Artificial Intelligence

A-loT ... Ambient Internet of Things

AR ... Augmented Reality

BCl ... Brain-Computer Interfaces

CODECO ... Cognitive, Decentralized Edge-Cloud Orchestration
DIA ... Datacom Industry Association

ETP . European Technology Platform

HAP ... . High-Altitude Platform

ICT . Information and Communication Technology
HoT ... Industrial Internet of Things

IMT International Mobile Telecommunications

loT ... Internet of Things

ISAC ... Integrated Sensing and Communications

ITU International Telecommunication Union

ITU-R ... International Telecommunication Union Radiocommunication Sector
JCAS Joint Communication and Sensing

MARL ... Multi-Agent Reinforcement Learning

ML .. Machine Learning

NetworldEurope ....... European Technology Platform for Communications Networks
NTN . Non-Terrestrial Networks

PQC ... Post-Quantum Cryptography

QOE ... Quality of Experience

QoS ... Quality of Service

RFID ... Radio-Frequency Identification

RL ..., Reinforcement Learning

SEAL ... Service Enabler Architecture Layer for Verticals
SLAM ... Simultaneous Localization and Mapping

SRIA ... Strategic Research and Innovation Agenda
SSB . Synchronization Signal Block

UE ... User Equipment

URLLC ... Ultra-Reliable Low-Latency Communication
UAV Unmanned Aerial Vehicle

VR . Virtual Reality

XR Extended Reality
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fortiss is the Free State of Bavaria research institute
for software-intensive systems based in Munich.
The institute collaborates on research, development
and transfer projects together with universities and
technology companies in Bavaria and other parts

of Germany, as well as across Europe. The research
activities focus on state-of-the-art methods, tech-
nigues and tools used in Software & Systems-,

Al- and loT-Engineering and their application with
cognitive cyber-physical systems.

fortiss is legally structured as a non-profit limited
liability company (GmbH). The shareholders are
the Free State of Bavaria (majority shareholder) and
the Fraunhofer-Gesellschaft zur Forderung der
angewandten Forschung e.V.
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excluded. No guarantee is provided, and no legal
responsibility or liability is assumed for any damages
resulting from erroneous information.
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