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ABSTRACT An unrestricted, global, and ubiquitous connectivity, available to anyone, everywhere, and
anytime, is a key objective of the 6G vision. A true, seamless integration of terrestrial (T) and non-terrestrial
(NT) networks is mandatory to reach such an ambitious target. From this perspective, the three-year ITA-
NTN project (2023-2025), funded by the European Union within the framework of NextGenerationEU work
program, aims to investigate advanced solutions for the seamless integration of Terrestrial and Non-Terrestrial
networks. This paper considers the project aspects concerning the provision of seamless connectivity across
the heterogeneous T and NT layers by proposing an integrated ecosystem, which enables transparent informa-
tion exchange among the various communicating nodes belonging to each layer. The ecosystem relies on the
software-based management of fully reconfigurable network architectures based on disruptive concepts like
cell-free multiple-input multiple-output (MIMO), full software-defined radio (SDR)-based multi-waveforms
physical layer design, use of aggressive capacity-oriented radio resource management strategies based on Non
Orthogonal Multiple Access (NOMA), extended use of Software-Defined Networking (SDN), and Artificial
Intelligence (AI) to monitor and manage the entire network architecture. The discussion of the achieved
results validates the proposed ecosystemic approach both in terms of viability and quantitative performance
improvement.

INDEX TERMS  Artificial intelligence, cell-free MIMO, NOMA non-terrestrial networks, seamless con-
nectivity, 6G, software-defined networking, cloud computing, MEC, software-defined radio.

I. INTRODUCTION ICT services as a universal right. For this reason, 6G network
T HE proclaimed objective of the Sixth Generation (6G) infrastructures aim to reach every point on the terrestrial
telecommunication standard is to guarantee access to globe at any time [1]. Nowadays, terrestrial networks can
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provide broadband connectivity to many areas in the World.
However, they are still far from achieving global cover-
age, which means that two geographical locations, arbitrarily
placed in the globe, must be reached by a connection with
guaranteed Quality-of-Service (QoS). Unfortunately, many
geographical areas are not currently connected (islands,
forests, seas, mountains, plains, and remote areas). The
data reported by the International Telecommunication Union
(ITU) in 2024 regarding the percentage of individuals using
the Internet highlighted the well-known disparity between
developed and developing countries, as well as a dramatic
access gap between rural and urban areas [2]. Globally,
83 percent of urban dwellers used the Internet in 2024, com-
pared with less than half of the rural population (48 percent).
Of the 2.6 billion people not using the Internet, 1.8 billion
reside in rural areas, against 800 million in urban areas. Such
numbers indicate a true emergency that is not limited to the
economically depressed areas of the globe. Moreover, [2]
highlights a strict correlation between the accessibility of the
Internet and the per-capita income. Therefore, the efficient
access to Internetworking services is not only a technical
matter, as clearly remarked by the UNO [1]. On the contrary,
it involves highly critical societal issues.

From another side, the recent COVID-19 outbreak also
convinced the most skeptical that, nowadays, connectivity
is a vital factor. Indeed, if everyday life was only partially
suspended during the pandemic emergency, this was ascribed
to the capillary diffusion of fixed and mobile communication
services, at least in the developed countries. Indeed, commer-
cial activities, didactics, public administration offices, and
private companies survived thanks to the virtualization and
the remotization of the workload, also known as smart work-
ing. The lesson was immediately learned. Indeed, in 2020,
during the peak of the pandemic outbreak, the European
Union decided to launch a very rich R&D program called
NextGenerationEU [3], aimed at restarting life after the sani-
tary shock. In such a program, a special role has been assigned
to accelerate the update of existing networking infrastructures
from the perspective of 6G, accepting the big challenge of
global and ubiquitous connectivity.

The objective of NextGenerationEU was to restart the
European life and economy, and RESTART is indeed the
acronym of the Italian branch of NextGenerationEU dedi-
cated to innovation in the field of Telecommunications and
Networking systems targeted at improving everyday life [4].
The RESTART programme is articulated into 32 research
sub-projects: 14 of them are big structural projects, and 18 are
smaller, focused projects. Among the structural projects,
ITA-NTN (the acronym stands for ‘“Integrated Terrestrial
and Non-Terrestrial Networks™) focuses on the aspects
related to the study and development of innovative inte-
grated T-NT architectures. The RESTART programme also
considers cascade-call projects, which tackle some specific
research aspects within the field of interest of the structural
projects. This is the case of INFINITE, a two-year project
(2024-2025), whose acronym stands for: “An Integrated and
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Sustainable Terrestrial/Non-Terrestrial Ecosystem for Any-
time/Anywhere 6G Connectivity.” As made clear by the title,
INFINITE was targeted at addressing the R&D aspects more
related to the connectivity among the various terrestrial and
non-terrestrial nodes composing the network architectures
investigated in the originating structural project.

In this paper, the main results of the cascade-call project
will be reviewed and critically discussed, along with the
contributions they yield in the framework of future 6G system
standardization.

A. LITERATURE BACKGROUND

Several recent papers have been published on topics con-
cerning 6G connectivity. In [5], Chen et al. illustrated the
advancement from 5G to 6G, focused on the extensive
adoption of massive multiple-input multiple-output (MIMO),
multi-user MIMOs, New Radio (NR) positioning, and Al
tools. Non-terrestrial networks have been introduced in 5G
NR release 17 as part of a unified standard for both terrestrial
and satellite communications. The paper of Giordani and
Zorzi [6] addresses the open challenges and opportunities for
NTNs in the 6G era, highlighting, in particular, the require-
ments of communication resilience and service continuity.
The most critical aspects concerning the integration of ter-
restrial and non-terrestrial networks are analyzed in [7], with
a focus on the role of UAVs in such an integration process.
In the same framework, the work of Nguyen, Saputra, et al.
[8] provides a comprehensive survey on the utilization of
network slicing, Al, Open Radio Access Networks (ORAN)
to address the diverse challenges of 6G NTNs from the
perspective of both Academia and Industry. The way paved
by AI toward more intelligent network planning, resource
allocation, and interference management has been thoroughly
discussed in [9]. The adoption of Integrated Access Backhaul
(IAB) technology in NTNs has been proposed and analyzed
in [10]. In particular, a two-layer Uncrewed Aerial Vehicle
(UAV)-based architecture is presented, which consists of a
lower layer comprising flying users and a UAV Base Station
(BS), and an upper layer designed to provide both wireless
access for flying users and backhaul connectivity for the BS.
A challenging aspect of T-NT integration will certainly be
the vertical handover. In [11], a vertical handover approach
based on multiple factors (received signal strength, signal-to-
noise ratio, and elevation angle) is proposed to determine the
optimal time and location for a handover between a terrestrial
BS and the satellite links.

One of the technologies that gained renewed interest in
6G is the Direct-to-Smartphone transmission. Indeed, such
services are consolidated thanks to satellite constellations
like Iridium and Globalstar. However, the unprecedented
connection availability brought by new megaconstellations,
such as Starlink, opened the road to a new broadband
vision of Direct-to-Smartphone communications capable of
supporting Mbps transmission speeds. The recent article
of He et al. [12] proposed some key technical solutions
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for next-generation Direct-to-Smartphone services (adaptive
radio interface systems, spaceborn multi-beam antennas, on-
demand scheduling of narrow beams for random access, etc.)

As far as non-terrestrial 6G transmission aspects are con-
cerned, it is worth mentioning the paper of Noh et al.
[13], where the required features for 6G NTN repeaters
are investigated. Satellite swarm-based antenna arrays are
proposed in [14] to be launched in the LEO orbit. Recon-
figurable intelligent surfaces (RIS) will be a key enabler of
multi-gigabit communications in the terahertz (THz) bands.
In [15], technical advances and applications of RIS in THz
NTNs are surveyed. The recent work [16] considers RIS
and Rate-Splitting Multiple Access (RSMA) to improve the
radio resource utilization in space-aerial-terrestrial relay net-
works. Federated Deep Reinforcement Learning is employed
in [16] to optimize active beamforming vectors, RIS reflec-
tion coefficients, UAV trajectories, and power splitting ratios.
Similarly, RIS and RSMA are jointly introduced in [17] to
implement secure beamforming in the presence of multiple
eavesdroppers; system parameters are optimized by means
of Deep Reinforcement Learning. Self-powered absorptive
Reconfigurable Intelligent Surfaces (RISs) are considered
in [18] to maximize the achievable secrecy rate of the earth
station, while satisfying the signal reception constraints in
terms of harvested power threshold and available power
budget.

The increasing demand for 6G connectivity is expected to
involve a massive number of users, characterized by highly
heterogeneous demands and services. The range is from a few
Kb/s supported IoT devices and the Tb/s capacities required
by Virtual Reality applications. It is clear that in such sce-
narios, asynchronous and flexible multi-user radio resource
management is mandatory. Non-Orthogonal Multiple Access
(NOMA) may provide an effective solution to such a demand,
in particular when heterogeneous terrestrial/non-terrestrial
links are involved in the data exchange. In this framework, the
survey of Belemeki and Alouini [19] discusses the synergistic
integration and interplay between non-terrestrial networks
and NOMA techniques.

B. PAPER CONTRIBUTION
The above-reviewed state-of-the-art background addresses
most of the technical challenges related to 6G NTNs and their
integration with terrestrial networks. In our paper, we aim
to provide readers with a global, ecosystemic vision of the
future integrated T-NT 6G connectivity, in agreement with
novel cutting-edge concepts concerning ‘“Space 2.0 [20]
and space networking as ““glue technology” interconnecting
sparse terrestrial network segments [21]. The present work
can be regarded as a review paper, providing an organic
overview of the project results already published in the
literature.

‘We aim at introducing the various research tasks addressed
by the INFINITE project as integrated parts of a non-
terrestrial connectivity framework based on innovative
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concepts like software-defined implementation (SDR, SDN),
cell-free network design, Al-based network orchestration,
and link monitoring. The expected innovative contribution
concerns the definition of a 6G-driven vision of Space as an
integrated communication environment, where connectivity
is adaptive, transparent, ubiquitous, and available to users at
any time. In conjunction with the vision, the paper also aims
to provide some concrete technical guidelines for implement-
ing it. The presentation and discussion of the project results
will form the basis for specific proofs of concept that will be
the subject of future work.

C. PAPER STRUCTURE AND ORGANIZATION

The organization of the rest of the paper reflects the research
vision of the authors toward a renewed concept of “6G
Space.” Section II will outline the proposed ecosystemic
approach for the seamless integration of terrestrial and non-
terrestrial networks. This will draw the framework where the
technical sections of the paper will be inserted, namely:

o Section III describing the proposed cell-free MIMO
NTN architecture.

o Section IV proposing a global, modular PHY-layer
design based on SDR, focusing on a specific case study
of advanced multicarrier waveform design for NTNs.

o Section V analyzing techniques for efficient NOMA
radio access.

o Section VI detailing the approach for a multi-modal
transceiver implementation.

o Section VII encompasses the higher-layer network-
ing aspects concerning SDN, cloud computing, and
multi-access edge computing for orchestration and link
monitoring.

The rest of the paper is dedicated to the review and discussion
of the most representative project results (Section VIII), while
Section IX concludes the paper with the lessons learned
from the project activities and an open door to future R&D
directions and realizations.

Il. THE PROPOSED ECOSYSTEMIC APPROACH FOR
T-NT INTEGRATION

In Fig. 1, a pictorial description of a typical 6G global cover-
age scenario is shown. Three remote sites are connected: two
located in Europe (for instance, Germany and Italy) and one
located in the USA.

In the first use case, a residential user, located in the
US building, wants to communicate with a residential cor-
respondent located in one of the Italian small houses (blue
connection). The data exchange is related to document trans-
mission as an email attachment. Such a connection is not
highly delay sensitive and, therefore, can exploit a direct
uplink connection with a geostationary satellite that can cover
the long distance between Italy and the USA. The geostation-
ary satellite reverses in the downlink to an Italian 6G hub,
which provides mobile communication services and residen-
tial fiber-based services. A terrestrial fiber connection will
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FIGURE 1. A possible scenario of global coverage targeted by 6G.

reach the residential destination. In the German area, there is
another recipient of the material produced in the US build-
ing, and this recipient is moving in a car. A small satellite,
connected to the GEO by means of an inter-layer link, can
provide the required information route for this connection.

Let’s suppose that another residential user in the Italian
village wants to communicate by video chat with a user
traveling on a high-speed train reaching a German town.
Such a connection might be conveniently provided by a Low
Earth Orbit (LEO) satellite constellation, like Starlink, which
exploits inter-satellite connections and satellite diversity to
cope with the fast motion of trains.

One last use case may consider vehicular communication
in the Italian area. The small car is traveling in a zone where
the terrestrial cellular coverage is absent. In such a case,
a drone can work as a donor relay node connecting the ter-
restrial gNB with the vehicular terminal. Then, the terrestrial
gNB dispatches the information to the smartphone by means
of a terrestrial downlink.

The effective support of the use cases addressed in Fig. 1
requires a reconfigurable, multi-layered, and integrated T-NT
architecture. For this reason, the ITA-NTN project pro-
poses the deployment of a cluster constellation-based NTN
(CCB-NTN) architecture [22] (see Fig. 2) as a viable solution
capable of providing spatial diversity, scalability, and ease
of maintenance in the case of node failure. The primary
node of a cluster connects with the nearest cluster primary
in the intra-layer and inter-layer to minimize the number of
ground stations and point-to-point links. The NTN gateway
provides data relaying between the NTN and the terrestrial
core network to enable a unified network coverage. The inter-
connection of the various network nodes requires an accurate
balance between optical wireless links - these last well suited
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for intra-layer communications - and Radio Frequency (RF)
links, necessary to bring connectivity from the Sky to the
Earth [22].

The system model adopted in this work primarily focuses
on communication scenarios where terrestrial and non-
terrestrial networks interact through indirect links, such as
satellite gateways, relay nodes, or multi-hop paths across het-
erogeneous network segments. This modeling choice reflects
challenging yet realistic operational conditions, including
remote-area connectivity, intermittent line-of-sight availabil-
ity, and highly dynamic user mobility, where direct links
cannot always be guaranteed. Nevertheless, the proposed
ecosystemic framework is not restricted to indirect-link-only
communication. On the contrary, it naturally supports the
coexistence of direct and indirect links, which can be dynam-
ically exploited depending on channel conditions, network
topology, and service requirements. In scenarios where a
direct link between terrestrial and non-terrestrial nodes is
available (e.g., direct satellite-to-device or UAV-to-user com-
munication), such links can be seamlessly incorporated into
the ecosystem as additional access options.

To cope with the connectivity requirements of the archi-
tecture of Fig. 2, the INFINITE project investigates a new
ecosystemic approach based on the synergic combination of
innovative transmission architectures and cloud-computing
tools, as shown in Fig. 3. The due degree of flexibility and
reconfigurability of the NTN architecture is provided by inno-
vative transmission structures, based on advanced concepts
like user-centric cell-free (UC-CF) MIMO, NOMA multi-
access management, and full software-defined radio interface
design. The physical architecture is orchestrated by an upper
layer comprising SDN, cloud computing, and artificial intel-
ligence, which dynamically configures the network topology
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FIGURE 3. The INFINITE vision of reconfigurable global connectivity management.

1

and the radio interface, providing adaptive traffic rerouting,
link monitoring, and access control. Such an “immanent”
layer represents an initial step of practical implementation
of the “Space Network Intelligence” of the “New-Space”
architecture described in [21]. The technology framework
that targets the implementation of the ecosystemic vision
of global connectivity, as described in Fig. 3, is shown in
Fig. 4. The project task was to investigate the technologies
required for the intelligent part of the ecosystem immersed
in a “Space cloud” (namely: the “immanent” layer) and for
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d mix of RF and optical wireless links (courtesy of [22]).

the physical part of it residing in the NTN flying nodes and in
the ground transceivers (ground stations and user equipment).
As shown in Fig. 4, the “Space cloud” is an SDN architecture
relying on cloud computing, multi-access edge computing,
and Al Such a layer monitors and controls the underlying
section of the integrated T-NT network system, consisting of
programmable and reconfigurable payloads that physically
transfer data. The common design basis for the two system
sections is the full software-defined approach (SDN for net-
work management and SDR for physical data transmission),
which targets the full reconfigurability of network connec-
tions through an adaptive selection of the best information
route and the optimal radio interface setup to convey infor-
mation over this route. The investigated technologies will be
assessed by means of some quantifiable metrics, which can
be listed according to the guidelines contained in [23]:

o Link performance metrics: Bit-Error-Rate (BER),
Signal-plus-Noise to Interference Ratio (SINR), outage
probability.

e Quality-of-Service (QoS) metrics: throughput, prag-
matic capacity, Packet Loss Ratio (PLR), latency.

o RF hardware/modulation metrics: Error-Vector Magni-
tude (EVM), TX spurios emission, peak power con-
sumption.

o Computational metrics: computational complexity, CPU
usage.

In the following sections of our work, the research achieve-
ments related to the various components of the physical and

VOLUME 7, 2026
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FIGURE 4. The INFINITE technology framework implementing the vision of Fig. 3.

cloud computing layers of the ecosystem will be discussed
in detail. Before starting the technical overview, which will
form the core of the paper, let’s try to discuss in the following
subsection the proposed ecosystemic approach in the frame-
work of the evolution of T-NT integration. This will be useful
to readers to better understand the innovative contribution of
our study.

A. THE PROPOSED ECOSYSTEM IN THE EVOLUTION OF
T-NT INTEGRATION

The ecosystemic approach followed in the INFINITE project
clearly proceeds toward the direction drawn by the “6G
and beyond” evolution of T-NT integration. As highlighted
in [24], the evolution of such an integration process was
marked by three distinct epochs:

« the interworking era (3G and 4G), where the target
was to exploit Space segments for backhauling support,
roaming of special satellite phones, and support for
satellite-based IP services.

« the integration era (5G), where seamless integration was
tackled along with the 5G support across various radio
access technologies.

« the native NTN era (6G and beyond), where native NTN
components are nested in the global infrastructure.

Interworking schemes clearly suffered from the incompati-
bility of terrestrial and non-terrestrial networking protocols.
Some solutions targeted to smoothing such an incompatibility
have been devised and implemented; for instance, the use of
performance-enhancing proxies and special versions of the
IP protocol more resilient to latency. Such solutions achieved
suboptimal performance, as they are impaired by the violation
of the end-to-end principle characterizing Internet protocols.
5G exploited SDN and NFV to combine seamlessly terrestrial
and non-terrestrial segments (some examples can be found
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in [25], [26], and [27]), although treating the heterogeneous
segments as separate entities.

In contrast, the native NTN vision emerging in the context
of 6G aims at embedding non-terrestrial components directly
into the global networking fabric, rather than interfacing
them as external extensions. Many current 6G integration
approaches address this objective by focusing on individual
technological enablers, such as advanced waveform design,
Al-assisted resource management, or network slicing, yet
they often lack a unifying architectural framework capable
of jointly optimizing physical-layer adaptability, multi-user
access, and network-wide orchestration. As a consequence,
performance degradation may still arise in practical scenar-
ios characterized by extreme mobility, heterogeneous service
requirements, and stringent reliability constraints.

The proposed ecosystemic approach overcomes these lim-
itations by natively integrating terrestrial and non-terrestrial
components within a unified, software-defined, and Al-
assisted architecture. Unlike state-of-the-art solutions that
optimize isolated layers or functions, the proposed framework
jointly addresses physical-layer reconfigurability, robust
multi-user access, and global network orchestration. A key
novelty of the proposed approach lies in the tight and con-
tinuous collaboration among its enabling technologies, rather
than in their isolated adoption. In particular, the ecosys-
tem is designed to couple software-defined networking,
Al-based monitoring, cloud/MEC computing, and recon-
figurable PHY-layer techniques into a closed-loop control
framework capable of dynamically optimizing resource allo-
cation across heterogeneous terrestrial and non-terrestrial
segments.

At the core of this collaboration is the software-defined
abstraction of the network, which provides a global and
programmable view of both terrestrial and non-terrestrial
resources. SDN enables the decoupling of the control and
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data planes, allowing network decisions to be centrally
coordinated while being executed in a distributed manner.
This abstraction is essential in T-NT scenarios, where link
characteristics, topology, and node availability vary rapidly
due to satellite motion, aerial mobility, and heterogeneous
access technologies. Al-based monitoring functions operate
on top of this software-defined substrate and continuously
collect multi-layer KPIs, including physical-layer metrics,
network-layer indicators, and computing-resource usage.
Machine-learning models process this information to infer
network states, predict future resource demands, and detect
anomalies or performance degradation trends.

The AI modules provide predictions and recommenda-
tions, which are fed into the SDN controller. Based on this
information, the SDN layer dynamically enforces reconfig-
uration actions, including traffic rerouting across terrestrial
and non-terrestrial paths, adaptive association of users to
multiple access points or satellites, and redistribution of
computational tasks among terrestrial and space-based MEC
nodes. This tight integration allows the network to move from
a reactive management paradigm to a proactive and predic-
tive one, which is particularly crucial in high-dynamic user
scenarios and in remote-area deployments where connectivity
margins are limited.

The collaborative mechanism extends down to the phys-
ical layer through the SDR framework. Decisions taken at
the SDN and AI levels can trigger real-time reconfigura-
tion of waveform parameters, modulation formats, access
schemes (e.g., OMA vs. NOMA), and macro-diversity strate-
gies (e.g., cell-free MIMO). In this sense, the PHY layer
becomes an adaptive actuator of the ecosystem, implementing
the high-level policies derived from network-wide intelli-
gence. Cloud computing and MEC play a complementary
role by hosting both AI models and virtualized network func-
tions close to where decisions are needed. MEC placement
enables low-latency inference and control, while cloud-
based coordination ensures global consistency and long-term
optimization. The joint use of centralized and distributed
intelligence allows the ecosystem to scale efficiently while
preserving responsiveness, even in large-scale LEO constel-
lations and heterogeneous T-NT deployments.

Overall, the proposed ecosystemic framework does not
merely juxtapose SDN, Al, SDR, and advanced access tech-
nologies; rather, it orchestrates them within a unified control
loop in which monitoring, learning, decision-making, and
actuation are intrinsically interdependent. This collaborative
operation represents a key differentiating factor with respect
to existing 6G integration approaches, which often consider
these technologies in isolation, and it is instrumental in
achieving resilient, efficient, and truly seamless T-NT con-
nectivity in practical 6G scenarios.

lll. CELL-FREE MIMO T-NT ARCHITECTURE

As already mentioned in Section I, significant interest
is currently emerging around NTNs, which can integrate
non-terrestrial devices (NTDs), including uncrewed aerial
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vehicles (UAVs), high-altitude platforms (HAPs), and LEO
satellites, to facilitate efficient and ubiquitous global con-
nectivity [6], [28]. The presence of multiple and cooperating
NTDs can be leveraged to enhance the reliability and macro-
diversity of communication systems. Specifically, when con-
sidering mobile user terminals (UTs), a line-of-sight (LOS)
link between the generic NTD and the terrestrial UT is not
always guaranteed: due to the fast movement, the LOS link
can indeed be unexpectedly shadowed/obstructed by physical
objects nearby the UT. In the INFINITE project, we mainly
refer to LEO satellites.

The structural similarities between a network of cooper-
ating LEO satellites and UC-CF MIMO terrestrial systems,
relying on dense access points (APs) deployments, have
sparked growing interest in the adaptation of UC-CF-inspired
macro-diversity strategies to NTNs. In terrestrial UC-CF net-
works, coherent processing is widely adopted, leading to the
following assumptions [29], [30], [31], [32]: i) time division
duplex (TDD), ii) APs estimate the uplink channel through
training sequences transmitted by the users, and iii) APs
exploit channel reciprocity for downlink beamforming and
uplink combining. Macro-diversity schemes, i.e., the joint use
of several LEO satellites to serve the same UT, can be widely
used in order to increase the system reliability and efficiency.

References [33], [34], [35], [36] show that, under the
assumption of a wide angular separation between the satel-
lites, the blockage events for each UT-satellite link are
statistically independent, leading to an exponential decrease
of the outage probability. When applying UC-CF MIMO con-
cepts to LEO NTNs, some challenges emerge. Indeed, in the
NTNs scenario, uplink channel estimation and phase com-
pensation are extremely challenging due to satellite mobility
and propagation delays [33], [34]. While Doppler and tim-
ing compensation can be accurately performed at known
ground locations, phase alignment across multiple satellites
is generally impractical. Thus, applying terrestrial UC-CF
designs to satellite-based NTNs is not straightforward, since
novel solutions to fully leverage macro-diversity are needed.
These limits are explored in [37] by comparing coherent and
non-coherent joint transmissions and highlighting the need
for at least coarse phase alignment to approach satisfactory
performance. The research work on this topic carried out in
the INFINITE project can be divided into two main research
lines, as discussed in the following subsections.

A. MACRO-DIVERSITY SCHEMES IN LEO NTNs WITH
OTFS AND OFDM MODULATION

In this scenario, we consider a terrestrial area containing Q
UTs equipped with uniform planar arrays (UPAs) with mul-
tiple antennas, Nyr say. The Q UTs are in possible visibility
with P satellites, all equipped with UPAs having the same
number Ng of antennas. In general, some paths from satellites
to UTs can be blocked by the presence of obstacles. We con-
sider multicarrier and multisymbol transmissions, denoting
with M the number of subcarriers, Ay the subcarrier spacing,
N the number of symbols, and 7' the symbol duration.
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The downlink time-varying channel between the g-th UT
and the p-th satellite is the following vector-valued (Nyr x
Ns)-dimensional function:

H, (1. 7) = pp.qavr (@)L . 07 ag (5 05 )
X 8(T — Ty g)/ P et (1)

where p, , is the complex gain containing the path-loss, log-
normal shadowing loss, and clutter loss, i.e., the attenuation
due to surrounding objects on the ground. The azimuth and
elevation angles corresponding to the direction of departure
(DoD) and to the direction of arrival (DoA) are denoted
by d)g’ q and 915, q and by ‘/’I% and GPLZ, respectively. The
UPA array response at the generic array is a,(p, ) with
x € {S, UT} and defined similarly as in reference [37]. The
number of antennas at the satellite is Ny = Ng ,Ns j with
Ns,, and Ngj the number of antennas on the vertical and
horizontal axis, and the number of antennas at the UT is
Nyr = Nyr,Nuyr., with Nyr,, and Nyr , the number of
antennas on the vertical and horizontal axis. Finally, 7, , and
Vp,q are the residual propagation delay and the Doppler shift
of the g-th UT with respect to the p-th satellite. Note that
Vp,q 18 a relative Doppler shift that takes into account the
movement of the p-th satellite and the g-th UT. Regarding the
meaning of residual delay and Doppler shift, we assume that
the satellites perfectly compensate for delay and Doppler shift
in one specific location, namely, the ideal UT position. The
offset distance of the UT from the ideal position is r, 4, which
entails residual uncompensated delay and Doppler shifts, i.e.,
Ty, and vp 4.

In this paper, we do not report all the details of the deriva-
tions of OTFS and OFDM signal models, which follow the
derivations in [38]. In both cases, the whole observable at
the g-th UT from the p*-th satellite, y@*,q) say, obtained by
stacking the NM observable at the receiver, can be expressed
as

w9 — N7 (@)

y opr g Wpe p* g.4X
—_—

intended signal to the g-th UT from the p*-th satellite

P-1
W (q)
+ Z op,q¥p* p.g.qX
p=0

p#p*

intended signal to the g-th UT from the other satellites
P—10-1
v @)
+ Z z %.q'¥p* p.g.qX
p=04'=0
q'#q

+Z(P*»4)

interference from the other downlink transmissions
with ), 4 a binary variable being 1 if the p-th satellite serves
the g-th UT and O otherwise, the NM-dimensional vector
x@) contains the information symbols intended to the ¢'-th
UT, z"9 contains the AWGN contribution and the NM x
NM -dimensional matrix WP*,p*,M follows the structure in
reference [39]. Upon defining S; : {p* : ap g = 1} as
the set containing the serving satellites for the g-th UT, the
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estimation of the symbols intended for the g-th UT can be
obtained by combining the contributions from the serving
satellites [39]:

’y*(‘I) — Z y(ﬁ*JI) )
p*eS,

To detect the information symbols stacked in the vector XD,
the g-th UT employs a practical minimum mean square error
(MMSE) detector, assuming knowledge only of the channels
from its serving satellites. After straightforward algebraic
manipulations, the expression of the generic £-th symbol
estimate at the g-th UT can be derived as in [39]; the full
expression is omitted here for brevity. Regarding the design of
the beamforming and combining vectors for the p-th satellite—
g-th UT pair, we assume imperfect knowledge of the UT
positions at the satellites and of the satellite positions at the
UTs, and adopt a zero-forcing (ZF) approach to mitigate
inter-UT interference. For the transmit power coefficients,
each satellite is assumed to uniformly allocate its available
power budget among the UTs it serves. The binary associa-
tion variables o) , are defined according to the user-centric
cell-free (UC-CF) paradigm [29]. Specifically, the g-th UT
is served by the Nyc closest satellites, subject to a max-
imum number of UTs per satellite, denoted by Nyr max.
In Section VIII-A, we report the performance in terms of
SINR of the £-th symbol at the g-th UT, defined as the ratio
between the intended signal power and the interference-plus-
noise power, as well as in terms of pragmatic capacity [37],
[38], [39].

B. OTFS DETECTOR DESIGN IN CELL-FREE NTN
FRAMEWORKS

We consider the scenario of Sec. III-A under the assump-
tion that the UT is equipped with a single antenna, i.e.,
Nyr = 1. Therefore, only transmit beamforming is
employed. We denote with y the whole received signal,
defined as the superposition of the useful signals transmitted
from the satellites in visibility with the UT and the interfer-
ence signals deriving from the other downlink transmissions,
i.e., with reference to a generic UT,

where W is the channel matrix associated with the intended
signal, whereas Z accounts for undesired effects, i.e., inter-
ference and AWGN. Equation (3) defines the input-output
relation according to the Forney observation model [40].
However, an alternative sufficient statistic on which the detec-
tor can operate is

y=vy=Gx+w 4)

where
W= wlz S)
G=uvly (6)

The operation in (4) corresponds to a matched filtering, and
the resulting observation model is the Ungerboeck one [41],
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[42]. The processed channel matrix G presents a compact
structure which can be advantageous for the detection pro-
cess, as discussed in [43] and [44].

Here, we focus on detection strategies under the assump-
tion of perfect channel state information at the receiver.
We highlight the differences among the state-of-the-art
approaches. With reference to the scenario described above,
employing both the OTFS and OFDM modulation formats,
we test the algorithm with the lowest computational load and
compare its performance with that of the high-complexity
MMSE benchmark. In fact, for the OTFS modulation, this last
detector - derived under the assumption that x is a Gaussian
vector- requires the inversion of a NM x NM matrix, since
the optimal estimator X of x is given by

-1
& =wh [\wH + 20211NM] y %)

and thus involves an overall complexity of (’)((NM)3).
Although this approach offers very good performance, as will
be shown in the following, its huge required computa-
tional load is typically unaffordable in realistic time-varying
scenarios, where the channel matrix W changes at every
block. For this reason, some low-complexity techniques,
e.g., approximate message-passing algorithms working on
factor graphs (FGs) have been deeply studied in recent
research (see, e.g., [45], [46], [47], [48], [49] and references
therein). They can be classified not only by the kind of
employed approximation, e.g., on messages and/or variable
distributions, but also by the observation model used for the
implementation of the maximum a posteriori (MAP) sym-
bol detection strategy, namely either the Forney [40] or the
Ungerboeck [41] model.

Among the algorithms of the first kind, the most successful
one in terms of both complexity and performance is that
of [45]. The detection strategy proposed in [45] is graph-
based and consists of approximating the interference term
plus thermal noise through a Gaussian random variable. This
approximating technique is used to reduce the complexity
of the exact sum-product algorithm (SPA) applied on the
FG relative to the Forney observation model, which other-
wise would lead to an impractical computational load. The
complexity required by the approach of [45] results in being
linear in the number of interferers per symbol S and in the
constellation cardinality Q. Differently, the detection strategy
proposed in [47] is based on the Ungerboeck observation
model and, therefore, operates on the processed channel
matrix G. This algorithm directly derives from the applica-
tion of the exact SPA on the associated FG. There are no
approximations involved; however, the resulting complexity
depends linearly on § and quadratically on Q. An alterna-
tive solution working on the same FG has been proposed
in [43]. This last solution exploits the structure of G, where
the main entries, i.e., the terms with the largest magnitudes,
are located along diagonals. Moreover, the adoption of a
hierarchical scheduling allows for achieving faster conver-
gence and superior performance of the algorithm proposed
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in [47], as discussed in [43] and [44]. However, its quadratic
dependence on the constellation size hinders its adoption in
low-complexity applications with large alphabet cardinality.

We here focus on a recently proposed detector [44]
characterized by an extremely low complexity, which also
outperforms all the above-mentioned algorithms, as demon-
strated in [44] with reference to a standard 3GPP channel
profile [50]. This strategy works on the Ungerboeck obser-
vation model as the approaches in [43] and [47], and its
effectiveness is enabled by the compact structure of G. This
scheme is developed on the principle of interference can-
cellation and will be referred to as ICq. Through multiple
iterations, the interference term is estimated and subsequently
removed from the observable. Furthermore, the use of damp-
ing ensures convergence. Again, in Section VIII-A we report
the performance of the detectors discussed above in terms of
pragmatic capacity! [37], [38].

IV. SDR-BASED MODULAR WAVEFORM DESIGN

A. MODULAR DECOMPOSITION OF NTN TRANSCEIVERS
The ecosystemic approach considered in INFINITE aims to
offer to various transmission applications supported by NTN
links a smart PHY-layer capable of dynamically reconfig-
uring itself based on user needs in terms of capacity and
availability. This is one of the key features of NR systems,
which straightforwardly involves the design and implemen-
tation of software-defined NTN data transmission functions.
The starting point has been the comprehensive lattice struc-
ture proposed in [51], which provides a generalized, modular,
backward-compatible, forward-looking PHY layer frame-
work for 6G networks. The corresponding multi-waveform
modular-decomposed transmitter for NTNs is pictorially
described in Fig. 5. The transmitter is divided into mac-
roblocks, which are structured in processing slices. The first
macroblock forms the time-frequency resource grid and con-
sists of three slices:

o Reshaping, which organizes the modulated symbols into
M

a lattice of Lﬁz S elements, M and N being the
number of resources in the frequency (subcarriers) and
in the time domain respectively, while L and L, account
the reshaping granularity. Reshaping parameters deter-
mine the mapping type: one-to-one (scalar), one-to-
many (orthogonal), and many-to-one (non-orthogonal).
The pictorial example of Fig. 5 shows the OTFS
reshaping, leading to the symbol mapping in the two-
dimensional Delay-Doppler domain. DFT-based mul-
ticarrier modulations — OFDM, DFT-spread-OFDM,
and OFDM-inspired waveforms, like Filter-Bank Multi-
Carrier (FBMC) [52] — perform serial-to-parallel (S/P)
reshaping, forming the vector of the symbols which are
transmitted in the discrete frequency domain. In Mul-
ticarrier Spread Spectrum (MC-SS) transmission, the

The pragmatic capacity is the mutual information of the virtual channel
with constellation symbols as input and received samples after the LMMSE
processing as soft output.
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FIGURE 5. The modular decomposition of PHY-layer for 6G NTNs.

reshaping blocks perform a S/P symbol repetition [53].
In such a case, the symbol Sj is transmitted in paral-
lel during the signaling interval of duration k7, k =
0,1,2--- over the M assigned subcarriers. According
to [51], it is possible to consider a reshaping operation
also for single carrier modulations, like, e.g., LoRA
chirp. In such a case, the reshaped symbol vector is made
by a first, nonzero, element consisting of the information
symbol followed by M — 1 zero-padding.

o Precoding converts the symbols mapped in the multidi-
mensional lattice to PHY-layer resources in the Time-
Frequency (T-F) grid. The conversion is performed by
transforming and/or combining symbols located at dif-
ferent points of the lattice. A well-known example is the
DFT precoding employed by the DFT-spread-OFDM,
known as single-carrier (SC)-OFDM, or SC-FDMA
in the multi-user case [54]. Other examples are the
M-point Hadamard-Walsh (HW) transformation
employed by MC-SS, required to realize the Spread
Spectrum randomization of the transmitted signal [53],
the M x N-points Inverse Sympletic FFT (ISFFT) inher-
ent to OTFS [55], and the combination of N-point HW
transformation followed by the M-point DFT used by
Orthogonal Time Sequency Modulation (OTSM) [56].

o Windowing slice performs some sort of transforma-
tion of the precoded T-F lattice, leading to signal
scaling or rotation, selected based on specific applica-
tions or requirements [51]. Windowing operations are
the zero-padding required by DFT-s-OFDM before the
ML;-point — L is conventionally denoted as spreading
factor [54], usually set as a power of 2 —, and the %
rotation imposed on the chirp lattice. We can also extend
the concept of windowing proposed in [51] to the zero-
padded conjugate symmetric vector formation required
by Constant-Envelope OFDM (CE-OFDM) [57] and
Constant-Envelope SC-OFDM (CE-SC-OFDM) [58] to
obtain, after the IDFT operation, a real-valued multicar-
rier signal suitable for the subsequent nonlinear phase
modulation.

The T-F resource grid obtained by the aforesaid modules
is characterized by three basic quantities: the minimum fre-
quency spacing Af, the minimum sampling rate T, and the
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maximum frame duration T¢. Such quantities impose the
duration of the symbol T' = Aif, the transmission bandwidth

B= Tis, and relate the duration of the frame to the reshaping
parameter N, i.e.: Ty = NT.

The second macroblock actually converts the T-F resource
grid into the complex baseband waveform that will then be
processed by the RF section of the transceiver and sent to the
channel. It consists of two slices:

o Lattice transform converts the T-F grid to a signal in the
time domain by performing a pulse-shaped transforma-
tion of the samples in the grid. Typical examples of such
an operation are the IDFT used in the basic multicarrier
modulations and the Heisenberg transform in the OTFS.

o Time-domain processing performs some fundamental
operations in the time domain before the D/A con-
version. The common operations for all the waveform
formats are the Parallel to Serial (P/S) conversion and the
Cyclic Prefix (CP) insertion. The slice may optionally
filter the signal before the RF conversion (for example,
in the case of filtered OFDM and FBMC). In the case
of CE-OFDM and CE-SC-OFDM transmission, it also
performs the nonlinear phase modulation of the real-
valued multicarrier signal obtained by the transform
slice. As far as the LoRA chirp waveform is considered,
the time-domain processing slice performs the Chirp
Spread-Spectrum modulation.

The generic multi-waveform numerical receiver scheme of
Fig. 6 is matched to the modular decomposition of the trans-
mitter shown in Fig. 5. After the A/D conversion, the inverse
transformation returns the lattice in the discrete frequency
domain, where equalization, de-windowing, and inverse pre-
coding are performed. Finally, de-shaping, which is actually
the inverse of reshaping, converts the received lattice to the
time domain. The last RX processing tasks are synchroniza-
tion, matched filtering (with the pulse shaping imposed by the
time-domain processing slice of the transmitter), and symbol
detection to complete the chain. As shown in two recent
contributions [59], [60], the proposed modular framework
enables the synthesis of a wide plethora of single-carrier and
multi-carrier waveforms that are regarded as good candidates
to support differentiated 6G NTN PHY-layer configurations.
In Fig. 7, we summarize the practical modular decomposition
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FIGURE 6. Receiver scheme matched to the modular decomposition of the waveform transmission shown in Fig. 5.

Reshaping Precoding Lattice Time-domain
Transform processing

OFDM Mx1 (S/P) None None M-point IDFT P/S and CP insertion
DFT-s-OFDM Mx1 (S/P) M-point DFT (ML4-M) zero- ML;-point IDFT  P/S and CP insertion
padding (L,>1)
MC-SS Mx1 (S/P symbol  Hadamard-Walsh None M-point IDFT P/S, CP insertion
repetition) (HW) transform
Filtered-OFDM ML, x1 (k=1,..,K, None None M/L,-point IDFT Sub-band filtering,
L>1) (S/IP) P/S and CP insertion
FBMC Mx1 (S/P) None None M-point IDFT Subcarrier filtering
(filter bank), P/S
LoRA chirp 1x1 + (M-1) zero- None Widowing with M-point IDFT Chirp SS modulation,
padding (S/P) n/4 phase P/S and CP insertion
rotation
Constant Envelope- Mx1 (S/P) None 2F 5, (M +1)x1 2F, (M +1)-point Nonlinear phase
OFDM (zero-padded IDFT modulation, P/S and
conjugate CP insertion
symmetric vector)
Constant Envelope- Mx1 (S/P) M-point DFT 2F,, (M+1) x1 2F,, (M +1)-point Nonlinear phase
SC-OFDM (zero-padded IDFT modulation, P/S and
conjugate CP insertion
symmetric vector)
OTFS MxN buffering MxN None MxN P/S and CP insertion
Inverse Heisenberg
Sympletic FFT transform
OTSM MxN buffering N-point HW None M-point IDFT P/S and CP insertion
transform and M-
point DFT
NOMA (power- M/L; x 1 (L4<1) None None M-point IDFT P/S and CP insertion
domain) with OFDM (S/P)
FIGURE 7. Modular decomposition of the candidate waveforms for 6G NTN transmission: prc g slices instantiations.

of some of these waveforms, with the appropriate instantia-
tion of each slice.

B. SDR IMPLEMENTATION OF THE CANDIDATE NTN
WAVEFORMS

The modular decomposition of the 6G NTN waveforms
shown in Fig. 7 can be straightforwardly translated into
an agile SDR-based PHY-layer implementation, driven by
an intelligent agent, as shown in Fig. 8. The transmitting
unit includes a waveform selection module that receives
input information on application requirements, such as data
rate, terminal mobility, bit-error rate, latency, etc. Based on
this information, the module assembles a PHY-layer report
that is sent through a dedicated channel to an intelligent
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SDN-programmed agent. The agent reads the report and
decides which waveform to use to establish the connec-
tion. The consequential action is to retrieve the related set
of PHY-layer procedures (reshaping, precoding, windowing,
lattice transform, and time-domain processing) from the SDR
library. Then, the agent packs the code into an SDR package,
which is sent to the transmitting unit. Finally, the code is
executed by the baseband SDR processor, and the data is
transmitted onto the NTN link.

To make the work of the PHY-orchestrator easier, an agile
organization of the SDR library should be considered.
We propose to organize the library into sub-libraries. One
of these should contain general-purpose functions (reshaping
and CP insertion), a generic lattice transform (typically: the
IFFT) that can be reused for different PHY-layer formats
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FIGURE 8. The proposed SDR-based PHY-layer implementation framework for 6G NTNs.

simply by changing their parameters. Then, specific sub-
libraries should be established for each waveform, containing
the appropriate instantiations of precoding, windowing, lat-
tice transformation, and filtering. Substantially, the network
orchestrator plays the role of the “librarian.” who selects
the right “volumes” (namely: the SDR modules) from the
appropriate “racks” (namely: the sub-libraries) and delivers
them in a package to the node asking for connection. The
use of Al tools to drive the decision of the SDN orchestrator
will represent an interesting and challenging matter for future
research.

C. IMPLEMENTATION ISSUES

The research work concerning the modular SDR-based
waveform decomposition has focused on the system design
methodology and did not address aspects related to practical
implementation. These aspects will be considered in future
follow-up activities. In the present work, we want to high-
light some critical issues to be tackled during the successive
implementation phase:

o Waveform switching: if the PHY-orchestrator decides
that the waveform format should be changed, a sort
of handover should be issued by the network manager
so that the PHY-layer reconfiguration is prepared in
advance. Buffering mechanisms should be considered
for user data during the transition from one transmission
format to another. The switching procedure should be as
soft as possible without a perceivable service interrup-
tion. This process would involve an increase in overhead
and computational complexity that should be carefully
assessed by taking into account that some transceiver
nodes are installed in flying and/or orbiting payloads.
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o Synchronization: the PHY-layer architecture of Fig. 8
requires a double synchronization that we can denom-
inate as “‘horizontal” and ‘“‘vertical”. The ‘“‘horizontal”
synchronization concerns the current transmitting wave-
form and should be implemented by using efficient
state-of-the-art techniques. The ““vertical” synchroniza-
tion is inherent to the waveform switching operation
and should be governed by the PHY-layer orchestrator
in a centralized manner. Again, such a procedure looks
critical in terms of computability, latency, and overhead.

o Compatibility: different standard waveform formats
generally support different transmission applications,
characterized by varied requirements in terms of bit-rate
and bit-error-rate. The PHY-layer orchestrator should
also manage the waveform compatibility before a recon-
figuration issue. To this aim, appropriate procedures of
data formatting and rate scaling should be implemented
by following a cross-layer approach. Another compat-
ibility issue concerns the design and implementation
of an RF front-end capable of supporting the different
baseband transmission formats of Fig. 7. A viable and
concrete solution for the design and implementation of
a waveform-agnostic RF section, ready to be integrated
with the SDR-based PHY-layer framework of Fig. 8 will
be presented and discussed in Section VI-A.

o Energy efficiency: It is commonly recognized that the
physical layer is the energy-hungriest part of a net-
working system. In our vision, the physical layer is an
intelligent structure provided with autonomous recon-
figuration capabilities. The increase in conceptual com-
plexity may turn into an increase in energy demand. But
it might also represent an opportunity to design a more
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sustainable and energy-efficient system. Sustainability
should be introduced ‘“by design” in the considered
software-defined approach, as shown in some recently
published contributions dealing with a more sustainable
vision of Space systems [61]. Some considerations about
energy supply and power budgeting of the RF section of
non-terrestrial nodes have been drawn in Section VI-B.

o Security: the PHY-layer security is a critical aspect in
satellite-aerial-ground integrated networks (SAGINS).
Some valuable contributions have been published in
the recent literature. In [62], covert communication
performance for SAGINs has been investigated in the
presence of non-ideal behaviors of the HW/SW com-
ponents of the transmission chain. In [63], the tradeoff
between ubiquitous access targeted by 6G NTNs and
secure communications is analyzed, and potential solu-
tions based on Wireless Endogenous Security (WES) are
proposed. Machine Learning tools are also considered
in [64] to enhance the SAGIN security. In particular,
Federated Learning is used to update covert communica-
tion parameters to dynamically react to eavesdroppers’
attacks. It is clear that the software-defined PHY-layer
architecture of Fig. 8 exhibits some evident vulnerabil-
ities in terms of security. The potential critical issues
concern both data transmission and dynamic link recon-
figuration. The second one appears as the most critical.
Indeed, an attacker may interfere with the SDR updating
process, introducing fake software, malware, viruses,
etc. Of course, such adversarial actions can severely
compromise both system and data integrity, involving
potentially catastrophic effects. Suitable countermea-
sures should therefore be adopted. A valuable example
is shown in [65], where a blockchain-based authen-
tication mechanism has been exploited to secure the
firmware updates of LEO satellites. The adoption of
similar solutions can be profitably extended to secure
the SDR-based PHY-layer software update depicted in
Fig. 8. This would be an attractive topic for future
research.

D. CASE-STUDY FOR ADVANCED SDR-BASED NTN
PHY-LAYER DESIGN: CONSTANT-ENVELOPE
MULTICARRIER MODULATIONS (CE-MC)

Among the waveforms included in the modular SDR-based
PHY-layer framework of Figs. 7-8, Constant-Envelope (CE)
multicarrier modulations have particular relevance for non-
terrestrial transmission scenarios. A detailed analysis of the
pros and cons of the use of CE-MC waveforms in non-
terrestrial networks has been presented in [66]. In the present
paper, we shall summarize the main outcomes of such an
analysis.

Constant-Envelope Orthogonal Frequency Division Multi-
plexing (CE-OFDM) was originally proposed by Thompson
et al. in 2008 [57]. CE-OFDM offers a radical solution
to the problem of the high Peak-to-Average Power Ratio
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(PAPR) of multicarrier modulations by transmitting a 0dB-
PAPR waveform, generated from an OFDM signal. In this
way, the immunity to nonlinear amplification is guaranteed.
CE-OFDM is obtained by applying a non-linear phase mod-
ulation to a normalized real-valued OFDM signal. The block
diagram of the CE-OFDM transmitter is given in Fig. 9. You
can notice that the processing blocks of the modular wave-
form decomposition of Fig. 7 are highlighted. The input of the
transmission process is a data sequence (AKA: symbol block)
made of M symbols {Dy, - - -, Dy}, each one belonging to a
squared K-levels QAM constellation (K is an even integer
power of 2). The symbol duration is denoted by Tg. After
the serial-to-parallel conversion (reshaping), no precoding is
applied to the lattice that is passed unaltered to the windowing
module. The CE-OFDM instantiation of windowing converts
the original symbol lattice into a zero-padded hermitian-
symmetric lattice, as follows:

QHZ[O,DL‘“7DMva,0aD1T/[7"‘7DTi| (8)

Z,, denotes the zero-padding vector of length N,. Substan-
tially the original lattice is zero-padded and mirrored so that
Dy (k) = Dj; (—k). The length of Dy is expressed in [57] as
follows:

Niprr =2(M + 1) +Nyp =2(M + 1) Fy, 9

where F,, is the oversampling factor, defined in [57]. The
oversampling factor (a power of 2) is typically chosen to be
4 or 8 [57].

The next processing module is the lattice transform from
the frequency to the time domain, which applies the I-FFT
operator to Dy, . The output of this step is a real-valued OFDM
signal in the digital domain:

Nippr—1

Z Dy [k] ezﬂj(ﬁ)
k=0

x[n] =

u N 2mkn
2291 {Dy} cos N

=1 IFFT
2rk

kn ) (10)
Nirrr
It is interesting to highlight that, adopting a squared multi-
level QAM constellation, we have two independent real-
valued ~/K-PAM symbol streams, which modulate the in-
phase and carrier components of x [n]. The subsequent time-

domain processing module generates the phase-modulated
numerical signal s [n] as follows:

—S{Dk}sin(

s[n] = 2Dy =1 2. M (11)

where 27h is the angular modulation index measured in
radians and A = m is the normalization constant,
defined in [57]. The insertion of the cyclic prefix concludes
the numerical waveform generation.

The final step of the transmission is analog, with the
Digital-to-Analog (D/A) conversion, performed at a sampling
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FIGURE 9. Block diagram of the CE-OFDM transmitter.

rate 1 /Tg. The transmitted CE-OFDM signal is thus given by:

(1) = A {4[2”f0’+¢<1)+”1} Ty <t<T (12
where T = M x TsA, fo, and ¥ are the amplitude, frequency,
and phase of the carrier signal, respectively, while ¢ (1) =
2w hAx (t) is the analog real-valued OFDM signal modulat-
ing the carrier phase. Just for the sake of completeness, x (¢)
is the D/A converted sequence x [n] of (10).

We can immediately notice the strongest point of the
CE-OFDM transmission, i.e., the constant envelope. A CE-
OFDM signal can be transmitted at the saturation point of
a nonlinear amplifier, thereby avoiding the SNR decrease
due to the insertion of the input back-off (IBO), which is
required by OFDM and DFT-s-OFDM to mitigate nonlinear
distortion effects. Moreover, under some conditions of high
pre-detection carrier-to-noise ratio N%, the use of a modula-
tion index larger than 1 rad may turn into a post-detection
signal-to-noise ratio gain, as is typical of analog angular PM
and FM systems [57].

CE-OFDM is intrinsically resilient to frequency-selective
multipath propagation for two main peculiarities. As shown in
Fig. 10, the frequency-domain equalization (FDE) is applied
to the received single-carrier phase-modulated signal. Such
an arrangement offers a diversity gain, as formally demon-
strated in [67], whereas OFDM with FDE does not. Moreover,
the phase modulation introduces a sort of spectrum spreading.
Indeed, if we consider the Taylor series expansion of the low-
pass equivalent phase-modulated signal CE-OFDM signal,
we can see that:

sip (1) =Ace? D ~ A [1+j 2mh) Ax ()] +

2 A2 343
A |:(2nh) A%, » +j(27ﬂ;)‘ A

> x3(t)+~~~:|

(13)

x (t) being the analog real-valued OFDM signal. The
corresponding approximation of the CE-OFDM low-pass
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equivalent spectrum is consequently obtained:

Sip (F) = AcS ()
+jAc Qmh) AX (f)

2h)% A2
A [%{X«)*X(ﬂ}}
@rh)? A3

—JAc 3l X ()« X ()}« X F)]+---
' (14)

X (f) is the spectrum of x (¢). As heuristically demonstrated
in [57], such a spreading turns into a further increase of
multipath diversity, similarly to what happens for wideband
Spread Spectrum transmission. Indeed, the phase demodu-
lation recompacts the “dispersed” spectrum of sy, (f) into
the baseband spectrum of x (¢)), thus providing augmented
resiliency to frequency-selective channel effects.

The impact of phase noise on CE-OFDM transmission has
been investigated in [68]. The arctangent function converts
the complex exponential multiplicative phase noise term into
an additive Gaussian term. Thus, the impact of phase noise
on CE-OFDM link performance is generally mitigated as
compared to that experienced by OFDM, where phase noise
can destroy subcarrier orthogonality, inducing inter-channel
interference [69]. On the other hand, the intrinsic single-
carrier nature of the transmitted DFT-s-OFDM signal makes
such a waveform more resilient to frequency and phase drifts,
including phase noise, which remains, anyway, a relevant
non-additive source of signal degradation.

Despite these advantages, CE-OFDM entails trade-offs
that need careful evaluation. Orthogonal multiple access
(OMA) is one of the strongest assets of OFDM (and
DFT-s-OFDM). CE-OFDM enables OMA only in the down-
link. CE-OFDM signals transmitted in uplink from the
User Equipments (UEs) to the Access Point (AP) are
truly independent and non-slotted single-carrier signals,
which can be multiplexed only in the time (TDMA) or
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FIGURE 10. Basic receiver scheme for CE-OFDM signals.

frequency (FDMA) domain. More trendy and efficient
NOMA solutions for multi-user CE-OFDM uplink transmis-
sion are currently under investigation and matter for future
work.

The second point concerns the CE-OFDM detection. The
block diagram of Fig. 10 clearly indicates that the CE-OFDM
receiver is nonlinear, because the phase demodulation is a
nonlinear processing task. Therefore, nonlinear effects on the
symbol detection should be carefully evaluated. One of these
is the threshold effect, typical of angular modulations, which
degrades the system performance at low SNRs for any value
of the modulation index. The threshold effect is due to the
non-additivity of the background noise caused by the non-
linearity of phase detection [70]. Another nonlinear detection
effect is the phase wrapping. The phase demodulator based on
the nonlinear arctangent function works on a range of output
values falling within the limited interval [—z, 7 ]. If the trans-
mitted signal exhibits phases falling outside such an interval
(this occurs with very high probability when 27k > 1),
these phases ““wrap around.” Substantially, they are shown as
phases in the opposite direction or falling within the standard
range. Phase wrapping involves a form of aliasing in phase
demodulation that turns into inter-channel interference at the
output of the CE-OFDM receiver. For this reason, CE-OFDM
considers two basic countermeasures: the zero-padding of
Dy, which reduces the PAPR of the real-valued OFDM
signal, and the phase unwrapping adopted at the receiver
side [57]. As previously mentioned, oversampling factors of
4 and 8 are regarded as convenient; further increase of this
parameter turns into an increase of the computational burden,
but is generally ineffective, and may even be detrimental.
Phase unwrapping is a useful tool to solve phase ambigu-
ities. However, phase unwrapping is, in turn, a nonlinear
block that may introduce further degradations. An example is
related to circular phase slips, where a 277 ambiguity is incor-
rectly resolved, typically by failing to add the correct integer
multiple of 2. In general, it is not convenient to increase
the modulation index too much, as unsolved ambiguities in
the phase detection might severely impair the demodulation
process.
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Phase demodulation

The DFT precoding of the input symbol sequence has
been proposed in [58] as an alternative solution to make
CE-OFDM more robust to the incorrect phase detection.
Such a precoded CE-OFDM waveform has been denoted as
Constant-Envelope Single-Carrier OFDM (CE-SC-OFDM),
and CE-SCFDMA in the multi-user version. An M -point
DFT precoding is applied before the formation of the
oversampled conjugate-symmetric symbol vector. Such an
arrangement significantly reduces the probability of crossing
the £ boundary and, therefore, of encountering phase wrap-
ping at the receiver side. Of course, the dual DFT decoding
should be applied at the receiver side before the symbol detec-
tion. In [71], the analysis of the empirical complementary
cumulative distribution function (CCDF) of the peak absolute
value of ¢ (¢) evidences a considerably reduced probability of
crossing the critical = boundary, in particular for lower-order
constellations and low modulation indexes.

Another important tradeoff concerns the increased band-
width occupation of CE multicarrier modulations. The main
lobe of the CE-MC signal spectrum occupies a bandwidth
at least twice that of conventional multicarrier transmission
formats. Such an increase is formally motivated by the two-
sided RF spectrum, which characterizes s (). A reliable
quantitative estimation of the bandwidth B occupied by the
main spectral lobe of the CE-OFDM and CE-SC-OFDM RF
signals is reported in the following equation [57]:

B =max {27h, 1} x (i) [HzZ] (15)

Ts

Increasing the modulation index beyond 1 rad, the perfor-
mance of the CE-MC transmission (namely: CE-OFDM and
CE-SC-OFDM) might improve, in particular if higher-order
QAM constellations are adopted, but at the price of further
reduction of spectral efficiency. The comparative perfor-
mance and complexity analysis of CE-MC vs. conventional
MC waveforms will be detailed in Section VIII.

V. EFFICIENT NOMA-BASED RADIO ACCESS
The full implementation of the massive Internet-of-things
(mloT) paradigm in the 6G ecosystem necessarily requires
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the allocation of large numbers of packet flows across
shared resources [6]. This problem has been deeply addressed
at the terrestrial level during the 5G standardization pro-
cess, but remains partly open for the NT contexts, where
massive random access is expected to become crucial to
manage swarms of UAVs or nanosatellites supported by
high-altitude platforms or space motherships [72], [73], [74].
Some recent works have been published related to mas-
sive 10T access in air-ground integrated networks. In [75],
the collision of ranging signals in massive IoT concur-
rent access is addressed in multi-frequency TDMA satellite
communication systems. The devised solution comprises a
multi-objective anti-collision algorithm that optimizes the
concurrent access ranging process by minimizing the col-
lision probability. In [76], the potential of Al is leveraged
to manage the limited spectrum resources and constrained
energy supply, which characterize massive IoT access in
SAGINs. Multi-objective Deep Reinforcement Learning has
been adopted in [77] for efficient time-frequency resource
allocation in massive access multi-beam satellite communi-
cations.

These scenarios may specifically benefit from the interfer-
ence cancellation (IC) capabilities implemented in forthcom-
ing microwave (uWave) and millimeter-wave (mmWave)
radio receivers, which represent the enabling functionality
of NOMA technology. Power-domain NOMA (PD-NOMA)
manages, in fact, the packets colliding within the same time
slot by moving from the attempt to capture that associated
with the highest received power. If this first decoding process
is successful, the acquired packet is canceled, and the decoder
moves to the packet associated with the second-highest
received power by attempting its capture and subsequent
cancellation. If, at a certain iteration, the decoding results are
unsuccessful, the procedure is terminated, and the remaining
packets are considered involved in an unresolvable collision.
This evolution of the NOMA scheme enables significant
throughput improvements with respect to the commonly
adopted slotted Aloha (SA)-based protocols implemented
in 2-4G random access channels (RACHs), Accordingly,
many valuable contributions have been recently presented
to highlight the potential and the perspectives of the PD-
NOMA technology [78], [79], [80], [81], [82], [83], [84],
[85]. These works mainly address the design problem, while
thr modeling one has received less attention, with few valu-
able studies that have presented theoretical estimations of
the PD-NOMA performance [86]. This latter task is, in fact,
considerably challenging because of the characteristics of the
IC decoding process, which is influenced by the correlation
among the powers associated with the packets hosted in the
same slot. Moreover, the unreliability of the communication
channel, characterized by the influence of different statis-
tical phenomena, makes the problem harder to deal with.
As a consequence, the development of a fully analytical
framework for the throughput evaluation of a PD-NOMA
scheme often may represent a prohibitive problem, specifi-
cally in high-mobility NT scenarios. A partial addressing of
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this issue might be realized by adopting a semi-analytical
approach [87]. According to this strategy, the PD-NOMA
model may be subdivided into two parts: an analytical one,
focused on the theoretical evaluation of the power statistics,
and a simulated one, focused on the throughput calculation by
exploiting the analytical power distributions. The benefits of
this approach concern, on the one hand, the reduction of the
overall computational time, thanks to the replacement of the
channel simulator by a suitably generated random variable,
and, on the other hand, the possibility of taking into account
the correlations among the ordered powers during the IC
process.

A. ANALYTICAL TASK

The conceived semi-analytical strategy becomes specifically
profitable when the CDF of the power statistic is available in
closed-form. For the aerial and space scenarios, this possibil-
ity can be realized, for example, by considering swarms of
vehicles moving within a disk of radius p and center O that
send information towards a common destination located in O.
Since LoS conditions can be reasonably assumed, the power
received by the destination from the generic transmitting user
can be compactly written as:

P=—V, (16)

where 8 = PTGTGR/« is a constant accounting for the trans-
mitting power P, the transmitting/receiving antenna gains
Gt/GR, and the path-loss floating intercept «, while R and
W are random variables modeling, respectively, the random
location of the vehicles and the statistical fluctuation of the
power.

For an aerial context, random way-point UAV mobil-
ity [88], and Nakagami-m fading [89], can be adopted to
respectively describe R and W. According to the these
choices, the CDF of (16), for p > 0, can be expressed as [87]:

2

1 Z&Wuwm

Fro)= 16 5

y [m+k; x@]. A7)

k=0

where I'(-) and y(-; -) are the complete and lower incomplete
gamma functions, respectively, dy; is the Kronecker delta,
and:

- mp
x) = o (18)

For a space context, R and W may be instead respectively
described by a uniform distribution [74], and a generalized
gamma distribution [90], where the first one models a lattice
swarm of small satellites around a receiving mothership,
while the second one models ionospheric scintillation. In this

case, the CDF of (16), still for p > 0, can be written as [87]:

! k
1 =D Skt

F = s X2 , 19

P(p) F(M])kzzoik(p)y[M1+M2 X (p)} (19)
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where 1 and p; are the shape parameters of the generalized
gamma distribution, and:

N p 1
=— T —). 20
1O = 5o ('MH_M) 0

B. SIMULATION TASK
The integration of the analytical CDFs inside the network
simulator may be carried out by firstly generating, for a given
offered load ¢, the random number n of users hosted in a slot
according to a Poisson-based traffic model. Subsequently, the
corresponding independent and identically distributed (iid)
received powers pi , ..., pn,n may be generated according
to (17) or (19). The successful or unsuccessful decoding of
each of the n packets can be established by reorganizing
them in ascending order. This leads to an ordered realization
D(1),ns - - - » P(n),n>» Where p() , is the highest generated power.
Assuming perfect IC, the SINR at the /-th iteration, can be
determined, for/ =1, ..., n, as:

P),n
-1 ’
ZP([/),n + No
I'=1

21

Uln =

where Ny is the noise power. The (/)-th packet is usually
considered successful if its SINR is larger than or equal to a
predefined threshold. A more reliable criterion can, however,
be established by considering the actual rate achievable by
that SINR. For a Shannon-based limit (i = 0) and a QPSK
modulation combined with an efficient channel code (i=1),
this rate can be expressed as [91]:
logy(1 4+ vy ) i=0

a (22)
2 — Zexp[a3 —aj (U;") 2] | =

where a; = 1.2860, a; = 0.9308, a3 = 0.0102 are approxi-
mating coefficients, and the case i = 1 remains accurate for
SINR values larger than -20 dB. According to this criterion,
the (1)-th packet can now be considered successful if:

§i(uin) = 0, (23)

where 0 = oclog, om accounts for selected code rate o
and the modulation order on,. The satisfaction of the sole
condition in (23) is, however, not sufficient to guarantee that
the corresponding packet actually contributes to the aggre-
gate network throughput. The possibility that the IC process
arrives at the (/)-th step is, in fact, correlated to the success
of all the previously processed packets (from (m) to (I + 1))
and the consequent complete removal of the corresponding
interference powers. Otherwise, i.e., if at least one of the
previous m — [ 4 1 packets is unsuccessful, the (/)-th one will
not be processed because of the already occurred termination
of the IC process. This correlation implies that the success
event for the (/)-th IC iteration (or packet) can be modeled,
fori = 0, 1, by the Boolean function:

i [léi(vz/,n)ZQ,l’zl,...,n

Ei(Ul,n)z

I,n —

. , (24
0 otherwise
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which allows one to express the throughput as:

ni =0 EN[Z S{,n} S (25)

=1

where E [-] is the expectation over the rv N (whose realization
is n). This latter numerical quantity provides, in information
bits/transmission, the average amount of traffic successfully
delivered to the target receiver as a function of the offered
load for each of the two code-modulation models in (22). The
expression in the brackets simply denotes the total number of
successfully decoded packets per realization, which is subse-
quently averaged over the number of simulations performed
for each considered value of the load. The results obtained by
the here described semi-analytical approach for the air and
space scenarios will be presented in Subsection VIII-C.

VI. MULTI-MODAL TRANSCEIVER IMPLEMENTATION

In the path from 5G to 6G, spectral efficiency becomes a
key parameter for evaluating and selecting emerging tech-
nologies to be incorporated in the standard specifications.
Non-Orthogonal Multiple Access (NOMA) has shown higher
spectral efficiency compared to conventional OFDMA [92],
which is the actual baseline of 5G waveform. At the same
time, the shift to higher frequency bands allows for larger
signal bandwidths, enabling higher data rates. However, this
evolution is constrained by hardware impairments, as prac-
tical devices deviate from ideal behavior. Power amplifier
nonlinearities (such as AM-AM and AM-PM distortion),
phase noise, and IQ imbalance can degrade signal integrity.
These imperfections lead to increased out-of-band emis-
sions and reduced in-band SINR (Signal-to-Interference-and-
Noise Ratio). In NOMA systems, such degradation affects
the general signal quality and the effectiveness of Successive
Interference Cancellation (SIC), which is a critical process
that allows users to separate and decode individual data
streams. The probability for a user to experience a SINR
lower than the minimum required to ensure a certain QoS
is known as the outage probability. It is increased by hard-
ware non-idealities, compromising the overall network data
capacity and fairness in resource allocation among users [93].
In our paper, a proof-of-concept of a TDD satellite transceiver
for the 5G FR2 frequency bands n257, n258 an n261 [94] is
proposed. The transceiver is composed of COTS components
for a cost-effective solution. The proof-of-concept comprises
evaluation boards (EVB) of the selected RF chain hard-
ware components. A measurement campaign is performed to
extract the proposed system key parameters, which are then
integrated in a simulator to assess phase noise, AM-AM, and
AM-PM impairments on a NOMA waveform.

A. HARDWARE ARCHITECTURE AND SDR
COMPATIBILITY FOR MODULAR WAVEFORMS

The proposed RF Front-End (FE) employs a hybrid archi-
tecture that couples a direct-sampling modem/SDR inter-
face at the intermediate frequency (IF) with a Ka-band

VOLUME 7, 2026



_IEEE s IEEE Open Journal of the
gfom 0C" Cc ications Society

SDR

upP
CONVERTER

—/\ 1-6 GHz Gain 90°
Block Hybrid

—1

DOWN
CONVERTER

. 90°
- = @

a
| | ‘
ADIDA PLL | 0)
| |
e
[} \
|
|

25.5-27 GHz

DRIVER T PA O
|
v

25527 GHz

A<

FIGURE 11. Ka-band FE PoC architecture: SDR/IF interface and RF conversion/amplification chains.

Downconverter

90° Hybrid

Driver bias
controller

Driver

FIGURE 12. PoC implementation based on COTS building blocks (evaluation
boards / modular RF components).

superheterodyne RF chain performing IF-to-RF and RF-to-
IF conversion. Fig. 11 and Fig. 12 show the block diagram of
the designed FE architecture and its hardware implementation
using COTS building blocks, respectively. We believe that our
choice provides a good tradeoff among performance, flexibil-
ity, and component availability at Ka-band, while remaining
naturally compatible with software-defined, modular wave-
form generation and detection.

The RF section adopts highly integrated Ka-band
frequency-conversion ICs, enabling compactness and
reduced component count. A key design goal is to keep the RF
chain as much waveform-agnostic as possible. In such a way,
different waveform formats (including modular waveforms
assembled in the SDR domain) can be accommodated by
selecting bandwidth, sampling rate, and digital channel fil-
tering at baseband/IF, while the RF chain provides wideband
conversion and amplification. In particular, the IF plan is
selected to avoid undesired LO-related tones within the target
RF band, and upper-sideband conversion is employed to
minimize the need for spectrum inversion at the SDR level.

The designed TX chain comprises: IF input condition-
ing/variable gain (to set the drive level), IF filtering, IF-to-Ka
upconversion (superheterodyne), driver amplification, power
amplification, and an output band-pass filter. This chain is
dimensioned so that the FE can deliver high-throughput mod-
ulated signals while maintaining sufficient linearity margin,
also guaranteed by the output detector that ensures the ability
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to maintain constant output power by implementing an auto-
matic level control (ALC). The designed chain is shown in
Fig. 13.

From a requirements standpoint, the PoC targets an out-
put power at the Ka-band port in excess of 37 dBm under
representative operating conditions, and modulation-quality
preservation for high-order modulations (e.g., 32APSK),
which translates into adequate output back-off (OBO) and
stage-level headroom from compression. In practice, fol-
lowing the DVB-S2 standard, the design keeps the nominal
operating point at least 3—5 dB below the effective P4p of the
stages that dominantly affect EVM (e.g., driver/PA), while
ensuring that spurious emissions remain below the target
mask (e.g., < —40dBc) after output filtering. The linearity
analysis is shown in Fig. 14.

The RX path is designed to maximize sensitivity through
low-noise front-end conditioning and provide sufficient
dynamic range to accommodate varying link conditions with-
out saturating the SDR/ADC. A representative RX chain
comprises: input band-pass filtering, low-noise amplifica-
tion (LNA), Ka-to-IF downconversion (superheterodyne),
IF filtering, variable-gain amplification (VGA/AGC), and
IF output conditioning toward the SDR/modem. The block
diagram of the designed chain is shown in Fig. 15.

At a requirement level, the RX chain is dimensioned to
cover a broad input power range (link-dependent) while keep-
ing the IF output within the SDR/ADC linear region. Key
driver targets include: a low overall noise figure to preserve
G/T at the terminal, sufficient gain to overcome downstream
noise contributions, and adequate compression and intermod-
ulation margin at the stages most exposed to strong inputs
(e.g., LNA/mixer/VGA). The gain and compression analysis
is shown in Fig. 16. Section VIII will show and discuss
further in-lab measurement results that will definitely provide
validation to the PoC.

B. ENERGY SUPPLY AND POWER BUDGETING OF
NON-TERRESTRIAL NODES

Non-terrestrial nodes (e.g., small satellites) operate under
stringent energy constraints dictated by the spacecraft electri-
cal power subsystem (EPS), which must balance generation
(solar arrays), storage (battery), and loads over the orbit.
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In this context, the RF payload is typically one of the dom-
inant contributors to the power budget due to the power
amplifier (PA) and the frequency-generation chain. The pro-
posed PoC FE consumes less than 35 W in peak operation
while targeting point-to-point Ka-band links above 1 Gbps
(both inter-satellite and feeder links), enabled by the avail-
ability of large bandwidths and by the adoption of suitable
modulation/coding techniques. From an operational stand-
point, the same hardware naturally supports energy-aware
strategies such as duty cycling (i.e., activating high-power
RF stages only during scheduled transmission/reception win-
dows), which reduces average power while preserving peak
throughput when the link is active.

C. COST AND INTEGRATION OVERHEAD OF
MULTI-TECHNOLOGY SUPPORT

The proposed multi-technology integration is achieved pri-
marily through a common RF/IF platform and a software-
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defined baseband section. This limits hardware overhead
when enabling multiple technologies: the RF chain need
not be replicated for each waveform/access scheme, while
waveform switching and protocol agility are primarily han-
dled in the SDR domain (compute/FPGA resources and
software). Moreover, the PoC has been implemented using
consumer-grade COTS building blocks to reduce lead time
and non-recurring engineering costs, while preserving a clear
migration path toward an integrated custom board once the
target architecture and RF plan are consolidated.

VIl. CLOUD COMPUTING AND MEC FOR NETWORK

ORCHESTRATION AND CONNECTION MONITORING

The massive increment of users in 5G and beyond NTNs
made the traditional centralized computing techniques
obsolete. Indeed, such techniques are being replaced by
multi-access edge computing (MEC). MEC provides cloud
computing capabilities close to the network edge [95]. It is
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known that satellite networks often struggle with extended
delays and limited data capacity, causing connection issues.
Thanks to its proximity to end-users and geographically
distributed deployments, MEC can solve these problems by
reducing latency, increasing data capacity, enhancing secu-
rity, and ultimately improving the network efficiency [96].
During the INFINITE project, two main activities concerned
the aspects of cloud computing and MEC:

« Development of a MEC emulation platform to evaluate
MEC placement strategies in Space networks.

o Synergetic combination of Al and MEC for Cloud-RAN
monitoring and resource management.

In the following subsections, the research core concerning
these two activities will be presented.

A. METEORNET: AN EMULATION PLATFORM
In this subsection, we present MeteorNet [97], an open-
source emulation framework we developed to support
the study of Non-Terrestrial Networks (NTNs). Meteor-
Net integrates virtual networking, containerized applications,
and orbital dynamics into a cohesive platform specifi-
cally designed for evaluating Multi-access Edge Computing
(MEC) placement strategies in space-based networks. Unlike
traditional discrete-time simulators, MeteorNet operates in
continuous time and leverages real-time emulation with
multi-threaded execution. By using production-grade virtu-
alization technologies at both the network and system levels,
the framework provides a realistic and scalable environment
for testing edge computing solutions. This ensures that pro-
posed strategies can meet the stringent timing and operational
requirements of modern and future LEO satellite constella-
tions.

MeteorNet models a space-based cloud system distributed
across a LEO satellite constellation. Its core architecture
comprises the following modules:
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1) Orbit Propagation Module: it simulates satellite
motion and orbital dynamics in real time.
Software-Defined Networking (SDN) Controller:
it manages the virtual network topology using
Mininet [98], enabling centralized and programmable
routing control.

Containerized Software Environment: it uses
Docker to deploy isolated computing services within
lightweight OS-level virtual environments [99].
Network Performance Monitoring: it captures met-
rics such as throughput, latency, jitter, and packet loss
to support system evaluation and tuning.

Each MeteorNet node consists of an OpenFlow-enabled [100]
virtual switch interface. Nodes are interconnected through
virtual links with configurable properties such as bandwidth,
delay, and packet loss. MEC-enabled nodes also run a Docker
container attached to the switch, with its own operating
system and software stack. When Line-of-Sight conditions
change, MeteorNet dynamically adjusts or disables links to
emulate realistic network disruptions. Satellite nodes may
function as compute-enabled endpoints or host-less switches
that forward traffic via the SDN controller. MeteorNet does
not simulate physical data transmission; instead, it models
link properties such as availability and delay using empiri-
cally derived statistical approximations.

Moreover, MeteorNet supports the emulation of edge com-
puting deployments in both terrestrial and space-based cloud
architectures. In the following subsection, we focus on com-
paring the following two paradigms:

2)

3)

4)

1) Terrestrial Cloud: Tasks are processed by a data center
connected to the Internet via a single ground gateway
in Italy.

2) Space Cloud: One or more satellites serve as comput-
ing nodes, executing tasks directly in orbit.

In both architectures, user devices connect to the network via
the nearest satellite in line-of-sight. Inter-satellite routing is
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handled by ONOS [101], which uses a reactive algorithm
based on Dijkstra’s shortest latency path [102] to compute
data flows across the constellation.

B. TERRESTRIAL VS. SPACE CLOUD MODEL

This subsection presents the system model used to compare
the performance of space and terrestrial edge computing
architectures using the MeteorNet framework.

1) SPACE SEGMENT MODEL

We simulate a constellation of S satellites using a Walker
Delta pattern with ten orbital planes evenly distributed across
half the equator’s circumference. Each orbital plane hosts
ten satellites uniformly spaced along its orbit. Inter-Satellite
Links (ISLs) connect each node to its two nearest neighbors
within the same orbital plane and to two satellites in adjacent
planes, forming a mesh with four direct links per node.

2) GROUND SEGMENT MODEL
User devices, defined as U = {u; | 1 < j < U}, are
deployed at fixed locations on Earth and generate tasks that
must be offloaded to external computing servers. Users lack
direct access to the terrestrial Internet and hence rely on the
satellite network for uplink. Each device connects via the first
satellite in Line-of-Sight. Figure 17 illustrates the geographic
locations and network topology. Table 1 lists the considered
user coordinates and their corresponding distances to the
ground gateway.

We evaluate four configurations based on server placement
strategy:

1) Terrestrial Cloud: processing occurs on a ground
server linked to the Italy gateway, with a fixed latency
of 5 ms.
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TABLE 1. Ground nodes locations.

Location Latitude [°]  Longitude [°] Name Distance [km]
Italy 44.41 8.93 gl -
Austria 48.2 16.3666 ul 709
UK 55.9483 -3.2191 u2 1543
Turkey 39.9272 32.8644 u3 2027
U. Arab Emirates  25.23 55.28 u4 4660
India 19.017 72.857 us 6489
China 30.58 114.27 u6 8770
Thailand 13.75 100.5166 u7 9069
Japan 35.685 139.7514 u8 9826
Indonesia -6.1744 106.8294 u9 11117
Australia -27.4550 153.0351 ul0 16321

TABLE 2. Constellation parameters for test cases.

Parameter | Value Description
100 Number of satellites
10 Number of user locations
20 Devices per user location

45 minutes Emulation duration

2 tasks/minute
=~ 200
~ 1800

Task generation rate per device

Tasks per user u;

zlZ =8|y o|w

Total tasks per test case

2) Space Cloud, Single: a single satellite (ID 78) hosts
the edge server.

3) Space Cloud, Along Orbit (AO) Distribution: ten
satellites in one orbital plane act as servers (IDs 71—
80), spaced 36° apart in mean anomaly.

4) Space Cloud, Cross Plane (CP) Distribution): ten
satellites in adjacent orbital planes serve as compute
nodes (IDs 8, 18, 28, ..., 98), separated by 18° in right
ascension of the ascending node [103].

All architectures share the same constellation and task gen-
eration settings, summarized in Table 2. Each user location
hosts D devices, generating tasks at a rate r following a
Poisson process. Let N; be the number of tasks from user u;,
and N = ZJU N; the total tasks during the emulation period
T. We define A; ; as the end-to-end network latency for a task
i by user ;. It corresponds to the shortest path delay between
the user and the nearest latency MEC server. We evaluate each
architecture by computing the average task latency per user
uj:

1\]].
7, = 2Lt (26)
Nj

This setup enables a systematic comparison of edge
architecture designs and helps identify when space-based
computing outperforms traditional terrestrial approaches.

C. ML AND MEC-ASSISTED MONITORING AND

RESOURCE PREDICTION FOR DISAGGREGATED NGRAN
One emerging trend in NTNs is the disaggregated Next-
Generation Radio Access Network (NGRAN). 3GPP has
proposed the disaggregated NGRAN to optimize resource
management in 5G networks [104]. Substantially, in a

VOLUME 7, 2026



. IEEES IEEE Open Journal of the
Comdoc communications Society

5G core 5G core

' - } NG \_ NG
| gNB-CU
gNB-CUCP gNB-CUUP|

C

H
2

~ p \
| E1 |

l RRC IPDCP-Cl?—-ﬁlPDCP-UI SDAP ”
) L J

F1-C F1-U

|
# t

[weo [
PHY

NR-Uu NR-Uu

FIGURE 18. Disaggregated NGRAN split option of 3GPP: baseline option (on the
left), enhanced option (on the right). NOMENCLATURE: RRC: Radio Resource
Control, PDPC: Packet Data Convergence Protocol, SDAP: Service Data Adaptation
Protocol, RLC: Radio Link Control, MAC: Medium Access Control, PHY: Physical
layer functions (courtesy of [105]).

2
0

m
E )

disaggregated NGRAN, the gNB is split into a Central
Unit (CU), a Distributed Unit (DU), and, in Open RAN-
style decompositions, a Radio Unit (RU). CU hosts the
higher-layer RAN protocol functions, such as RRC and
PDCP/SDAP, and is commonly implemented as a virtualized
network function deployed in a centralized or edge-cloud
location. DU hosts the lower-layer functions such as RLC,
MAC, and PHY, and performs time-sensitive baseband pro-
cessing closer to the radio site, under partial control of
the CU. The RU provides radio-frequency (RF) transmis-
sion/reception and typically implements RF and low-layer
PHY processing near the antenna site. In Fig. 18, the different
options for NGRAN disaggregation planned by 3GPP are
shown. In the enhanced version, the gNB-CU is further split
into gNB-CUCP and gNB-CUUP, where the gNB-CUCP
handles the RRC and control plane tasks of PDCP (PDCP-
C), and the gNB-CUUP handles the SDAP and PDCP user
plane (PDCP-U) tasks. The disaggregation of the NGRAN is
essential for optimizing resource management in 5G NTN,
particularly within LEO satellite constellations operating in
regenerative mode. However, this disaggregation, combined
with satellite mobility and limited processing power, presents
challenges in ensuring network resilience and addressing
Quality of Service (QoS) requirements. During the INFINITE
project timeline, relevant research efforts have been spent
to exploit the full potential of Al and MEC to efficiently
monitor the link status and the resource allocation in non-
terrestrial NGRAN configurations. In particular, Al-based
monitoring continuously ingests NGRAN and transport KPIs
and translates them into actionable intents (e.g., fault local-
ization, alternative routing decisions, and resource forecasts)
that can be enforced by software-defined orchestration for
adaptive rerouting and resource allocation. The related results
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FIGURE 19. Pictorial description of the disaggregated NGRAN NTN architecture
(courtesy of [107]).

have been published in some very recent works [105], [106],
and [107]. The starting point of the research work is the
cloud-native NTN architecture of Fig. 19. The gNB-DU is
embarked on a regenerative LEO satellite payload, and the
gNB-CU is deployed in the terrestrial network to form an end-
to-end 5G NTN network, as shown in Fig. 20. In addition,
the training dataset for the AI models is collected from a
cloud-native 5G NGRAN testbed deployed in the lab, where
the gNB-CU and gNB-DU functions run as containerized
network functions and export real-time telemetry for mon-
itoring and orchestration. In [106], a Graph Convolutional
Network (GCN) is used to identify the faulty NGRAN com-
ponent based on link delay and identify the shortest routing
(alternative) path across the network. GCN is a typology of
deep learning Graph Neural Network (GNN) that learns the
graph structure representation of the deployed network [108].
A graph can be denoted as G = (V, E), where V represents
the set of nodes, E the links connecting the nodes, and G (e)
a nonlinear mathematical activation function. The disaggre-
gated NTN NGRAN is represented as a graph, with the
nodes representing terrestrial gNB-CUs and satellite gNB-
DUs, while the edges feature the connections between them.
The key advantage of using GCNs for this task is their
ability to effectively capture the local neighborhood infor-
mation around each node and identify faulty edges based on
the training data. More specifically, the training data con-
sist of time-stamped NGRAN/transport KPIs collected from
the deployed testbed, which are preprocessed and mapped
into a KPI-attributed graph representation; representative
traffic is generated, and controlled degradations/faults (e.g.,
delay/loss/bandwidth constraints) are introduced to obtain
training/validation labels. The resulting measurements are
modeled in NetworkX as a graph G(V, E) with metrics
stored as node/edge attributes, and then exported as adja-
cency and feature matrices for the GCN-based monitoring
pipeline. The GCN output (fault localization and alternative
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routing/traffic-steering decision) can then be exploited by
a software-defined orchestration layer to enforce adaptive
rerouting and link monitoring.

An improvement of the approach mentioned above has
been proposed in [107], where the GCN model has been
used in a federated learning (FL) ML architecture, which has
been supported by MEC. FL is a machine learning technique
that enables algorithmic training on decentralized devices
(servers) that store and process data without the need to
exchange it. FL is opposed to conventional centralized learn-
ing techniques and to distributed learning with an identical
distribution of data on the decentralized devices. As shown
in [106], GCN utilizes graph-based learning for real-time
fault detection and traffic optimization in dynamic NGRAN
environments. FL. enables decentralized, privacy-preserving
model training while minimizing communication overhead,
thus increasing the potential of GCN. On the other hand,
edge-centric processing with MEC deploys local GCN mod-
els at MEC nodes, thus minimizing latency and enhancing
real-time decision-making. As shown in Fig. 21, FL. and MEC
have been combined to improve the efficiency of disaggre-
gated NGRAN monitoring. From a generalization standpoint,
federated training across heterogeneous terrestrial/satellite
MEC nodes aggregates diverse operating conditions with-
out sharing raw data, improving robustness to topology
changes and mobility dynamics. Consistent gains across
training rounds under LEO mobility further indicate adapta-
tion beyond a single static scenario.

Another essential task in NTN-based disaggregated
NGRAN is the resource prediction. Cloud-native networking
and disaggregated NGRAN enable the implementation of
flexible, scalable, and resilient NTNs. However, the process-
ing capabilities of satellite payloads are limited, as well as
the bandwidth availability of front-haul links. This involves a
significant problem of efficient network resource allocation.
For this reason, proactive monitoring and network resource
utilization prediction are crucial tasks to enhance efficiency
and resilience. In [105], an ML-based solution for resource
utilization prediction in NTN disaggregated NGRAN has
been proposed, based on Long-Short Term Memory (LSTM)
neural networks. LSTM is a type of recurrent neural net-
work (RNN) aimed at mitigating the vanishing gradient
problem commonly encountered by traditional RNNs [109].
It aims to provide a short-term memory for RNN that can
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FIGURE 21. Combination of Federated Learning and MEC to improve the
monitoring of disaggregated NGRAN in 5G NTNs (courtesy of [107]).

last thousands of timesteps (thus: ‘“long short-term mem-
ory”). An LSTM unit is typically composed of a cell and
three gates: an input gate, an output gate, and a forget
gate. The cell remembers values over arbitrary time inter-
vals, and the gates regulate the flow of information into and
out of the cell. Selectively outputting relevant information
from the current state allows the LSTM network to maintain
useful, long-term dependencies to make predictions, both
in current and future time-steps. Two different splits have
been simulated in [105]: the first one corresponds to the
baseline 3GPP NGRAN architecture of Fig. 18 (gNB-DU
virtualized on the LEO satellite and gNB-CU executed on
the terrestrial gateway), while the second one corresponds
to the enhanced architecture with gNB-CUUP virtualized
on the LEO satellite and gNB-CUCUP executed on the
terrestrial gateway. With LSTM-driven utilization forecasts,
a network operator can decide which disaggregated NGRAN
network function is feasible to deploy on the satellite pay-
load under limited onboard computing, while accounting
for payload and fronthaul constraints. The LSTM-based
resource consumption prediction model of [105] is shown in
algorithm 1.

In the following section, accurate simulation results will
provide a credible assessment of the considered MEC-based
and Al-based network management policies.
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Algorithm 1 LSTM for Resource Consumption Prediction
1: Input: Data (CPU, Mem), seq_length, epochs
2: for each epoch do
3 Load data
4 data.columns < strip names
5 data(Bandwidth) <« ‘W
6: Initialize: MinMaxScaler
7
8
9

scaled_data <« scaler.fit(data)
X, y < create_sequences(seq_length)
: X_train, x_test, y_train, y_test <— split(scaled_data,
0.2)
10: Initialize: Sequential(LSTM, Dropout, Dense)
11: Initialize Adam

12: model.compile(loss="mse’, optimizer=Adam)

13: early_stopping, reduce_Ir < set callbacks

14: model.fit(x_train, y_train, call-
backs=[early_stopping, reduce_Ir])

15: test_loss, test_mae <— model.evaluate(x_test, y_test)

16: Predictions <— model.predict(x_test)

17: y_test_original <— inverse_transform(y_test)

18: end for

19: Output: Trained model with metrics (test_loss,
test_mae) and reconstructed labels (y_test_original)

VIil. REVIEW AND DISCUSSION OF THE PROJECT
RESULTS

During the INFINITE project activities, a wide series of
results has been achieved and published concerning the
various technologies under investigation. In this section,
a representative subset of these results is presented and dis-
cussed, dealing with:

o Cell-free MIMO in integrated terrestrial and non-
terrestrial scenarios (VIIL.A).

o Performance assessment of advanced PHY-layer for-
mats for NTNs, considering the Constant-Envelope
Multicarrier case (VIIL.B).

« Evaluation of the attainable throughput of PD-NOMA
systems in NTN transmission applications (VIIL.C).

o In-lab measurements concerning the Ka-band FE PoC
(VIILD).

« Comparison between terrestrial-based and Space-based
edge computing architectures (VIILE).

o Al-based Cloud-RAN monitoring in NTNs (VIILF).

A. CELL-FREE MIMO IN T-NT SCENARIOS

In this subsection, the numerical results obtained from the
cell-free architecture detailed in Section III are presented and
commented on. Please notice that here we did not include the
thorough and detailed analysis of the NTN cell-free MIMO
environment due to the lack of space. The reader can refer
to [39] for a more exhaustive investigation. For example,
aspects on the mitigation of phase misalignments to preserve
signal integrity between satellites and UTs are discussed
in [110] and [111], and a suitable per-satellite synchroniza-
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FIGURE 22. CDF of the SINR per user and symbol for OFDM and OTFS for different
values of Nyy¢ ans Ny, ZF beamforming and combining, Pg4r = 15 dBW, and

NUT,MAX =10.

tion scheme can be found in [112] exploiting space—time
block coding. Regarding the performance of the macro-
diversity schemes, we have considered a constellation similar
to Starlink. The simulated scenario envisaged an observed
fixed UT surrounded by 50 interfering UTs randomly placed
within a radius of 670 km, each with an estimated positioning
offset (therefore, the satellite delay and Doppler precompen-
sation include a residual error). The offset distance r, ; from
the exact UT position was set as a random point within a
circle of radius 500 meters V p, g. Concerning the waveform,
the carrier frequency was set to f = 20 GHz (Ka-band),
the subcarrier spacing to Af = 120 kHz, the symbol time
to T = 8.33us, with M = 32 and N = 16. The power
spectral density of the noise was Nyo = —174 dBm/Hz, and
the noise figure at the receiver was F' = 5 dB. We assumed
Nsx = Nsy = 16, ie., Ng = 256, I'sat = 23 dB at the
satellites, and Nuyrx = Nury = 4,i.e., Nyr = 16, 'yr =
10 dB at the UTs. We assume that all the satellites have the
same power budget, i.e., P, sar = Psar, Yp = 1,..., P.
The propagation channel is modeled following the two-state
semi-Markov model described in ITU-R Recommendation
P.681-11 [113], with particular reference to the parameters
for the highway environment.

We report in Fig. 22 the cumulative distribution func-
tions (CDFs) of the SINR per user and symbol defined in
Section III-A in the case of single-antenna and multiple
antennas UTs, assuming ZF beamforming (and combining)
and different values of Nyc for both OTFS and OFDM.
We can observe that with single-antenna UTs and no phase
compensation, we cannot exploit the macro-diversity benefits
since the different contributions from the serving satellites
destructively combine, resulting in a reduced power of the
useful signal compared with the baseline (Nyc = 1). In the
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NUT,MAX =10.

case of multiple antennas UTs, the use of zero-forcing can
isolate the contributions from different satellites and thus,
thanks to the spatial filtering, we are able to exploit the
benefits of the macro-diversity for the vast majority of the
UTs. This behavior was also observed in [37] and [39].

In Fig. 23, we again report the CDFs of the SINR per user
and symbol, focusing now only on the case of OTFS, Ny¢c =
3, and Nyr = 16 (the best performance configuration,
according to Fig. 22) showing the impact of the beamforming
and combining techniques used at the satellites and UTs.
In particular, by inspecting the figure, we can observe that,
as expected, the best performance is obtained in the case of ZF
approaches aimed at nulling the interference in the directions
corresponding to the approximate position of the interfering
UTs and satellites with respect to the simple beam-focus (BF)
aimed at pointing a beam in the approximate positions of
UTs and satellites. Fig. 24 presents a comparison in terms of
pragmatic capacity and outage probability between two cases:
i) each UT is served by only one satellite and each satellite
serves only one UT (briefly reported in the legend as Nyc =
1) and, ii) Nyc = 3 and Nyr max = 5 (briefly reported
in the legend as Nyc = 3). In this last case, the results
are reported versus the normalized transmitted power Psa7+,
computed from Ps4r by considering a constant penalty equal
to the ratio of the average number of the respective employed
satellites. This ratio, in the case of Nyc = 3, yields a value
slightly higher than zero, since usually a few more satellites
are used if the same UT is served by multiple satellites. For
the scenario at hand, this power penalty was found to be
0.4 dB.2 Therefore, it is evident that notable enhancements

2Therefore, basically Psqr* = Psar + 0.4 dB in the case Nyc = 3 and
Pgapx = Pgat in the case Nyc = 1.

2368

100
90
80
70
60
50
40

Outage Probability [%]
n [b/s/Hz]

0 2 4 6 8 10 12 14 16 18
Pgar+ [dBW]

FIGURE 24. OTFS outage probability (left) and pragmatic capacity (right) as a
function of the normalized transmitted power, comparison for two respective cases:

a)Nyc =1, NUT,MAX =1b)Nyc =3, NUT,MAX =5.

can be achieved in both pragmatic capacity and particularly
in outage probability, as values as low as approximately 10%
can be assured while saving power by roughly 5 dBW.

Regarding the performance of the OTFS detector detailed
in Section III-B, in Figure 25, we compare the performance
of the low-complexity ICg detector with the MMSE bench-
mark employing both the OFDM and the OTFS modulation
formats. We assumed QPSK modulation for the information
symbols and considered Nyc = 1,3 satellites in visibil-
ity with the UT. Results are again provided in terms of
pragmatic capacity, considering the same scenario previously
described.

For the OFDM modulation, we considered an overhead
of 6.4% due to the cyclic prefix (CP) and 7% due to pilot
symbols. By contrast, OTFS achieves a significant reduction
in CP overhead (down to 0.43%), since only one CP is
required for each N x M symbol block. Finally, for the latter
modulation format, the use of pilot symbols results in an
overhead of 5%, according to the embedded pilot scheme
of [114].

Figure 25 highlights the impact of satellite macro-diversity
on performance. As shown in recent works [43], [60], trans-
mission from multiple satellites (three in this case) improves
link robustness. Furthermore, adopting OTFS modulation
provides a substantial performance gain compared to OFDM,
which not only suffers from higher sensitivity to Doppler
effects induced by high mobility but is also heavily penalized
by its non-negligible, yet essential, overhead. In addition,
focusing on the two detection strategies under analysis,
Figure 25 shows that the different receivers yield practi-
cally identical results for both modulation schemes. This
outcome highlights the potential of the ICg detector, which
drastically reduces the complexity of MMSE [44] without
any loss in performance. The effectiveness of this approach
is supported by the Ungerboeck observation model, which,
by enforcing the compactness of the channel matrix, enables
a simple interference-cancellation method to achieve satisfac-
tory results.
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TABLE 3. Selected parameters [88], [90].

Oc 172 e’ 37 dB

Om 4 H1 2

Pr 100 mW 7% 1

Gt | 10dB Np | -160 dBm

B. THE CASE STUDY OF CE-MC WAVEFORMS FOR 6G
NTNs: QUANTITATIVE (AND COMPARATIVE)
PERFORMANCE EVALUATION

With reference to the considered case study of advanced
PHY-layer design for 6G NTNs, intensive simulation tri-
als have been performed to compare the performance of
CE-multicarrier waveforms (CE-OFDM and CE-SC-OFDM)
with that of conventional multicarrier ones (OFDM and DFT-
s-OFDM) in a technically meaningful NTN transmission
scenario. The related simulation results, expressed in terms
of BER, have been fully reported and discussed in [66]. The
following illustrates a representative sample of such results.
The simulation scenario involves a downlink Ka-band LEO
satellite transmission, where the user terminals are located in
different dense urban sites, each characterized by different
propagation conditions. For this reason, two different Ka-
band NTN multipath channel models have been simulated:
one of NLOS typology, namely, the 3GPP TDL-B model, and
one of LOS typology, namely, the 3GPP TDL-D model [115].
The entire TX/RX chain simulator has been implemented
in MATLAB™ 2024 version. The comparative performance
evaluation has been performed in two steps, following the
same assessment strategy of [66]: a first step consists of
the comparison of CE-MC and conventional MC wave-
forms in the presence of multipath propagation and AWGN
only, focusing our attention on the multipath resilience
and the influence of parameterization on CE-OFDM and
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CE-SC-OFDM behavior. The second step completes the sim-
ulation scenario with some significant hardware impairments
typical of NTN links, namely, nonlinear amplification and
phase noise. The analysis of spectral efficiency and compu-
tational complexity will conclude this subsection.

1) PARAMETRIC PERFORMANCE ASSESSMENT OF THE
MULTIPATH RESILIENCE

The results concerning the first assessment step are shown in
Fig. 26(a) and Fig. 26(b) for CE-OFDM and CE-SC-OFDM,
respectively, in the NLOS propagation scenario. The corre-
sponding results for the LOS scenario are shown in Fig. 27(a)
for CE-OFDM and in Fig. 27(b) for CE-SC-OFDM. 4-QAM
modulation has been considered in all the simulation trials.
M = 2047 useful subcarriers (2048 for OFDM and DFT-
s-OFDM) are used to transmit symbols, and the subcarrier
spacing has been fixed to 15KHz. According to [57], the
numerical values chosen for the CE-MC oversampling factor
are F,,, = 4 (black solid lines) and F,, = 8 (red dashed lines),
while a range of significant values of the modulation index
has been tested for each F,, and highlighted by a different
choice of the markers. Finally, the spreading factor L; of DFT-
s-OFDM has been set to 8.

In all the considered scenarios, the increase of F,,, does not
look beneficial to improve BER performance. On the other
hand, the increase in the modulation index is more beneficial,
but it should not be arbitrary. This is a direct consequence
of the nonlinear detection based on the arctangent function
and the phase unwrapping. Apparently, the best parametric
configuration is F,, = 4, 2rh = 0.7, for CE-OFDM, and
Fo, = 4,2nh = 0.5, for CE-SC-OFDM, both in the NLOS
and LOS cases. The increase in the modulation index above
0.7 rad degrades BER performance, resulting in a saturating
trend due to residual unsolved phase ambiguities. It should
be noticed that CE-SC-OFDM, thanks to the DFT precoding,
can support modulation indexes higher than 1.0 rad without
incurring in BER saturation, but the performance does not
improve and even degrades. If the best parameterization is
chosen, the comparison between CE-OFDM and CE-SC-
OFDM is in favor of CE-SC-OFDM for high IET(b) values.
On the other hand, CE-OFDM generally outperforms its
DFT-precoded version for low 16—’8 Regarding the comparison
with conventional multicarrier waveforms (green dash-dotted
curves), we can observe that, if the parameterization is appro-
priately set, both CE-OFDM and CE-SC-OFDM dramatically
outperform OFDM at high signal-to-noise ratios thanks to
the anti-multipath diversity offered by the constant-envelope
multicarrier waveforms. A right choice of oversampling fac-
tor and modulation index also yields CE-MC to outperform
DFT-s-OFDM, even though the improvement is less dramatic
than in the previous case. Indeed, DFT-s-OFDM is substan-
tially a cyclic-prefixed single-carrier waveform supported by
FDE, thus capable of providing diversity against multipath
propagation. It should be highlighted that OFDM and DFT-s-
OFDM work better than CE-MC counterparts at low SNRs.
This last is a consequence of the threshold effect, which
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FIGURE 26. BER performance achieved by CE-OFDM (a) and CE-SC-OFDM (b) compared to that achieved by conventional multicarrier waveforms (OFDM and DFT-s-OFDM)

in the presence of AWGN and NLOS multipath propagation.
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FIGURE 27. BER performance achieved by CE-OFDM (a) and CE-SC-OFDM (b) compared to that achieved by conventional multicarrier waveforms (OFDM and DFT-s-OFDM) in

the presence of AWGN and LOS multipath propagation.

increases the impact of background noise on link perfor-
mance.

2) BER PERFORMANCE IN A REALISTIC NTN
DOWNLINK TRANSMISSION SCENARIO

To complete the picture of the comparative link performance
assessment, we are going to show and discuss in the following
the outcomes of a second series of simulation trials, which,
in addition to multipath propagation, considers the presence
in the downlink scenario of nonlinear amplification and phase
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noise. A nonlinear amplifier has been introduced into the
transmission chain by simulating the AM/AM characteristic
of the Gallium-Nitride (GaN) Doherty power amplifier for
Ka-band satellites described in [116]. Such a component
features an output power of 35dBm. As pointed out in [116],
10dB of IBO is required by such a component to resort to
the linear amplification zone, with a corresponding OBO
equal to 5dB. Non-ideal RF carrier generation has also been
considered by simulating the phase noise mask of the Ka-
band local oscillator for high-throughput satellites presented
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CE-MC waveforms has been set based on the plots of Figs. 26 and 27 for the NLOS and LOS scenarios respectively.

in [117]. The best values of oversampling factor and radian
modulation index have been chosen for CE-OFDM and CE-
SC-OFDM according to the outcomes of the previous series
of simulation trials, namely: F,, = 4 and 27 h = 0.7 for CE-
OFDM and F,, = 4 and 2h = 0.5 for CE-SC-OFDM. The
parameter L; of DFT-s-OFDM has been left equal to 8.

The related curves plotting the BER vs. IETZ +IBO are shown
in Fig. 28. Regarding CE-MC waveforms (orange solid lines
- NLOS case, blue solid lines - LOS case), we can observe
a significant performance improvement as compared to the
conventional MC counterparts, both in the NLOS and LOS
scenarios. Such an improvement is mainly due to the capa-
bility of these advanced waveforms to exploit the amplifier
at saturation without any need for IBO. Such a capability
works in synergy with the increased diversity exhibited by
these waveforms in multipath propagation scenarios. We can
observe from Fig. 28 that CE-OFDM is overall preferable to
CE-SC-OFDM in the NLOS case (a performance improve-
ment is attained by CE-SC-OFDM only for ﬁ—’(’) > 20dB),
while CE-SC-OFDM looks better in the LOS case, at least for
]Evg > 10dB. On the other hand, traditional multicarrier wave-
forms (orange dashed lines - NLOS case, blue dashed lines
- LOS case) are primarily impaired by the need to introduce
a large IBO to the transmitted RF power to limit the impact
of nonlinear distortion. The resulting OBO shifts to the right
the related BER characteristics. As a consequence, the per-
formance advantage shown at low SNRs by conventional MC
waveforms in the case of linear amplification becomes much
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less significant when a nonlinear power amplifier is used.
OFDM is jointly impaired by the intrinsic lack of diversity
and the impact of phase noise, which introduces a saturating
trend of BER curves due to inter-channel interference. DFT-
s-OFDM appears more competitive as it exploits increased
diversity gain and resilience to phase noise; however, it per-
forms worse than CE-MC waveforms in the real downlink
scenario, mainly due to the large IBO required.

3) COMPARISON IN TERMS OF SPECTRAL EFFICIENCY
AND COMPUTATIONAL COMPLEXITY

The bandwidth occupied by the main lobe of the transmitted
CE-MC signals is, in all the considered cases, estimated
as 61.41 MHz, corresponding to a spectral efficiency of
1 b/s/Hz. The bandwidth occupied by conventional MC
waveforms is half this value, namely: 30.72 MHz, with a
correspondingly doubled spectral efficiency. As already men-
tioned in Section I'V-D, the increased bandwidth occupation is
the price to be paid to achieve the performance improvement
attained by CE-MC waveforms.

Regarding computational complexity, CE-MC waveforms
are more demanding than their conventional MC coun-
terparts. The computational complexity of the CE-OFDM
transmitter can be estimated as: O (Njppr X logy (Nirrr)),
which is F,, times that of OFDM. At the receiver side, the
FDE applied to the single-carrier signal increases the number
of required elementary operations up to F,, X M as compared
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FIGURE 29. CDF of the power received by the destination from the single moving vehicle in air (a) and space (b) scenarios (t: theory, s: simulation).

to that required by the corresponding OFDM receiver.
As compared to CE-OFDM, CE-SC-OFDM requires an addi-
tional computational burden involved by the DFT precoding
(and decoding) at the TX/RX sides, whose order is quantified
in O (M log, (M)). The comparison of the computational
load required by CE-MC waveforms and DFT-s-OFDM is
substantially quantified by the ratio between F,, and L. If the
two values are comparable, the complexity of the generation
and detection of the two typologies of waveforms becomes
comparable as well.

4) WRAPPING UP

CE-MC waveforms have shown some favorable features
that make them valuable candidates to support future NTN
transmission applications (nonlinear distortion immunity and
multipath resilience). The conceived SDR-based modular
PHY-layer implementation makes the generation of CE-
OFDM and CE-SC-OFDM easily derivable from the basic
OFDM one. Moreover, the software-defined implementation
of CE-MC receivers looks viable and does not incur the
necessity of a problematic hardware implementation of non-
linear functions like arctangent and phase unwrapping. On the
other hand, the tradeoff concerning increased bandwidth
occupation and higher computational complexity should be
conveniently appraised.

C. PD-NOMA THROUGHPUT
This subsection discusses the results derived from the semi-
analytical model illustrated in Section V for the estimation of
the PD-NOMA throughput in an NT distributed network. The
model is implemented in MATLAB by assuming propagation
channels complying with the recent proposals and measure-
ment campaigns realized for aerial and space scenarios [88],
[90]. The considered parameter values are listed in Table 3.
Fig. 29 reports the CDF of the power received by a cen-
tered destination from a single UAV in an aerial scenario

2372

(Fig. 29(a)) and from a single satellite in a space scenario
(Fig. 29(b)), by considering different values of the radius
topology p and of the receiving antenna gain Gr. Besides the
theoretical curves, identified by lines and obtained by (17)
for the air context and by (19) for the space one, the figure
also shows the simulations, identified by markers and used
to validate the analysis. Each simulated curve is derived by
randomly generating IT = 10° realizations, whose overall
running has required some seconds. The analytical evalua-
tion has instead required just a few milliseconds. From a
conceptual point of view, the obtained results confirm the
significant impact of the antenna system capabilities and of
the size of the region covered by the moving vehicles on
the received power levels, even in the presence of random
channel fluctuations (small-scale fading in the air case and
ionospheric scintillation in the space case).

Fig. 30 shows the semi-analytical PD-NOMA throughput
as a function of the offered load for p = 10 km and
different receiving antenna gains. The curves are calculated
considering, as reception criteria, the Shannon-based one
(Fig. 30(a)) and the QPSK-based one (Fig. 30(b)), in which
the i.i.d. received powers are generated according to (17) for
the air scenario and according to (19) for the space scenario.
These results reveal that a moderate performance degradation
occurs when the ideal Shannon limit is replaced by a realistic
code-modulation pair, even if the main impact on the achiev-
able throughput is still due to the receiving antenna gain. The
slight difference between the Shannon and QPSK cases may
be explained by recalling the selected modulation order and
code rate (Table 3), which leads to a selected rate equal to
unity.

To investigate a more practical and hence nonideal sce-
nario, Fig. 31 shows the semi-analytical PD-NOMA through-
put as a function of the offered load for a QPSK modulation
when p = 10 km, G = 20 dB, and different interference
residuals y; due to imperfect IC are present. This set of curves,
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which provides a quantitative estimation of the degradation
suffered by a realistic air/space IC-based system, reveals
that even receivers characterized by poor IC capabilities,
i.e., with a 10% of residual interference, are able to provide
acceptable throughput values in both non-terrestrial domains.
This behavior confirms that, besides its conceptual simplic-
ity, the PD-NOMA approach might also guarantee a certain
robustness against cheap IC implementations and/or harsh
propagation environments straining the system components.

D. MEASUREMENT RESULTS ON THE KA-BAND PoC FE

A measurement campaign has been carried out to validate
the PoC FE and to extract the key RF parameters needed for
system-level performance assessment under realistic hard-
ware impairments. The transmitter/receiver chain has been
tested across different IF operating points (see Fig. 32), show-
ing no relevant performance degradation and reaching output
power levels above 37 dBm with the PA enabled, as shown
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FIGURE 32. Measured RX input-output characteristics for different IF
configurations.
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FIGURE 33. Measured TX input-output characteristics for different RF
configurations (PA enabled).

in Fig. 33. Phase noise has been measured at multiple RF
output frequencies and IF configurations. The corresponding
phase noise mask measured at TX is shown in Fig. 34. Finally,
modulated-signal tests confirmed the feasibility of transmit-
ting high-order modulations: a 32APSK signal (generated at
IF with 120 MHz bandwidth) was transmitted at 37 dBm with
EVM below 4%, as confirmed by the screenshots of Fig. 35.
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FIGURE 35. EVM measurements with 32APSK modulated signals for TX validation.
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FIGURE 36. Measured RX phase noise across representative IF frequencies.

On the receiver chain, gain/linearity has been characterized
via input-output measurements at representative RF frequen-
cies. Phase noise has also been validated across different IF
frequencies, and the related mask is shown in Fig. 36. The
receive path was also validated with a 32APSK modulated
signal at 26 GHz, which has been downconverted to 3 GHz
IF, achieving EVM below 3% (see Fig.37).

Finally, in Table 4, a summary of measured PoC FE results
is reported.
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FIGURE 37. EVM measurements with 322APSK modulated signals for RX validation.

TABLE 4. Summary of measured PoC FE key results (representative
configurations).

Metric Measured value
TX output power (PA enabled) > 37 dBm
TX EVM (32APSK, 120 MHz BW) < 4%

RX EVM (32APSK @ 26 GHz, IF=3 GHz) < 3%

TX spurious emissions (normalized) < —40 dBc
Peak PoC power consumption <35 W

E. TERRESTRIAL VS. SPACE CLOUD ANALYSIS

This subsection presents the performance evaluation of ter-
restrial and space-based edge computing architectures by
measuring the network latency of task requests from glob-
ally distributed user devices. We use the single terrestrial
architecture as the baseline to compare it against three space
clouds, using LEO satellites as MEC nodes. To highlight
latency variations based on user location, results are grouped
according to the geodesic distance between each user and the
ground gateway.

Figure 38 shows the average latency Xj as a function of
the geodesic distance from each user to the ground gate-
way. As expected, latency for the terrestrial cloud increases
with distance, due to longer propagation paths and addi-
tional inter-satellite hops. In contrast, the latency of space
cloud configurations remains relatively stable, since data is
processed in orbit and does not rely on terrestrial offload-
ing. For users within 2000 km of the gateway, terrestrial
cloud exhibits lower latency than space cloud alternatives.
However, beyond 5000 km, all space cloud configurations
outperform the terrestrial cloud. In the intermediate region
(between 2000 km and 5000 km), the best-performing archi-
tecture varies depending on user location and the specific
space cloud configuration.

On the other hand, to better compare architectural perfor-
mance, we compute the relative latency gain of each space
configuration compared to the terrestrial cloud:

ARj=7f =% 27)

=G . .
where A; is the average latency of the terrestrial cloud and

=Si . .
Ajl corresponds to one of the space cloud variants. Figure 39
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shows ij for each user. Positive values (in purple) indi-
cate a performance advantage for the space cloud; negative
values (in orange) indicate that the terrestrial cloud is faster.
Results confirm the existence of a transitional distance win-
dow, between 2000 km and 5000 km, where space cloud
configurations yield latency improvements of up to 100 ms,
depending on the user and configuration.

From the above-discussed results, it is noticeable that
among the three space cloud configurations, no single dis-
tribution consistently achieves the lowest latency across all
user locations. The Space Cloud CP configuration performs
at best for users u/, u2, and u3, who are geographically closer
to the gateway. The AO configuration outperforms the others
for farther users. Interestingly, for users such as u4 and u5, the
latency differences between the Single and multi-server space
clouds are relatively small. This observation suggests that
optimal server placement and replication depend heavily on
user distribution and topology. In some cases, a single orbital
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edge server can offer comparable performance to more com-
plex and distributed architectures. These findings emphasize
the importance of adaptive, context-aware MEC orchestration
in non-terrestrial networks.

F. ML-BASED NTN DISAGGREGATED NGRAN
MONITORING

This subsection presents some results obtained using machine
learning (ML) models to monitor and orchestrate 6G NTN
disaggregated NGRAN environments using open-source net-
work emulators. NTN networks with LEO satellite constella-
tions extend terrestrial 6G networks by providing wide-area
coverage and improved service continuity in remote regions.
However, NTN integration introduces challenges stemming
from long delays, Doppler shifts, intermittent connectiv-
ity, and rapidly changing network topologies. ML-based
monitoring offers a promising approach to address these chal-
lenges by enabling predictive, topology-aware intelligence
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across the satellite-terrestrial continuum. In our workflow,
the KPIs used for training and evaluation are collected from
a cloud-native disaggregated NGRAN testbed (containerized
gNB-CU/gNB-DU functions) and then preprocessed to build
the graph and time-series inputs used by the GNN and LSTM
models for monitoring and orchestration.

In the ML-driven NTN disaggregated-RAN architecture,
NGRAN functions are disaggregated between terrestrial
cloud locations hosting gNB-CU units and satellite payloads
hosting gNB-DU units. These components communicate
via Fl-over-Satellite Radio Interface (F1-over-SRI) links as
shown in Fig. 19. One of the proposed monitoring frame-
works leverages graph neural networks (GNNs) to repre-
sent disaggregated NGRAN components as graph-structured
data. Nodes correspond to VNFs (e.g., gNB-CU, gNB-DU)
deployed in Kubernetes-based testbeds, while edges repre-
sent F1-over-SRI and Xn connectivity. Node features include
CPU, memory utilization, and signal strength, whereas edge
features capture latency, packet loss, bandwidth, and jitter.
Graph convolution layers propagate node and edge infor-
mation across the topology to infer failures and routing
bottlenecks. To obtain training/validation labels, we gener-
ate representative traffic and inject controlled degradations
(e.g., delay/loss/bandwidth constraints); the collected KPIs
are then modeled as a KPI-attributed graph (e.g., using
NetworkX with node/edge attributes) and exported into adja-
cency and feature matrices consumed by the GCN/FedGNN
pipeline. The GNN output (fault localization and alternative
routing/traffic-steering decision) is exposed as an actionable
intent to the orchestration plane, which can enforce rerouting
and QoS-aware traffic steering across the satellite-terrestrial
network.

A federated GNN (FedGNN) framework extends this capa-
bility by distributing local GCN models across terrestrial and
satellite MEC nodes. Each local model observes local KPIs
and shares only its learned parameters with a central aggre-
gator, which updates a global GCN model and broadcasts the
updated model back to the edge. This approach preserves data
privacy, reduces backhaul load, and improves scalability in
NTN systems. Fig. 40 illustrates the overall federated archi-
tecture. Beyond privacy assurance and overhead reduction,
federated training across heterogeneous terrestrial/satellite
MEC nodes improves generalization by aggregating diverse
operating conditions (traffic patterns, link intermittency, and
mobility-induced topology changes) without sharing raw
data. Figure 41 shows the impact of FedGNN training on
traffic routing across the satellite-terrestrial network. The
average hop count decreases from 5 to 4.1 over the train-
ing rounds, while E2E latency improves from 30 ms to
20 ms. These improvements indicate that the GNN models
progressively learn more efficient end-to-end paths across
dynamic NTN topologies, consistent with proactive AI/ML
frameworks that couple prediction with dynamic routing
under varying network conditions [118]. This trend over
training rounds is also an empirical indicator of adaptation
beyond a single static snapshot, since the learned policy
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FIGURE 40. Federated GCN-based monitoring architecture with local GCNs at
terrestrial and satellite MEC nodes, coordinated by a central learning server (courtesy
of [107]).
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FIGURE 41. FedGNN-based traffic routing optimization and latency over training
rounds.

improves as it is exposed to evolving topology and KPI
distributions. Building on routing efficiency, the framework’s
resilience to LEO satellite mobility is evaluated in Fig. 42.
Under fluctuating link quality and frequent handovers,
the FedGNN model maintains robust performance; indeed,
latency decreases from 40 ms to 25 ms, packet loss falls from
49 to 3%, and throughput steadily increases despite mobility-
induced disruptions. These results demonstrate the model’s
adaptability to dynamic NTN conditions and its ability to
sustain QoS across varying satellite trajectories. Importantly,
these results reflect NTN-tailored adaptations (mobility-
aware KPI graphs, intermittent F1-over-SRI/Xn connectivity,
and MEC-assisted federated updates) rather than a purely
static terrestrial setting. Complementing topology-aware and
mobility-resilient monitoring, Long Short-Term Memory
(LSTM) models are employed for predicting the time series
of resource utilization in disaggregated NGRAN compo-
nents. By learning temporal patterns in CPU, memory, and
bandwidth usage, the LSTM model predicts future resource
consumption to support proactive scaling and network func-
tion placement decisions in 6G NTN environments. Fig. 43
compares actual and predicted CPU usage for the gNB-DU
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FIGURE 43. Predicted versus actual CPU usage for the gNB-DU F1 split using an
LSTM-based time-series model.

component as a satellite payload, showing close alignment
between predicted and observed values, with a mean absolute
percentage error of 12.24%. With these utilization fore-
casts, a network operator can decide which disaggregated
NGRAN function is feasible to deploy on the satellite pay-
load under limited onboard computing, while accounting for
payload and fronthaul constraints. Overall, the combined
GNN and LSTM results demonstrate a cohesive ML-driven
NTN Cloud-RAN monitoring stack capable of failure detec-
tion, routing optimization, mobility resilience, and proactive
resource prediction, key requirements for self-optimizing
6G NTN systems. Moreover, the monitoring outputs can be
exploited for orchestration intents (rerouting/traffic steering
and payload-aware function placement), closing the loop
between ML-based monitoring and software-defined control
in integrated satellite-terrestrial networks.

IX. CONCLUSION, LESSONS LEARNED, AND FUTURE
PERSPECTIVES

A. CONCLUDING REMARKS

The utilization of Space as a resource to extend the wireless
connectivity worldwide is one of the main objectives of 6G.
This work reviewed the most significant results achieved
by INFINITE, the cascade-call project of the structural
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ITA-NTN project of the RESTART workprogramme. The
research activities carried out during INFINITE considered
a new eco-systemic approach to build broadband, flexi-
ble, and reconfigurable connections between terrestrial and
non-terrestrial nodes, finalized to the true, seamless inte-
gration of terrestrial and non-terrestrial networks. The pro-
posed ecosystem is based on the extended software-defined
design of all network layers, adopting cutting-edge solu-
tions encompassing advanced SDR-based waveform design,
non-conventional NTN transmission configurations based
on disruptive cell-free MIMO and NOMA concepts, use
of multi-access edge computing, and Al tools for network
management and monitoring. The various technologies and
protocols involved in the ecosystem have been tested in the
lab by means of realistic simulations upon specific key per-
formance indicators. By the way, the vision emerging from
the paper cannot be exhaustive; however, we think that it can
represent a starting point to rethink Space connectivity as a
sort of invisible glue connecting the unconnected. In the fol-
lowing of this concluding section, we shall try to summarize
how such a starting point can be leveraged as a pitch for future
developments going even beyond the 6G panorama.

B. LESSONS LEARNED

The various research aspects faced during the INFINITE
project activities aim at contributing to a renewed vision
of NTN connectivity, paving the road to future technology
development in such a critical task of the forthcoming 6G
standard [59]. In such a perspective, the lessons learned from
the achieved results can be summarized as follows:

o Regarding the selection of the modulation format to
use in future terrestrial and non-terrestrial communi-
cation systems, the well-established OFDM exhibits
several drawbacks, which are exacerbated by the ever-
increasing multitude of scenarios and applications,
often extremely demanding in terms of challenges and
requirements. For instance, in high mobility scenarios,
such as moving vehicles served by LEO satellites, the
continuously varying channel conditions strongly penal-
ize the performance of OFDM, while other waveforms,
like OTFS, are extremely robust in these cases. The
complexity and variability of possible 6G NTN scenar-
ios and applications also call for a shift of paradigm,
from a traditional ““cellular” system to a ‘“‘cell-free”
environment, where each user terminal can be connected
to multiple base stations (terrestrial, non-terrestrial,
or both), taking advantage of the additional rates and
increased robustness arising from the reception of mul-
tiple signals. We also demonstrated that it is possible
to achieve excellent detection performance with a very
low receiver complexity, thus making it feasible to adopt
alternative waveforms in real applications. Considering
link impairments more inherent to the RF section of
the NTN physical transceiver, open issues are related
to the impact of nonlinear distortion and phase noise
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on conventional multicarrier waveforms (OFDM and
DFT-s-OFDM). The alternative solution represented by
constant-envelope multicarrier waveforms (CE-OFDM
and CE-SC-OFDM) offers immunity to nonlinear distor-
tion, robustness to phase noise effects, and, in addition,
multipath resilience. The performance losses of OFDM
and DFT-s-OFDM due to the high IBOs and the pos-
sible error-floor caused by phase noise may justify
the price paid by CE-MC in terms of increased band-
width occupation and computational complexity. From
a more general perspective of the implementation of
a flexible NTN PHY-layer, where the waveform can
be adaptively selected based on heterogeneous qual-
ity requirements and channel conditions, the proposed
SDR-based modular framework should offer a viable
solution. The software-defined modularity of the frame-
work enables new and unexplored combinations of the
elementary blocks to form unprecedented waveform for-
mats. Of course, some significant implementation issues
in terms of compatibility, overhead, synchronization,
sustainability, and energy efficiency should be conve-
niently appraised and tackled.

A cell-free MIMO NTN framework leveraging LEO
satellites can effectively exploit macro-diversity when
properly configured — for example, through the use of
multi-antenna user terminals (UTs), zero-forcing beam-
forming, combining strategies, UT-satellite association
policies that account for satellite load, and the generation
of multiple ground-directed beams. Such a framework
can substantially enhance both reliability and spectral
efficiency in LEO-based non-terrestrial networks.
NOMA is one of the breakthroughs of 5G and 6G. Being
a capacity-oriented multi-access protocol, NOMA can
overcome the spectrum shortcomings typical of the NTN
environment. The main issue of NOMA is related to the
multi-user interference mitigation. The literature offers
many low-complexity and efficient solutions to this
problem. It is expected that the synergy of SDR-based
receiver implementation and machine learning could
offer near-optimal approaches. NOMA may also solve
one of the issues of CE-MC waveforms, namely, the
impossibility of providing orthogonal multiple access in
the uplink.

The evolution of Non-Terrestrial Networks (NTN)
beyond 5G opens transformative opportunities in edge
computing and distributed task processing. By integrat-
ing NTN nodes — such as satellites and high-altitude
platforms — into the edge computing ecosystem, com-
putational resources can be dynamically extended to
remote or underserved areas, reducing latency and
enhancing real-time decision-making for applications
like IoT analytics, autonomous systems, and Al-
driven services. Lessons from early NTN deployments
highlight the importance of adaptive resource allo-
cation, seamless integration with terrestrial networks,
and robust scheduling mechanisms to optimize task

offloading. Looking forward, NTN-enabled edge com-
puting promises a paradigm where computational power
is ubiquitously available, enabling resilient, low-latency
services across the globe and setting the stage for a truly
pervasive digital infrastructure.

o Regarding the intelligent SDN-based NTN manage-
ment, the results of our research demonstrate the effec-
tiveness of ML-driven monitoring and orchestration for
6G NTN Cloud-RAN systems. The proposed GNN
and FedGNN models enable accurate topology-aware
fault detection, routing optimization, and mobility-
resilient decision-making across dynamic LEO satellite
environments, whereas the LSTM-based resource pre-
dictor supports proactive management of computational
loads in disaggregated NGRAN components. Collec-
tively, these approaches show that integrating distributed
learning with cloud-edge intelligence can significantly
enhance reliability, efficiency, and adaptability in future
6G NTN deployments, providing a practical foundation
for scalable and self-optimizing 6G networks.

C. FUTURE R&D PERSPECTIVES

Future R&D work should go beyond the mere feasibility
study by addressing the practical implementation of the inves-
tigated technologies, at least at a proof-of-concept (PoC)
level. A first PoC is already available regarding the RF
front-end (and described in Section VI). Another PoC will
emulate in-lab the reconfigurable SDR-based NTN PHY-
layer framework of Fig. 8 by open-source software tools (e.g.,
GNU-radio, Kubernetes clusters, etc.), as well as low-cost
hardware devices such as National Instruments’ Universal
Software Radio Peripherals (USRP) boards. As far as the
intelligent layer of the ecosystem is concerned, a third PoC
should integrate the MEC section and the various Al tools
assessed in the paper in an emulated Space cloud, capable
of autonomously monitoring and controlling the underlying
NTN layers. Such PoCs should represent the pitch for further
R&D activities, whose objective is to transfer the technology
from the lab to the Sky. In such a perspective, the involvement
of big industrial actors, the liaison with international Space
agencies, the proactive interaction with international stan-
dardization bodies — actions already planned and carried out
in the framework of RESTART — will represent crucial factors
to speed up the concrete technology development process.
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