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Abstract

The transition from the fifth to the sixth generation of mobile communication sys-
tems represents a significant leap in global connectivity, programmability, sensing,
trustworthiness, and sustainability. At the heart of this transformation lies the native
unification of Non-Terrestrial Network (NTN)s with Terrestrial Networks (TNs). In
6G NTN components are poised to deliver high throughput and low latency ser-
vices, seamlessly integrating with terrestrial telecommunication networks. This in-
tegration will enhance system capacity, and offer flexibility and agility to address
uncertainties and shifts in market demands, while also improving system avail-
ability. These advances aim to provide robust and scalable solutions that minimize
both costs and energy usage. In addition, by providing reliable backhaul for next-
generation networks, NTNs ensure seamless and ubiquitous service. This integra-
tion aligns with the European Union’s sustainability goals, which emphasize reduc-
ing energy consumption and emissions while scaling connectivity to bridge the dig-
ital divide. The integration of TNs and NTNs into a unified 6G framework demands
a paradigm shift in Satellite Communication (SatCom) system design. Traditional
SatCom systems, built on static and closed architectures, cannot meet the dynamic
and diverse demands of 6G. These systems lack the flexibility to adapt to real-time
changes or support seamless interoperability with terrestrial counterparts. To over-
come these limitations, future NTNs must adopt modular, virtualized, and intelli-
gent designs that enable adaptability and efficient operation across varying environ-
ments. Advanced decision-making frameworks, powered by Artificial Intelligence
(Al), can process telemetry data and dynamically optimize network performance.
Open standards and shared design principles further enhance interoperability, fos-
tering innovation and collaboration, while reducing reliance on proprietary solu-
tions. Virtualized and software-driven technologies will decouple network func-
tions from hardware, ensuring cost-effectiveness, energy efficiency, and the rapid
deployment of services.

The Open Radio Access Network (O-RAN) framework plays a critical role in
enabling this transformation. Introduces modularity, programmability, and interop-
erability into network design, bridging the gap between static legacy systems and
the dynamic requirements of 6G. By disaggregating traditional base stations into
components such as the central unit, the distributed unit and the radio unit, O-RAN
supports flexible deployment and scaling. Intelligent control mechanisms, facili-
tated by RAN Intelligent Controller (RIC)s, analyze data and adjust network oper-

ations to optimize performance. Open interfaces ensure seamless communication



2 List of Acronyms

across heterogeneous network elements, while cloud-native virtualization enhances
scalability and adaptability. Despite challenges such as adapting to satellite-specific
constraints, O-RAN provides a solid foundation for integrating NTNs into the 6G
ecosystem, ensuring sustainability, inclusion and innovation for future networks.

In this framework, the PhD research activities aimed to explore the applicability
of the O-RAN paradigm and architecture to NTNs, evaluating its potential benefits
in achieving flexible, interoperable, and scalable network solutions while addressing
the unique challenges posed by the dynamic nature, resource constraints, and oper-
ational complexities of NTNs. Thus, the first part of this thesis is devoted to an in-
troduction of the O-RAN standard and to an overview of the key aspects of SatCom
system architectures, with a particular focus on NTN architectures as defined by
the Third Generation Partnership Project (3GPP) standardization process. Then, the
discussion addresses three fundamental aspects of the O-RAN integration in NTNss:
i) the NTN architecture design and compatibility with O-RAN; ii) the Radio Access
Network (RAN) virtualization and disaggregation implementation in NTNs; and iii)
the exploitaion of near-real-time and real-time control loops to enhance NTN RAN
performances.

In detail, the PhD research proposes three distinct architectural models to inte-
grate O-RAN principles into NTNs addressed as: Full-gNB, Orbit-split, and Feeder-
split architecture. These models address the unique challenges of satellite-based
networks, including high mobility and diverse latency requirements.

The study follows with a thorough investigation of functional splits for RAN
disaggregation, assessing their impact on NTN performance. Eight options, ranging
from physical layer (PHY) splits to higher-layer protocol splits, are analyzed. The
findings indicate that lower-layer splits, such as Options 7 and 6, pose significant
challenges due to their high throughput demands and stringent latency require-
ments. In contrast, higher-layer splits offer greater flexibility in addressing NTN-
specific impairments, although with reduced granularity in control. The challenges
imposed by NTN-specific constraints on the split interface, such as interface capac-
ity and latency, are examined, and adaptive solutions are proposed to mitigate these
problems.

The research proceeds outlining the benefits of a virtualized 3GPP NTN system,
emphasizing how software-driven RAN and Core Network (CN) solutions simplify
upgrades to support new 3GPP features. Virtualization’s flexibility allows operators
to efficiently deploy and update networks as standards evolve, avoiding hardware-
centric overhauls. The chapter details the NTN standardization path in 3GPP, focus-
ing on architectures from Releases 17 and 18, ongoing efforts, and expected develop-
ments in Release 19. It also demonstrates how virtualization facilitates the adoption
of new functionalities and analyzes the software updates required to integrate Re-
lease 18 NTN features into a Release 17 software-based gNB, User Equipment (UE),
and CN.

Finally, the integration of non-real-time (non-RT), near-real-time (near-RT), and
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real-time (RT) control loops within NTN RIC is assessed. In the context of near-
RT control loops, a novel Al-based framework for TN-NTN traffic offloading is de-
veloped, utilizing deep Q-learning to dynamically allocate resources between ter-
restrial and non-terrestrial layers. Numerical results demonstrate substantial im-
provements in system throughput with an increase of system spectral efficiency of
7% in the 70% of cases, achieving optimal load balancing under diverse network
conditions. The research also exploits real time control loops to design a channel
state information (CSI) prediction techniques to counteract the impact of channel
aging caused by satellite mobility. A neural network-based CSI prediction model
enhances decoding accuracy and improves the performance of Sparse Code Multi-
ple Access (SCMA) in NTN environments. The numerical results demonstrate that
the proposed solution can achieve high prediction accuracy compared with adopt-
ing the outdated CSI directly. Ultimately, the concept of control loop is enhanced
with a proactive CNF orchestration framework for NTN environments, utilizing
Al-driven time-series forecasting to predict and allocate critical resources efficiently.
The approach minimizes delays and optimizes energy consumption, ensuring seam-
less scalability in dynamic NTN scenarios. Results demonstrate the superiority of
multivariate Long Short Term Memory (LSTM) models, achieving a Mean Absolute
Percentage Error (MAPE) of 0.28, significantly outperforming baseline methods like
Auto Regressive Integrated Moving Average (ARIMA), and highlighting the benefits
of incorporating multiple variables for improved prediction accuracy and resource
management.






Chapter 1

Introduction

All sectors of industry and society already experience the benefits of 5G networks,
and research and development interests are now directed towards enhancing 5G
features through 5G-Advance (5G-A), [1]. The latter is expected to bring 5G to its
full potential by solving its last points of attention and by providing its connectivity
to all possible scenarios and devices. The enhancement of 5G features is paving the
way for 6G, the next generation of mobile communications.

The evolution of 5G into beyond 5G (B5G) and 6G networks aims to address soci-
ety’s growing demand for continuous and ubiquitous connectivity services across all
facets of life and industry [2]. This shift represents a significant leap beyond the goals
of 5G, aspiring to provide much more than just fast mobile internet access. Indeed,
6G ambitions extend to redefining the interaction between the physical, human, and
digital worlds through advanced technologies and innovative frameworks.

The vision for 6G encompasses several transformative objectives, [3]. It will sup-
port emerging paradigms such as digital twinning, immersive communication, cog-
nition, and connected intelligence, enabling a seamless convergence of the physical,
human, and digital realms. Central to its design is programmability, which will
ensure the flexibility required to adapt to diverse and dynamic user needs. More-
over, 6G networks must deliver deterministic end-to-end services, guaranteeing pre-
dictable and reliable performance for critical applications. High-accuracy localiza-
tion and high-resolution sensing services will be achieved through the integration of
sensing and communication, while trustworthiness will underpin the infrastructure,
making it a secure and dependable foundation for future societies.

Sustainability is another cornerstone of 6G. It aims to minimize the energy and
resource footprint of mobile networks while promoting sustainability across other
sectors of society and industry. Achieving global inclusivity is paramount; 6G must
be scalable and affordable to ensure access for all, reducing resource waste and
bridging the digital divide. Additionally, 6G will need to push beyond the perfor-
mance benchmarks of 5G, significantly enhancing Key Performance Indicator (KPI)s
to meet future demands.
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1.1 Motivations

This section aims to address three key points that motivated the thesis: i) how to
pursue a greener 6G with NTNs, ii) how SatComs need to be enhanced in future
NTNs, and iii) why O-RAN is the choice.

1.1.1 NTN for a sustainable 6G Network

A critical pillar of the 6G framework is the integration of NTNs with TNs. NTNs ex-
cel in providing connectivity in areas that are challenging or costly to serve with ter-
restrial infrastructure, such as rural regions, aviation, and maritime environments.
They also hold the potential to extend crucial KPIs, such as reducing communication
latency over long distances. In the 6G ecosystem, NTNs will play an integral role, not
only as part of the access network but also as a vital component of the backhaul for
next-generation information and communication systems [4]. This capability makes
NTNs indispensable for delivering anywhere, anytime service availability, continu-
ity, and scalability over wide geographical areas.

Sustainable development remains a priority in Europe, with EU policies em-
phasizing the interconnection of economic, social, and environmental dimensions.
Within the context of Information and Communication Technology (ICT), sustain-
ability has two primary facets: its direct and enabling effects [3]. The direct effect
involves minimizing the energy consumption, resource usage, and emissions asso-
ciated with 6G, ensuring the technology aligns with broader sustainability goals.
One of the greatest challenges for 6G will be mitigating the growth of energy con-
sumption as traffic volumes rise, a task often referred to as flattening the energy
curve.

The enabling effect of 6G highlights its transformative potential to drive inno-
vation and efficiency across industries and communities by delivering unparalleled
connectivity and intelligence. In this context, NTNs play a pivotal role. It is widely
acknowledged that terrestrial networks alone cannot meet the stringent require-
ments for flexibility, scalability, reliability, and coverage necessary to enhance global
energy efficiency. The integration of NTNs within the 6G architecture is therefore a
key enabler of these objectives, advancing the twin goals of technological advance-
ment and sustainable development.

1.1.2 SatCom Paradigm Change for TN-NTN Integration

The integration of terrestrial and non-terrestrial networks into a unified 6G archi-
tecture demands a transformative paradigm shift in SatCom system design and op-
eration. Existing SatCom networks are predominantly built on closed, static archi-
tectures that tightly couple hardware and software. This rigidity results in inflexi-
ble systems that struggle to adapt to evolving technological demands and diverse
application scenarios, presenting challenges such as limited scalability, constrained



1.1. Motivations 7

service differentiation, and difficulties in achieving seamless interoperability with
terrestrial counterparts.

Unlike terrestrial networks, NTN systems introduce dynamic challenges inher-
ent to their nature. Satellites operate in various orbits and interact with air-borne
nodes, such as High Altitude Platform Systems (HAPS), creating a multi-layered ar-
chitecture interconnected by Inter-Node Links (INLs). This third dimension of con-
nectivity significantly increases the complexity of network management and inter-
operability, as it must address rapidly changing environmental conditions, mobility
patterns, and diverse service demands over vast geographical areas. This complex-
ity amplifies the need for a more adaptive and intelligent approach to managing and
operating NTN systems within the 6G framework.

A dynamic and adaptable approach is critical to overcoming these challenges
and enabling NTN systems to meet the requirements of next-generation networks.
First, transitioning from monolithic to modular architectures will allow future NTNs
to adopt flexible designs where network functions and components operate inde-
pendently. This modularity facilitates scalability, upgradeability, and customized
deployments that align with specific service needs and geographic constraints.

Second, the integration of advanced decision-making frameworks is essential for
enabling NTNs to adapt dynamically to real-time conditions. By analyzing vast
amounts of KPI data and proactively adjusting operations, these frameworks will
ensure optimal performance in diverse and rapidly evolving environments. This in-
telligence is critical to addressing the inherent dynamism of NTNs while meeting
the complex demands of a unified TN-NTN system.

Third, seamless interoperability between heterogeneous network elements will
require a move toward shared, interoperable design principles. This approach in-
volves adopting open and standardized communication frameworks, enabling NTNs
to integrate efficiently with terrestrial networks. Enhanced interoperability will re-
duce dependency on proprietary solutions and foster a collaborative and innovative
ecosystem, promoting broad technological advancements.

Lastly, the use of virtualized and software-driven technologies will decouple
network functions from underlying hardware, introducing flexibility and efficiency
into NTNs. This separation will enable dynamic resource allocation, adaptive traffic
management, and the rapid deployment of new services, all while improving cost-
effectiveness and energy efficiency. These attributes are essential to align NTNs with
the broader sustainability objectives of 6G networks.

By addressing these interconnected aspects, NTNs can evolve into a flexible, in-
teroperable, and resource-efficient cornerstone of the 6G ecosystem.

1.1.3 O-RAN

Building upon the transformative shifts required for SatCom and NTN integration,
the O-RAN framework offers a practical solution to the challenges outlined in the
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previous sections. By addressing key requirements such as modularity, programma-
bility, and interoperability, O-RAN provides a blueprint for enabling flexible, effi-
cient, and intelligent systems that align with the ambitions of a unified TN-NTN 6G
architecture.

¢ Disaggregated Architecture: At the heart of O-RAN is its disaggregated ar-
chitecture, which splits traditional monolithic base stations into the Central-
ized Unit (CU), Distributed Unit (DU), and Radio Unit (RU). This modular ap-
proach supports independent scaling and deployment, allowing each compo-
nent to address specific service and geographic requirements. For NTNs, such
disaggregation is critical in accommodating the unique demands of multi-
layered satellite networks and dynamic operating conditions.

¢ Programmable and Intelligent Control: O-RAN introduces intelligent con-
trol mechanisms through RICs, enabling both real-time and strategic network
optimization. These controllers analyze KPI data, predict network behavior,
and dynamically adjust operations to ensure efficient resource utilization and
adaptability. This capability is particularly valuable for NTNs, where rapidly
changing environmental and service conditions demand a high degree of op-

erational flexibility and responsiveness.

* Open Interfaces for Interoperability: By standardizing communication inter-
faces such as E2, Al, and O1, O-RAN ensures seamless integration between
heterogeneous network elements. This interoperability is fundamental for unit-
ing terrestrial and non-terrestrial networks, enabling cohesive operation across
diverse environments. Open interfaces reduce dependency on proprietary sys-
tems and encourage collaboration among vendors, fostering innovation across
both TN and NTN ecosystems.

* Cloud-Native Virtualization: O-RAN’s adoption of cloud-native principles
brings virtualization into the forefront of network design, decoupling network
functions from hardware. This flexibility allows dynamic resource allocation,
efficient traffic management, and rapid deployment of new services. For NTNs,
virtualization addresses critical needs for scalability, cost-effectiveness, and en-
ergy efficiency, enabling their alignment with the broader sustainability goals
of 6G.

By incorporating these principles, O-RAN bridges the gap between the static
architectures of existing SatCom systems and the flexible, interoperable infrastruc-
ture envisioned for next-generation NTNs. It provides a cohesive framework that
supports the evolution of TN-NTN integration, ensuring that both terrestrial and
non-terrestrial networks contribute effectively to the goals of a unified, sustainable
6G ecosystem. However, implementing the O-RAN framework in NTNs presents
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unique challenges, including adapting its principles to the dynamic nature of satel-
lite systems and addressing the latency and resource constraints inherent to space-
borne networks. Overcoming these difficulties is essential to ensure the robust and
efficient operation of O-RAN in NTN environments.

1.2 Thesis contributions and organization

The main objective of this thesis is to explore the applicability of the O-RAN paradigm
and architecture to NTNs, evaluating its potential benefits in achieving flexible, in-
teroperable, and scalable network solutions while addressing the unique challenges
posed by the dynamic nature, resource constraints, and operational complexities of
NTNSs.

The research presented in this thesis is organized into three primary activities:
i) the development of three O-RAN-compliant NTN architectures; ii) the evaluation
of RAN virtualization and disaggregation within the proposed NTN architectures,
focusing on the performance impact of selecting different functional split options
and on the software implementation of the Release 18 NTN features; iii) the analysis
of the impact of exploiting Real time (RT), Near Real time (Near-RT), and Non Real
time (Non-RT) control loops for RAN optimization, achieved through the imple-
mentation and evaluation of Near-RT and RT Machine Learning (ML) optimization
algorithms.

The work is organized as follows:

¢ Chapter 2 sets the overall framework of the thesis by first providing a com-
prehensive overview of the key aspects of SatCom system architectures, with a
particular focus on NTN architectures as defined by the 3GPP standardization
process and then by detailing the NTN-specific features introduced in 3GPP
Releases 17 and 18, along with an account of ongoing work and anticipated
developments for Release 19. For the sake of the analysis perfomed in the The-
sis, this chapter also examines the primary impairments characteristic of NTN
channels, offering insights into the challenges they pose.

¢ Chapter 3 provides an overview of the O-RAN framework focusing on the
architectural concepts, the open interfaces, and the orchestration framework.
Additionally, a literature review is presented, highlighting existing research on
O-RAN-based non-terrestrial networks and identifying gaps.

¢ Chapter 4 explains how virtualizing 3GPP NTN systems enables rapid and
flexible updates to RAN and CN software as new standards emerge. By sep-
arating network functions from hardware, operators can quickly adopt fea-
tures introduced in 3GPP Releases 17 and 18 without major overhauls, and
stay ahead of ongoing work for Release 19. It also describes how a virtual-
ized architecture simplifies the transition to new functionality, outlining the
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software changes needed to integrate Release 18 NTN features into an existing
Release 17 gNB solution.

¢ Chapter 5 investigates the principle of RAN disaggregation in the context
of NTNs, focusing on its impact on system flexibility, scalability, and perfor-
mance. It presents the proposed NTN system architectures, focusing on the in-
tegration of O-RAN architectures and interfaces. It provides a detailed analysis
of functional split options, ranging from low-layer splits to high-layer splits,
highlighting their trade-offs in terms of throughput, and latency. Additionally,
it addresses the specific challenges posed by NTN environments, including in-
terface capacity and latency constraints, and explores potential solutions. The
chapter concludes with a forward-looking perspective on leveraging dynamic

functional split optimization.

¢ Chapter 6 focuses on O-RAN-based RAN optimization to address the inte-
gration of NTNs into the 6G ecosystem, tackling challenges such as dynamic
topologies, variable latencies, and resource constraints. Leveraging RICs and
Al-driven optimization, it explores innovative solutions for load balancing,
traffic steering, and resource optimization. Two key analyses are presented:
first, a Deep Q-Learning-based framework for TN-NTN traffic offloading, op-
timizing system throughput by dynamically allocating resources between TN
and NTN layers; second, a neural network-based model for channel prediction
to address Channel State Information (CSI) aging caused by satellite mobility,
enhancing decoding accuracy and improving the performance of Sparse Code
Multiple Access (SCMA) in NTN environments. These approaches pave the
way for intelligent and sustainable 6G network management. Ultimately, this
chapter investigates the enhancement of control loop functionality through
CNF orchestration, utilizing Al to facilitate proactive resource management

and scalable, robust network operations designed for 6G.

¢ Finally, Chapter 7 concludes the thesis.

1.3 PhD Research Outcomes

This section describes the outcomes of the PhD research period in terms of paper
publications and contribution to EU or ESA funded projects. The research activity
on O-RAN-compliant NTN architectures has primarily resulted in the publication of
the paper titled "O-RAN Based Non-Terrestrial Networks: Trends and Challenges",
presented at the EuCNC Conference 2023, [5]. Subsequently, the work on NTN archi-
tectures was further developed and refined within the SNS-2022-STREAM-B-01-03
6G-NTN project, contributing to the design of its 3D multi-layered NTN architecture
and Very Low Earth Orbit (VLEO) space segment, as detailed in deliverables 6G-
NTN Deliverable 3.4 and D3.5, [6], [7]. Additionally, the analysis of O-RAN-based
NTNs was leveraged within the HORIZON-JU-SNS-2022 5G-STARDUST project,
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contributing to deliverables on system requirements and specifications, [8], and Al-
based radio resource management and onboard processing, [9].

The research activity focused on RAN disaggregation within the proposed NTN
architectures culminated in the publication of the paper "RAN Functional Splits in
NTN: Architectures and Challenges", [10], and supported the analysis of functional
split options within the 6G-NTN project, as documented in deliverable D3.5, [7].

The research activity on O-RAN control loops for RAN optimization followed
two distinct branches. The first branch contributed to the 6G-NTN deliverable 4.2,
titled "Report on 6G-NTN Radio Controller", [11] with a focus on TN-NTN traf-
fic offloading, and led to the publication of the paper "Emerging Advancements in
6G NTN Radio Access Technologies: An Overview", presented at the EuCNC/6G
Summit 2024, [12]. The second branch concentrated on NTN channel prediction al-
gorithms within the context of the ESA-funded EAGER project “tEchnologies And
techniques for satcom beyond 5G nEtwoRks”. This work contributed to the success
of the project and resulted in the publication of the paper "Cell-Free Multiple Input
Multiple Output (MIMO) in 6G NTN with Al-predicted CSI", presented at SPAWC
2024, [13]. Furthermore, the ML-based algorithms developed during this activity
were presented in the tutorial "Al in Non-Terrestrial Networks" at WiSEE 2023.
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[P1] "Emerging Advancements in 6G NTN Radio Access Technologies: An Overview",
H. Shahid, C. Amatetti, R. Campana, et al, EuCNC/6G Summit 2024

[P2] "Cell-Free MIMO in 6G NTN with Al-predicted CSI", B. De Filippo, R. Cam-
pana, A. Guidotti, C. Amatetti and A. Vanelli-Coralli, SPAWC 2024

[P3] "RAN Functional Splits in NTN: Architectures and Challenges", R. Campana,
C. Amatetti, A. Vanelli-Coralli, arXiv 2023

[P4] "O-RAN Based Non-Terrestrial Networks: Trends and Challenges", R. Cam-
pana, C.Amatetti, A.Vanelli-Coralli, EuCNC 2023
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[D3.3 ] "Report on software defined payload and its scalability", 2024
[D3.4 ] "Report on VLEO space segment (1st version)", 2024
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processing", 2024
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Chapter 2

Non Terrestrial Networks

SatCom represent the result of collaborative advancements in communications and
space technology research, aimed at extending capabilities and coverage while min-
imizing costs [14]. This chapter provides an overview of the key aspects of Sat-
Com systems, discusses the typical impairments associated with satellite channels,
reviews the NTN standardization process with a focus on Release 17, 18, and the
anticipated developments in Release 19, and examines the State-of-the-Art (SoA) of
O-RAN-based SatCom systems.

2.1 SatCom System Architecture

A SatCom system, shown in Fig. 2.1, is organized in the following way: i) a space seg-
ment, containing one or different active and spare satellites organized into a constel-
lation; ii) a control segment, including all ground facilities for the control and moni-
toring of the satellites, known as Tracking, Telemetry, and Command (TTC) stations,
and for the management of the traffic and the associated resources on board the
satellite; and iii) a ground segment, including all the traffic Earth stations , [15].

Satellite
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Feeder Link
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FIGURE 2.1: SatCom System high-level architecture.
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Satellite networks are distinguished by their topology, the types of links they
support, and the connectivity they offer among earth stations. In terms of configu-
rations, a SatCom system could be organized: i) in a meshed network, where every
node! is capable of communicating with every other node. A meshed satellite net-
work is made up of a set of earth stations that are able to communicate with one an-
other using satellite links consisting of radio-frequency carriers. ii) In a star network,
where each node is able to communicate only with a single central node, named hub.
iii) In a multi-star topology, various hubs (i.e., central nodes) are identified. The other

nodes can communicate only with those central nodes.

2.1.1 Orbits

In this Section the different types of satellite orbits and constellations are presented.
3GPP has focused on Geostationary Orbit (GEO) and LEO constellations for the de-
ployment of NTN, [16].

2.1.1.1 Geostationary Orbit
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FIGURE 2.2: Geosynchronous and geostationary orbits.

A Geosynchronous Orbit (GSO), represented in Figure 2.2, is characterized by
an orbital period of 24 hours, meaning that the satellite movement along its orbit is
synchronous with the Earth’s rotation. When a geosynchronous satellite is placed
on the equatorial plane, at altitude of 35.787 Km, the orbit is said geostationary. In
this case, an observer from earth sees the geostationary satellite in a fixed position
in the sky. This equatorial geosynchronous orbit is very crowded due to its unique
characteristics. Thus, in order to avoid interference between adjacent GEO satellites,
each satellite is assigned a well delimited orbital slot, which corresponds to a distinct

longitudinal position.

1A node is either a redistribution point or a communication endpoint. A satellite, as well as a
Ground Station (GS) or a ground terminal, can act as network nodes.
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2.1.1.2 Low Earth Orbit

A:Inclined B:Polar

FIGURE 2.3: LEO at different inclinations.

LEO satellites altitudes range between 500 and 2000 km, involving orbital peri-
ods between 94 and 127 minutes and fall under the category of Non-Geosynchronous
Orbit (NGSO) satellites. The orbit inclination is the angle of the orbit in relation to
Earth’s equator. A satellite that orbits directly above the equator has zero inclination.
If a satellite orbits from the geographic north pole to the south pole, its inclination is
90 degrees. LEO satellites can be deployed at any inclination angle as seen in Figure
2.3. However, the deployment of a satellite at inclination value of either 28.5 degrees
or 57 degrees can be easier, due to typical launch locations, [17].

LEO orbits are usually exploited for earth observation and communication satel-
lites. For what concerns the satellite footprint, two types of deployment have been
considered by 3GPP: Earth-moving beams and Earth-fixed beams. In the former, as
depicted in Figure 2.4a, the satellite beams follow the satellite movement along the
orbit, implying a coverage of a fixed point on Earth for just a few seconds. In the
latter, as depicted in Figure 2.4b, the satellite realizes spotbeams that remain fixed
on Earth?.

Satellite position at Satellite position at Satellite position at Satellite position at
timet +dt — time t time t + dt «— time t

_-" Minimum A L7 S _-*7 Minimum
.-~ elevation angle . ’ -* elevation angle

Cell position at Cell position at Cell position at Cell position at
time t + dt time t time t + dt time t
(A) Earth-moving cells. (B) Earth-fixed cells.

FIGURE 2.4: LEO satellite footprint typology, [18].

“The satellite can steer the spotbeams by tilting its antenna or by the means of attitude modifica-
tions.
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2.1.1.3 GEO and LEO Scenarios Comparison

Making use of GEO it is possible to obtain a full earth coverage, polar region ex-
cluded, deploying only three satellites and gateways. By contrast, LEO presents a
totally different scenario. In this case, in order to provide real-time global Earth
coverage, the number of satellites and gateways required is much larger, and de-
pends on the chosen orbit and the surface covered by the satellite antenna. In order
to decrease the deployment and operational costs of the system one can reduce the
number of LEO satellites selecting an inclined orbit. This ensures good coverage of
the Earth after a given number of spacecraft revolutions; thus, it is a viable solu-
tion only when the message delivery latency is not an issue. Moreover, the number
of terrestrial gateways can be reduced to one using a regenerative payload, hence
deploying all eNB functionalities on the satellite.

LEO is characterized by high Doppler shift with compared to GEO. However,
LEO constellations provide reduced round trip time compared to GEO. Moreover,
LEO is characterized by a time variant geometry between the satellite and the UE
that increases the probability of instantaneous Line of Sight (LoS) condition com-
pared to GEO, allowing information delivery. On the other hand, LEO can cause

temporary link unavailability causing an increase in the data delivery time.

2.1.2 Space Segment
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FIGURE 2.5: Types of payload [19].

As mentioned above, in the space segment one or several active and spare satel-
lites orbit the Earth. Each of them is composed of the payload and the platform. The
former is equipped with receiving and transmitting antennas and all the electronic
equipment supporting the signal transmissions. Fig. 2.5 shows the two types of pay-
load: transparent and regenerative.

A transparent payload, shown in Fig. 2.5a, (also known as bent pipe) only acts
as a mirror between the elements of the ground segment, since it only amplifies the
carrier power and down converts the central frequency. The power gain is of the
order of 100-130 dB to increase the power level of the received carrier from a few
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tens of picowatts to the power level of the carrier fed to the transmitting antenna.
To improve the separation between the receiving and the transmitting signals, fre-
quency conversion is necessary. Moreover, since the payload is power limited, the
overall bandwidth in the satellite is split into different sub-bands, and the carriers in
each sub-band are amplified by a dedicated power amplifier. The amplifying chain
associated with each sub-band is called a satellite channel, or transponder [19]. The
sub-bands are obtained by means of a series of filters called the input multiplexer
(IMUX). The amplified carriers in the output are then recombined in the output mul-
tiplexer (OMUX). The transparent payload, shown in Fig. 2.5a, could be carried ei-
ther on i) a single-beam satellite, where each antenna generates one beam only; or ii)
in a multi-beam satellite, where multiple-beam antennas generate multiple beams.

Referring to Fig. 2.5b, a multiple-beam regenerative payload is depicted. Differ-
ently from the bent-type payload, the uplink carriers are demodulated and re-routed
to the output. Having the baseband signals allows on-board processing and routing
of information from upbeam to downbeam through on-board switching at baseband.
The frequency conversion is performed by modulating carriers, generated on board,
at downlink frequency, which are then amplified and delivered to the destination in
downlink.

Each beam identifies a beam coverage area, also known as footprint, on the Earth’s
surface. In the case of multi-beam, the aggregate beam coverage areas define the
coverage area. If a satellite has several multiple-beam antennas, its coverage defines
the satellite access area, which is directly related to the Field of View (FoV) of the
satellite. Moreover, there are two types of beams: "Earth-fixed" and "Earth-moving".
"Earth-fixed" beams, also named steerable beams, are used to cover stationary areas
on the surface of the Earth that have fixed boundaries. These beams can be directed
to different locations on the Earth. In contrast, "Earth-moving beams" are used in
systems where the beam generated by the payload moves constantly as the space-
craft moves along its orbit.

In terms of coverage, it is possible to distinguish between instantaneous and long-
term system coverage (shown in Fig. 2.6). The first one includes the aggregated
coverage areas at a given time of the individual satellites participating in the con-
stellation. The latter defines the area on the Earth scanned over time by the satellites
in the constellation. When considering real-time services, the instantaneous system
coverage should at any time have a footprint covering a geographical region where
at least an element belonging to the GS is present. For store-and-forward services,
this condition is not necessary, however, long-term coverage of the service zone is
necessary. In order to provide continuous global coverage, a large number of satel-
lites is required for LEO and VLEO satellite constellations. With GEO systems, three
satellites are enough to achieve global coverage (except for the polar areas).

The platform consists of all the subsystems that allow the payload to operate,

such as: i) the fuel system which is responsible for making the satellite run for
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FIGURE 2.6: Types of coverage [19].

years; ii) the solar panels that provide the required energy for the satellite’s oper-
ation; iii) the satellite and telemetry control system used to transmit commands to
the satellite as well as to send the status of the onboard systems to the ground sta-

tions.

2.1.2.1 Non-Terrestrial Nodes

The next generation NTN topology will incorporate two types of non-terrestrial
nodes: deterministic nodes, with a stable and predictable orbit (GSO and NGSO),
and flexible nodes such as HAPs or specialized heavy drones. These flexible nodes
may appear at different times and locations to boost coverage or network capacity
but are deployed only as needed and are not intended for constant global presence.

Satellites positioned at varying orbits are referred to as deterministic nodes. The

envisioned 3D 6G-NTN network comprises multiple layers, specifically:

¢ An upper GSO layer consists of minimum three satellites in geostationary or-
bits (GEO). Three such satellites can almost cover the entire globe, except for
polar areas where they are not visible (i.e., near or below the horizon). The
actual coverage depends on the minimum elevation, the lowest angle at which
the satellite is visible above a user’s local horizon on Earth, as illustrated in Fig-
ure 2.7. Inclined GSO orbits are omitted as they eliminate the benefit of GEO:
no need for tracking antennas—while maintaining tight link budgets and high
delays. The GSO is mainly anticipated to complement NGSO, concentrating
on:
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- Broadcast and multicast operations aimed at fixed ground stations lo-
cated, for instance, at the edge of coverage, though this is not the 6G-NTN
project’s primary goal.

— Broadband access offering lower data rates and higher delay compared
to NGSO, thus suited as backup or complementary capacity for hotspots
(with dual steer/connectivity between GSO and NGSO links considered).

- Offloading non-delay-sensitive traffic from the NGSO network facilitated
by inter-satellite links connecting NGSO and GSO layers.

- Delivering essential control and management functionalities to the NGSO
fleet when feeder links or the ground segment are unavailable, enabling
resilient and autonomous network operation (albeit with reduced capa-
bilities) in the event of major disruptions to ground infrastructure.

— Ensure resilience and link recovery in instances, such as failure, of lower
constellations.

* A foundational layer comprised of NGSO satellites, where LEO includes Earth-
centered circular orbits with altitudes up to 2,000 km, allowing them to orbit
the Earth more rapidly than the planet’s rotation. NGSO satellites are primar-
ily intended to provide broadband access to handheld devices and VSAT-like
UEs.

* MEQO satellites, which usually orbit at approximately 10,000 km altitude, have
been excluded to reduce the variety of architectural options for analysis. A
MEO layer might be considered as a substitute for the GSO layer.

Flexible nodes essentially consist of HAPs or specialized heavy drones that can
be temporarily utilized to enhance capacity in particular regions. Notable instances
include disaster-stricken areas lacking terrestrial infrastructure or regions anticipat-
ing a brief surge in capacity demand, such as major concerts or sporting events,
whether located in urban centers or remote areas. It is important to note that these
nodes are not intended to form a permanent network; instead, they are expected be
strategically deployed as required.

2.1.3 Ground Segment

Earth stations are categorized into the following classes: i) user stations, e.g., hand-
sets, mobile stations, and Very Small Aperture Terminal (VSAT), which allow the
user to directly access the space segment; ii) interface stations, also named Gateways
(GW), which link the space segment to a terrestrial network; and iii) service stations,
like hub or feeder stations, which are in charge of collecting or distributing informa-
tion from and to user stations through the space segment.
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FIGURE 2.7: Exemplary coverage of a GEO satellite for different min-
imum elevation angles, [7].

The ground segment includes all the earth stations connected to the end user’s
terminal by a terrestrial network or, in the case of small station VSAT, directly con-
nected to the end user’s terminal. According to the volume of traffic on the satellite

link and the type of traffic, Stations have different sizes.

2.1.4 Communication Links

The Non-terrestrial nodes communicate by means of the following links:

¢ Feeder Links (FLs) serve to connect deterministic or flexible nodes with a
Ground Station (GS) or Gateway (GW) on Earth. GSs, equipped with large an-
tennas, face fewer link budget constraints than UEs, resulting in FLs typically
achieving a high availability of around 99.5% due to advanced fading counter-
measures like power control, Adaptive Coding and Modulation (ACM), pre-
dictive handovers, etc. However, data rates can fluctuate during deep fading
events, such as rain. FLs can function as both DL - Space to Earth, and UL -

Earth to Space.

¢ Inter-Node Link (INL) connect non-terrestrial nodes. When both nodes in-
volved are satellites, this link is called Inter-Satellite Link (ISL). If the link
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employs optical communication technologies, it is known as an Optical Inter-
Satellite Link (OSIL); otherwise, it assumes the use of conventional RF tech-
nologies.

¢ Service Link (SL) connect deterministic or flexible nodes with a ground-based
UE or one mounted on a drone, plane, or HAP. Like FLs, SLs can be both DL —
Space to Earth and UL — Earth to Space.

2.1.4.1 Inter-Node Links
Five distinct types of INLs can potentially be considered, [7], namely:

1. Establishing links between HAPs and LEO satellites are considered to utilize
optical technology. HAPs are designed as independent, adaptable network
nodes not always within view of a ground station, so they must connect to the
LEO constellation.

2. HAPs are considered to connect to GEOs using optical technology. Given the
vast distance, their feasibility and value with respect to the data rate warrant

further evaluation.

3. Connections between LEOs and GEOs are considered to occur in the Ka-band.
Determining the benefit of all LEO satellites including ISL technology for GEO
connections would requires additional analysis. Optical technology may re-
place Radio Frequency (RF) solutions if needed.

4. LEO satellite interconnections are considered to be established via optical tech-

nology.

5. GEO satellite links are considered to also use optical technology. Due to the
vast distance (approximately 90,000 km with three evenly spaced GEOs), as-
sessing their feasibility and significance concerning data rate would require

further investigation.

To summarize: LEO-GEO in Ka-band, LEO-LEO using optical technology, and HAP-
LEO with optical technology remain as baselines. Further analysis is needed for both
GEO-GEO and HAP-GEO with optical technology.

2.1.4.2 Feeder links

While Q/V-band is generally preferred due to its available bandwidth and minimal
spectral congestion, [7], Ka-band is still widely used and E band is considered es-
pecially for future use. Currently, these links are predominantly employed for GEO
missions, where their directional beams simplify interference management. HAPs
are considered to have feeder links only when a ground station is within sight. As
a result, HAPs are expectet to only connect opportunistically to ground stations and
will not have dedicated ones. Instead, they may use any LEO ground station within
visibility, or alternatively, route traffic through the LEO network.



22 Chapter 2. Non Terrestrial Networks

TABLE 2.1: NTN reference scenarios per system type [22]

‘ System ‘ Transparent ‘ Regenerative ‘
| GEO | A | B |
‘ LEO steerable beams ‘ C1 ‘ D1 ‘
‘ LEO fixed beams ‘ C2 ‘ D2 ‘

2.2 3GPP NTN system architectures for 5G

When considering the NTN integration into 5G systems, the RAN needs to commu-
nicate with the CN through the space segment, which includes the space-borne, i.e.,
satellite-based communication platforms, and the air-borne, i.e., HAPS. Thus, this
heterogeneous system (i.e., New Radio (NR)-NTN) envisages the mapping of these
two entities to offer services, [15].

The 5G RAN, i.e., the Next Generation Radio Access Network (NG-RAN), is de-
scribed by its own interfaces and architectures, which are reported in TR 38.801 [20].
In detail, the 5G NR conceives the functional split of the gNodeB (gNB) in CU and
DU. The goal of the functional split is to improve scalability, adaptability to vari-
ous use cases and vertical services, and performance in network management. It
is also the baseline approach for Network Function Virtualization (NFV) and Soft-
ware Defined Networking (SDN). As stated in TS 38.401: i) a gNB can be split into
a CU and one or more DU; ii) a DU communicates with only one CU; iii) the DU
and CU are connected through the F1 air interface, which is a logical air interface.
It is implemented by means of any existing standard, as long as specific signaling
operations are ensured [21]. In this case, the CU hosts the Radio Resource Control
(RRC) and Packet Data Convergence Protocol (PDCP) layers and the DU hosts the
Radio Link Control (RLC), Medium Access Control (MAC), Physical Layer (PHY),
and RF layers.

In 5G-NTN, the 3GPP identified six different macro scenarios (shown in Ta-
ble 2.1) for the NTN providing access to the UE based on the type of orbit, payload,
and its capabilities. In all of them, the link between the UE and the satellite (i.e., the
user service link) works either in S-band (e.g., 2 GHz) or in Ka-band (e.g., 20 GHz
in the downlink and 30 GHz in the uplink). Moreover, LEO satellites can be dis-
tinguished based on whether they provide fixed or moving beams for coverage on
the ground. It is worth emphasizing that only scenarios D1 and D2 include ISL, as
shown in Table 2.1.

Therefore, based on i) the location of the gNB, thus, based on the type of payload,
either transparent or regenerative, and ii) the type of user access link, either direct
or relay-based, it is possible to distinguish several architectural options, described
in the following sub-sections.
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2.2.1 Direct access

Transparent T
payload
________________________________________ W e
NG-RAN
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payload
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FIGURE 2.8: Architectural options with direct user access with trans-
parent (top) and regenerative (bottom) payload [23].
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FIGURE 2.9: Architectural option with direct user access, regenerative
payload, and functional split. Applicable to B, D1, and D2. [23].

In Fig. 2.8 the architectures with direct access are shown. In particular, the top
diagram depicts a transparent payload and the bottom one a regenerative payload.
Clearly, in this architecture, the users are directly connected to the satellite, [24].

In the transparent architecture, the platform only relays the NR signal between the
gateway and the user terminal. Here, the gNB is conceptually located at the gate-
way, which means that all NR procedures are completed on the ground. The NR-Uu
air interface is implemented on both links. Since it is a terrestrial interface, the typ-
ical impairments of the satellite channel, such as the large Round Trip Delay and
the Doppler shift, must be taken into account on both the feeder and user links. In
terms of the number of connections, each gNB is capable of managing a few tens of
beams. Since in multi-beam NTN systems, each satellite might be able of generating
even hundreds of beams, depending on the mission requirements, multiple gNBs
might be needed in order to manage the NTN node. In case the satellites generate a
reduced number of beams, then a single gNB can serve multiple payloads.

The regenerative architecture foresees the gNB or part of it on the flying platform.
Even if it is a more expensive and complex solution, it allows for greater flexibility
in adapting to the NTN channel.
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When the full gNB is implemented on board, the NR-Uu protocols are entirely ter-
minated on-board, i.e., this Air Interface is only present on the user service link. The
GW basically acts as a Transport Network layer node, terminating all transport pro-
tocols and connecting to the 5GC and the onboard gNB via the NG interface. This
Air Interface is logical, i.e., it can be implemented by means of any Satellite Radio
Interface (SRI), as, for instance, the DVB-52, DVB-52X, or DVB-RCS2, [25].

As previously mentioned, the regenerative payload also allows for the possibility of
implementing a functional split between the DU on the satellite and the CU on the
ground (shown in Fig. 2.9). Currently, the adopted solution for the split is option
7.2, in which the user access link uses the Uu air interface and the DU and CU are
connected by the F1 air interface on the feeder link. Usually, one CU is responsi-
ble for managing multiple DUs. However, it is worth noting that a single satellite
can generate hundreds of beams, so when multiple satellites in a swarm serve the
same area, multiple CUs are necessary to manage the swarm This architecture poses
a challenge related to the F1 interface (i.e., the interface between the CU and the DU)
since it requires a persistent connection between the gNB-DU and the gNB-CU and
it cannot be closed and re-activated on-demand; as such, with moving satellites as in
a non-stationary scenario, all of the connections towards the served UEs would be
dropped once the satellite is outside of the visibility of the current gNB-CU. Thus,
smart implementations of the F1 interface and/or the functional split in NTN shall
thus be designed.

2.2.2 Integrated Access and Backhaul

3 .
U > NR-Uu qM \/" 4M>.4——*-4—' Data network(s)
NR-Uu or -

UE NR-PC5 © IAB node Transparent NTN DgNB | NGC
: payload !
NG-RAN
.......... s
H payload
NR-Uu :
U Ll \b Bty ."——’-1—'QData network(s)
UE i )
: IAB node DgNB H
- GW -
NG-RAN

FIGURE 2.10: Architectural options with IAB with transparent (top)
and regenerative (bottom) payload. [23].

In a relay-based access solution, the UEs do not directly connect to the gNB, but
to an Integrated Access and Backhaul (IAB) node. The IAB allows NR access tech-
nologies to be used not only on the link between the gNB and terminals but also on
wireless backhaul links. The architecture, in Fig. 2.10, includes one IAB donor node
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and multiple IAB nodes. The donor node provides connectivity to the CN, to which
it is connected by means of conventional methods, such as fiber or microwaves, and
serves the IAB nodes and the terminal directly linked to it. Each IAB node consists
of a Mobile Termination (MT) part and a DU part. The former connects the IAB node
to a parent DU, which could be the IAB donor or the DU part of another node, while
the DU part communicates with UEs or the MT part of child IAB nodes. It is mean-
ingfulness to highlight that: i) the MT part acts as a UE when communicating with
the parent DU. ii) From the UE perspective, the DU part works as a normal gNB. In
fact, it is not able to differentiate between normal gNBs and IAB nodes, because the
IAB node’s architecture is transparent to the user.

When considering an NTN element, the IAB can be implemented using either a
transparent or regenerative payload. The architecture with relay nodes and trans-
parent payloads (top diagram in Fig. 2.10) is more complex compared to direct ac-
cess scenarios due to the introduction of a potentially large number of on-ground
IAB nodes acting as gNBs. Because the IAB node can terminate protocols up to layer
3, no modification is foreseen on the user service link. In this case, the impact of
typical satellite channel impairments only needs to be assessed on the forward link.
When an onboard IAB node is implemented, i.e., the regenerative solution is used,
and the payload cost increases but there is the advantage of terminating protocols
up to layer 3 on the satellite, as in the regenerative direct access architecture. For
the feeder link, the connection between the IAB node and the donor gNB must be
implemented using an NR-Uu air interface [26]. However, these architectures are
currently under investigation for NTNs [22].

2.3 NTN impairments

This section reports some considerations about the delay, Doppler, and path losses
elaborated in "NTN support for mMTC: Architectural and channel model consider-
ations" [27].

Notably, compared to a terrestrial channel, satellite links pose challenging issues re-
lated to large delays, Doppler shifts, and path losses.

In the following, the system shown in Fig. 2.11 is considered as the baseline, where
the following assumptions hold: i) a beam center located on the uv-plane at (upc, vpc);
ii) a beam radius ry, = sinv34p, where ¥34p is the 3 dB half beam width, defined
based on the NTN configuration sets in TR 38.821 [22]; and iii) a satellite orbiting the
spherical Earth at an altitude hs,. The conversion between (u,v) coordinates and
satellite look angles is given by:

u = sin ¥ cos ¢ @.1)

v = sin¥sin
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FIGURE 2.11: Reference system for delay and Doppler in u-v coordi-
nate system.

¥ = arcsin (\/m)

(2.2)
( = arctan (%)

For the sake of clarity, only a single beam is considered, but this assumption does
not impact the generality of the proposed mathematical framework. In fact, when
assessing the impact of the channel impairments on the NB-Internet of Things (IoT)
procedure, it shall be noticed that such procedures involve users from the same

beam.

2.3.1 Delay

To characterize the satellite channel in terms of latency, it shall be noticed that: i)
compared to terrestrial communications, the propagation delay is predominant; and
ii) the feasibility of most of the NB-IoT procedures is impacted by the Round Trip
Delay (RTD) and the differential delays (the maximum, in particular) of users be-
longing to the same beam. In the following, the processing delay at the network
elements is considered negligible and the propagation delay on the user link is con-
sidered the only contribution to the overall latency. Thus, the goal of this paragraph
is to compute the maximum differential delay, i.e., the maximum differential slant
range, between two generic users. By definition, the differential delay is the differ-
ence in delay between a generic user and the user experiencing the minimum delay
in the same beam.

Indeed, the one-way propagation (7,,) delay of two or more terminals in the same
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beam can be split into two parts:
Tow = AT+ Ty (2.3)

where T),; describes the delay component common to all the UEs in the same beam
(please, note that the feeder link and the Inter Satellite Links (ISL) are not consid-
ered, otherwise they belong to the common delay in addition to the delay on the
user link) and A7 defines the differential component of the delay.

It is worth emphasizing that all sources of the common delay can be pre-compensated,
[23]. By means of orbital and geometrical considerations, the maximum difference
in slant range between any two beam users is obtained when: i) the beam center is
located on the satellite ground track, i.e., vpc = 0; and ii) the two users are located at
the intersections between the ground track and the beam edge, i.e., Vpmin = Vmaz =0,
where min and maz define the users located closest and farthest from the satellite,
respectively. In a given time instant along its orbit, the satellite is seen at an elevation
angle ¢; from the beam center; thus, from Eq.(2.1), it is possible to write:

Rg

= — 2.4
Ro 1 s COS € (2.4)

upc

where Rg is the Earth’s radius. Since the beam radius in uv coordinates is known, it
is possible to obtain the coordinates of the two users as:

_ _ __Rg
Umin = UBC — Tuv = Rpfhyqe COSEt — Tuv

R
Umaz = UBC + Tww = Fpphosy COSE + Tuo

(2.5)

Moreover, it is worth highlighting that: i) when the Sub-Satellite Point (SSP) is in
the beam, the minimum slant range location is given by the SSP itself; and ii) when
the maximum slant range point is over the satellite’s FoV, the maximum slant range
location is on the FoV. From these observations, it is possible to write:

REg
COSE€¢ — Tyw, UBC > Twy
Umin = R thsar (2.6)
0, uUBc < Tuy
and
__Rp __Rp
— RE+hsat cos Et + ruv’ UBC + ruv S RE“l‘hsat 2 7
Umazx = R R ( . )
_Rp _Rp
RE“l’hsat, uBC + Tuw > RE+hsat
From the u-axis coordinates, the corresponding elevation angles are:
Rp + hsat
£i = arccos | ————q; (2.8)
Rp
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with ¢ = min, maz. Knowing the elevation angle ¢; and the nadir angle ¥; =
arcsin u;, the Earth central angle can be computed as \; = 7/2 — ¢; — ;. This al-
lows obtaining the slant range as:

sin Al

d; = 2.9
Esin vV 29)
Thus, the maximum differential slant range, Ad,4, is given by:
S max i Apnin
Adpaz = RE an)\ - S?H (210)
Sin Ymae  SINDmin

From the above equation, it is straightforward to obtain the maximum differential
delay as follows:

Rp (sin Amaz SN Amin )

A'rmaz (Eta hsah Tuv) = - - (211)

sin Ve SIDImin
with ¢ being the speed of light. Eq. 2.11 clearly highlights that the maximum differ-
ential delay is a function of the elevation angle at the beam center, the beam radius,
and the satellite altitude since both the nadir and Earth central angles depend on
these parameters from Eq.(2.6), (2.7), and (2.8).

2.3.2 Doppler shift

The Doppler shift consists of the change in the carrier frequency due to the relative
motion between the satellite and the user terminal. Similarly to the above analysis
for the propagation delay, only the mathematical framework of the maximum dif-
ferential Doppler shift is discussed since all terms introducing a common shift can
be pre-compensated assuming, as per 3GPP current analyses, that: i) the terminals
are equipped with Global Navigation Satellite Systems (GNSS) capabilities, and ii)
the satellite ephemeris are known.

By means of orbital and geometric considerations, the worst-case scenario (in terms
of maximum differential shift between any two users) arises when the beam’s major
semi-axis lies on the satellite ground track, [28]. For a terminal not located at the
beam center, but on the beam major semi-axis, the same Doppler curve applies with
a horizontal shift given by the time instant at which that UE will see the satellite at
¢ = 7/2. The differential Doppler between any two users is obtained by evaluating
the Doppler shift at the corresponding elevation angles and computing the differ-
ence. Therefore, the maximum variability is obtained when the UEs are at the two
beam edges on the beam major semi-axis. In [29], the authors proposed a simplified
formula for the Doppler shift experienced at locations on the satellite orbit projection
on the ground as a function of the elevation angle:

wsRE cose; (¢)

fa(ei) = fe (2.12)

C
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where wj is the satellite’s angular speed and f. the carrier frequency. It is worth
emphasizing that in the above formulation, the elevation angle at the user location
e; is a function of the elevation angle at beam center ¢, as a consequence of the
dependency of the u-axis coordinate from the beam center elevation angle, discussed
above. To provide the maximum differential Doppler shift, the elevation angles at
the minimum and maximum Doppler shift locations, i.e., Eq. (2.6) and (2.7), must be
computed. From these, it is possible to write:

Afd,mam - fd (fsmax) - fd (5mzn)

2.13)
= 2fcwwsruv

From Eq. 2.13, it is clear that the maximum differential Doppler depends on the
satellite altitude and the beam radius only, and not on the elevation angle at the
beam center.

2.3.3 Path Loss

For a satellite communication link between a UE on ground and the satellite, the
overall losses, L, can be computed as:

L=PL+Lg=Lg+Ls+Lpor,+Lr+Lp (2.14)
—_—
PL Ly

where PL represents losses due to the channel impairments while L are the losses
related to the equipment configuration. In details: i) Lp is the basic path loss, which
combines free space, clutter, and shadowing losses; ii) L 4 represents the losses due to
atmosphere; iii) Lpoy, is the polarisation mismatch loss; iv) L represents the losses
in the equipment; and v) Lp represents the depointing losses.

The basic path loss is the combination of Free Space Loss (FSL), L, clutter loss,
L, and log-normal shadowing, L,:

Lp=La+Lss+ Ly (2.15)

The clutter loss models the attenuation of signal power caused by surrounding build-
ings and objects on the ground. It depends on the elevation angle, ¢, computed in
Eq. 2.8, the system operating frequency, f., and the environment. Typical values
for this parameter can be found in [30] for different scenarios and it can be always
assumed null in Line of Sight (LoS) conditions. For a generic user located at slant
range d from the satellite, the FSL is given by:

Andf.
Ly, = 201log;, ( ”cf ) (2.16)
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where c is the speed of light. As for the shadowing loss, L, is modeled as a log-
normal random variable with zero mean and variance related to the harshness of
the shadowing environment, i.e., L, ~ (0,02), and the values of, o2 are provided
by 3GPP for dense urban, urban, and rural scenarios as a function of the elevation
angle in [30].

Atmospheric losses take into account the atmospheric gases absorption, Ly, the
rain/snow fall and cloud attenuation, L,;,, and the scintillation losses, L:

Ly= Lgas + Lyain + Ls (217)

Atmospheric gas absorption depends mainly on frequency, elevation angle, altitude
above sea level, and water vapor density (absolute humidity). In particular, in or-
der to be compliant with 3GPP standardization, losses are computed as provided in
Annex 2 of ITU-R P.676 for slant paths. The atmosphere is modelled with tempera-
ture 288.15 K, pressure 1013.25 hPa, and water vapour density 7.5 g/m? [31]. Rain
and cloud attenuations are dependent on the geographical location of the ground
terminal. Section 2.2 of ITU-R P.618-13 describes a method to estimate the long-term
statistics of attenuation due to rain [32]. For 3GPP System-Level Simulation (SLS),
the baseline is to consider clear sky conditions only and in any case, rain attenuation
is considered negligible for frequencies below 6 GHz [30]. Scintillation is a variation
of the amplitude of received carriers caused by variations in the refractive index of
the troposphere and the ionosphere. The tropospheric scintillations, impacting sig-
nals in Ka-band, are modeled as a fixed term depending on the user elevation angle
[30]. These values are obtained by means of the procedure described in ITU-R P.618
[32]. The ionospheric scintillations, impacting signals in S-band, are modeled as a
fixed term of 2.2 dB as from [30], and described in ITU-R P.531-13 [33].

It is also necessary to consider the polarisation mismatch loss observed when the
receiving antenna is not oriented with the polarisation of the received wave because
propagation through the atmosphere can also affect the polarization. In fact, the
ionosphere introduces a rotation of the plane of polarization of an angle, At which
is inversely proportional to the square of the frequency. This rotation is particularly
dangerous for linear polarization. Furthermore, with linear polarisation, the receiv-
ing antenna may not have its plane of polarisation aligned with that of the incident
wave. In general, the polarization mismatch loss can be defined as [19]:

Lpor, = —201log(cos Av) (2.18)

The equipment losses represents the losses in the transmitting and receiving equip-

ment respectively, in the feeder between the power amplifier and the antenna:

Lp =Lprx + Lrrx (2.19)
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In particular, Lprx is the feeder loss between the transmitter and the antenna, while
Lrrx is the feeder loss between the antenna and the receiver.

Finally, the depointing losses are functions of the transmission and reception an-
gles misalignment, f7 and g respectively, with respect to the antenna boresight.
The result is a fallout of antenna gain with respect to the maximum gain on trans-
mission and on reception, which can be formulated as a function of the 65,5, later
explained in this chapter:

Lp=Lr+Lp=12 (HT) +12 (0R> (2.20)
034n 034p
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Chapter 3
O-RAN Specification

This chapter provides an overview of the O-RAN specifications, focusing on its core
architectural principles: disaggregation, virtualization, open interfaces, and data-
driven control. It examines the functional split of base stations into CU, DU, and
RU, and the virtualization of network components within the O-Cloud. Key O-RAN
interfaces—E2, A1, O1, and Fronthaul—are discussed, highlighting their role in en-
abling interoperability and modularity. The chapter also explores the RAN Intelli-
gent Controllers (non-RT RIC and near-RT RIC) and their applications (rApps and
xApps), which utilize AI/Machine Learning (ML) to enable closed-loop control and

optimize network performance.

3.1 Architectural concepts

The O-RAN architecture is based on the principles of: i) disaggregation; ii) virtual-
ization; iii) data-driven RAN control; and iv) open interfaces. These are presented

below.

3.1.1 Disaggregation

The disaggregation principle extends the functional disaggregation paradigm pro-
posed by 3GPP for the NR gNB, [34], effectively splitting base stations into different
functional units. Referring to Figure 3.1, the gNB is split into a Central Unit (O-CU),
a DU, and a RU, with the CU divided also in the CP and UP. Thanks to this logical
split, different functionalities can be deployed at different network elements and on
specialized or general-purpose hardware platforms. The functional-split option is
defined by how the protocol-stack functions are allocated between the CU and DU
within the gNB. In O-RAN the selected split is 7.2x. In this case, the RU takes care
of the Fast Fourier Transform (FFT) and of the cyclic prefix addition/removal opera-
tions. The remaining functions of the physical link are then implemented in the DU,
together with the MAC and RLC layers. Finally, all the remaining functions of the
3GPP protocol stack are centralized in the CU, i.e., the RRC, Service Data Applica-
tion Layer (SDAP), and the PDCP.
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3.1.2 Virtualization

As defined in [35], all the O-RAN architecture components shown in Figure 3.1
can be deployed as virtualized components on a hybrid cloud computing platform
called O-Cloud. This platform specialises the virtualization paradigm of O-RAN
combining physical nodes, software components, and management and orchestra-
tion functionalities. The virtualization concept enables: i) the decoupling between
software and hardware components; ii) the definition of standardized hardware ca-
pabilities to use in the O-RAN infrastructure; iii) sharing of the computational capa-
bilities of the hardware; and iv) the automated deployment of the RAN functions on
the hardware platforms.

Service Management and Orchestration Framework

Non-Real Time RIC Legend
—— 3GPP interfaces
—— O-RAN interfaces

X2-c

X2-u

——NG-u

Xn-u

Xn-c
NG-c

Open FH M-Plane

Open FH M-Plane

— 0-Cloud }

FIGURE 3.1: O-RAN architecture (components and interfaces).

3.1.3 Open Interfaces

O-RAN introduces technical specifications describing open interfaces connecting
different components of the architecture. Figure 3.1 shows the O-RAN open in-
terfaces interconnecting the architecture components along with the 3GPP defined
interfaces. Indeed, O-RAN includes and leverages 3GPP defined interfaces to addi-
tionally foster the disaggregation of the RAN. Leveraging open interfaces is possible
to deploy the O-RAN architecture described in Figure 3.1 selecting different network
locations for the virtualized components, with multiple possible configurations. An
additional benefit of open interfaces is to break the vendor lock-in inside the RAN,
fostering market competitiveness, faster components upgrade, and facilitating the
introduction of additional virtualized components in the RAN. We will provide a
description of each interface in section 3.2.
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3.1.4 Closed-Loop Control

In order to orchestrate the RAN, O-RAN introduces the RICs. These, thanks to data
pipelines that stream the KPI of system nodes, have an abstract and centralized point
of view on the network. By processing this data and exploiting Al and ML algo-
rithms, the RICs can optimize and apply the control policies of the RAN in a closed
loop. With reference to Figure 3.2, O-RAN foresees the non Real Time (non-RT) RIC
and the near Real Time (near-RT) RIC, differentiated on the role and on the timescale
of intervention. The former operates on a time scale longer than 1 s and provides
guidance, enrichment information, and management of ML models for the near-RT
RIC. The latter consists of multiple applications supporting custom ML models de-
ployed at the edge and operating on a time scale between 10 ms and 1 s. In Figure 3.2
are highlighted the closed-loop controls on the disaggregated O-RAN infrastructure
enabled by the different RICs. Control loops that operate in the real-time domain
(below 10 ms) are also considered, even if they are not yet included in the current
O-RAN architecture and are mentioned for further study. These could be used for
Radio Resource Management, beam management, or detection of physical layer pa-

rameters.
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FIGURE 3.2: O-RAN Control loops.

3.2 O-RAN Open Interfaces

In this section we review the interfaces standardized by the O-RAN Alliance so far,
detailing their logical abstractions and procedures. More specifically, the E2, O1, Al,
and Fronthaul interfaces are detailed below, together with other O-RAN and 3GPP
defined interfaces.

3.2.1 E2 Interface

The E2 interface is an open interface interconnecting the near-RT RIC with the E2
nodes, i.e., CUs, DUs, and Long Term Evolution (LTE) eNBs designed to be O-RAN
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compliant. This interface enables the RIC to collect metrics from the RAN compo-
nents periodically or after trigger events. The metrics can then be used by the RIC
to control functionalities and procedures of the E2 nodes. The data collection and
control services can have different granularities, i.e., specific UEs, one cell, multiple
cells, or Quality of Service (QoS) classes. The single UE and groups of UEs are iden-
tified by the O-RAN Alliance using a variety of unique identifiers. To identify the
gNBs, QoS classes, and slices, OO-RAN relies on identifiers based on 3GPP specifica-
tions, while specific UEs are identified relying on O-RAN introduced user identifier
UE-ID. Each E2 node exposes different capabilities and the services it supports, i.e.,
different DUs can expose different parameters to be tuned, along with their capa-
bility collect specific network metrics. Additionally, the capabilities of each node
are clearly separate, and the RIC-RAN interaction is clearly defined relying on a
publish-subscribe mechanics. The E2 Application Protocol (E2AP), [36], coordinates
the communication between the near-RT RIC and the E2 nodes, and provides a set
of services:

E2 Setup: is used to establish the E2 interface between the Near-RT RIC and an
E2 Node.

¢ E2Reset: is used by either the E2 Node or Near-RT RIC to reset the E2 interface.

* Near-RT RIC Service Update: is used by the E2 Node to inform the Near-RT
RIC of any change to the list of supported RIC services and mapping of services
to functions within the E2 Node.

* E2 Node configuration update: is used by the E2 Node to inform the Near-
RT RIC of any change to the list of supported RIC services and mapping of
services to functions within the E2 Node.

¢ E2 Removal: is used by either the E2 Node or Near-RT RIC to release the E2
signalling connection.

After the connection is established, the following E2AP services can be exploited
to implement the E2 service models.

¢ Report: Near-RT RIC uses a RIC Subscription and/or RIC Subscription Modi-
fication procedures to request that E2 Node sends a report message to Near-RT
RIC and the associated procedure continues in the E2 Node after each occur-
rence of a defined RIC Subscription procedure Event Trigger.

¢ Insert: Near-RT RIC uses a RIC Subscription and/or RIC Subscription Modifi-
cation procedures to request that E2 Node sends an insert message to Near-RT
RIC and suspends the associated procedure in the E2 Node after each occur-
rence of a defined RIC Subscription procedure Event Trigger.
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¢ Control: Near-RT RIC sends a control message to E2 Node to initiate a new
associated procedure or resume a previously suspended associated procedure
in the E2 Node.

¢ Policy: Near-RT RIC uses a RIC Subscription and/or RIC Subscription Modi-
fication procedures to request that E2 Node executes a specific policy during
functioning of the E2 Node after each occurrence of a defined RIC Subscription
procedure Event Trigger.

* Query: Near-RT RIC sends a query message to the E2 node to retrieve RAN-
related and /or UE-related information from the E2 Node.

¢ E2 Service Model (E2S), [37]: The E2S is inserted as payload in one of the E2AP
messages. The O-RAN Alliance has standardized three service models:

¢ E2S Key Performance Measurement (KPM), [37], reports the RAN performance
metrics, exploiting E2 report messages. Precisely, the procedure is as follows: i)
in the E2 setup procedures, the metrics exposed by the E2 nodes are advertised;
ii) an xApp in the RIC sends a subscription message indicating which KPMs
are of interest; iii) the E2 node streams the selected KPMs trough Indication
messages of type Report.

¢ E2S Network Interface (NI), [37], takes the messages received by the E2 node
on the network interfaces and delivers them to the near-RT RIC exploiting
the E2 report messages. The E2 node advertises which interfaces it supports
during the subscription procedure, and they include X2 (which connects LTE
eNBs), Xn (which connects different NR gNBs), and F1, which connects DUs
and CUs).

¢ E2S Cell Configuration and Control (CCC), [38], controls and re-configure the
E2 nodes at a cell or node level, e.g., for the bandwidth part configuration. It
relies primarily on E2 report and control messages. The technical specification
for CCC, in its current version, specifies the control of the selection of X2 and
Xn neighbours, RAN slicing, and parameters related to the bandwidth part
and the synchronization signals of a cell.

¢ E2S Ran Control (RC) implements control functionalities through E2 control
services. Compared to E2S CCC, it focuses on more granular control (up to the
UE or bearer level). It also provides capabilities for UE identification and UE

information reporting.

3.2.2 O1 Interface

01, [39], is an open interface that standardizes operations and maintenance prac-
tices. It interconnects the O-RAN managed elements (including the near-RT RIC,
RAN nodes) to the Service Management and Orchestration (SMO) and the non-RT
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RIC. O1 interface uses a combination of REST/HTTPS Application Programming
Interface (API)s and Network configuration protocol (NETCONF), [40], which is
a protocol standardized by thelnternet Engineering Task Force (IETF) for the life-
cycle management of networked functions. The O1 interface enablesManagement
Services (MnS) including: i) O-RAN components’ lifecycle management; ii) trace
collection trough KPI reports and performance assurance; and iii) software and file
management. To this aim, this interface connects a MnS provider, i.e., the node man-
aged by the SMO to one MnS consumer, i.e., the SMO.
The defined management services are described below:

¢ Provisioning Management services: they allow a Provisioning MnS Consumer
to configure attributes of managed objects on the Provisioning MnS Provider
that modify the Provisioning MnS Provider’s capabilities in its role in end-to-
end network services and allows a Provisioning MnS Provider to report con-
figuration changes to the Provisioning MnS Consumer. NETCONF is used
for the Provisioning Management Services to Create Managed Object Instance,
Delete Managed Object Instance, Modify Managed Object Instance Attributes
and Read Managed Object Instance Attributes. A REST/HTTPS event is used
to notify the Provisioning MnS subscribed Consumers when a configuration

change occurs.

¢ Fault Supervision Management Services: they allow a Fault Supervision MnS
Provider to report errors and events to a Fault Supervision MnS Consumer
and allows a Fault Supervision MnS Consumer to perform fault supervision

operations on the Fault Supervision MnS Provider, such as get alarm list.

¢ Performance Assurance Management Services: they allow a Performance As-
surance MnS Provider to report file-based (bulk) and/or streaming (real time)
performance data to a Performance Assurance MnS Consumer and allows a
Performance Assurance MnS Consumer to perform performance assurance
operations on the Performance Assurance MnS Provider, such as selecting the
measurements to be reported and setting the frequency of reporting.

¢ Trace Management Services: they allow a Trace MnS Provider to report file-
based or streaming trace records to the Trace MnS Consumer. Trace Control
provides the ability for the Trace Consumer to start a trace session by config-
uring a Trace Job via the Trace Control IOC or by establishing a trace session
that will propagate trace parameters to other trace management providers via
signalling. There are multiple levels of trace that can be supported on the
provider. The Trace Provider may be configured to support filebased trace

reporting or streaming trace reporting.

¢ File Management Services: they allow a File Management MnS Consumer to
request the transfer of files between the File Management MnS Provider and
the File Management MnS Consumer.
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¢ Heartbeat Management Services: they allow a Heartbeat MnS Provider to send
heartbeats to the Heartbeat MnS Consumer and allow the Heartbeat MnS Con-
sumer to configure the heartbeat services on the Heartbeat MnS Provider.

¢ Physical Network Function (PNF) Startup and Registration Management Ser-
vices: they allow a physical PNF Startup and Registration MnS Provider to ac-
quire its network layer parameters either via static procedures (pre-configured
in the element) or via dynamic procedures (Plug-n-Play) during startup. Dur-
ing this process, the PNF Startup and Registration MnS Provider also acquires
the IP address of the PNF Startup and Registration MnS Consumer for PNF
Startup and Registration MnS Provider registration. Once the PNF Startup and
Registration MnS Provider registers, the PNF Startup and Registration MnS
Consumer can then bring the PNF Startup and Registration MnS Provider to
an operational state.

¢ PNF Software Management Services: they allow a PNF Software MnS Con-
sumer to request a physical PNF Software MnS Provider to download, install,
validate and activate a new software package and allow a physical PNF Soft-
ware MnS Provider to report its software versions. O-RAN will utilize the
liaison to 3GPP to initiate enhancements to the 3GPP specifications for PNF
Software Management. Until those enhancements are put in place, O-RAN
PNF Software Management will be described in this specification. Software
management described in this document is modelled on the O-RAN Fronthaul

Management Plane Specification.

3.2.3 A1 Interface

The Al is an open interface interconnecting the two O-RAN specific components
(the non-RT RIC and the near-RT RIC), [40]. Exploiting the Al interface, the non-RT
RIC is able to:

¢ deploy policy-based guidance to the near-RT RIC, e.g., to set optimization

goals;
* manage ML models used in xApps;

* orchestrate and negotiate the collection of enrichment information from the
network to the near-RT RIC.

The network policies, ML models, and enrichment information can be applied
at different levels in order to refer a group of UEs or to a single UE. Al interface
relies on the A1 Application Protocol (A1AP), designed for policy deployment and
network functions combining REST APIs over HTTP for the transfer of JSON objects.
As the Al-based ML model management is still considered for further studies, [41],
the A1 interface functions are:



40

Chapter 3. O-RAN Specification

¢ Policy Management: the purpose of Al policies is to enable the Non-RT RIC

function in the SMO to guide the Near-RT RIC function, and hence the RAN,
towards a better fulfilment of the RAN intent. By utilising the observability
over O1, and the Al policy feedback, the Non-RT RIC can conclude that the
RAN intent is not achieved. The NonRT RIC can then decide to use A1 poli-
cies that enable the Near-RT RIC to, e.g., optimize Radio Resource Manage-
ment (RRM) for a single UEs or for group of UEs. There are different types of
Al policies referred to as A1 policy types. A Non-RT RIC need not use all Al
policy types, and a specific function in the Near-RT RIC may only support one
specific Al policy type. Non-RT RIC can discover available Al policy types
over the Al interface. An A1 policy type is identified by the policy type identi-
fier (PolicyTypeld). Different policy types have different PolicyTypelds. Based
on the PolicyTypeld, schemas are identified and used for creation, validation,
and formulation, and for query of the status, of Al policies of that type. An
Al policy is identified by a policy identifier (Policyld) that shall be assigned
by Non-RT RIC. The Policyld shall be locally unique within Non-RT RIC and
sent in the policy request operations that carry representations of Al policies.
A1l policies consist of a scope identifier and one or more policy statements.
The scope identifier represents what the policy statements are to be applied on
(e.g., UEs, QoS flows, or cells). The policy statements represent the goals to the
Near-RT RIC and covers policy objectives and policy resources.

Enrichment Information (EI): the purpose of Al enrichment information is
to enable the Near-RT RIC to improve its RAN optimization performance by
utilising information that is not available within the RAN. The information
sources can be O-RAN internal and O-RAN external, and the derived Al en-
richment information can be provided by the Non-RT RIC over the Al inter-
face. There are different types of Al enrichment information referred to as EI
types. A Near-RT RIC may not need to use all EI types, and a specific function
in the Near-RT RIC may only need one specific type of Al enrichment informa-
tion. An EI type is identified by the EI type identifier (EiTypeld). Based on the
EiTypeld, information can be provided about the Al enrichment information
properties and how to request delivery of the Al enrichment information. The
Near-RT RIC can discover available EiTypelds over Al and request delivery of
Al enrichment information related to an available EiTypeld. The Non-RT RIC
controls the access to Al enrichment information and how the connection for
delivery of the enrichment information can be made. The enrichment informa-
tion function is used by the Non-RT RIC to produce and make Al enrichment
information available to the Near-RT RIC. The Non-RT RIC is responsible for

exposure and secure delivery of Al enrichment information.
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3.24 O-RAN Fronthaul

The O-RAN Fronthaul (FH) interface connects a DU to one or multiple RUs inside
the same gNB, [42], and enables the distribution of the physical layer functionali-
ties between the RU and the DU, and to control RU operations from the DU. When
considering the functional split defining a fronthaul interface there are two com-
peting interests: the simplicity of the interface and of the RU design, and the data
rate required for fronthaul transport. To resolve this, O-RAN has selected a single
split point, known as "7-2x" but allows a variation, with the precoding function to
be located either "above" the interface in the O-DU or "below" the interface in the
O-RU. For the most part the interface is not affected by this decision, but there are
some impacts namely to provide the necessary information to the O-RU to execute
the precoding operation. O-RUs within which the precoding is not done (therefore
of lower complexity) are called "Category A" O-RUs while O-RUs within which the
precoding is done are called "Category B" O-RUs. See Figure 3.3 for a depiction of
this dual O-RU concept. The FH interface can be based on Ethernet or UPD/IP en-
capsulation, carrying either an enhanced Common Public Radio Interface (eCPRI),
[43], or an IEEE 1914.3, [44], payload. Since one DU can support multiple Rus, the
FH specification introduces and additional component with the aim to multiples the
fronthaul stream to multiple RUs. As an alternative, the RUs can be connected in
a chain. The O-RAN FH specification foresees four different communication planes
detailed below.
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C-plane: this plane transfers commands from the DU and the RU, i.e., from the
high-PHY to the low-PHY, including:

¢ scheduling and beamforming configurations;

¢ management of different NR numerologies in different subframes;
¢ downlink precoding configuration;

® spectrum sharing control.

The C-plane messages are encapsulated in eCPRI or IEEE 1914.3 protocols, with spe-
cific fields and commands for different control procedures.

U-plane: This communication plane is mainly used to transfer I/Q samples in
the frequency domain between the DU and the RU. Typically, the U-plane messages
follow a C-plane one that specifies scheduling and beamforming configurations, so
that the I/Q samples can be transmitted in the corresponding transmission opportu-
nities. An additional functionality of the U-plane is to take care of the transmission
timing of the packets so that the RU has enough time for processing before trans-
mission. Additionally, the U-plane specifies the digital gain of the samples and, for
more efficient transfer, it can compress them.

S-plane: this communication plane takes care of synchronization between the
DU and RU in terms of time, frequency, and Phase between the clocks. Having a
shared clock reference enable the DU and RU to properly align time and frequency
resources for the transmission of data and control channels. This is of paramount
importance in a slotted distributed system. The topologies foreseen by the O-RAN
specification differ on the type of interconnection between the DU and RU that can
be either a direct link or an indirect link trough a fabric of ethernet switches. Addi-
tionally, the synchronization can be based in different protocol with different preci-
sions: i) Physical Layer Frequency Signals (PLFS) or Precision Time Protocol (PTP),
with sub-microsecond accuracy.

M-plane: This protocol enables the initialization of the DU and RU, and the man-
agement of their interconnection. It is also in charge of the configuration of the RU,
[45]. Specifically, it takes care of:

¢ managing the RU start-up, during which the RU establishes the management
with the DU and/or the SMO;

¢ enabling software updates, configuration management, performance and fault

monitoring, and file management for bulk transfer of data;

* managing the registration of the RU as PNF, the parameters of the RU-to-DU
link, and the update of beamforming vectors.

M-plane relies on a IPv4 or IPv6 tunnel with dedicated endpoints in the DU and
RU, and runs in parallel to the C-, U-, and S-planes. The specification foresees two
architectural options for the M-plane implementation:
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¢ Hierarchical: the SMO manages the DU and the DU manages the RU;
* Hybrid: the SMO manages the DU and can also interact directly with the RU.

Contrary to the C-/U-/S-planes, the M-plane is end-to-end encrypted through SSH
and/or TLS.

3.3 Orchestration Framework and Non-RT RIC

Non-Real Time RAN Intelligent Controller (Non-RT RIC) is the intelligent RAN op-
eration and optimization functionality internal to the SMO framework in O-RAN
overall architecture. Indeed, it represents a subset of functionality of the SMO frame-
work. Non-RT RIC logically terminates the A1l interface, and it provides policybased
guidance, enrichment information, and AI/ML model management to the Near-RT
RICs. It can also access other SMO framework functionalities, for example influ-

encing what is carried across the O1 and O2 interface. Non-RT RIC is comprised
of:

¢ Non-RT RIC Framework — Functionality internal to the SMO Framework that
logically terminates the Al interface to 1 the Near-RT RIC and exposes set of
R1 services to NonRT RIC Applications (rApps);

e rApps: Applications that leverage the functionalities available in the Non-RT
RIC Framework / SMO Framework to provide value added services related to
RAN operation and optimization. The scope of rApps includes, but is not lim-
ited to, radio resource management, data analytics, and providing enrichment

information.

In Figure 3.4 is shown the high-level architecture of the SMO. The O-RAN specifica-
tion do not set a strict boundary between the SMO and non-RT RIC functionalities

but group them into three distinct sets:
¢ functions anchored inside the non-RT RIC (in blue);
¢ functions anchored outside the non-RT RIC (in orange);

¢ functions not anchored to any SMO component or spanning multiple compo-

nents (in white).

In this section we describe the SMO framework functionalities and interfaces.

3.3.1 Non-RT RIC

The non-RT RIC enables closed-loop control of the RAN (with time scales larger then
1 s) supporting the execution of third-party applications, the rApps. These are used
to enable value added services to support RAN optimization and RAN operations,
including: i) policy guidance; ii) enrichment information; iii) configuration manage-
ment; and iv) data analytics. Inside the non-RT RIC is defined the R1 termination,
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shown in Figure 3.4, which interfaces rApps with the non-RT RIC and allows them to
obtain access to: i) data management and exposure services; ii) AI/ML functionali-
ties; and iii) A1, O1 and O2 interfaces through the internal messaging infrastructure.
Although rApps are very similar to xApps in the control functionalities they can
provide, they have been designed to provide control policies that operate at a larger
scale, such as RAN sharing, performance diagnostics, frequency and interference

management, and network slicing.

3.3.2 Near-RT RIC

The Near-RT RIC is deployed at the edge of the network to operate control-loops
over the CUs and DUs in the RAN, as well as over O-RAN compliant eNBs. Usually,
the near-RT RIC controls multiple RAN nodes, so its closed-loop control function is
associated with the UEs of several cells. The control functionality of the near-RT RIC
is delegated to the xApps, multiple application deployed inside the RIC that support
custom logic. The xApps receive KPIs data from the RAN at all different layers, i.e.,
user, cell, or slice, and computes and applies control policies. NearRT RIC shall
consist of multiple xApps and a set of platform functions that are commonly used to
support the specific functions hosted by xApps.

An overview of the architecture of the O-RAN standardized near-RT RIC is pro-
vided in Figure 3.5. The architecture includes:

¢ Conflict mitigation: in the context of Near-RT RIC, Conflict Mitigation is about
addressing conflicting interactions between different xApps. An application
will typically change one or more parameters with the objective of optimizing
a specific metric. Conflict Mitigation is necessary because xApps objectives
may be chosen/configured such that they result in conflicting actions. The
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control target of the radio resource management can be a cell, a UE or a bearer,
etc. The control contents of the radio resource management can cover access
control, bearer control, handover control, QoS control, resource assignment
and so on. The control time span indicates the valid control duration which
is expected by the control request. The conflicts of control can be illustrated
as: i) Direct Conflicts, that can be observed directly by Conflict Mitigation;
and ii) Indirect Conflicts, that cannot be observed directly, nevertheless, some
dependence among the parameters and resources that the xApps target can be
observed. Conflict Mitigation may anticipate the possible conflicts and take
actions to mitigate them.

Internal messaging infrastructure: it provides low-latency message delivery
service between Near-RT RIC internal endpoints. It needs to support: i) regis-
tration message used from endpoints to register themselves to the messaging
infrastructure; ii) discovery message used to discover endpoints by the mes-
saging infrastructure initially and registered to the messaging infrastructure;
and iii) deletion message to delete endpoints one they are not used anymore.
It also provides APIs to send and receive messages from the xApps. This APIs
can rely on point-to-point communications or publish/subscribe mechanisms.

Subscription manager: the subscription management functionality manages

subscriptions from xApps to E2 Nodes and enforces authorization of policies



46

Chapter 3. O-RAN Specification

controlling xApp access to messages. It also enables merging of identical sub-
scriptions from different xApps into a single subscription toward an E2 Node.

Security: to prevent malicious xApps from leaking sensitive RAN data or from
affecting the RAN performance. The details of this component are still left for
further studies;

Network Information Based (NIB) Database and Shared Data Layer API: the
RAN NIB contains information about the E2 nodes and the UE-NIB contains
the identification of the UEs and their entries. The Shared Data Layer (SDL) is
used by xApps to subscribe to database notification services and to read, write
and modify information stored on the database. UE-NIB, R-NIB and other use

case specific information may be exposed using the SDL services.

xApp management: this service features automated life-cycle management of
the xApps. It accounts for onboarding, deployment, termination, and trac-
ing and logging of Fault, Configuration, Accounting, Performance, Security
(FCAPS).

AI/ML support: the AI/ML data pipeline in Near-RT RIC offers data inges-
tion and preparation for applications (xApps). The input to the AI/ML data
pipeline may include E2 node data collected over E2 interface, enrichment in-
formation over Al interface, information from applications, and data retrieved
from the Near-RT RIC database through the messaging infrastructure. The
output of the AI/ML data pipeline may be provided to the AI/ML training ca-
pability in Near-RT RIC. The AI/ML training in Near-RT RIC offers training of
applications (xApps) within Near-RT RIC, [35]. The AI/ML training provides
generic and use case-independent capabilities to Al/ML-based applications
that may be useful to multiple use cases.

3.3.2.1 xApps

The Near-RT xApp platform allows the roll-out of smart apps for management and

optimisation of the RAN. These applications can have access to the RAN data as

never before. They can use this to feed near-real time control functions, leverag-

ing the benefits of Al and Big Data. This open platform allows third-party apps

to complement the RAN vendors portfolio. It can implement functions such as the

following:

¢ Intelligent and autonomous Neighbour Manager: Manage frequency plan-

ning or force handover to another cell when two UEs are close to the cell
boundary and close to each other to avoid interference in MU-MIMO network.

* Radio resource management: xApps can be used to optimize the use of radio

resources in the O-RAN architecture, such as by allocating frequency bands or
scheduling transmissions.
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¢ Mobility management: xApps can be used to manage the movement of de-
vices within the O-RAN architecture, such as by providing handover support
or tracking device location.

* QoS: xApps can be used to implement QoS control functions, such as traffic
management or congestion control, to optimize the performance of the O-RAN
architecture.

* Near zero-touch network provisioning: Adding new sites, CU, DU or RU will
automatically provision the network to integrate it and optimise their use.

¢ Smarter Handover manager: Manage handover not only on radio quality but
from past handovers using machine learning algorithms, using knowledge of
success of failure of past handovers

¢ Automated Physical Cell ID (PCI) Allocation: Avoid and learning from past

PCI collisions by a smart allocation and re-allocation

¢ Security: XApps can be used to implement security functions, such as authen-
tication and encryption

3.4 O-RAN in NTN: State of the Art Analysis

The idea of having an open RAN has gained a lot of interest in recent years in the
TN community, which has performed a vast analysis. Its open interfaces and closed-
loop control enable proactive management elements that take care of networking
tasks. The research on these applications has focused on three main categories, based
on their expected latency, as specified in [46]: i) non-real-time (non-RT) applications,
with a latency larger than 1 second; ii) near-real-time (near-RT) applications, with
latency between 10ms and 1s, and iii) real-time applications.

In the non-RT field, the interest has been mainly in network orchestration. The
authors in [47] present a novel orchestration framework that builds upon the Open
RAN paradigm. It evaluates the optimal set of data-driven algorithms and the best
execution location and functional split in an automatic way, to meet the needs of
the Network Operator (NO). In [48] the authors propose a reinforcement learning
dynamic functional split to choose the optimal splitting point, while in [49] the same
problem is solved with a heuristic algorithm.

For what concerns the near-RT applications, the research has focused on different
aspects of network edge management. Handover management is tackled in [50], the
authors propose a new approach to Automatic Neighbour Relationship (ANR) opti-
mization exploiting O-RAN architecture and develop a ML based optimization tech-
nique to improve gNB handovers. A similar approach has been followed in [51], the
authors optimize the handover performances through an intelligent access control

scheme with Deep Reinforcement Learning (DRL). Resource allocation optimization
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in O-RAN is tackled in [52] where network slicing is used to study the service-aware
baseband resource allocation and Virtual Network Function (VNF) activation.

Real-time applications are still not fully supported by the O-RAN standard but
are gaining interest to implement specific Al algorithms in the far network edges.
An example is the industrial project [53], where a cognitive MAC layer to predict
user Equipment’s mobility was built.

The O-RAN functional split architecture brings flexible and scalable network de-
ployments, and it relies on network interfaces with limited throughput and latency
performances, as underlined in [54]. Therefore, the Authors in [54] provide a survey
of the 3GPP and O-RAN fronthaul compression techniques. [55] addresses the chan-
nel information aging of MIMO base stations due to the fronthaul interface latency.
The channel information being present at one side of the split takes time to reach
the other side to implement uplink beamforming, causing air-interface performance
degradation. Additionally, the work in [56] focuses on open interfaces security, since
they may be exposed to a plethora of threats, emphasizing missing authentication
and authorization vulnerabilities. In [57], MACsec, a standard security protocol that
operates in the data-link layer bringing high datarate performance, is proposed as a
potential protection solution for the O-RAN Fronthaul interface.

The exploitation of O-RAN in NTN has been analyzed but requires more research
effort to reach maturity. Precisely, the O-RAN application to UAVs applications has
gained more appeal compared to its exploitation in SatCom. In [58], to minimize
the inter-cell interference generated by a video streaming UAV, the authors propose
a closed-loop control system based on O-RAN that optimizes UAV’s location and
its transmission direction. The authors in [59] take into consideration a flying base
station on a UAV system and propose a method to jointly optimize the UAVs trajec-
tory and the offloading tasks based on O-RAN-enabled Al In [60], the opportunities
of exploiting O-RAN latency consciousness of the network segments to enable UAV
manual real-time control and autonomous drive are analyzed.Surprisingly, the O-
RAN exploitation in the SatCom field has been addressed only in a single work,
[61]. Here the authors exploit closed-loop feedback and open interface standards
to control the interference between congested terrestrial and non-terrestrial systems.
The work presents a spectrum-sharing architecture between terrestrial 5G and LEO
military satellite systems based on a spectrum sensor. It is important to underline
that this inter-system overall interference management would not be possible with-
out the exploitation of the O-RAN architecture. Indeed, while O-RAN increases the
system complexity, it equally increases the system design degrees of freedom and
enables otherwise unreachable optimizations. This understanding, along with the
recent history of O-RAN success in TNs illustrated in this paragraph, has motivated
us to start this novel research branch about O-RAN exploitation in NTNs. Indeed, in
our opinion, the O-RAN architecture can enhance the NTN systems with a plethora
of unexplored applications. Among all use cases, we underline: i) the full exploita-
tion of Al models must rely on data-collection pipelines and centralized intelligence
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provided by open RAN approaches; ii) the optimal allocation of RAN functions to
the different network nodes requires the O-RAN enabled disaggregation and vir-
tualization of the RAN, along with central network-status knowledge, and iii) the
leveraging of the O-RAN standardized and open network interfaces to pursue NTN

systems interoperability.
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Chapter 4

Virtualized 3GPP NTN System
Implementation

The following chapter presents the benefits of implementing a virtualized 3GPP
NTN system, highlighting how software-driven solutions for both RAN and CN can
be more easily upgraded to accommodate new 3GPP features. Due to the rapid pace
of standardization initiatives, the intrinsic adaptability of virtualization proves to be
exceptionally valuable. By decoupling network functions from fixed hardware plat-
forms, operators can deploy and update networks more quickly as standards evolve,
avoiding the extensive overhauls typically associated with hardware-based systems.
This the standardization path of NTN in 3GPP, with a particular focus on NTN archi-
tectures as defined by the 3GPP standardization process. It details the NTN-specific
features introduced in 3GPP Releases 17 and 18, along with an account of ongoing
work and anticipated developments for Release 19. Then it demonstrates how a vir-
tualized architecture eases the transition to new functionality, presents an analysis
of the software adaptations required to incorporate all Release 18 NTN features into
a Release 17 software-based gNB implementation.

4.1 Network Virtualization Trend

The rapid increase in data traffic is basically changing the nature of things for mobile
operators, especially with the shift towards 5G and beyond. This increase in traffic
comes with some crucial challenges that operators must handle in order to maintain
and enhance network performance. Of these, one is efficient resource utilization.
With the demand for data dramatically increasing, operators must ensure that net-
work resources are allocated and managed in a manner that allows them to cater to
the enhanced load at maximum efficiency.

Another constraint that operators are going to deal with is reliable service. As the
amount of data increases and networks become more complex, stronger mechanisms
are needed to ensure continuity and reliability of transmission when peak loads are
experienced or when there are disruptions to networks. Another critical challenge
is latency reduction. Given the ever-increasing demand for real-time applications, it

becomes very important to minimize the delays.
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The reduction in power consumption driven by the push towards greener com-
munications is also another critical aspect. Operators are under increasing pressure
to support the global drive toward energy-efficient technologies and practices that
lower the environmental impact of their networks. Besides these operational and
technical challenges, cellular operators are grimly taking a look into the issue of
Operational Expenditure and Capital Expenditure reduction. As the complexity of
networks increases, so do the costs associated with site acquisition, network densifi-
cation, and equipment installation and maintenance.

A very promising technique to deal with such challenges is represented by Net-
work Function Virtualization. This is a technology, brought to evidence by the recent
formation of the VNF Task Group by the European Telecommunications Standards
Institute, which aims to virtualize cellular network functions, operations, coordi-
nation, and management. Network Function Virtualisation (NFV) manages this by
decoupling network functions from physical hardware. Instead, VNF are deployed
as software instances running on virtual machines. These VMs are then run on high-
capacity, NFV-enabled hardware servers, switches, and routers, and are distributed
over different geographical locations.

In addition to optimizing resource utilization, NFV significantly streamlines the
upgradability of virtualized functions, allowing operators to swiftly integrate new
features or adopt the latest 3GPP releases without the prolonged downtime typically
seen in hardware-centric solutions.

Compared with the traditional hardware installations, network virtualization ac-
celerates service deployment, hence gives operators more flexibility, scalability, and
capacity [62]. Furthermore, NFV provides slicing of networks, which means that on
top of one physical network, there could exist multiple virtual networks manage-
able independently. This feature helps an operator effectively utilize the available
resources to provide services in order to meet special needs and achieve optimal

network performance.

4.1.1 Softwarized NTN RAN and CN

Traditionally, RANs were built using proprietary hardware with tightly integrated
functions, which served earlier generations of mobile networks well. However, as
data demands have grown and applications have diversified, the limitations of tra-
ditional RAN architectures have become apparent. These challenges are even more
pronounced in NTNs, where the dynamic nature of satellite and aerial platforms
demands a more flexible and adaptive approach to RAN deployment, [63] [64].
With the advent of 5G, these pressures have driven changes in RAN design,
leading to the emergence of Virtualized-RAN (VRAN). The fundamental concept of
VRAN lies in the decoupling of network functions from the physical hardware on
which they traditionally operated, enabling their deployment on general-purpose
computing platforms, often cloud-based, [64]. This separation introduces significant

advantages over the rigid hardware-specific architectures of earlier RAN systems
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[65]. For NTNss, this decoupling is particularly advantageous, allowing network
functions to be deployed closer to satellite gateways or edge computing nodes, en-
hancing performance and reducing latency.

The primary benefits of vVRAN are scalability and manageability. Traditional
RAN s required significant investment in new hardware to scale for increased traffic
or higher data rates, making expansion both costly and inflexible. In contrast, vVRAN
allows operators to scale efficiently by reallocating or adding virtual resources in the
cloud, limiting the need for physical upgrades, [66] . This approach simplifies the
deployment of new features and optimization algorithms, ensuring that the network
remains agile and responsive to the evolving demands of modern applications. For
NTNss, the ability to dynamically scale and optimize RAN functions based on satel-
lite coverage areas or orbital conditions is crucial to maintaining seamless connec-
tivity and high-quality service delivery.

The exponential increase in mobile network traffic, fueled by data-intensive ser-
vices such as IoT and video streaming, presents a significant challenge for commu-
nication service providers, [67]. Effective traffic management now requires careful
consideration of factors like demand, bandwidth, and quality of service. vVRAN en-
ables the flexibility and scalability to address these diverse needs. In the context
of NTNss, vVRAN can dynamically adapt to varying user densities across terrestrial
and non-terrestrial coverage areas, ensuring efficient resource utilization and service
continuity.

In addition, the transition from traditional RAN to vRAN marks a fundamental
evolution in wireless network architecture. Beyond providing flexibility and scal-
ability, vVRAN significantly reduces costs, ensuring networks are equipped to meet
the dynamic requirements of modern applications. Moreover, vVRAN paves the way
for constructing future networks capable of supporting the broad array of services
and applications envisioned in the 5G ecosystem. For NTNs, vRAN plays a pivotal
role in enabling the integration of satellite and terrestrial networks, offering a unified
architecture that meets the stringent requirements of low latency, high throughput,
and diverse application support critical for 5G and beyond.

With respect to the core network, it is undergoing a significant transformation in
the 5G era, driven largely by the adoption of VNFs, [68]. Previously, core networks
were implemented as dedicated hardware-based elements. However, with 5G, these
functions are now software-driven and operate on virtual machines. This transition
leverages the principles of software-defined networking and network function vir-
tualization to create a more adaptable, scalable, and efficient architecture. Network
virtualization enables VNFs to be deployed on standard servers, which are often in-
tegrated into Fog or Cloud Computing environments [69]. This softwarization of
the core network allows dynamic management, allocation, and scaling of network
functions to meet diverse service requirements, [68]. For instance, certain 5G ser-
vices may demand low latency and high reliability, while others may prioritize stor-
age capacity. Virtualized core networks adapt to these requirements by deploying
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FIGURE 4.1: NTN 3GPP roadmap [70].

VNFs in optimal locations—closer to the edge for low-latency services or in central-
ized cloud environments for resource-intensive applications. This virtualization ap-
proach not only enhances flexibility but also facilitates the creation of network slices:
virtualized, isolated segments of the network tailored for specific applications. By
customizing resources to meet the performance needs of various services, the core

network supports a diverse range of use cases, fulfilling one of 5G’s key promises.

4.2 The NTN path in 3GPP standardization

The 3GPP recognized the importance of NTN and included it in its Rel.17 to explore
how the inclusion of NTN component enables planned 5G services and to push to-
ward 5G-Advanced that will lead to Sixth-generation (6G) systems. Fig. 4.1 shows
the roadmap of NTN standardisation, proposed in [70], covering up to Rel. 21.

The 3GPP started the work on NR over NTN in 2017 with two study items entitled
i) "Study on NR support for Non-Terrestrial Networks", and ii) "Study on using the
satellite access in 5G". The former, led by the RAN group with the support of RAN1
(i.e., related to Layer 1) focused on the deployment scenario and adaptation of the
3GPP channel models for NTN, identifying the potential key impact areas on the
NR and proposing solutions for the identified impacts on the RAN protocols and
architectures. The outcomes of this study were documented in the Technical Report
(TR) 38.811 [30]. Following this initial study, the 3GPP focused on the definition of
the use cases for Satellite-based NR as part of the study item "Study on NR support
for Non-Terrestrial Networks" under the supervision of SA working group with the
support of the SA1 (Service). This study item, started in 2017 but finalized into Re-
lease 16 and associated with the Work Item (WI) on "Integration of Satellite Access
in 5G", led to the definition of three main categories of use cases for satellite-based
NTN:

¢ Service Continuity: the terrestrial network alone cannot provide 5G services,
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thus the 5G system shall support service continuity between 5G terrestrial ac-
cess network and 5G satellite access networks. The NTN use cases mapped
to the Terrestrial Network (TN)- NTN service continuity include stationary UE
(enhanced Mobile BroadBand (eMBB)), Pedestrian UE (eMBB), Machine termi-
nals (massive Machine Type Communications (mMTC)), stationary/ vehicular
relay UE (eMBB), relay UEs on vehicles, ships, or high-speed train;

¢ Service Ubiquity: the aim of this use case is to extend the terrestrial network
coverage into un-served or under-served geographical areas. Typical Exam-
ples of ubiquity use cases are enhanced Machine Type Communication (eMTC)
(e.g., agriculture, asset tracking, metering), public safety (i.e., emergency net-

works), and home access;

* Service Scalability: this use case foresees the multicast or the broadcast of con-
tent to a large area by leveraging the large coverage area of satellites. An ex-
ample of this use case is the distribution of rich TV content (i.e., Ultra High-
Definition TV).

After concluding Rel.15 on the scenario and channel models for NR to support NTN,
3GPP focused on both the system and architecture aspects and access technologies
with a follow-up Rel. 16. With respect to the former, three activities were started
within Rel. 16: i) a study item on "Study on architecture aspects for using satellite
access in 5G" within the Working Group 2 (Architecture); ii) a WI on "Integration of
Satellite Access in 5G", under the supervision of Working Group 1; and iii) a study
item on "Study on management and orchestration aspects with integrated satellite
components in a 5G network", within SA5 (Management). The SA1 identified the
critical areas related to the integration of NTN in NR and provided solutions and

requirements when considering the use cases described in TR 22.822 [71]:
* Roaming between terrestrial and satellite networks;
* 5G fixed backhauling between satellite-enabled NR-RAN and the 5G Core.

These requirements were added directly to the existing SA1 5G specification, TS
22.261 "Service Requirements for the 5G System" [72]. In addition, the SA5 ad-
dressed aspects related to management and orchestration for NTN, whose results
are reported TR 28.808 [73].

The studies on the access technologies, guided by the RAN3 group (Interface), are
captured in the study item "Study on solutions for NR to support NTN" completed
at the end of 2019. These activities defined a baseline for NR functionalities aimed
at supporting LEO and GEO satellites. Indeed, within this Release, a set of required
adaptations enabling NR technologies and operations in the NTN context were iden-
tified, covering several issues in RAN1 (Physical layer), RAN2 (Layers 2 and 3), and
RANS3. In particular, the performance assessment of NR over GEO and LEO satel-

lites was provided at both system and link levels, together with a preliminary set of
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potential solutions for NR adaptations at Layers 2 and 3. Moreover, some architec-
ture aspects were modified with respect to TR 38.811 [30], which is superseded from
this point of view by TR 38.821 [22].

Based on the outcome of the Release 16 study, 3GPP initiated the following activi-
ties within Release 17: i) a WI named "Solutions for NR to support non-terrestrial
networks" within the RANZ2; ii) a study item named "Architecture Aspects for Using
Satellite Access in 5G" under the supervision of SA2; iii) study item "Study on Public
Land Mobile Network (PLMN) selection for satellite access" led by the Core Termi-
nals (CT) working groups WG1, WG3, and WG4; and iv) study item on "Narrow-
Band Internet of Things (NB-IoT) / eMTC support for NTN" under RAN1. The ac-
tivities within the WI are devoted to the normative work and aim at specifying the
necessary enhancements for LEO and GEO while also targeting support for HAPS
and air-to-ground networks. This involves the physical layer aspects, protocols, and
architecture as well as the radio resource management, Radio Frequency require-

ments, and frequency bands to be used. The W1 is based on the following principles:
¢ Transparent payload architecture;
¢ Earth fixed tracking areas with Earth fixed and moving cells;
¢ Frequency Division Duplexing (FDD);

¢ The type of terminals supported are handheld devices in Frequency Range
1 (FR1), i.e., below 7.125 GHz, and VSAT with external antenna operating in
Frequencies band above 7.125 GHz (Frequency Range 2 (FR2)). The terminals
are assumed to have GNSS capabilities.

The WI specified feature enhancements in RAN1, RAN2, RAN3, and RAN4. In par-
ticular, in the first two Working Groups, the objective is to address issues related to
long propagation delays, large Doppler Shift effects, and moving cells in NTN. This
implies enhancements on the PHY and MAC layers aspects, both on the User Plane
(UP) and Control Plane (CP). The last two Working Groups focus on architectural
enhancements, such as feeder link switchover and cell-related aspects, as well as
aspects related to the UE RRM and RF requirements.

Building on these foundational studies, 3GPP has progressively refined and ex-
panded the support for NTN across subsequent releases, aiming to address the chal-
lenges and opportunities presented by the integration of satellite and airborne sys-
tems into the 5G ecosystem. Each release introduced specific enhancements target-
ing key aspects of NTN deployment, performance, and capabilities.

In Release 17, the focus was on establishing the baseline framework for NTN
integration. This involved defining the primary use cases, addressing unique chal-
lenges such as long propagation delays and Doppler shifts, and specifying adapta-
tions for the physical and protocol layers. The release also explored frequency allo-
cations and initial architectural solutions for both direct satellite access and backhaul

scenarios.
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Release 18 marked the transition to 5G-Advanced, where further enhancements
were introduced to improve system robustness and versatility. These included sup-
port for a wider range of frequency bands, uplink performance optimizations, and
advanced mobility management techniques to ensure service continuity between
terrestrial and satellite components. Additionally, Release 18 addressed the integra-
tion of satellite backhaul and edge computing capabilities, enabling more dynamic
and efficient network operations.

Looking ahead, Release 19 builds on these foundations to explore new frontiers
for NTN. This includes expanding frequency allocations, supporting innovative use
cases such as store-and-forward communications and direct UE-to-satellite-to-UE
interactions, and introducing enhancements for regenerative payloads and position-
ing. These efforts aim to further align NTN capabilities with the evolving demands
of next-generation networks.

The subsequent sections provide a detailed overview of the NTN features intro-
duced in Releases 17, 18, and 19, highlighting the specific enhancements and their
implications for 5G and beyond.

4.2.1 Release 17

Rel. 17 provides the first normative definition of the new or enhanced features of
the 5G System (5GS) to support a NTN component, [14]. The targeted use cases
include coverage extension,loT via satellite, disaster communications, global roam-
ing, and broadcasting, for which the target NTN KPIs have been introduced in TS
22.261,[74]. Severalstudy item and WIs carried out in the RAN, SA, and CT Tech-
nical Specification Groups (TSG) to study and select the solutions capable to cope
with satellite-specific key issues. In this Section, we review those defined in Rel. 17,
which constitute the baseline for the NTN integration in 3GPP-based systems. The
motivation for this description is that, in order to properly introduce and understand
the enhancements of Rel. 18, the baseline NTN system in Rel. 17 shall be detailed.
Please note that below we report only the enhancements or new features specifi-
cally introduced for NTN; references to the actual procedures are provided within
the text and will be detailed during the Study. In this context, it shall be mentioned
that the descriptions and definitions of the Layer 2 measurements to be performed
by the network or the User Equipment, and transferred over the standardised NR
interfaces, to support NR radio link operations, RRM, network Operation and Main-
tenance (O&M), Minimisation of Drive Tests (MDT), and self-Organising Networks
(SON) are provided in TS 38.314, [75]; in addition, the detailed MAC layer proce-

dures, channels, formats, and parameters are detailed in TS 38.321, [76].

4.2.1.1 Payload, User Equipment, and Frequency Allocations

In Rel. 17, only FR1 systems are defined for NTN. As such, only handheld termi-
nals operating in L or S band can be supported transmitting at most 23 dBm (with



58 Chapter 4. Virtualized 3GPP NTN System Implementation

TABLE 4.1: Frequency allocations and duplexing in Rel. 17 NTN.

| Band | UL (UE-to-SAN) | DL (SAN-to-UE) | Duplexing |
| n.256 | 1980-2010 MHz | 2170-2200 MHz | FDD |
|
|

| n.255 | 1626.5-1660.5 MHz | 1525-1559 MHz | FDD
|n1 | 1920-1980 MHz | 2110-2170 MHz | FDD HAPS

+2 dB tolerance), in the frequency allocations indicated in Table 4.1 with the ter-
minal characteristics defined in TR 38.821 Clause 6.1.1, [77], and TS 38.101-5, [78].
The maximum transmission bandwidth configurations per UE for each UE channel
bandwidth and Sub-Carrier Spacing (SCS) are provided in TS 38.101-5, [78]: i) the
allowed channels bandwidth configurations are 5 MHz, 10 MHz, 15 MHz, and 20
MHz; ii) the allowed SCSs are 15 kHz (but not for 5 MHz channels), 30 kHz, and 60
kHz.

With respect to the RF performance and RRM requirements, the following spec-
ifications apply: UE in TS 38.101-5, [78], and TS 38.108, [79], Satellite Access Node
(SAN) in TS 38.108, High Altitude Platform Station (HAPS) SAN in TS 38.104, [80].
In addition, TS 38.133, [81], provides specific requirements for radio resource man-
agement in NTN.

4212 SAandCT

Within the FS_5GSAT_ARCH study item, SA2 defined the architectures to provide
satellite access in 5G, as well as the impact that such integration might bring to the
5GS and the required solutions, as reported in TR 23.737, [82]. Based on the out-
comes of this study item, the 5GSAT_ARCH WI updated the architecture specifica-
tions in TS 23.501, [83], TS 23.502, [84], and TS 23.503, [85]. As for the CT activities,
CT1 studied the impact of the selection procedure for Public Land Mobile Networks
(PLMNSs) in 5GSAT_ARCH_CT, leading to modifications reported in TS 23.122, [86],
and TS 24.501, [87]. A satellite NG-RAN can be shared among multiple 5G PLMN
Core Networks (5GCs) for two access types: direct access (i.e., the satellite NG-RAN
is a new 3GPP access node) and backhaul connectivity of Terrestrial Network (TN)s
to the 5GC, as represented in Figure 4.2. Transparent payloads are assumed for:
i) spaceborne platforms, i.e., GSO orNGSO atLEO (300-1500 km), Medium Earth
Orbit (MEO) (7000-25000 km), or GEO (35786 km); and ii) airborne platformes, i.e.,
HAPS, which include Lighter Than Air (LTA) and Heavier Than Air (HTA) Un-
manned Aerial Systems (UAS) operating in quasi-stationary mode between 8 and
50 km. The NTN payload transparently forwards the radio protocol from/to the UE
(via the service link) to/from the NTN Gateway (via the feeder link) based on the
NR-Uu Air Interface. It shall be noticed that a single gNB may serve multiple NTN
payloads and an NTN payload may be served by multiple gNBs. In this framework,
it shall be noticed that Multi-Connectivity (MC) and Ultra Reliable and Low Latency
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FIGURE 4.2: NTN access solutions as per 3GPP Rel. 17

Communications (URLLC) are not considered in Rel. 17. For the UE, it is mandatory
to be equipped with GNSS capabilities, motivated by the enhancements introduced
at RAN level discussed in Section 4.2.1.3.

In direct access solutions, the coverage can be provided by means of:

¢ Earth-fixed beams: the beams continuously cover the same geographical area
all the time (e.g., GSO).

* Quasi-Earth-fixed beams: the beams cover a geographical area for a limited
period and a different area in the next limited period (e.g., NGSO satellites
generating steerable beams).

¢ Earth-moving beams: the beams cover a fixed area with respect to the satellite,
i.e., they are moving on the surface of the Earth along the satellite’s movement
on its orbit (e.g., NGSO with non-steerable beams).

These architectures produce significant impacts on several procedures and op-
erations of the 5GS, such as mobility management, synchronisation, signalling, and
O&M, due to the large size of the beam footprints, the potentially moving beams
on the surface of the Earth, the increased over-the-air latency, and the Doppler shift.
In this context, it is worthwhile highlighting that, for NTN operation, the Tracking
Areas (TAs) and the Cell Identities (Cell IDs) refer to specific geographical areas (i.e.,
they are Earth-stationary) and, thus, the 5GS can exploit this information to rep-
resent the UE location. For both direct access and backhaul connectivity, new 5G
Quality of Service Identifiers (5QIs) have been introduced in TR 23.501, as the QoS
is impacted by the larger delays over NTN; an example if 5QI n. 10, with 1100 ms
of packet delay budget, for Video (buffered streaming), TPC-based, and any other
service that can be used over satellite with these characteristics, [83].

The satellite backhaul only assumes constant delays, which means that the Satel-
lite Network Operator (SNO) shall mask any variations happening on the feeder/service
links by exploiting the satellite ephemeris to pre-compute the variable delay to be
tackled. In addition, the satellite backhaul category (referring to GEO, MEO, LEO,
or others) is reported to the 5GC; in particular, in case the Access and Mobility Func-
tion (AMF) is aware that a satellite backhaul with large delays is being used, this
information will be reported to the Session Management Function (SMF) within the
PDU Session establishment procedure, detailed in TS 23.502, [84]. In case the back-
haul category changes, the AMF will report the change to the SMF. For the UE, it
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shall be mentioned that the impacts at Non-Access Stratum (NAS) layer have been
specified in CT1, including, e.g., a new NG-RAN satellite RAT type in the USIM, the
extension of NAS supervision timers over satellite access (only for GEO and MEO,
LEOs can exploit the legacy ones), new triggers for the PLMN selections upon the
transition in or out of international areas, the support for multiple TACs for the same
PLMN broadcast in the radio cell, etc., [86]-[87].

4.2.1.3 RAN

Within RAN, several NTN-specific aspects have been considered to identify the re-
quired enhancements and extensively discussed in TR 38.811, [30], and TR 38.821,
[77]:

¢ Delay variation and Doppler variation, as well as the impact of potentially
moving radio cells on the surface of the Earth, due to the space-/air-borne

platform motion.

* Large over-the-air latencies, due to the altitude of the space-/air-borne plat-

forms.

¢ Differential delays and possible multi-country cell coverage, due to large radio
cell footprints on-ground.

¢ Satellite channel model characteristics, detailed in [30].

¢ Different radio unit performance due to specific space-/air-borne payload per-

formance

Among the new features introduced for the support of NTN, a new System Infor-
mation Block (SIB), SIB19, has been introduced. Its location is reported in the SIB1,
the transmission of which is mandatory together with the Master Information Block
(MIB) for all 5G systems. The MIB is transmitted on the Broadcast Channel (BCH)
with a periodicity of 80 ms (or larger, if the Synchronisation Signal Block, Synchro-
nisation Signal Block (SSB), is scheduled with larger periodicities) and it contains
information to acquire the SIB1. SIB1 and SIB19 are transmitted on the Downlink
Shared Channel (DL-SCH) and SIB1 provides the information to acquire other SIBs,
including SIB19. The actions to be performed for the acquisition of the System Infor-
mation, and the subsequent steps based on the specific SIB, are detailed in TS 38.331,
[88], providing clear guidelines depending on the current UE status (RRC_IDLE,
RRC_CONNECTED, RRC_INACTIVE). It shall be mentioned that, during the study
phase in Rel. 15 and 16, it was established that no modifications are needed to the
SSB for NTN support. The content of SIB19 is provided in TR 38.331, [88], and most
of its parameters will be introduced in the next sections when discussing the en-
hancements introduced for NTN support. It is worth mentioning that a UE willing
to exploit NTN connectivity shall always maintain a valid and updated copy of the
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SIB19 information. In case the timer indicating its validity (T430 in TR 38.331) ex-
pires, the upper layers shall be informed that the UE lost synchronisation, and it
shall start a new acquisition procedure.

TIMING, SYNCHRONISATION, AND HARQ ENHANCEMENTS

In Rel. 17, only UEs equipped with GNSS capabilities can operate. More specifically,
the field uplinkPreCompensation-r17 indicates if the UE supports the uplink time
and frequency pre-compensation and timing relationships enhancements, which TS
38.306 indicates to be mandatory. With respect to frequency synchronisation, the
UE shall autonomously pre-compensate the Doppler shift. In fact, during the study
phase, it was established that the downlink frequency pre-compensation on the ser-
vice link is not performed at the gNB and it was left for implementation at the
UE; in addition, any frequency compensation on the feeder link or management
of transponder frequency errors is also operated at the gateway and left for system
implementation. The first procedure to be implemented at the UE is the uplink syn-
chronisation, in which the TA shall be autonomously pre-compensated by exploiting
the common TA provided by the gNB, the satellite ephemeris, and the UE location
information. This computation needs some details. The TA parameter is computed
as:

Tra= TC (NTA + NTA,offset + N%?Ar?ggfn + N’_qu:adj)

where the term
(N1A + Nraoffset) comes from legacy NR and the term (N%‘jg";};’” + qu fadj) has
been introduced for NTN. Nz7/0" includes any common delay computed at the
network side (e.g., two-way feeder link) and N¥ Eadj is the UE adjustment based
on the ephemeris and GNSS information (two-way service link). The common TA
corresponds to the Round Trip Time (RTT) between the NTN payload and the up-
link timing synchronisation Reference Point (UTSRP)!. When the UTSRP is not at
the NTN payload, the UE needs to compensate the feeder link RTT and any tim-
ing offset considered necessary by the network. Hence, the timing drift on the
feeder link shall be compensated by the UE with sufficient accuracy. N77{";u" is de-
rived from the higher-layer parameters ta-Common (7" Acommon), ta-CommonDrift
(T'Acommonprift), and ta-CommonDiriftVariation (T'Acommon DriftVariation), [89], if con-
figured, as follows:

o TACommon TAC’ommonDrift(

AT common(t) = 5 5 T' AcommonDri ftVariation (

2

2

t_tepach)+ t_tepoch)

'The UTSRP is defined as the point at which DL and UL are frame-aligned with an offset given by
Nra,offset- It can be located at the gNB, on-board the NTN platform, or at the gateway. If it is on the
satellite, the parameters discussed above do not need to be provided, as the common delay is null.
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where tp,ch, is the epoch time of the parameters. If the required parameters are
not available, N77{"/57" it is set to 0. The TA applied by the UE should compensate
the delay in the UL signal path from the UE to the UTSRP at the time of transmission
of a given UL slot and the delay in the DL signal path from the UTSRP to the UE of
the corresponding DL slot. Thus, for a given uplink slot n, the common TA is given
by, [90]:

TACommon = ATcommon(tUL,n) + ATcommon(tDL,n)

where tyr,, and tpr , denote the time of transmission of slot n on the uplink
and the corresponding downlink timing, respectively. In case the UE has not a valid
GNSS position and/or a valid SIB19 (for the satellite ephemeris), it is not allowed to
communicate with the network until both are re-acquired; the validity is configured
with a single value for both, and it can range between 5 seconds and 900 seconds
(e.g., for GEO access). The UE can be configured to report the TA during the initial
access procedure or in RRC_CONNECTED state; in the latter case, a combination
of both open-loop (i.e., UE autonomous TA estimation and common TA estimation)
and closed-loop (i.e., received TA commands in RAR message or MAC CE) is sup-
ported.

To accommodate the larger propagation delays over NTN, many timing rela-
tionships (e.g., timers extension in MAC/RLC/PDCP layers and RACH adapta-
tion) have been extended by the common TA and two scheduling offsets: K, fset,
a scheduling offset that shall be larger than or equal to the sum of the service link
RIT and the common TA, and k4, an offset approximately corresponding to the
RTT between the UTSRP and the gNB, [91]. K, supports the extension of the
following timing relationships

The transmission timing of RAR grant or fallbackRAR grant scheduled PUSCH.
¢ The transmission timing of PDCCH ordered PRACH.

¢ The transmission timing of DCI scheduled PUSCH, including CSI transmission
on PUSCH.

¢ The timing of the first PUSCH transmission opportunity in type-2 configured
grant.

® The transmission timing of HARQ-ACK on PUCCH, including HARQ-ACK
on PUCCH to message B (MsgB) in two-step random access.

¢ The timing of the adjustment of uplink transmission timing upon reception of
a corresponding TA command.

¢ The transmission timing of aperiodic SRS.

¢ The CSI reference resource timing.
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FIGURE 4.3: Timing relationships in Rel. 17

For this parameter, 3GPP also defined cell-specific and UE-specific values, as
detailed in TS 38.321, [76]. As for k;pqc, it has been introduced to extend the Random
Access Response (RAR) window and the msg3 Response Window in the Random
Access (RA) procedure. This parameter is provided by the SIB19 and it allows to
estimate the UE-gNB RTT as T'r4 + kpac (it equals the offset of the gNB’s downlink
and uplink frame timing), [76]-[88]. The timing relationships described above are
shown in Figure 4.3.

Finally, to limit the impact of Hybrid Automatic Repeat request (HARQ) sig-
nalling, in NTN it is possible to either disable the HARQ feedback per HARQ pro-
cess in the presence of ARQ transmissions at the RLC layer (e.g., in GEO systems)
and/or to increase up to 32 the number of HARQ processes for retransmissions in
the MAC layer, [88]. Due to the large delays in NTN, the number of HARQ processes
might even expire before the first feedback is received; thus, to avoid HARQ stalling
and degrade the peak throughput, their number can be increased. For instance,
assuming a LEO satellite at 600 km (maximum RTT up to 25.77 ms), 16 HARQ pro-
cesses would lead to a peak throughput reduction of approximately 43%, [92].

MOBILITY MANAGEMENT

Mobility within the NTN component or to/from terrestrial networks follows the
same procedures and principles of legacy 5G networks, with some adjustments. In
general, during the NTN-TN mobility, a UE is not required to be connected to both
networks at the same time; in addition, a UE might be able to support mobility
between satellite RATs on different orbits. The features introduced for NTN mobility
are discussed below depending on the UE state: RRC_IDLE/RRC_INACTIVE and
RRC_CONNECTED.

RRC_IDLE/RRC_INACTIVE: in both states, the UE-controlled mobility is based
on the network configuration and it is performed through cell selection and cell re-
selection procedures. This applies all of the service link types (Earth-fixed, Quasi-
Earth fixed, and Earth-moving). The cell selection is used to identify the most appro-
priate cell for the UE to camp on and it is applicable: i) after the terminal has been
switched on; ii) after the UE leaves the RRC_CONNECTED state; and iii) after the
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UE is back into a coverage area. Cell selection is based on the following principles
detailed in TS 38.304, [93]:

¢ The UE NAS layer identifies a selected PLMN(s) and it searches the supported

frequency bands for each carrier frequency:.

¢ The strongest cell is identified, and the UE reads the cell broadcast informa-
tion to identify the PLMN(s) and other relevant parameters, such as cell re-

strictions.

e The UE searches a suitable cell and, if none can be identified, it looks for an

acceptable cell.

— suitable if: i) the measured cell attributes meet the cell selection criteria,
based on the downlink radio signal strength/quality; ii) the cell belongs
to the selected PLMN(s); and iii) the cell is not restricted, i.e., it is not
barred or reserved or part of forbidden roaming areas;

— acceptable: the measured cell attributes satisfy the cell selection criteria
and the cell is not barred.

¢ Among the identifies suitable/acceptable cells, the UE selects the strongest one

and it camps on that.

— Please note that, if signalled /configured by the radio network, some fre-

quencies might be prioritised for the UE camping.

The cell selection criteria (also known as “S” criteria, based on the parameters
Srxlev and Squal) are detailed in TS 38.304, [93]. The cell re-selection procedure is
based on the following principles:

¢ The procedure is always based on Cell Defining SSBs (CD-SSBs) located on the

synchronization raster.

* The UE measures the attributes of the serving and neighbour cells to enable
the re-selection process. For the search and measurement of inter-frequency
neighbouring cells, only the carrier frequencies shall be indicated.

* The cell re-selection identifies the cell on which the UE should camp. Such
identification is based on cell re-selection criteria, involving measurements of
the serving and neighbouring cells.

- intra-frequency re-selection is based on the ranking of cells;
— inter-frequency re-selection is based on the absolute priorities where a UE

tries to camp on the highest priority frequency available.

¢ [t shall be noticed that:
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- aneighbour cell list can be provided by the serving cell to handle specific
cases for intra-/inter-frequency neighbouring cells;

- blacklists can be provided to prevent the UE from reselecting to specific

intra-/inter-frequency neighbouring cells;
— the cell re-selection can be speed dependent;

— service-specific prioritization is implemented. The rules for NR inter-
frequency and inter-RAT frequencies re-selection are provided in the sys-
tem information and detailed in TS 38.133, [81].

In the RRC_IDLE state, the UE can autonomously perform the cell re-selection
procedure without informing the network, as long as it remains within the regis-
tered Tracking Area (which corresponds to a fixed geographical area and the map-
ping is broadcasted by the network, as discussed above). The UE acquires the SIB1
after each re-selection to determine whether this is the case or not. In case the TA
is changed, and it is outside the UE registration area, a mobility registration update
procedure shall be performed. It shall be noticed that relying on Srxlev or Squal
thresholds to trigger the UE measurements in NTN systems might not be sufficient.
This is motivated by the fact that, unlike terrestrial systems, there is a small dif-
ference in the received signal strength between two beams in an overlap region.
Therefore, new time-based and location-based rules have been introduced to limit
the needed cell re-selection measurements, i.e., to let the UE decide when to perform

the measurements:

* Location-based measurement: when Srxlev and Squal are above the thresh-
olds, in case the distance between the UE and the serving cell reference loca-
tion is below a threshold (distanceThresh?), the UE may not perform the mea-
sures for cell re-selection. The distance threshold and the reference location are
broadcasted in SIB19 and are defined in TS 38.304, [93]; moreover, the UE shall
support location-based measurement initiation, as described in TS 38.306, [94].
The guarantee that a valid location information is obtained by the UE is up to
its implementation.

¢ Time-based measurement: this option is a new rule introduced for cell re-
selection within an NTN cell with Quasi-Earth fixed beams, i.e., with beams
covering a geographical area for a limited time. It is based on the expected time
in which the cell will remain active as indicated in SIB19 (t-Service®), which in-
dicates the time information related to when the cell is going to stop serving
the current area. As per TS 38.304, the UE shall perform intra-frequency, inter-
frequency, or inter-RAT measurements before t-Service, independently from
the distance to the serving point or the values of Srxlev and Squal. These mea-
surements can be prioritised as detailed in TS 38.133, [81]. This procedure is
optional for the UE, as specified in TS 30.306, [94].

2Up to 65525 multiples of 50 meters as indicated in the SIB19, [88].
%Its value can be between 0 and 549755813887 multiples of 10 ms, [88].
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TABLE 4.2: Measurement events in RRC_CONNECTED

Meas.

event code Description

Al The serving cell measurement becomes better than a given threshold

A2 The serving cell measurement becomes worse than a given threshold

A3 The neighbouring cell measurement becomes <offset>better than the serving cell

A4 The neighbouring cell measurement becomes better than given threshold

A5 The serving cell measurement becomes worse than a given threshold and the
neighbouring cell becomes better than another threshold

A6 The neighbouring cell measurement becomes <offset>better than a secondary cell

Bl The inter-RAT neighbouring cell becomes better than a given threshold

B2 The primary cell becomes worse than a given threshold and the inter-RAT
neighbour becomes better than another threshold
The distance between the UE and a reference location (referenceLocationl)

DI becomes larger than a threshold (distanceThreshFromReferencel) and the distance

between the UE and a second reference location (referencelL.ocation2) becomes
smaller than another configured threshold (distanceThreshFromReference2)

RRC_CONNECTED: the handover procedure refers to the transfer of an active
UE connection from one radio channel to another. Network-controlled handover is
implemented in 5G NR for users in RRC_CONNECTED state, and it can be cate-
gorised as follows: i) cell-level, in which explicit RRC layer signalling is triggered
(inter-cell handover, handover request, handover acknowledgment, handover com-
mand, and handover complete procedure are supported between the source and the
target cells, with the target gNB releasing the source gNB resources); and ii) beam-
level, which does not require RRC signalling and is managed at lower layers (the
RRC is not required to know which beam is being used at a given time). The net-
work can configure the UE to perform measurements based on several events (see
Table 4.2) and report them based on the measurement configuration.

It shall be mentioned that:

¢ The measurement reports include the measurement identify of the associated

configuration that triggered the reporting.

¢ Cell and beam level measurements to be included in the reports are configured

by the network.

¢ The number of non-serving cells to be measured and reported can be limited

by the network.

¢ Beam measurements are configured by the network: beam identifier only, beam

identifier and measurement result, or no beam reporting.

It is worthwhile mentioning that the RRM event D1 is a new measurement trig-

gering events based on location. It is introduced to trigger location reporting based
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on the UE location in the NTN system. For this measurement event, the UE is con-
figured with two reference locations and two threshold distances. In Rel. 15, an SSB-
based Measurement Timing Configuration (SMTC) window was introduced. The
SMTC configuration provides the UE with the measurement periodicity and tim-
ings of the SSBs that can be used for measurements during its window. As such, the
UE is not allowed to search for the SSB outside this window, which has a periodicity
in the same range of the SSB: 5, 10, 20, 40, 80, or 160 ms, with a duration of 1, 2, 3,
4, or 5 ms depending on the number of SSBs. The larger propagation delays in NTN
might impact RRM measurements: if the SMTC measurement configuration does
not consider this, the UE might miss the measurement window and it will be unable
to perform the measurements on the configured reference signals. To deal with this,
the SMTC was enhanced in Rel. 17 by allowing the network to configure multiple
SMTCs in parallel per carrier and for a given set of cells depending on the UE capa-
bilities, [77]. Finally, an enhancement was also introduced for Conditional Handover
(CHO), i.e., a handover to be performed by the UE when one or more conditions (set
by the serving gNB) are met. In terrestrial networks, up to two conditions can exist
for CHO: A3 and A5 measurement-based events (see Table 4.2). In NTN, exploit-
ing only the signal strength might not be sufficient, in particular with large NTN
cells. Moreover, a very large number of UEs might need to perform the handover
at a given time, leading to an impossible signalling overhead and service continuity
challenges. Thus, in NTN, new time-based and location-based triggering conditions
have been introduced, as well as event A4. The gNB can still configure up to two
trigger conditions per target cell and one of these events shall be based on the signal
strength /quality, [95]. Finally, it shall be mentioned that, upon network request and
after the Access Stratum (AS) security is established for RRC_CONNECTED UEs,
the terminals shall report their coarse location (most significant bits, guaranteeing
an accuracy in the order of 2 km) to the NG-RAN, if available.

FEEDER LINK SWITCH-OVER

The change of the feeder link from a source NTN gateway to a target NTN gateway
is a Transport Network Layer procedure, and it can be either soft or hard. In soft
switch-over (Figure 4.4), the NTN payload temporarily connects to more than one
gateway (i.e., during the feeder link transition), while in the hard procedure (Figure
4.5) the NTN payload can only connect to one gateway at a time and radio link
interruptions might occur.

The moment in which a feeder link switch-over shall be performed is determined
by the NTN Control function*. Depending on the specific gNBs’ implementation
and their configuration defined by the NTN Control function, the transfer of the

*The NTN Control function controls the space-/air-borne platforms and the radio resources of the
NTN infrastructure; moreover, it provides control data (e.g., ephemeris) to the non-NTN infrastructure
gNB functions, as described in TS 38.300 [91].
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FIGURE 4.4: Soft feeder link switch-over in NTN
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FIGURE 4.5: Hard feeder link switch-over in NTN

UEs’ context between the two gNBs during the feeder link switch-over can be ei-
ther NG-based or Xn-based, [91]; it shall be noticed that these handovers exploit
the Cell ID (for which the enhancements are discussed below). In Quasi-Earth fixed
scenarios, the NTN Control function shall provide the time window of successive
switch-overs (both feeder and service), and the identifier and the time window of
all serving platforms and NTN gateways; in Earth-moving scenarios, it shall pro-
vide the schedule of successive serving NTN gateways/gNBs and that of successive
feeder/service link switch-overs.

NG-RAN SIGNALLING

The following assumptions and enhancements hold for NTN with respect to sig-
nalling in the NG-RAN. The gNB reports a Cell-ID to the 5GC in the UE Location In-
formation (ULI). This Cell-ID is always the Mapped-Cell-ID, regardless of the NTN
RAT orbit or the service-link types in use. This identifier is exploited for paging op-
timisation, area of interest, and public warning services, [91]. The mapping between
the Mapped Cell ID and the geographical areas is configured in both the RAN and
5GC: the gNB is in charge of constructing the Mapped ID based on the ULI, if avail-
able. Please note that the mapping can be pre-configured (based on the operator’s
policy) or left up to implementation. The gNB reports the broadcasted TACs of the
PLMN(s) to the AMF as part of the ULI The Cell ID is defined in TS 38.413, [95], and
TS 38.424, [96].

AMEF (RE-)SELECTION

The selection of the appropriate NAS node is implemented at the gNB as spec-
ified in TS 38.410, [25]. When the gNB is configured to guarantee that a UE in
RRC_CONNECTED state is connected to an AMF serving the country in which it
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is located, it might initiate a NG handover to change the serving AMF or initiate a
UE context release towards the serving AMF, if the UE moves to a different country
to that of the serving AMF.

OPERATION AND MAINTENANCE (O&M) REQUIREMENTS

All NTN related parameters provided in TS 38.300 clause 16.14.7 (ephemeris and
their epoch, location of the NTN gateways, and any additional parameter enabling
the gNB operation for service or feeder link switch-over) shall be provided by the
O&M to the gNB providing NTN access. In addition, the NTN-related parameters
in Annex B4 of TS 38.300 can be provided by the O&M to the serving gNB for its
operation.

4.2.2 Release 18

Rel. 18 contains the first set of specifications dedicated to 5G-Advanced, [97]. In
addition, in this framework, 3GPP also submitted the NTN Radio Interface Technol-
ogy (RIT) to ITU-R for its inclusion in IMT-2020. As reported in TR 37.911, , two

submissions were completed:

¢ A Set of Radio Interface Technologies (SRIT) with 2 components: NR NTN (for
NR satellite access) and IoT NTN for (NB-IoT/eMTC satellite access).

e A RIT on NR NTN (for NR satellite access).

Below, we discuss the enhancements and/or new features introduced for NTN
systems.

4.2.2.1 Payload, User Equipment, and Frequency Allocations

Rel. 18 introduced FR2 (WI on “NR NTN enhancements” (NR_NTN_enh)) and ex-
tended FR1 (WI on "Introduction of the satellite L-/S-band for NR" (NR_NTN_LSband))
for both GSO and NGSO systems, with the allocations reported in Table 3. With re-
spect to the UEs, the following enhancements were introduced:

¢ The configuration of handheld terminals as per Rel. 17 still hold. In addition: i)
an increased uplink performance is allowed through commercial smartphones
with 5.5 dBi antenna gain and 3 dB polarisation loss per antenna port; ii) the
maximum transmission bandwidth configuration can be as large as 30 MHz

(for alignment with ITU-R evaluations).

¢ Very Small Aperture Terminal (VSAT) UEs have been introduced, as reported
in Table 4 (please note that all classes assume that the UE can generate one
beam pointing at one satellite in a given time instant). For these: i) the allowed
SCSs are 60 kHz and 120 kHz; ii) the maximum transmission bandwidth con-
tiguration for each UE channel bandwidth and SCS are 50 MHz, 100 MHz, 200
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TABLE 4.3: Frequency allocations and duplexing introduced in Rel.
18 NTN, as per TS 38.101-5, [3]

| Band | UL (UE-to-SAN) | DL (SAN-to-UE) | Duplexing | Applicability \
| n512 | 275-30.0GHz | 17.3-202GHz | FDD \ \
‘ CEPT ECC Decision(05)01 and ECC ‘

|

n.511 ‘ 28.35-30.00 GHz

17.3-20.2 GHz ‘ FDD Decision (13)01

| n.510 | 27.50-28.35 GHz | 17.3-202GHz | FDD | US subject to FCC 47 CFR part 25

2483.5-2500 MHz | FDD

FCC 47 CFR part 25. No ESIM currently.

n.254 ‘ 1610-1626.5 MHz

‘ Earth Station operations in the US subject to

TABLE 4.4: New UE classes for NTN in Rel. 18

UE class UE type Description

| 1 | GSO and LEO with mechanical steering antenna |
| Fixed VSAT | 2 | GSO and LEO with electronical steering antenna |
| |3 | LEO with electronical steering antenna |
| | 4 | GSO with mechanical steering antenna |
\ Mobile VSAT \ 5 GSO with electronical steering antenna

MHz, and 400 MHz (not available for 60 kHz SCS); iii) for fixed VSATs, the
maximum transmission power is 35 dBm (type 1) and 43 dBm (types 2 and 3);
iv) for mobile VSATs the maximum transmission power is 35 dBm (type 4) and
43 dBm (type 5).

With respect to the UE types, it shall be noticed that, in Rel. 18, mobile VSAT termi-
nals are only allowed for GSO systems, while fixed VSAT receivers can connect to
both GSO and LEO satellites.

4222 SAandCT

Within SA and CT, two important WIs were finalised in Rel. 18: i) "5G system with
satellite backhaul" (§GSATB), focusing on the support of dynamic backhaul and User
Plane Function (UPF) on-board GEO platforms; and ii) “(Stage 2 of 5GSAT_Ph2)
5GC/EPC enhancement for satellite access Phase 2” (5GSAT_Ph2), focusing on the
support for discontinuous coverage. TS 22.261 reports the requirements for satellite
access. With respect to the scenarios defined in Rel. 17, it is worthwhile mention-
ing that Rel. 18 added the video surveillance use case; this scenario refers to video
surveillance data transmitted in uplink from an on-ground UE using satellite access,
as well as the video surveillance-related configuration or control data that might be
required. In addition, it shall be mentioned that TS 22.261 Clause 6.7.2 states that the
case in which the backhaul connection presents dynamic changes of latency and/or
bandwidth shall be considered for the 5GS, in particular to support proper mecha-
nisms to determine the suitable QoS parameters for the traffic. This is in line with
the WI on satellite backhaul, discussed below.
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5G SYSTEM WITH SATELLITE BACKHAUL

A study item (FS_5GSATB) was conducted and the outcomes reported in TR 23.700-
27, [98], identifying three key issues: “PCC/QoS control enhancement considering
dynamic satellite backhaul” (related to the support of dynamic backhaul, e.g., issues
related to multi-hop ISLs, variable delivery latency, or packets out-of-sequence), and
“Support of Satellite Edge Computing via UPF on board” (to reduce latency and
minimise the resource request on the backhaul) and “Support of Local Data Switch-
ing via UPF on-board” (to reduce the end-to-end delay for the communicating UEs).
Based on the study, the WI 5GSATB was completed, in which SA1 added require-
ments for QoS control and charging when using satellites as transport/backhaul in
5G system to TS 22.261 and SA2 implemented modifications to TS 23.501 (archi-
tecture), [83], TS 23.502 (procedures), [84], and TS 23.503 (policy), [85]. The stage
3 aspects were then addressed within the CT3/CT4 WI “CTx aspects of 5GSATB
(Satellite Backhauling in 5GS),” which modified TS 29.502, [99], TS 29.508, [100], TS
29.512, [101], TS 29.514, [102], TS 29.518, [103], TS 29.523, [104], TS 29.525, [105], and
TS 29.571, [106], accordingly. The solutions for the three key issues are discussed
below. Please note that the corresponding enhancements in terms of management
are reported in TS 28.541, [107], and TS 28.552, [108].

Policy and Charging Control (PCC) and QoS control enhancement considering
dynamic satellite backhaul: Notably, satellite backhauling might lead to variable
delays and/or bandwidth when multiple ISLs or different platforms are involved.
A change in the satellite backhaul has an impact on the PCC and QoS control, for
which two enhancements have been introduced in Rel. 18

* The satellite backhaul categories introduced in Rel. 17 (see Section 1.1.2) have
been extended with DYNAMIC_GEO, DYNAMIC_MEQO, DYNAMIC_LEQO, and
DYNAMIC_OTHERSAT; these indicate to the involved network elements that
the backhaul capabilities might vary over time. In case the AMF becomes
aware that the category changes (e.g., due to handover), it reports the cur-
rent category and indicates the change to the SMF. As per TS 23.501, the AMF
is assumed to be capable of determining the backhaul category based on local
configuration, e.g., based on Global RAN Node IDs associated with satellite
backhaul.

¢ If a dynamic satellite backhaul category is indicated, the SMF or Policy Control
(PCF) can decide to enforce the QoS monitoring to measure the packet delay
between the UE and PDU Session Anchor (PSA) UPF (which is the UPF ter-
minating the N6 interface of a PDU session within the 5GC). Such monitoring
allows to measure the packet delay between the UE and the PSA UPF as a
combination of the RAN part of the UL/DL packet delay (see TS 38.314 Clause
4.2.1.2, [75]) and the UL/DL packet delay between NG-RAN and PSA UPFE.
The PCF can calculate the Packet Delay Variation and the round-trip packet
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delay when UL and DL are on different QoS flows, as specified in TS 23.501.
The PCF handling of the backhaul category indication and the possible QoS
monitoring are reported in TS 23.503.

Support of Local Data Switching via UPF on-board: to avoid or reduce the use
of satellite backhauls, which might introduce long packet delivery latencies or lim-
ited bandwidth, a UPF on-board might be exploited. However, NGSO platforms
would call for the management of UPF mobility, which might significantly impact
the current 5GC procedures and architectures. As such, Rel. 18 focused on the en-
hancements to support the deployment of UPFs on-board GEO satellites to locally
route the UE-to-UE traffic without going down to an on-ground gateway; moreover,
it is worthwhile highlighting that the enhancements introduced in Rel. 18 assume
Data Network Names (DNNs) and slices for 5G Virtual Networks (VNs). Two lo-
cal switching types have been introduced, for which the details can be found in TS
23.501, [83]: PSA UPF on-board and UL CL/BP with local PSA UPF on-board.

Support of Satellite Edge Computing via UPF on board: for similar reasons as
those who led to local data switching, edge computing solutions can be introduced.
Also in this case, GEO satellites are assumed, and the UE can establish a PDU ses-
sion with a PDU UPF on-board or with an UL CL/BP and local PSA UPF on-board
(i.e., the two local switching types introduced in TS 23.501). The SMF selects the
option based on the GEO satellite ID provided by the AMEF, which is informed of the
satellite category. This selection is performed during the PDU Session Establishment
procedure or the PDU Session Modification procedure as per TS 23.502, [84].

SUPPORT FOR DISCONTINUOUS COVERAGE

In discontinuous coverage, the UEs: i) might be covered only at specific times/places;
ii) the UEs’ location may not be timely known at the network side for efficient pag-
ing; iii) may not always need to be awake, to reduce power consumption. The
normative work for this scenario was performed within "Stage 2 of 5GSAT_Ph2:
5GC/EPC enhancement for satellite access Phase 2" (6GSAT_Ph2) in stage 2 and
"CTx aspects of 5GSAT_Ph2" (5GSAT_Ph2) for stage 3, based on the outcomes of the
study phase reported in TR 23.700-28, [109]. It shall be mentioned that the identi-
fied solutions shall be applicable for both Evolved Packet System (EPS) and 5GS,
with the baseline being the discontinuous coverage solutions for the Evolved Packet
Core network (EPC); the case for 5GS/EPS inter-working is not considered. In this
context, two key issues were identified and addressed for discontinuous coverage

scenarios:

¢ Mobility management enhancements, aimed at identifying the gaps in the Rel.
17 solution for EPS with respect to: i) study how the UE determines that
it will remain with no service or that it shall register to available different
RATs/PLMN:Ss to receive service during the discontinuity phases of the cur-
rent RAT; and ii) study how to reduce the impact to the target RAT or system
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due to the potentially large number of users requesting access to receive the
normal service.

¢ Power saving enhancements, to address the issues that might still arise despite
Rel. 17 allows the UE in EPSs to deactivate the Access Stratum (AS) without
network coverage, e.g., whether de-registration occurs due to any inconsis-
tency of CM states between the UE and the core network and, the usage of
eDRX in CM-IDLE state, etc. Based on the coverage information of the UE,
the study focused on understanding how to enhance the power saving mech-
anisms to make sure that the UE does not attempt PLMN access when out of
coverage, while attempting it when in coverage as needed (e.g., transfer data,
receive paging, etc.). In this context, TR 23.700-28 clearly states that network
coverage can be provided by any RAT supported by the UE.

The solutions identified for the above aspects are provided in TS 23.501 for: i) mobil-
ity management and power saving optimisation (clause 5.4.13.1); ii) coverage avail-
ability information provisioning to the UE (clause 5.4.13.2) and to the AMF (clause
5.4.13.3); iii) paging (clause 5.4.13.4); and iv) overload control (clause 5.4.13.5).

4.2.2.3 RAN

The WIon "NR NTN enhancements" (NR/_NTN/_enh) introduced several enhance-
ments: i) uplink coverage enhancements; ii) network verified UE location; iii) NTN-
TN and NTN-NTN mobility and service continuity; and iv) NR-NTN deployment
above 10 GHz bands (already described in Section 4.2.2.1).

UPLINK COVERAGE ENHANCEMENTS

To improve the uplink coverage, two enhancements have been introduced in Rel. 18,
[91]:

¢ Physical Uplink Control Channel (PUCCH) repetition for Msg4 HARQ-ACK
configured in the study item or dynamically in the Downlink Control Infor-
mation (DCI) for Msg4 when multiple repetition factors are configured in the
study item. The following operations and assumptions hold:

— The supported number of transmissions are 1, 2, 4, and 8. In case a single
value between 2 and 8 is configured in the SIB, then the repetition factor
is applied. In case multiple values are selected between 1 and 8 in the SIB,
one of them is indicated in Downlink Assignment Index (DAI) field of
DCI format 1_0 with Cyclic Redundancy Check (CRC) scrambled by the
Temporary Cell Radio Network Temporary Identifier (TC-RNTI). It shall
be noticed that the repetition factor applied to Msg4 HARQ-ACK is ap-
plied to any PUCCH transmission before the dedicated PUCCH resource
is approved.
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— The repetition slot counting is defined in TS 38.213, [89].

— Frequency hop for PUCCH retransmission for Msg4 HARQ-ACK as per
Rel. 15/16/17 is applied in every slot.

— A Reference Signal Received Power (RSRP) threshold can be configured
in the SIB when a certain number of repetitions is defined. In this case, the
UE that can apply PUCCH repetitions for Msg4 HARQ-ACK reports this
capability via a Msg3 PUSCH only when the RSRP is below the thresh-
old. If the threshold is not configured, the repetition capability is reported

without any condition.

¢ Improved channel estimation via NTN-specific PUSCH DMRS bundling en-
hancement, which enables DMRS bundling in the presence of a time drift with
the UE maintaining phase continuity by considering the effects of the trans-
mission delay variation between it and the UTSRP.

NETWORK VERIFIED UE LOCATION

The 5GC can request a network verification procedure for a UE in RRC_CONNECTED
to confirm it is consistent with the network-based assessed location; it shall be no-
ticed that the management of UEs not supporting the location verification is left
to network implementation (the procedure is in fact optional, and it is up to the
core network to decide when to initiate it). The verification of the UE’s location is
based on multi-RTT with a single satellite; at least the following measurements are
reported, as per TS 38.215, [110]: i) the gNB RX-TX time difference at the UTSRP
(clause 5.2.3); ii) the UE RX-TX time difference (clause 5.1.30); iii) the UE RX-TX
subframe offset (clause 5.1.46); and iv) the downlink timing drift (clause 5.1.47).
The 5GC can help by including accurate ephemeris information (position and ve-
locity) at the time of the multi-RTT measurements, the epoch time, and the com-
mon TA parameters defined in Section 1.1.3 (ta-Common, ta-CommonDirift, and ta-
CommonDriftVariation). It is worthwhile mentioning that TR 38.882, [111], indicates
that:

¢ The UE location information is considered verified if the UE reported loca-
tion is consistent with the network-based assessment within 5-10 km (which
is similar to TN macro-cells). This would in fact allow country discrimination
and the corresponding selection of an appropriate core network to support all
regulatory services (e.g., lawful intercept and emergency calls).

¢ The network-based assessment shall neither impact significantly the latency
of the targeted services nor infringe privacy requirements related to the UE
location.
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NTN-TN AND NTN-NTN MOBILITY AND SERVICE CONTINUITY

Several mobility and service continuity features were improved or introduced from
scratch in Rel. 18 NTN.
NTN-TN mobility: for both NTN-to-TN and TN-to-NTN mobility, SIB-based

adaptations were introduced.

® NTN-to-TN: the NTN can broadcast the cell coverage areas and cell informa-
tion of both 5G and 4G terrestrial networks in the newly introduced SIB25.
This information is characterised by a list of geographical TN areas with the
corresponding frequency allocations. With such information, the UE can re-
duce the power consumption by avoiding TN measurements based on such

coverage areas.

e TN-to-NTN mobility: the terrestrial cells can broadcast the ephemeris of NTN
neighbouring satellites via SIB19, and the UE can use this information to con-

nect to the NTN component.

The new SIB25 block is described in TS 38.331, [88]. It contains a list of TN cover-
age area’s information to assist NTN UEs in RRC_IDLE and RRC_INACTIVE, in the
field coverageArealnfoList, which includes: the TN area ID, its reference location (as
per Rel. 17)°, and the distance from the TN coverage reference location in multiples
of 1 meter (up to 65535).

RACH-less handover: as indicated in TS 32.321, [76], and TS 38.331, [88], RACH-
less handover has been introduced. This is a Layer 3 (L3) procedure that avoids the
initiation of a RACH procedure during handover (which can be either between gNBs
or during a feeder/satellite switch-over). This ultimately reduces the RA congestion
in the target cell. As described in clause 5.33 of TS 38.321, the initial uplink transmis-
sion of a RACH-less handover procedure can be performed either using a dynamic
uplink grant or a configured uplink grant defined by the RRC.

Conditional handover: building on the enhancements introduced in Rel. 17, a
new even (CondEventD2) has been introduced. In this case, a reference location
and a distance threshold for the source and target cells are defined. In addition,
in time-based CHO, the procedure can be combined with the RACH-less handover
described above.

Satellite switch-over: upon a hard or soft satellite switch-over in the quasi-Earth
fixed case, with the same SSB frequency and gNB, it is possible to implement a satel-
lite switch-over with resynchronisation. This procedure avoids L3 mobility for the
UEs in the cell, as it maintains the same PCI on the geographical area. CHO can also
be configured to simultaneously operate with this procedure. When the satellite
switch-over is soft, the capable UE can start synchronising with the target satellite

°TS 38.331 indicates that the location from Rel. 17 is provided as the Ellipsoid-Point parameter in
LTE, defined in TS 37.355, [112]. This field provides the degrees of latitude and longitude with 23 and
24 bits, respectively, plus a bit to indicate the sign of the latitude.
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before the source satellite ends to serve the area, without needing to connect simul-
taneously to both (it acquires the new synchronisation at t-ServieStart and applies
it after t-Service) as long as the SSBs from the source satellite and target satellite are
not overlapped in time. In the hard switch-over case, the UE can start synchronis-
ing with the target only after the satellite switch procedure has been initiated (the UE
synchronises to the target after t-Service). With respect to mobility aspects, it shall be
mentioned that, apart from the NTN enhancements discussed above and in Section
1.1.3 for Rel. 17, the same principles and procedures for TNs apply. In particular:
i) for mobility in RRC_IDLE and RRC_INACTIVE, the specifications are in clause
9.2.1 of TS 38.300; and ii) for mobility in RRC_CONNECTED, the specifications are
in clause 9.2.3.2 of TS 38.300 (CHO is reported in clause 9.2.3.4). Finally, we report
below all the measurements” enhancements introduced for NTN in addition to those
specified in clause 9.2.4 of TS 38.300, [91]:

¢ The network can configure: i) multiple SS/PBCH block Measurement Timing
Configuration (SMTC) in parallel per carrier, for a given set of cells depending
on the capabilities of the UE; ii) measurement gaps based on multiple SMTCs;
and iii) assistance information for the UE (such as the ephemeris, the common
TA parameters, and k,,,.) provided in SIB19, in order to perform measure-
ments in the neighbouring cells in idle, inactive, or connected state.

¢ The network-controlled adjustments of the SMTCs can exploit assistance from
the UE in RRC_CONNECTED, while UEs in idle or inactive state can adjust
the SMTCs based on their location information and the information in SIB19.

— The UE assistance information includes the service link propagation de-
lay differences between the serving cell and the neighbouring ones.

— When the UE is idle or inactive, it depends on the UE implementation
whether the NTN neighbouring cell measurements on a cell defined in
SIB3/SIB4, but not included in SIB19, can be performed.

— When the UE is connected, it is again up to implementation whether to
perform the neighbouring NTN cell measurements on a cell included in
the measurement configuration, but without the corresponding informa-
tion on the measurement configuration or in SIB19.

— The UEs can perform time-based and location-based measurements on
neighbouring cells in idle or inactive states (for these measurements, please
see the discussions above). Time-based measurements can be applicable
for the feeder link switch-over in cell selection/re-selection.

— To limit the required measurements, the rules for cell re-selection are re-
ported in TS 38.304, clause 5.2.4.2, [93].
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TABLE 4.5: Target frequency allocations and duplexing for Rel. 19
NTN

‘ UL (UE-to-SAN) ‘ DL (SAN-to-UE) ‘ Duplexing ‘
| 1668-1675 MHz | 1518-1525 MHz | FDD |
FDD
|
|
|

2000-2020 MHz 2180-2200 MHz NR & LTE

| 1626.5-1660.5 MHz | 1518-1559 MHz | FDD
| 1668-1675 MHz | 1518-1559 MHz | FDD
| 10.7-1275GHz | 14-145GHz | FDD

TABLE 4.6: Candidate frequency allocations and duplexing for Rel.
19 NTN

‘ UL (UE-to-SAN) ‘ DL (SAN-to-UE) ‘ Duplexing ‘
| 1616-1626.5 MHz | 1616-1626.5 MHz | TDD |
| 10.7-1275GHz | 13.75-145GHz | FDD |
| 10.7-12.7GHz | 13.75-145GHz | FDD |
|
|

| 10.7-12.75GHz | 12.75-1325GHz | FDD
| 10.7-12.7GHz | 12.7-1325GHz | FDD

4.2.3 Future Release 19

The normative work for Rel. 19 is currently on-going and it will be completed by De-
cember 2025. Below, we report the most relevant activities that are being performed
related to NTN.

4.2.3.1 Payload, User Equipment, and Frequency Allocations

The payload and user equipment characteristics being discussed are reported in Sec-
tion 1.3.3, as they will be defined as part of the RAN enhancements. With respect
to frequency allocations, the targeted bands are reported in Table 4.5, while Table
4.6 reports other potential candidates to be discussed. It can be noticed that these
frequency allocations include the extension of L/S band, but also the addition of
Ku-band NTN.

4232 SAandCT

Within SA1, the study item on “Study on satellite access - Phase 3” (FS_5GSAT_Ph3)
addressed three new use cases, and the related requirements, for 5GSs exploiting
an NTN component. TR 22.865, [113], captures the set of specific use cases and the

related service requirements for:

e Store and Forward (S&F) operations for delay-tolerant communications, spec-
ifying that this is an NTN operation mode where the 5GS can provide a certain
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level of service (storing and forwarding data) when the satellite connectivity is
intermittent or temporarily unavailable.

¢ UE-Satellite-UE communications, in which some UEs might be allowed to com-
municate using the satellite access without the need to go down to the ground
network (for the User Plane), thus avoiding large latencies and limited data
rates, in addition to reducing the consumption of backhaul resources.

* GNSS-independent operation, to allow the provisioning of satellite access to
UEs without GNSS capabilities or without access to such capabilities.

¢ Positioning enhancements for satellite access, for specific scenarios.

The set of consolidated requirements for the above use cases is provided in TR
22.865, clause 6. The corresponding normative work (stage 1) is captured in TS
22.261 within the WI on “Satellite access Phase 3” (5GSAT_Ph3): clause 6.46.7 for
satellite and relay UEs, clause 6.46.8 for S&F, clause 6.46.9 for UE-Sat-UE communi-
cations, and clause 6.46.10 for positioning aspects. With respect to relays, it shall be
mentioned that 3GPP discarded solutions based on Integrated Access and Backhaul
(IAB) nodes, in favour of Wireless Access Backhaul (WAB) solutions for which the
NTN component can only be used on the backhaul link. Within SA2, based on the
above studies, the study item on “Study on Integration of satellite components in
the 5G architecture Phase 3” (FS_5GSAT_ARCH_Ph3) is addressing the architecture
enhancements, with the results reported in TR 23.700-29, [114]. In this document,
three key issues, and the potential solutions, are identified: i) support of regenera-
tive payloads (at least one eNB/gNB on-board); ii) support of S&F communications;
and iii) support of UE-Sat-UE communications. The main assumptions for these
considerations are reported hereafter:

¢ ISLs and feeder links are assumed to only act as transport layer links, which
means that they will not be specified within 3GPP.

¢ S&F solutions lead to intermittent UE-Sat-ground connectivity and they shall
work also without ISLs.

¢ In the UE-Sat-UE case, a connection to the ground is always assumed for the
Control Plane. This use case refers mainly to IP Multimedia Subsystem (IMS)
multimedia telephony service (MMTEL) and mission critical services. Priority
is given to scenarios with the UEs under the same satellite coverage.

¢ In all scenarios, the objective is that of minimising the impact to UEs, network
functions, and entities, which means reusing the existing procedures and func-
tionalities as much as possible

The related management enhancements are discussed in the study item on “Study
on Management Aspects of NTN Phase 2” (FS_ZNTN_OAM_Ph2) and will be re-
ported in TR 28.874, [115], which clearly highlights that the reference management
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scenario for NTN is the one provided in TS 28.530, [116]. The following aspects
are being considered: i) the management of connections and associations between
the satellite and the ground systems (gNB/eNB/CN/management system); ii) man-
agement for mobility coordination (including NTN neighbour cell management and
NTN Tracking area management); iii) management for the support of S&F and UE-
Sat-UE communications; and iv) management of secure connections in NTN.

4.2.3.3 RAN

At RAN level, the work plan for the WI" NTN for IoT Phase 3" (NR_NTN_Ph3) aims

at introducing further enhancements related to, [117]:

¢ Evaluate downlink coverage enhancements to support additional reference
satellite payload parameters for both GSO and NGSO systems in FR1 and FR2:

— definition of additional satellite payload parameters assuming power shar-
ing among satellite beams or different satellite beam patterns/sizes over
the satellite footprint, such that satellite beams may not all be simultane-
ously active or may be active below the nominal EIRP density per satellite

beam due to limited power and limited feeder link bandwidth;

— define the related power sharing assumptions and the link/system level
evaluation methodology /KPIs;

- study, if required, link level enhancements for FR1 and/or system level
enhancements for FR1/FR2 for dynamic and flexible power sharing be-
tween beams or different satellite beam patterns/sizes. In this context, it
shall be noticed that no SSB enhancements are foreseen other than the ex-
tension of its periodicity, which would only apply to the NTN component.
NGSO systems, in particular LEO satellites at 600 km, are prioritised for
this study and the UE antenna is assumed to have -5.5 dBi gain for hand-
held terminals (with two receivers).

¢ uplink capacity enhancements in FR1, in particular through the design of Or-
thogonal Cover Codes (OCC) for DFT-s-OFDM PUSCH, at least for the multi-
plexing of 2 or 4 UEs with PUSCH repetitions. It is explicitly reported that this
enhancement is not targeting: MU-MIMO capabilities, PUSCH DMR, initial
access, and PRACH,;

e specification of the signalling of the intended service area for broadcast ser-
vices via NTN (in particular SIB signalling and the required signalling between
the 5GC and the NG-RAN);

¢ support of regenerative payloads, specifying all the required enhancements for
intra-/inter-gNB mobility (Xn over feeder link or over ISL);

¢ support RedCap/eRedCap UEs in FR1.
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4.3 NTN Release 18 Software implementation

This section reports all the software adaptations required to incorporate Release 18
NTN features into a Release 17 software-based gNB implementation. The software
modifications are presented for each network element (gNB, UE, and CN) and in-
clude feature implementation for: uplink coverage enhancement, NTN to TN mobil-
ity, TN to NTN mobility, RACH-less handover, conditional handover, satellite switch
with resynchronization, and discontinuous coverage.

4.3.1 gNB SW Modifications
4.3.1.1 General

The gNB shall be capable of implementing additional UE capability parameters re-
ceived in the UECapabilityInformation message (RRC Protocol TS38.331 v18.2.0):

¢ sib19-Support-r18: Specifies whether the UE supports receiving Release 18
(Rel.18) fields within SIB19.

¢ softSatelliteSwitchResyncNTN-r18: Indicates if the UE supports a soft satel-
lite switch with re-synchronization, as per TS 38.331[RD 8]. If the UE supports
this feature, it must also indicate support for hardSatelliteSwitchResyncNTN-
rl8.

¢ hardSatelliteSwitchResyncNTN-118: Specifies whether the UE supports a hard
satellite switch with re-synchronization, according to TS 38.331. A UE with
this capability must also indicate support for nonTerrestrialNetwork-r17. If the
UE supports hardSatel-liteSwitchResyncNTN-r18 but not softSatelliteSwitch-
ResyncNTN-r18, it can still perform a hard satellite switch with resynchroniza-
tion in networks that support soft satellite switching, as defined in TS 38.331.

¢ mt-SDT-NTN-r18: Indicates whether the UE supports initiating an MT-SDT
(Mobile Terminated-Satellite Direct Terminal) procedure in an NTN environ-
ment. This includes initi-ating a random access procedure with a 4-step RA
type. If the UE also supports twoStepRACH-r16 for NTN, it can initiate a 2-
step RA type in response to an MT-SDT indication received in a paging mes-
sage, as specified in TS 38.331, [88].

¢ nin-VSAT-AntennaType-r18: Indicates the type of antenna used by a VSAT
(Very Small Aperture Terminal) UE, specifying whether it is electronically or
mechanically steered. UEs that support this feature must also indicate support

for nonTerrestrial- Network-r17.

* nitn-VSAT-MobilityType-r18: Specifies whether a VSAT UE is mobile or fixed.

UEs supporting this capability must also indicate support for nonTerrestrialNetwork-

rl7.
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¢ fr2-Add-UE-NR-CapabilitiesNTN: Defines NTN-specific capabilities that dif-
fer from those in Terrestrial Networks (TN). If absent, the capabilities specified
in fr2-Add-UE-NR-Capabilities will apply to NTN as well.

* AddlocationBasedCondHandoverEMC-r18: Indicates whether the UE sup-
ports lo-cation based conditional handover for an NTN Earth-moving cell, i.e.
condEventD2 as spec-ified in TS 38.331, [88]. A UE supporting this feature
shall also indicate the support of condHandover-r16 for NTN bands and the
support of nonTerrestrialNetwork-r17. UE shall set the capability value consis-
tently for all FDD-FR1 NTN bands and all FDD-FR2 NTN bands respectively.

¢ ntn-NeighbourCellInfoSupport-r18: Indicates whether the UE supports con-
figuration of ntn-NeighbourCellInfo-r18 in MeasObjectNR for dedicated
ephemeris. A UE supporting this feature shall also indicate the support of
nonTerrestrialNetwork-r17.

¢ ntn-DMRS-BundlingNGSO-r18: Indicates whether the UE supports DM-RS
bundling for PUSCH over consecutive slots in NGSO scenarios and pre- com-
pensation to keep phase rotation due to timing drift within the phase differ-
ence limit. A UE supporting this feature shall indicate support of uplinkPre-
Compensation-rl7 and at least one of dmrs-BundlingPUSCH-RepTypeA-r17,
dmrs-BundlingPUSCH-RepTypeB-r17 or dmrs-BundlingPUSCH-RepTypeC-r17.

4.3.1.2 Uplink Coverage Enhancement

e The gNB shall be capable of delivering two additional parameters in SIB19
(RRC Protocol TS38.331 v18.2.0):

- numberOfMsg4dHARQ-ACK-Repetitions: It indicates the number of rep-
etition slots for PUCCH transmission with HARQ-ACK information for
Msg4, see clause 9.2.6 in TS 38.213. The first/leftmost bit corresponds to
the repetition factor 1, the second bit corresponds to repetition factor 2,
the third bit corresponds to the repetition factor 4, and the last/rightmost
bit corresponds to the repetition factor 8. The repetition factor 1 shall be

indicated together with at least one other repetition factor.

— rsrp-ThresholdMsg4dHARQ-ACK: This threshold is used by the UE for
determining the configuration of the MAC entity for PUCCH repetition
for Msg4 HARQ-ACK, as specified in clause 6.2.1 in TS 38.321.

* The gNB shall be capable of setting the indication on the number of repetition
slots for PUCCH trans-mission with HARQ-ACK information for Msg4 in the
Downlink Assignment Index field of DCI format 1_0 with Cyclic Redundancy
Check (CRC) scrambled by the Temporary Cell Radio Network Tempo-rary
Identifier (TC-RNTTI). (PHY Protocol TS38.212 v18.4.0)
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4.3.1.3 NTN to TN mobility

The NTN gNB shall be capable of delivering TN coverage information to assist
neighbor cell meas-urements for the UEs in an NTN cell in SIB25. SIB25 shall specify:

¢ coverageArealnfoList: Contains a list of TN coverage area’s information to as-
sist skipping TN measurements for NTN UEs in RRC_IDLE and RRC_INACTIVE,
as defined in TS 38.304, [93].

¢ tn-DistanceRadius: Distance from the TN coverage area reference location. It
is used for skipping TN measurements in RRC_IDLE and RRC_INACTIVE, as
defined in TS 38.304, [93]. Each step represents 1m.

4.3.1.4 TN to NTN mobility

The TN gNB shall be capable of delivering ntn-NeighCellConfigList field with NTN
coverage information to assist neighbor cell measurements for the UEs in an TN
cell in SIB19. [RRC Protocol TS38.331 v18.2.0] ntn-NeighCellConfigList provides
a list of NTN neighbour cells including their ntn-Config, car-rier frequency and
PhysCellld. This set includes all elements of ntn-NeighCellConfigList and all ele-
ments of ntn-NeighCellConfigListExt. If ntn-Config is absent for an entry in ntn-
NeighCellConfigListExt, the ntn-Config provided in the entry at the same position
in ntn-NeighCellConfigList applies. Network provides ntn-Config for the first entry
of ntn-NeighCellConfigList. If the ntn-Config is absent for any other entry in ntn-
NeighCellConfigList, the ntn-Config provided in the previous entry in ntn-Neigh-
CellConfigList applies.

4.3.1.5 RACH-less handover

¢ The gNB shall be capable of configuring RACH-less handover for a UE. To this
aim, it should be capable of setting the RACH-lessHO parameter of the recon-
figurationWithSync information element within CellGroupConfig informa-
tion element. RACH-lessHO shall indicate the following fields (RRC Protocol
TS38.331 v18.3.0):

— targetNTA: This field refers to the timing adjustment, see TS 38.213, [89]
and TS 38.321, [76], indicating the NTA value which the UE shall use
for the target PTAG of handover. The value zero corresponds to NTA=0,
while the value source corresponds to the NTA value of the source PTAG
indicated by the tag-Id. In this version of the specification, the network
shall always configure this field if rach-LessHO is part of an RRCRecon-
figuration message.

— tci-StateID: This field indicates a beam that the UE should use in the tar-
get cell to monitor PDCCH for initial uplink transmission and indicates
the TCI state information to be used in the target cell. The network con-
figures this field in case this cell is not a NTN cell.
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— ssb-Index: This field indicates a beam that the UE should use in the tar-
get cell to monitor PDCCH for initial uplink transmission, see TS 38.321,
[76]. The network configures this field when cg-RRC-Configuration is not
configured for the initial uplink transmission in RACH-less handover in
NTN or in case this cell is not a mobile IAB cell.

¢ The gNB shall be capable of configuring an uplink grant of type 1 for RACH-
less handover trough the CG-RRC-Configuration field of ConfiguredGrant-
Config information element. CG-RRC-Configuration field can be present only
if rach-LessHO is present in reconfigurationWithSync and shall indicate the
following fields:

— ¢g-RRC-RSRP-ThresholdSSB: An RSRP threshold configured for SSB se-
lection for the CG as specified in TS 38.321, [76]. This field is absent in
cg-LTM-Configuration.

— cg-RRC-RetransmissionTimer: Indicates the initial value of the config-
ured grant retransmission timer used for the initial transmission of CG
with CCCH (for CG-SDT) or DCCH message (see TS 38.321, [76]) in mul-
tiples of periodicity.

— rrc-DMRS-Ports: Indicates the set of DMRS ports for SSB to PUSCH map-
ping (see TS 38.213, [89]). The first (left-most / most significant) bit cor-
responds to DMRS port 0, the second most significant bit corresponds to
DMRS port 1, and so on. A bit set to 1 indicates that this DMRS port is
used for mapping.

- rrc-Nrof DMRS-Sequences: Indicates the number of DMRS sequences for
SSB to PUSCH mapping (see TS 38.213, [89]).

— 11c-SSB-Subset: Indicates SSB subset for SSB to CG PUSCH mapping
within one CG configuration. The first/leftmost bit corresponds to
SS/PBCH block index 0, the second bit corresponds to SS/PBCH block
index 1, and so on. Value 0 in the bitmap indicates that the corresponding
SS/PBCH block is not included in the SSB subset for SSB to CG PUSCH
mapping while value 1 indicates that the corresponding SS/PBCH block
is included in SSB subset for SSB to CG PUSCH mapping. If this field is
absent, UE assumes the SSB set includes all actually transmitted SSBs.

— 11¢-SSB-PerCG-PUSCH: The number of SSBs per CG PUSCH (see TS
38.213, [89]). Value one corresponds to 1 SSBs per CG PUSCH, value two
corresponds to 2 SSBs per CG PUSCH and so on.

— 1rc-PO-PUSCH: Indicates PO value for PUSCH in steps of 1dB (see TS
38.213, [89]). When this field is configured, the UE ignores the p0-PUSCH-
Alpha. This field is absent in cg-LTM-Configuration.

— rrc-Alpha: Indicates alpha value for PUSCH. alphaO indicates value 0 is
used, alpha04 indicates value 4 is used and so on (see TS 38.213, [89]).
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When this field is configured, the UE ignores the p0-PUSCH-Alpha. This
field is absent in cg-LTM-Configuration.

¢ The target gNB of a RACH-less handover procedure shall be capable of dy-
namical signalling of an UL grant.

4.3.1.6 Conditional handover

¢ The NTN gNB shall be capable of delivering the movingReferenceLocation
field of SIB19 specifying the reference location of the serving cell of an NTN
Earth-moving cell at a time reference. It is used in the evaluation of eventD2
and condEventD2 criteria for the serving cell in RRC_CONNECTED, and location-
based measurement initiation in RRC_IDLE and RRC_INACTIVE when dis-
tanceThresh is also configured, as defined in TS 38.304, [93]. The time refer-
ence of this field is indicated by epochTime in ntn-Config of the serving cell.
This field is only present in an NTN cell.

* The gNB should be capable of specifying criteria for triggering of event D2
conditional handover by setting eventD2 and condEventD2 parameters in Re-
portConfigNR information element. It should be able to set:

— distanceThreshFromReferencel, distanceThreshFromReference2: Dis-
tance from a moving reference location determined by the UE based on
the serving cell movingReferenceLocation broadcast in SIB19 or refer-
enceLocation and the corresponding epoch time and satellite ephemeris
configured within the MeasObjectNR associated to the event for condE-
ventD2. Each step represents 50m.

- timeToTrigger: Time during which specific criteria for the event needs to

be met in order to execute the conditional reconfiguration evaluation.

- hysteresisLocation is a parameter used within entry and leave condition
of a location based event triggered reporting condition. The actual value
is field value * 10 meters.

- timeToTrigger specifies the value range used for time to trigger parame-
ter, which concerns the time during which specific criteria for the event
needs to be met in order to trigger a measurement report.

— reportOnLeave: Indicates whether or not the UE shall initiate the mea-

surement reporting procedure when the leaving condition is met if con-
figured in eventD1, eventD2, eventH1, eventH?2.

4.3.1.7 Satellite switch with resynchronization

The TN gNB shall be capable of delivering SatSwitchWithReSync field in SIB19,
setting the ntn-Config parameter from Rel.17 and the two following additional pa-

rameters:
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¢ t-ServiceStart: Indicates the time information on when the target satellite is
going to start serving the area currently covered by the serving satellite. The
field indicates a time in multiples of 10 ms after 00:00:00 on Gregorian calen-
dar date 1st January 1900 (midnight between Sunday, December 31, 1899, and
Monday, January 1, 1900). The exact start time is between the time indicated
by the value of this field minus 1 and the time indicated by the value of this
field. The reference point for t-ServiceStart is the uplink time synchronization
reference point of the serving satellite.

¢ ssb-TimeOffset: Indicates the time offset of the SSB from target satellite at
its uplink time synchronization reference point with respect to the SSB from
source satellite at its uplink time synchronization reference point. It is given in

number of subframes.

4.3.2 UE SW Modifications
4.3.2.1 General

The UE shall convey the following additional capability parameters in the UECapa-
bilityInformation message, which the gNB shall be capable of interpreting: sib19-
Support-r18, softSatelliteSwitchResyncNTN-r18, hardSatelliteSwitchResyncNTN-
r18, mt-SDT-NTN-r18, ntn-VSAT-AntennaType-r18, ntn-VSAT-MobilityType-r18,
fr2-Add-UE-NR-CapabilitiesNTN, Add locationBasedCondHandoverEMC-r18, ntn-
NeighbourCellInfoSupport-r18, and ntn-NeighbourCellInfoSupport-r18. The ca-
pability information parameters are described in section 4.3.1.1.

4.3.2.2 Uplink Coverage Enhancement

* The UE shall be capable of receiving numberOfMsgdHARQ-ACK-Repetitions
and rsrp-ThresholdMsg4dHARQ-ACK parameters from SIB19. (RRC Protocol
TS38.331 v18.2.0)

¢ The UE shall be capable of receiving the indication on the number of repetition
slots for PUCCH transmission with HARQ-ACK information for Msg4 from
the Downlink Assignment Index field of DCI format 1_0 with Cyclic Redun-
dancy Check (CRC) scrambled by the Temporary Cell Radio Network Tempo-
rary Identifier (TC-RNTI) in case more than one repetition option is indicated
in the SIB. (PHY Protocol TS38.212 v18.4.0)

* The UE shall be capable of indicating its capability to apply PUCCH repeti-
tions for Msg4 HARQ-ACK in Msg3 PUSCH, considering the content of rsrp-
ThresholdMsg4HARQ-ACK parameter and its RSRP. (RRC Protocol TS38.331
v18.2.0)

¢ The UE shall be capable of transmitting the PUCCH repetitions for Msg4 HARQ-
ACK in the dedicated PUCCH resources, if available, or it determines the
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number of slots for repetitions of a PUCCH transmission with HARQ-ACK in-
formation based on an indication by numberOfPUCCHforMsg4HARQACK-
RepetitionsList and the DCI information.

4.3.2.3 Network Verified UE Location

¢ Upon receiving a NR-Multi-RTT-RequestCapabilities information element
request from the LMEF, the UE shall be capable of indicating its compatibility
with the network verified UE location function in the field nt--NTN-MeasAnd-
Report, part of the information element NR-Multi-RTT-MeasurementCapability.
The nr-NTN-MeasAndReport field, if present, indicates that the UE supports
UE Rx-Tx Measurement and Report for Multi-RTT with single satellite in NTN
with the following capabilities:

— UE Rx-Tx time difference and UE Rx-Tx time difference offset measure-
ment and report for Multi-RTT positioning;

- Reporting DL timing drift due to Doppler over the service link associated
with the UE Rx-Tx time difference measurement period.

¢ The UE shall be capable of measuring;:

— UE Rx - Tx time difference subframe offset;

— DL timing drift.

¢ The UE shall be capable of providing the NTN related multi-RTT measures
trough the information element nr-NTN-UE-RxTxTimeDiff. This field pro-
vides the offset of the UE Rx-Tx time difference measurement for NTN and
comprises the following subfields:

— nr-NTN-UE-RxTxTimeDiffSubframeOffset specifies the UE Rx - Tx time
difference subframe offset in unit of subframe, as defined in TS 38.215,
[110].

— nr-NTN-DL-TimingDrift specifies the DL timing drift measurement, as
defined in TS 38.215, [110]. The granularity of nr-NTN-DL-TimingDrift is
0.1 ppm. Values are given in unit of corresponding granularity.

4.3.24 NTN to TN mobility

¢ The UE shall be capable of receiving System Information Block 25 and its pa-
rameters coverageArealnfoList and tn-DistanceRadius. The SIB25 parame-
ters are described in section 4.3.1.3.

¢ The UE shall be capable of exploiting the TN coverage area’s information to as-
sist skipping TN measurements for NTN UEs in RRC_IDLE and RRC_INACTIVE.
For UE camping on NTN cell, if the UE supports skipping TN measurement,
and the UE has obtained its location information, and if coverageArealnfoList
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and tn-ArealdList are broadcast in system information, the UE may not per-
form measurements of a TN frequency when UE is not in the coverage of that
frequency provided via tn-ArealdList, regardless of the frequency priority.

- coverageArealnfoList: this indicates a list of TN coverage areas to assist
skipping TN measurements for NTN UEs in RRC_IDLE and RRC_INACTIVE
states.

— tn-ArealdList: this indicates a list of TN area identities associated with
each frequency to assist skipping TN measurements for NTN UEs in RRC_IDLE
and RRC_INACTIVE states. Each TN area identity in the list identifies a
TN coverage area.

4.3.2.5 TN to NTN mobility

¢ The UE shall be capable of receiving ntn-NeighCellConfigList field of SIB19
containing NTN coverage information

¢ The UE shall be capable of exploiting the NTN coverage area’s information to
assist neighbor cell measurements for the UEs in an TN.

4.3.2.6 RACH-less handover

* The UE shall be capable of receiving a RACH-lessHO indicaition parameter of
the reconfigurationWithSync information element within CellGroupConfig
information element.

¢ The UE shall be capable of receiving uplink grant of type 1 for RACH-less
handover trough the CG-RRC-Configuration field of ConfiguredGrantConfig
information element. CG-RRC-Configuration field can be present only if rach-

LessHO is present in reconfigurationWithSync.

¢ The UE shall be capable of reacting to a rach-less handover initiation. The ini-
tial uplink transmission of a RACH-less handover procedure can be performed
either using a dynamic uplink grant or a configured uplink grant Type 1 pre-
allocated by RRC, if configured.
1> if cg-RRC-Configuration is configured:
2> select a configured uplink grant for initial uplink transmission according to TS38.321
clause 5.8.2;
2> perform initial uplink transmission in the first available CG occasion for RACH-
less handover according to TS38.321 clause 5.8.2;
2> monitor the PDCCH as specified in clause 5.7 and TS 38.213.
1> else:
2> if tci-StatelD is configured in rach-LessHO:
3> indicate to lower layers the TCI state information included in tci-StatelD.
2> else if ssb-Index is configured in rach-LessHO:
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3> indicate to lower layers the SSB index included in ssb-Index.
2> monitor the PDCCH as specified in TS 38.213.

4.3.2.7 Conditional handover

¢ The UE shall be capable of receiving a movingReferenceLocation field of SIB19

specifying the reference location of the serving cell of an NTN Earth-moving

cell at a time reference.

¢ The UE shall be capable of receiving a receiving eventD2 and condEventD2

parameters from ReportConfigNR information element. The parameters of

eventD2 and condEventD2 are described in section 4.3.1.6.

¢ The UE shall be capable to managing of eventD2 (from 5.5.4.15a of 38.331) The
variables in the formula are defined as follows:

MI1 is the distance between UE and a moving reference location for this
event, not taking into account any offsets. The moving reference location
is determined based on movingReferenceLocation and the corresponding
epoch time and satellite ephemeris for the serving cell broadcast in SIB19.

M12 is the distance between UE and a moving reference location for this
event, not taking into account any offsets. The moving reference location
is determined based on the parameter referenceLocation and the corre-
sponding epoch time and satellite ephemeris configured within the Mea-
sObjectNR associated to this event.

Hys is the hysteresis parameter for this event (i.e. hysteresisLocation as
defined within reportConfigNR for this event).

Thresh1 is the threshold for this event defined as a distance, configured
with parameter distanceThreshFromReferencel in reportConfigNR for this
event, from a moving reference location determined based on the parame-
ter movingReferenceLocation and the corresponding epoch time and satel-
lite ephemeris for the serving cell broadcast in SIB19.

Thresh2 is the threshold for this event defined as a distance, configured
with parameter distanceThreshFromReference2 in reportConfigNR for this
event, from a moving reference location determined based on the pa-
rameter referenceLocation and the corresponding epoch time and satellite
ephemeris configured within the MeasObjectNR associated to this event.

M1 is expressed in meters.
MI2 is expressed in the same unit as MI1.
Hys is expressed in the same unit as MI1.

Threshl is expressed in the same unit as M11.
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— Thresh2 is expressed in the same unit as MI1.

1> consider the entering condition for this event to be satisfied when both condition
D2-1 and condition D2-2, as specified below, are fulfilled;
Inequality D2-1 (Entering condition 1)
MI1 - Hys > Threshl
Inequality D2-2 (Entering condition 2)
MI2 + Hys < Thresh2

1> consider the leaving condition for this event to be satisfied when condition D2-3
or condition D2-4, i.e. at least one of the two, as specified below, are fulfilled;
Inequality D2-3 (Leaving condition 1)

MI1+Hys<Threshl

Inequality D2-4 (Leaving condition 2)

MI2 — Hys > Thresh2

4.3.2.8 Satellite switch with resynchronization

¢ The UE shall be capable of receiving t-ServiceStart and ssb-TimeOffset pa-
rameters of SatSwitchWithReSync field from SIB19.

* The UE shall be capable of acquiring DL synchronization with the SpCell served
by the satellite indicated by ntn-Config in SatSwitchWithReSync between the
time indicated by t-ServiceStart and the time indicated by t-Service for the

serving cell.

* The UE shall be capable of starting timer T430 with the timer value set to ntn-
UlSyncValidityDuration from the subframe indicated by epochTime in ntn-
Config in SatSwitchWithReSync from Rel. 17.

4.3.2.9 Discontinuous Coverage

¢ The UE shall be able to exploit the satellites coverage availability information
and its current and expected future locations to determine the Start of Unavail-
ability Period and/or the Unavailability Period Duration for when it expects

to be out of coverage, [83].

¢ The UE shall be able to include the Start of Unavailability Period and/or the
Unavailability Period Duration and the Unavailability-Type fields within the
Unavailability-Information information element of the Initial Registration re-
quest to the AMF.

¢ The UE shall be able to include the Start of Unavailability Period and/or the
Unavailability Period Duration and the Unavailability-Type fields within the
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Unavailability-Information information element of the Initial Registration re-
quest to the AMFE.

4.3.3 CN SW Modifications
4.3.3.1 Network Verified UE Location

¢ The AMEF shall be capable of initiating the location verification of a UE trough
the 5GC-NI-LR procedure and to include in indication in the request to the
LMF that the request is for UE location verification.

¢ The LMF should be capable of sending an LPP Request Location Information
message to the UE for location verification. This request includes indication
of Multi-RTT measurements requested in NR-Multi-RTT-RequestLocation-
Information, including any needed measurement configuration information,

and required response time.

4.3.3.2 Discontinuous Coverage

* The AMF shall be able to determine, during the registration procedure, the val-
ues of the negotiated extended DRX parameters, the timer T3324, and the peri-
odic registration update timer T3512 to be provided to the UE. They are deter-
mined based on the discontinuous coverage maximum time offset, the unavail-
ability period duration and the start of the unavailability period. The AMF
should set the value of the mobile reachable timer and implicit de-registration
timer based on the unavailability period duration and the start of the unavail-

ability period.

¢ The AMF shall be able to determine (if not provided by the UE) or update
the Unavailability Period Duration and/or the Start of Unavailability Pe-
riod based on the Unavailability Type and other information as the Satellite
Coverage Availability Information.



91

Chapter 5

O-RAN compliant NTN
Disaggregated Architectures

This chapter reports the outcomes of the paper "RAN Functional Splits in NTN: Ar-
chitectures and Challenges", [10], and it aims to explore the concept of RAN disag-
gregation, a fundamental pillar of the O-RAN architecture, which splits traditional
base stations into different functional units.

The chapter introduces key NTN elements, including non-terrestrial nodes and
communication links, and details three O-RAN-compliant system architectures: Full-
gNB, Orbit-split and Feeder-split designs. These architectures address the unique
challenges of NTN systems, such as dynamic link performance and interface map-
ping.

By detailing various functional split options and their implications for NTN in-
tegration, this chapter provides a comprehensive analysis of the challenges and
opportunities presented by disaggregated architectures in dynamic and resource-
constrained environments. Special attention is given to the unique requirements
imposed by NTNs, including latency, bandwidth, and interface constraints, as well
as the potential of Al-driven solutions to optimize these configurations within the
evolving 6G ecosystem.

5.1 NTN System Architectures

In this section, we present two O-RAN-compliant NTN system architectures where
the O-RAN framework is integrated into NTN elements: the Orbit-split and Feeder-
split architectures. Part of this section reports the outcomes of the paper "O-RAN
Based Non-Terrestrial Networks: Trends and Challenges" [5]. The focus is on two
critical design aspects: i) the distribution of O-RAN components across NTN and
terrestrial network entities; and ii) the mapping of O-RAN interfaces to the unique
physical links of NTN systems, addressing challenges such as intermittent and un-
stable connections.

An NTN-based RAN architecture consists of NTN access segment, NTN Gate-
way (GW), and a terrestrial segment. The NTN access segment is constituted by
different NTN payloads, i.e., network elements on-board a satellite, that orbit the
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FIGURE 5.1: High-level system architecture of full gNB onboard.

Earth at different altitudes providing services to the on-ground users. The GW in-
terconnects the payload to the terrestrial segment via a feeder link. The terrestrial
segment is constituted of the CN. Finally, in the user segment, we consider users di-
rectly connected to the NTN elements. Rel. 19 of 3GPP foresees the standardization
of features assuming regenerative payload [118]. This enables complete or partial
implementation of the RAN protocol stack on the payload. In this framework, we
identify three main architectural solutions that may exploit a functionally split RAN,
described in the following subsections as Orbit-split, and Feeder-split architectures.

In the context of this work, the non-RT RIC and the near-RT RIC are assumed
to be implemented in the cloud, interconnected to the ground network elements
through the ground distribution network. Depending on the dimension of the net-
work slice they have to serve, they can be deployed closer to the network edge or
to the central cloud. For what concerns the open interfaces, their mapping on the
physical network links of this NTN architecture is a non-trivial task. In a terrestrial
implementation of the O-RAN architecture, the interfaces are built upon the ground
distribution network, inter-connecting all the network elements. This Internet Pro-
tocol (IP) based network is often based on reliable optic fiber links, providing stable
capacity and latency. On the other hand, in NTN networks some key open interfaces
have to rely on intermittent links with unstable performances. The specific mapping
of the O-RAN interfaces to the physical network links is addressed specifically for
the three considered NTN system architectures in the following sections.
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FIGURE 5.2: High-level system architecture of in-orbit RAN split.

5.1.1 Full-gNB Architecture

In the conventional architecture shown in Figure 5.1, the NTN access segment nodes
are organized in a single constellation in which all the nodes serve the UEs imple-
menting the full gNB. The feeder links connect each node to the terrestrial segment
through the GW, implementing the Next Generation (NG) interface. The on-ground
coverage is provided by all the nodes that serve the users through the Uu air in-
terface. Furthermore, the implementation of the NG interface between the nodes
enables the routing of the user-plane and control-plane packets in space.

Concerning 3GPP and O-RAN interfaces mapping to physical links, the NR-Uu
Air Interface is implemented on the user access link of all nodes, while the ISLs im-
plement the Xn and NG interfaces and transports the E2 and O1 O-RAN interfaces.
In this configuration, the feeder link implements the NG interface to the CN and
transports the E2 and O1 O-RAN interfaces.

5.1.2 Orbit-split Architecture

In the Orbit-split architecture, the NTN access segment nodes, which constitute a sin-
gle or multiple constellations, are logically divided into two groups: the feeder node
and the service node, Figure 5.2. A feeder node can be connected to one or multiple
service nodes, while a service node can be connected to a single feeder node. Dif-
ferent RAN operations are performed by feeder nodes and service nodes depending
on the selected functional split configuration. The feeder links connect each feeder
node to the terrestrial segment through the GW, implementing the NG interface.
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The Split Interface (SI) interface connecting service nodes with the serving feeder
node is implemented through Inter Satellite Links (ISL), as well as the Xn interface
interconnecting two feeder nodes. The SI, NG, and Xn interfaces can be transported
by any optical link or Satellite Radio Interface (SRI), e.g., DVB-52X, as long as spe-
cific signaling operations are guaranteed. The on-ground coverage is provided by
the service nodes that serve the users through the Uu air interface. Furthermore, the
implementation of the NG interface between the feeder nodes enables the routing of
the user-plane and control-plane packets in space.

As shown in Figure 5.2, service satellites are mainly devoted to provide con-
nectivity to the UEs but they don’t have feeder links. Most of the available payload
mass and power is thus devoted to maximize the service up- and downlink capacity,
so these satellites will connect via ISLs to the feeder satellites but will have neither
tfeeder links nor ISLs among them. On the other hand, feeder satellites do not have
direct link to the UEs, but they implement the full transport network in space using
ISLs and feeder links and providing additional processing capabilities in space to
implement RAN and if needed Core Network and Edge Computing functionalities.
Although from Figure 5.2 one might infer that service satellites are flying lower than
teeder satellites, this is only a logical representation.

The advantages of this architectural solution are manifold, namely:

¢ it allows higher service link throughput, since no resources have to be provi-
sioned for feeder link and ISL and all available power can be devoted to the

service link.

e it offers better scalability and flexibility, since the feeder satellites are totally
agnostic regarding which spectrum and bandwidth is used for the service
links. As long as the ISL and feeder links capacity does not become the bot-
tleneck, new service satellites (more powerful and/or operating in a different
frequency bands) could be progressively and seamlessly added.

Concerning 3GPP and O-RAN interfaces mapping to physical links, the NR-Uu
Air Interface is implemented on the user access link of service nodes, while on the
ISL interconnecting feeder and service nodes, the interface depends on the type of
split. Indeed, if the service node embarks only the RU, the ISL carries the FH and
O1 interface, while if both the RU and DU are on the service node the implemented
interfaces are the F1, E2 and O1. In this configuration, the feeder link implements
the NG interface to the CN and transports the E2 and O1 O-RAN interfaces.

5.1.3 Feeder-split Architecture

In the Feeder-split architecture, the NTN access segment nodes serve as gNB-DUs
while the gNB-CUs are implemented on-ground, Figure 5.3. The feeder links con-
nect the CUs to the DUs through the GW, implementing the SI. The SI interfaces
can still be transported by any optical link or SRI, as long as specific signaling oper-
ations are guaranteed. The NTN access segment nodes are interconnected through
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FIGURE 5.3: High-level system architecture of ground-orbit RAn
split.

ISLs, enabling the distribution of the Sl interface through ISL also to DUs that are not
directly provided with a feeder link. The NG interface is implemented through the
terrestrial network, as well as the Xn interface that interconnects the CUs on-ground.
The on-ground coverage is provided by the DU-nodes that serve the users through
the Uu air interface.

Concering 3GPP and O-RAN interfaces mapping to physical links, the NR-Uu
Air Interface is implemented on the user access link, while on the feeder link, the
interface depends on the type of split. Indeed, if the satellite embarks only the RU,
the feeder link carries the FH and O1 interface, while if both the RU and DU are on-
board the implemented Interfaces are the F1, E2 and O1. All the interfaces assigned
to the feeder link are logical, i.e., they can be implemented by means of any Satellite
Radio Interface (SRI), such as DVB-52X. Actually, the unstable performance of the
feeder link is not a show-stopper problem, since the service provided by O1, E2, and
F1 interfaces can be adapted to meet the instantaneous feeder link performances. On
the contrary, the current standardization of these interfaces, as per 3GPP TR 38.473
[119] and O-RAN WGI1 [35], do not allow their implementation upon intermittent
links. As a consequence, for NGSO nodes with no direct visibility of the GW, the
logical link with the serving gNB on-ground is ensured by INL.

5.2 Functional Split Options

According to TR 38.801, [20], the split of the gNB can be performed in eight different

ways shown in Fig. 5.4.

The functional split options are are described in the following subsections high-
lighting the benefits of implementing a specific functional split in NTN and provid-
ing the analysis of the maximum one-way latency, and the computation of the re-
quired interface bandwidth, [120]. A summary of this analysis is provided in Table
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FIGURE 5.4: Available functional splits.

5.1 for options 1 to 8.

5.2.1 Option 8: RF/PHY

Option 8 splits the gNB between the PHY layer and the RF section. Indeed, only the
RF sampler and the upconverter are left in the DU, resulting in a very simple DU,
while all the remaining functions are centralized in the CU assuring the highest level
of centralization. With this configuration, time In-phase - Quadrature (IQ samples
are encapsulated in a protocol and delivered through the SI interface connecting the
CU and DU. Thus, the data rate on the SI is maximum, constant, and scales with the
number of DU and antennas. The DL fronthaul bitrate for split option 8 is defined
by 3GPP in [121] as:
FH bitrate = SR« BTW x« AP x5

The UL fronthaul bitrate for split option 8 is defined by 3GPP in [121] as:
FH bitrate = SR+ BTW x« AP x5

Where SR is the sample rate, BT'W is the bitwidth, and AP is the number of
antenna ports. For a scenario using 100 MHz bandwidth and 32 antenna ports the
bitrate will be 157.3 Gbps [121] for both UL and DL.

Regarding the supported latency from a wireless requirement standpoint, fron-
thaul must not impact the functions or performance of existing devices. After thor-
oughly analyzing equipment specifications and implementation methods from mul-
tiple vendors, the latency for the functional split option between PHY and RF is
determined in [122] to be 250 microseconds.

Split 8 offers several advantages and disadvantages. On the positive side, it en-
ables the deployment of very small and cost-effective DUs while supporting up-
link and downlink Coordinated Multi-Point (CoMP) with no performance degrada-
tion. It also facilitates the reuse of already deployed Common Public Radio Interface
(CPRI) Remote Radio Heads (RRHs) or DUs, ensuring high levels of centralization
and coordination across the protocol stack. The separation of RF and PHY enhances
system modularity and allows operators to share RF components, while the DUs re-
main Radio Access Technology (RAT) agnostic. Furthermore, the largest processing
resources are centralized in the CU pool, simplifying management and optimization.
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However, Split 8 also presents challenges, such as requiring a high and constant bi-
trate on the fronthaul link that scales with the number of antennas. Additionally,
it demands extra processing for CPRI compression at both DU and CU levels and
imposes stringent latency requirements on the fronthaul, which can complicate de-

ployment in some scenarios.

5.2.2 Option 7: Intra PHY

Option 7 splits the gNB at the PHY layer and is divided into options 7.1, 7.2, and 7.3
depending on the specific PHY functions that are centralized.

¢ Option 7.1 (Low PHY):FFT is decentralized in the DU. This implies a reduction
in the required interface data rate compared to option 8, even if it is still con-
stant since the resource element mapping is performed in the CU. According to
3GPP in [121], the downlink fronthaul bitrate for split option 7-1 is specified. It
is assumed here that split 7b matches split option 7-1, based on its description
in [122]:

FH bitrate =5C * SY * AP x BTW % 2 % 1000
+ MAC info

The UL fronthaul bitrate for split option 8 is defined by 3GPP in [121] as:

FH bitrate =SC * SY x« AP « BTW * 2 % 1000
+ MAC info

Where SC'is the number of subcarriers, SY is the number of symbols, BTW
is the bitwidth, and AP is the number of antenna ports. For a scenario using
100 MHz bandwidth and 32 antenna ports the DL bitrate will be 9.2 Gbps and
the UL 60.4 Gbps [121]. In terms of supported latency, with the Hybrid Au-
tomatic Repeat reQuest (HARQ) process taking a maximum of 4ms and if we
disregard air interface latency, the remaining time is allocated for process la-
tency and the transmission between the DU and CU. Process latency consists
of the CU processing delay, DU latency, and the time taken for transmission be-
tween the DU and CU. After a thorough evaluation of different vendors’ equip-
ment specifications and their implementation strategies, the observed maxi-
mum end-to-end latency is calculated in [122] to be 250us. To ensure adequate
processing time, the end-to-end latency must not exceed 250us. Split 7.1 offers
significant advantages, including reduced bitrate requirements on the fron-
thaul compared to Split 8, enabling more efficient deployments. It supports
UL CoMP joint reception and DL CoMP coherent JT without performance loss
and facilitates centralized scheduling and joint processing, enhancing network

coordination and optimization. However, it comes with challenges, such as a
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high and constant fronthaul load, the need for very high UL bandwidth, and
the complexity of managing subframe-level timing interactions between PHY
components in the CU and DU, which demand precise synchronization and
robust infrastructure.

Option 7.2 (Low PHY/High PHY): The precoding and resource element map-
per is decentralized in the DU. This split option reduces the required data rate
since the SI interface transports subframe symbols. Furthermore, the data rate
becomes dependent on the required user traffic, implying a sensible data rate
reduction in low traffic load contexts. According to 3GPP in [121], the down-
link fronthaul bitrate for split option 7-1 is specified. It is assumed here that
split 7a matches split option 7-2, based on its description in [122]:

FH bitrate =SC % SY * LA x BTW %2 % 1000
+ MAC info

The UL fronthaul bitrate for split option 7-2 is defined by 3GPP in [121] as:

FH bitrate =SC * SY « LA« BTW x 2 % 1000
+ MAC info

Where SC is the number of subcarriers, SY is the number of symbols, BTW
is the bitwidth, and LA is the number of layers. For a scenario using 100 MHz
bandwidth and 32 antenna ports the DL bitrate will be 9.8 Gbps and the UL
15.2 Gbps [121]. In terms of supported latency, the considerations are similar
to split 7.1. Split 7.2 features variable and moderate bitrate on the fronthaul, of-
fering flexibility and potential multiplexing gains, [123]. It maintains support
for UL CoMP joint reception and DL CoMP coherent JT without performance
degradation, while enabling centralized scheduling and joint processing for
enhanced coordination and optimization [20]. However, it requires an in-band
protocol for Physical Resource Block (PRB) allocation, adding complexity, and
still faces challenges with subframe-level timing interactions between PHY
components in the CU and DU, necessitating precise synchronization and ad-
vanced management strategies [20].

Option 7.3 (High PHY): The scrambling, modulation, and layer mapping are
decentralized in the DU. The signal delivered through the interface is mod-
ulated, sensibly reducing the required data rate proportionally to the modu-
lation scheme used. Split 7.3 offers notable benefits, such as maintaining the
close relationship between the FEC and MAC layer and modulating the signal
in the DU, which significantly reduces the fronthaul bitrate. Additionally, the
fronthaul load becomes cell load dependent, and pooling for the Turbo Codec
is achievable compared to splits 1 through 6, [123]. Centralized scheduling is
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still possible [20], and JT and JR are supported, albeit with some limitations.
However, Split 7.3 has drawbacks, including a more complex DU due to local
modulation, no latency improvement for CoMP data path and CSI compared
to the MAC-PHY interface, and the need for an in-band protocol for modu-
lation, MIMO, and PRB allocation, [123]. Timing interactions at the subframe
level between PHY components in the CU and DU remain a challenge, requir-
ing precise synchronization [20].

5.2.3 Option 6: MAC/PHY

Option 6 splits the gNB between the MAC and PHY layers, resulting in all the phys-
ical processing being handled in the DU and the MAC being centralized in the CU.
The Sl interface delivers transport blocks and this leads to a considerable reduction
in the required data rate compared to higher split options. Indeed, the load on the
interface is proportional to the cell load. Relative to the higher split options, this
option incurs greater overhead for scheduling control. According to 3GPP in [121],
the DL fronthaul bitrate for split option 6 is specified as:

FH bitrate = (PR + CR) x (BW/CBW) % (LA/CLA)
x (8/6)

The UL fronthaul bitrate for split option 6 is defined by 3GPP in [121] as:

FH bitrate = (PR + CR) x (BW/CBW) x (LA/CLA) x (6/4)

Where PR is the peack rate, C'R is the signaling rate, BT'W is the bitwidth, BW
is the bandwidth, LA is the number of layers, and C'LS is the number of layers for
control signaling. In a setup utilizing 100 MHz bandwidth, 8 layers, and 256 QAM
modulation, the bitrate is DL 5.6 Gbps and UL 7.1 Gbps [121].

The latency supported for signalling and data in functional splits between MAC
and PHY is stringent, with the HARQ process capped at 4ms. After accounting for
process delays in PHY and RRH, including HARQ scheduling, and transmission
time from RRH to UE, around hundreds of microseconds remain for transmission
from CU to DU. Considering and analyzing multiple vendor equipment specifica-
tions and implementation strategies, the calculated maximum end-to-end latency
in [122] is 250us for the functional split between MAC and PHY. If the RLC tim-
ing process is cloud-implemented, processing delay is reduced beyond what the CU
currently experiences, thereby increasing the maximum end-to-end latency to over
250us.

Overall, split 6 offers benefits such as a low and cell load-dependent bitrate on
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the fronthaul, the feasibility of JT, and centralized scheduling. It also enhances pro-
cessing for layers from MAC and above within the CU-pool, improving overall net-
work efficiency [20]. However, the split separates the close relationship between FEC
and MAC, introducing potential inefficiencies. Fronthaul delays may cause issues in
5G, particularly with shorter subframes [124]. Baseband pooling is limited to L2 /L3
layers, covering only about 20% of the overall baseband processing requirements.
Additionally, there are increased latencies for data paths and CSI feedback over the
fronthaul, and the need for an in-band protocol for modulation, multi-antenna pro-
cessing, and PRB allocation adds complexity, [123].

5.2.4 Option 5: Intra MAC

Option 5 splits the gNB inside the MAC layer, centralizing the scheduling task in the
CU and leaving the MAC time-critical processing in the DU. The HARQ procedures
and the functions where performances are proportional to the latency are instan-
tiated in the DU, meaning a drastic reduction of the interface latency constraints.
However, many of the computationally critical tasks are left in the DU, reducing the
benefits of shared processing

The MAC’s role involves data transfer and managing radio resources, so the
bandwidth is similar to option 6, with a DL bandwidth of 5.6 Gbps and UL 7.1
Gbps [121]. The timing requirement for signaling and data within functional splits
in intra-MAC is stringent, with the HARQ process lasting no more than 4ms. After
accounting for the process delay of PHY and RRH, HARQ scheduling, and trans-
mission time from RRH to UE, the remaining transmission time from CU to DU is
about a few hundred microseconds, [122].

Split 5 ensures that the DU is limited to functions requiring real-time communi-
cation, reducing complexity [124]. It supports low and cell load-dependent bitrate
on the fronthaul and enables efficient interference management across multiple cells,
facilitated by enhanced scheduling technologies. The fronthaul latency requirements
are flexible, depending on the realization and interaction of scheduling functions be-
tween the CU and DU. However, Split 5 introduces a complex interface between the
CU and DU, making it challenging to define scheduling operations across them. Ad-
ditionally, there are limitations in supporting certain CoMP schemes, restricting its
adaptability, [20].

5.2.5 Option 4: RLC/MAC

Option 4 splits the gNB between the RLC and MAC layers. In this configuration,
the scheduler is decentralized in the DU and it is distant from the closely related
RLC functions leading to performance degradation. The SI data rate is lower and
cell load dependent.
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According to 3GPP in [121], the DL fronthaul bitrate for split option 4 is specified
as:

FH bitrate = PR x (BW/CBW) « (LA/CLA) % (8/6)

According to 3GPP in [121], the UL fronthaul bitrate for split option 4 is specified as:

FH bitrate = PR (BW/CBW) % (LA/CLA) x (6/4)

Where PR is the peack rate, C BW is the bandwidth for control signals, BW is
the bandwidth, LA is the number of layers, and CLA is the number of layers for
control signaling. In a setup utilizing 100 MHz bandwidth, 8 layers, and 256 QAM
modulation, the bitrate is DL 5.2 Gbps and UL 4.5 Gbps [121]. Regarding supported
latency, the scheduling interval between RLC and MAC operates per TTI. With MAC
scheduling taking around 500 ;s and RLC Protocol Data Units (PDU) segmentation
or concatenation taking about 200 us, the combined latency for RLC and MAC is
approximately 100 yus.

Overall, split 4 provides the advantage of a low and cell load-dependent bitrate
on the fronthaul link, enhancing flexibility and efficiency. However, it separates the
closely related RLC and MAC layers, which can lead to operational inefficiencies
[124]. Furthermore, it offers no significant benefits for LTE [20] and is impractical for
5G scenarios with shorter subframe sizes due to latency and timing challenges [124].

5.2.6 Option 3: intra RLC

Option 3 splits the gNB between high and low RLC layer, instantiating the RLC
segmentation functions in the DU and the Automatic Repeat Request Automatic
Repeat Request (ARQ) in the CU. This configuration facilitates the interconnection
of multiple MAC entities with a common RLC entity. It also reduces the latency
constraints since the scheduling computation is decentralized in the DU.

Concerning fronthaul bitrate, the transmitting side incorporates an RLC buffer
and real-time flow control; on the receiving side, due to both the reduced number
and frequency of UL packets compared to DL packets, along with reordering win-
dows, the bandwidth requirement is less than that of option 2. Regarding supported
latency, the end-to-end transmission delay of function split within intra RLC is not
constrained by HARQ. Due to the high latency tolerance of the transmission buffer
and the reordering windows on the receiving side, the latency for option 3 is about
10ms, [122].
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5.2.7 Option 2: RLC/PDCP

Option 2 foresees the PDCP and RRC functions centralized in the CU while all the
other gNB functions are performed in the DU. In this configuration all real-time
functions are located in the DU, meaning very relaxed SI interface latency require-
ments. Further, the centralized functions still enable the dual connectivity feature.
However, the vast majority of computational complexity is kept in the DU, implying
a marginal computational multiplexing gain in the CU.

According to 3GPP in [121], the DL fronthaul bitrate for split option 2 is specified
as:

FH bitrate =PR x (BW/CBW) % (LA/CLA) x (8/6)
+ signaling

According to 3GPP in [121], the UL fronthaul bitrate for split option 4 is specified as:

FH bitrate =PR « (BW/CBW) % (LA/CLA) % (6/4)
+ stgnaling

Where PR is the peack rate, C BW is the bandwidth for control signals, BW is
the bandwidth, LA is the number of layers, and C'LA is the number of layers for
control signaling. In a setup utilizing 100 MHz bandwidth, 8 layers, and 256 QAM
modulation, the bitrate is DL 4 Gbps and UL 3 Gbps [121]. The maximal end-to-end
transmission latency for a functional split between PDCP/RLC is not constrained by
HARQ, allowing this option to tolerate high latency with buffer presence. Consider-
ing end-to-end service latency, the latency requirement for the interface between NR
eNB and CN can meet fronthaul latency requirements between PDCP /RLC. Prelim-
inary evaluations in [122] suggest this functional split option supports a latency of
about 10 ms.

5.2.8 Option 1: PDCP/RRC

Option 1 implements all user plane functions in the DU, leaving only the Radio Re-
source Control RRC function inside the CU. This split offers marginal performance
gains compared to the monolithic gNB implementation and imposes a limitation on
the number of DUs connected to the same CU. According to 3GPP in [121], the DL
fronthaul bitrate for split option 2 is specified as:

FH bitrate =PR  (BW/CBW) % (LA/CLA) x (8/6)
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According to 3GPP in [121], the UL fronthaul bitrate for split option 4 is specified as:

FH bitrate =PR x (BW/CBW) % (LA/CLA) % (6/4)

In a setup utilizing 100 MHz bandwidth, 8 layers, and 256 QAM modulation, the
bitrate is DL 4 Gbps and UL 3 Gbps [121]. The end-to-end transmission delay for
the functional split between RRC/PDCP is not constrained by HARQ. The interac-
tion between RRC and PDCP primarily results from PDCP configuration signaling,
which demands low latency. The latency for option 1 matches that required for the
interface between gNB and NG-Core, and preliminary assessments in [122] suggest
it is about 10 ms.

5.3 NTN-imposed Split Interface Challenges

As presented in the previous section,3GPP identified 8 possible functional splits and
standardized split option 2. However, other functional splits can be considered to
tackle the NTN architecture complexity, thus allowing more degrees of freedom in
terms of: i) which parts of the stack are implemented in each unit according to the
8 possible splits, and ii) where each set of network functions is executed. Indeed,
most network functions can be virtualized and moved to different nodes as long as
latency and interface throughput requirements are met. However, selecting the gNB
functional split is a challenging task since each split is characterized by different
delay and connectivity requirements for the mid-haul, and different workload on
the CU and DU.

In this section, we leverage the discussion of the current 5G NTN development in
terms of architectural solutions to thoroughly analyze the impact of the typical NTN
channel impairments on the available functional splits to provide design criteria.
The analysis is supported by a link budget and latency computation for the feeder-
link interface exploited in the feeder-split architecture and by a latency computation
for the Optical Inter Satellite Links (OISL) link between feeder and service nodes in
the orbit-split architecture.

Even if 3GPP defines a strict set of RAN functions to be implemented in the
CU and RU, in the scope of this work we assume that there is no limitation in the
number and type of RAN functions that can be implemented in the CU and DU.
This assumption enables the implementation of all 8 functional splits between the
two units. Accordingly, we define the interface connecting the CU and DU as the SI,
able to handle the signalling and PDU delivery of all the functional splits.
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5.3.1 Interface Capacity

The capacity supported by the SI interface is a fundamental aspect to analyze in
the design of a functionally split RAN. In terrestrial networks, this interface is usu-
ally implemented through high-capacity Ethernet networks or dedicated fiber optic
links, guaranteeing adequate performance and reliability. In order to introduce the
functional split concept in NTN networks, the SI interface must be implemented
through the ISLs or NTN feeder links, depending on the considered split architec-
ture. These type of links are less reliable and usually has less capacity than the
terrestrial network links for which the functional split has been initially designed,
especially when considering the feeder link. As investigated in the previous section,
the required capacity changes notably in the different split options. The third col-
umn in Table 5.1 reports the maximum capacity needed per split option assuming
a gNB with 100 MHz channel bandwidth, 256 QAM modulation with the highest
spectral efficiency, corresponding to index 27 of the available ModCod, and 8 MIMO
layers. Options 1 to 5 require a maximum data rate of 4 Gbps in DL and 3 Gbps in
UL, with option 6 requiring an increased UL data rate of 5 Gbps. In these cases, the
maximum data rate is reported even if the actual data rate needed is a function of
the traffic required by the users. Increasing the split option to 7 and 8, the require-
ment increases drastically reaching 157.3 Gbps in UL and DL for option 8. Thus, the
available data rate on the CU-DU interface becomes a critical parameter in selecting
the optimal functional split option of the specific NTN system.

Considering the orbit-split architecture, the SI can be delivered through OISL in-
terconnecting the feeder and service nodes. In the considered constellation design
performed in 6G-NTN project deliverable 3.4 "Report on VLEO space segment (1st
version)", [6], the distance between feeder and service nodes varies along the or-
bit between approximately 250km and 800km. State-of-the-art OISL can support a
throughput up to 300 Gbps at 2000 Km distance considering a 7cm aperture and 2W
of transmit power, [7]. In this case, the provided throughput does not pose a limit
to the kind of split that can be implemented, supporting split 8 as well. The OISL
still implies lower reliability compared to terrestrial fixed networks due to possible
pointing mismatches.

On the other hand, considering the feeder-split architecture, the SI is delivered
through the feeder link, posing more limitation on the supported functional splits.
Table 5.2 shows the feeder link bandwidth and the transmission power necessary to
meet the requirements of the different splits in terms of data rate, where the DVB-
52X is used as a radio air interface for the feeder-link and the highest spectral effi-
ciency ModCods are selected. Since the air interface on the SI has not been defined
for NTN, we choose the DVB-52X as it is optimized specifically for satellite data
transmissions. With the aim to define the required transmission power to reach the
spectral efficiency, a link budget computation has been performed considering the
losses defined in [125] for the considered frequency bands. As shown in Table 5.2, a

very high transmission power and bandwidths are required in W and Q/V bands to



5.3. NTN-imposed Split Interface Challenges 105

provide a sufficient throughput for split option 7 and 8. Splits 1-6 can be satisfied in
Ku and Ka bands, lowering the transmission power and the exploited bandwidth.
It is worth highlighting that requirements in Table 5.1 are valid for one gNB. As
per 3GPP specification [126], a maximum number of 64 beams for 5G NR is avail-
able. However, a satellite might generate an higher number of beams. Thus, if a one
to one mapping between the 5G NR beams and the satellite beams is followed, then
several DUs should be instantiated onboard the NTN node. Therefore, assuming the
maximum traffic load on each DU, the aggregate traffic delivered through the feeder
link increases with the number of DUs. Consequently, given an available feeder link
data rate, a trade-off is imposed between the functional split option and the number
of DUs that can be instantiated onboard.

5.3.2 Interface Latency

RAN functional blocks require tight collaboration among them in order to deliver
good quality service. In fact, the communication latency limit between some RAN
functions is very stringent, because of functional timers. The total latency comprises
the internal computational time of the RAN functions and the PDU transport latency.
Deploying the functions at different points of the network means increasing the PDU
transport latency component of the delay, making the distance between the network
nodes a parameter to be strictly controlled.

The maximum channel delays in each functional split option, as reported for in-
formation by 3GPP in TR 38.801 [119], are listed in the second column of table 5.1.
Options 1 to 3 have relaxed latency limits since they are upper-bounded only by the
maximum RAN-5GC interface delay. In higher functional splits the latency limit is
more stringent. Option 4 is limited by the scheduling interval between RLC and
MAC. Considering the time for MAC scheduling and for RLC PDU segment con-
catenation, the maximum latency of option 4 is approximately 100 ps. In options 5
to 8 the most challenging timer to be met refers to the HARQ process. Indeed, it must
be completed in maximum 5ms. Taking into account the processing delays and the
transmission time to the UE, the time left for the SI transport delay is approximately
250 ps. In the orbit-split architecture, the distance between service and feeder satel-
lites varies considerably in the orbit reaching a maximum of approximately 800km
in the designed LEO constellation. A 800km link implies a one way PDU transport
latency over the OISL of about 2.5ms that is supported only by splits options 1, 2,
and 3.

In the feeder-split architecture, the RAN functions are split between the on-ground
component and the onboard one. Thus, the S interface must be implemented through
the SRI on the feeder link. In this case, the PDU transport latency coincides with the
feeder link channel delay. Figure 5.5 shows the maximum channel delay on the user
link varying the elevation angle of the beam center, while Fig. 5.6 provides the one-
way channel delay on the feeder link. The minimum elevation angles considered

in the user and feeder links are respectively 30° and 10°, as specified in [127]. The
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FIGURE 5.6: One-way DELAY on the feeder link varying the elevation
angle vs the delay of each split. LEO at 600 km of altitude and 50 km
of beam diameter.

graph refers to a scenario with LEO satellites orbiting at 600 Km of altitude and gen-
erating beams of 50 km diameter. Comparing the channel delays of our reference
scenario with the maximum SI interface delays, it is clear that NTNs impose a real
challenge to the implementation of the functional split paradigm. Indeed, options
1 to 4 can support a delay compliant with LEO NTN systems, while higher-level
splits impose a latency constraint that can not be met in current systems. In order
to enable an efficient implementation of high-level splits, next-generation systems
should: 7) drastically decrease the required computational time to leave more time
for the PDU transport latency, or ii) relax the latency constraint on the HARQ func-
tion. As suggested by 3GPP in [127], the latency constraint on the HARQ function
can be relaxed extending the maximum number of parallel HARQ processes from 16
to 32. To further relax the timing requirement, the already existing HARQ processes
could be reused. In this case, the same HARQ process is connected to multiple data
transmissions. Thus, the HARQ feedback becomes unnecessary and can be disabled.
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5.4 Al-enabled Adaptive Functional Split Optimization

In the previous section, we have thoroughly described the main challenges that need
to be addressed to complete the first step of the realization of the function split into
the NTN component. However, in order to enable the full integration of TN-NTN
components, a further level of optimization is needed, which combines resource op-
timization and Artificial Intelligence in the RAN.

In a static system, the optimal functional split can be already determined in the sys-
tem design phase. On the contrary, the NTN architecture changes morphology in a
highly dynamic way, thus, a dynamic optimization of its functional split could be
beneficial. Considering the Feeder-split architectural option, the NTN architecture
shall enable a system-aware and proactive functional split optimization. Indeed,
the RIC will be in charge of computing the optimal functional split based on sta-
tus data collected from the network and redeploying the network functions in the
CU and DU according to it. One of the main optimization objectives to be inves-
tigated is the minimization of the on-board payload energy consumption. Indeed,
the satellite has limited available power, this implies that every single watt from
batteries and the photovoltaic unit shall be wisely exploited. Moreover, not only
the communication payload power is a scarce resource, but also it is not constant
in time since it is a function of the satellite’s position in the orbit and it depends on
the instantaneous power required by the other satellite subsystems. In this frame-
work, an Al application deployed in the RIC will be able to select and implement the
optimal functional split while guaranteeing an appropriate QoS. Precisely, shifting
RAN functions from the on-board DU to the on-ground CU frees up resources on
the payload but increases the required feeder link performances and the latency of
the CU-implemented RAN functions. This application operates by collecting data
from the network about: i) type and volume of requested user traffic; ii) payloads
computational power capabilities; iii) payloads instantaneous available power, and
iv) the feeder link instantaneous data rate and transport latency.

Additionally, in system configurations with lower restrictions on power con-
sumption, an additional optimization objective is the maximization of the exploita-
tion of the feeder link, following the time-varying behavior of its performances. In
this regard, the RIC will exploit the same KPIs of the previous case to proactively
select the best-fitting functional split. The most challenging aspect of the dynamic
functional split implementation is the high functional flexibility required on the
payload. Indeed, that grade of flexibility that can be met by: i) relying on gener-
al-purpose computing processors, or ii) implementing the single RAN functions on
specialized and isolated hardware that can be individually activated. The general-
purpose computing technology currently available requires a precisely optimized
softwarized gNB implementing interfaces for each considered split, [128]. Addition-
ally, the latter case implies high complexity design and poorly exploited payload
hardware.
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FIGURE 5.7: Cell/ Area-Specific AFS

Additionally, it is possible to tailor the Adaptive Functional Split (AFS) imple-
mentation to situations where different areas, different UEs, different services, or

different services require a different functional split in the same gNB:
¢ Cell/area-specific AFS: Different functional split options for different cells /areas
¢ Scenario-specific AFS: Different functional split options in different scenarios
¢ UE-specific AFS: Different functional split options for different UEs
¢ Service-specific AFS: Different functional split options for different services

Please note, to illustrate the different AFS options in the rest of this section, a
lower layer functional split option, which splits the PHY layer to a lower PHY sub-
layer and a higher higher-PHY sub-layer, is used as an example, while a higher layer
functional split option, which contains the entire gNB protocol layers, is used as
another example. However, these options are only used for illustration purposes,
and they should not be interpreted as the only options for supporting the proposed
AFS.

5.4.1 Cell/Area-Specific AFS

Figure 5.7 shows an example for the cell /area-specific AFS scheme. In this scheme,
a satellite may serve different cells or different areas by using different functional
split options at the same time. For example, TN and NTN NW may coexist in the
area covered by cell m, e.g. along a seashore, which may prefer to deploy a lower
layer function split such that more AS protocol layers can be centrally located on the
ground, which enables to apply a central scheduling for handling TN-NTN coexis-
tence and lower layer mobility solutions for TN-NTN mobility. In contrast, cell n
may cover an area without TN coverage, e.g. in the deep sea. In this case, cell n may
benefit from using a higher layer function split, which can help to achieve a lower
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FIGURE 5.8: Scenario-Specific AFS

latency in the AS layer and support onboard MEC in 6G NTN. Please note, cell n
and cell m may use the same physical lower PHY entity onboard the satellite, and
they are logically separated in Figure 5.7 for illustration purpose only. Please also
note, the same note applies for the rest of the figures in this section.

5.4.2 Scenario-Specific AFS

Figure 5.8 illustrates an example for the scenario-specific AFS, where the satellite
may determine to adapt its functional split based on the real time scenario, e.g. if an
ISL is needed. As shown in this figure, satellite 1 at time t1 may have a direct feeder
link connection to the gateway and ground network, and it may apply a lower layer
split function. However, afterwards, satellite 1 may move away from the gateway.
And at time t2, satellite 1 has to establish an ISL towards another intermediate satel-
lite (e.g. satellite 2) for its connection towards the ground network, since satellite 1
has moved out of the gateway’s reachability. In this case, in order to reduce the load
posed by the data of satellite 1 on the ISL and/or the feeder link of satellite 2, it may
be preferred for satellite 1 to switch from lower layer split to higher layer split.

5.4.3 UE-Specific AFS

Due to the complexity /resource/power constraint at satellite, a satellite may only
be able to support some of the UEs with additional onboard protocol layers and
computing resource, but the other UEs may only be supported with lower protocol
layers onboard the satellite. Thus, in Figure 5.9, a UE-specific AFS scheme is shown,
where different function split options may be applied for serving different UEs. For
example, UE1 may be consuming a low latency service, but not UE2. Thus, in this
example, the satellite may apply a higher layer split for UE1 but not UE2, which
allows to use the precious onboard resource in a smart manner by taking account of
each UE’s specific requirement.
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5.4.4 Service-Specific AFS

In Figure 5.10, an example for supporting the service-based AFS is illustrated. In this
example, the different services or PDU sessions of the considered UE may be served
by using different split options. For example, the UE’s session requiring an onboard
MEC or low latency (e.g. UE1’s PDU session m) may be served by a high layer split,
but lower layer split may be preferred for serving another session (e.g. UE1’s PDU
session n) and the control plane of the UE to save the precious onboard resources.
This scheme provides a finest granularity level for NTN NW to adapt its functional
split function, based on the UE’s service-specific requirements.
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FIGURE 5.10: Service-Specific AFS
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TABLE 5.1: Overview of delay and bandwidth requirements, pros
and cons of functional splits, informative data from [20].
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TABLE 5.2: Link budget and capacity analyses

| W [ QV [ Ku [ Ka |
\ | 835GHz | 47GHz | 2875GHz | 17GHz |
‘ Target Modulation and Coding Scheme (ModCod) ‘ 256 APSK 3/4 ‘
‘ Spectral efficiency ‘ 5.9 bit/s/Hz ‘
\ Target C/N \ 24.02 dB \
\ Bandwidth \ 22 GHz \ 1 GHz \
\ Target C/NO \ 112.4 dBHz \
\ Required Ptx | 59.8 dBW | 34.8 dBW | 6.07dBW | 0.17 dBW |
\ Capacity \ 156.4 Gbit/s \ 7.81 Gbit/s \
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Chapter 6

O-RAN based NTN RAN
Optimization

This chapter aims to explore the motivations and contributions of RIC-based RAN
optimization, focusing on its critical role in NTNs and their integration with terres-
trial networks. The motivations arise from the growing complexity of NTNs, char-
acterized by dynamic topologies, resource limitations, and variable latency, which
require intelligent, adaptive approaches to ensure efficient and reliable network per-
formance. The chapter explores TN-NTN traffic offloading as another cornerstone
of RIC-based optimization. By leveraging Non-RT control functionalities, networks
can analyze long-term traffic patterns and optimize resource allocation across ter-
restrial and non-terrestrial domains. This approach ensures balanced load distri-
bution and maximizes the utilization of available resources, addressing the unique
challenges posed by NTNs. In addition to traffic offloading, the chapter empha-
sizes the significance of real-time control loops and underline their importance in
the context of channel prediction for 6G-NTN Next Generation Multiple Access
(NGMA). These ML-based control loops can predict channel conditions dynami-
cally, enabling the network to adapt promptly to environmental changes. This ca-
pability enhances spectrum efficiency and ensures robust communication under the
stringent demands of 6G NTNSs. Finally, this chapter explores how Cloud-Native
Network Function (CNF) orchestration enhances control loop functionality, lever-
aging Al to enable proactive resource management and scalable, resilient network
operations tailored for 6G.

6.1 Control Loops

6.1.1 non-RT and near-RT Control Loops

In the ever-evolving landscape of telecommunications, the transition toward 6G and
the incorporation of NTNs are reshaping the boundaries of connectivity. NTNs,
which encompass satellite networks, unmanned aerial systems, and high-altitude
platforms, address critical challenges in providing global, ubiquitous coverage. These
networks extend connectivity to remote and underserved areas, enable disaster re-
covery, and support a wide range of applications requiring seamless communication
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beyond the reach of terrestrial infrastructure. However, NTNs introduce significant
complexities due to their dynamic topologies, resource constraints, and variable la-
tency conditions. Against this backdrop, the optimization of RAN becomes an indis-
pensable element in ensuring robust performance and efficient resource utilization.

RIC-based RAN optimization has emerged as a transformative approach in ad-
dressing the unique challenges posed by NTNs. By introducing programmable in-
telligence into the RAN through the Near-RT and Non-RT RIC architecture, net-
works gain the ability to adapt dynamically to fluctuating conditions. RIC not only
provides a platform for deploying advanced optimization algorithms but also facil-
itates the integration of artificial Al to enable proactive and efficient network man-
agement. This approach aligns seamlessly with the demands of NTNs, where main-
taining consistent service quality amidst shifting operational parameters requires
intelligence-driven decision-making.

RIC empowers NTNs to tackle some of their most pressing challenges, such as
load balancing and traffic steering. The dynamic nature of NTN traffic patterns ne-
cessitates intelligent mechanisms to alleviate congestion and ensure equitable re-
source distribution. By leveraging Al-driven models and advanced learning frame-
works, RIC enables networks to predict traffic fluctuations and redirect users to
underutilized cells or frequency bands, maintaining consistent performance. Tech-
niques such as those discussed in [129] and [130] highlight the effectiveness of pro-
grammable RIC-enabled solutions in dynamically managing traffic demands.

Another critical aspect of RAN optimization is ensuring QoS, which becomes
particularly complex in high-latency NTN environments. RIC-based solutions in-
tegrate Al models capable of analyzing real-time quality metrics and predicting
service demands. These insights allow the network to allocate resources dynami-
cally, prioritizing essential services such as emergency communications and high-
definition video streaming. The relevance of such techniques is emphasized in stud-
ies like [131].

Interference management presents yet another challenge in NTNs, where over-
lapping signals can degrade communication quality. Through RIC, advanced algo-
rithms for interference mitigation are deployed, enabling the network to dynami-
cally identify and address sources of interference. Techniques such as graph-based
optimization and frequency-domain coordination, as outlined in [132] and [133], en-
hance signal integrity and reduce service disruptions, ensuring a seamless user ex-
perience.

Similarly, the allocation of radio resources is optimized through RIC by lever-
aging machine learning models that adapt to real-time network conditions. These
Al-driven schedulers maximize spectral efficiency, an essential requirement in NTNs
where bandwidth is often limited and must be shared across diverse applications.
Studies such as [134] and [135] demonstrate the potential of RIC-based frameworks

to optimize spectral efficiency.
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Mobility management in NTNs also benefits significantly from RIC-based opti-
mization. In high-mobility scenarios, such as those involving satellites or drones,
seamless connectivity relies on efficient handover mechanisms. Predictive machine
learning models embedded within the RIC framework anticipate mobility patterns,
enabling the network to proactively adjust handover parameters. This reduces con-
nection drops and ensures uninterrupted service, a critical factor for applications
demanding high reliability. Studies like [136] and [137] provide a comprehensive
overview of these advancements.

Beyond individual optimization functions, RIC facilitates dynamic placement of
network functions, optimizing the use of onboard resources in NTNs. By deploying
computational capabilities closer to demand hotspots, RIC minimizes latency and
improves network responsiveness. This dynamic placement strategy is particularly
advantageous in satellite and aerial networks, where resource constraints require
careful management to balance performance and efficiency. Research such as [138]
exemplifies how these methods enhance network performance.

Furthermore, RIC supports advanced network slicing mechanisms, allowing NTNs
to create virtualized partitions tailored to specific applications. This capability en-
sures that resources are allocated according to the varying demands of services such
as IoT, ultra Reliable Low Latency Communication (uRLLC), and enhanced mobile
broadband. The adaptability of RIC also extends to sustainability, as energy-efficient
solutions are integrated into its optimization framework. Al-driven power manage-
ment functions, such as adaptive sleep modes and real-time power allocation, re-
duce energy consumption, aligning NTN operations with global sustainability goals,
as demonstrated in [139].

Dynamic spectrum sharing is another critical function enabled by RIC. NTNs of-
ten operate in environments where spectrum resources are limited and must coexist
with terrestrial networks. RIC-based solutions employ Al for real-time spectrum
sensing and dynamic allocation, facilitating efficient use of shared frequency bands.
This capability not only enhances spectral efficiency but also ensures harmonious
integration between NTNs and terrestrial infrastructure, as highlighted in [140].

In summary, RIC-based RAN optimization represents a paradigm shift in the
management of NTNs, enabling intelligent, flexible, and efficient solutions to over-
come the inherent challenges of these networks. By embedding Al-driven capabili-
ties within the RAN, RIC provides the foundation for resilient and adaptable com-
munication systems that meet the evolving demands of modern connectivity. This
chapter delves into the potential of RIC-based RAN optimization, presenting two
novel algorithms designed to harness the power of RIC in transforming NTN oper-

ations.
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6.1.2 Real Time Control Loops

The rapid evolution of NTNs, driven by escalating demands for ultra-low latency,
global coverage, and seamless integration with terrestrial infrastructure, has neces-
sitated profound changes in the way control loops operate within these networks.
These control loops are pivotal for maintaining network efficiency and include Near-
RT and Non-RT mechanisms, which enable decision-making and optimization tasks
across varying timescales, particularly crucial for NTNs where delays caused by
satellite communication links must be minimized.Near-RT control loops typically
operate within the 10-millisecond range, addressing tasks such as resource alloca-
tion and traffic management, while Non-RT loops handle longer-term planning and
strategy—a critical consideration for NTNs where dynamic adjustments are needed
to manage satellite orbits, handovers, and variable link conditions. However, the
current framework struggles to address scenarios requiring real-time decision-making
at sub-10-millisecond intervals, exposing critical gaps in achieving uRLLC, espe-
cially in NTNs where the inherent latency of satellite links complicates achieving
stringent timing requirements. This limitation is particularly evident in NTN appli-
cations such as dynamic beam steering, inter-satellite link management, and real-
time traffic routing, underscoring the inadequacy of existing near-RT and non-real-
time non-RT control loops for these tasks.

In practical scenarios, network functionalities such as user scheduling and beam
management necessitate precise and rapid control. For instance, user scheduling
for uRLLC requires sub-millisecond responsiveness to ensure packet preemption
and timely data delivery, [47]. Similarly, beam management relies on processes
such as beam sweeping and reference signal transmission, often requiring timescales
well below 10 milliseconds. Despite their potential, xApps and rApps in Near-RT
RICs face challenges in executing these operations. The latency associated with data
transmission to and from the RIC, combined with restricted access to granular, low-
layer data such as I/Q samples and transmission queues, imposes fundamental con-
straints on their suitability for real-time control. Additionally, privacy concerns and
the risk of excessive overhead when transferring sensitive user-plane data further
complicate their deployment.

To address these challenges, the introduction of distributed applications (dApps)
within the O-RAN ecosystem emerges as a groundbreaking development. As pro-
posed in the paper [141], dApps represent a specific implementation of real-time
control loops tailored to operate directly at the CUs and DUs. This design signif-
icantly reduces latency, bypasses the limitations of the Near-RT RIC, and enables
immediate access to critical network information. By leveraging edge-based intel-
ligence, dApps exemplify how real-time control loop principles can be practically
applied within the O-RAN framework, bridging the gap between existing capabili-
ties and the demands of real-time operations.

The advantages of dApps are multifaceted. First and foremost, they address la-

tency and overhead concerns by eliminating the need for data transfer over the E2
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interface. Operations traditionally executed at the RIC can now be performed locally
at the DU or CU, ensuring faster response times and reduced control-plane traffic.
Moreover, advancements in edge computing and Al have made it feasible to de-
ploy lightweight, resource-efficient machine learning models at the edge, enabling
real-time inference and decision-making. This capability is crucial for implement-
ing sophisticated algorithms for tasks like beamforming, modulation recognition,
and RAN slicing, which require granular control and rapid adaptability to changing
network conditions.

Another critical benefit of dApps lies in their ability to access and process data
that is otherwise unavailable or impractical to handle in a centralized manner. By
executing directly at the DUs and CUs, dApps can utilize real-time 1/Q samples,
mobility data, and other low-layer metrics to fine-tune network performance. This
granular access allows for highly tailored solutions that align with specific user
requirements and instantaneous network states, enhancing overall QoS and user
experience. Additionally, dApps enable extensibility and reconfigurability within
the network, supporting seamless updates and integration of new functionalities
through containerized deployments.

Use cases and applications of dApps span a wide array of scenarios, each bene-
fiting from the unique attributes of real-time control and edge intelligence. In beam
management, for example, dApps can implement advanced algorithms for beam se-
lection and optimization, such as DeepBeam, which leverages deep learning models
to analyze I/Q samples for precise angle-of-arrival and beam classification [142].
This capability is essential for reducing latency and overhead while maintaining
privacy and security standards. Similarly, in RAN slicing and scheduling, dApps
can dynamically allocate resources and prioritize traffic based on real-time condi-
tions and forecasted demands, ensuring optimal performance for uRLLC, eMBB,
and mMTC traffic types.

While the adoption of dApps promises significant advancements, it also presents
challenges that must be addressed for successful deployment. Resource manage-
ment at the edge is a critical consideration, as dApps require sufficient computa-
tional power to handle concurrent operations without compromising performance,
[143]. Additionally, the development of standardized interfaces for seamless inter-
action between dApps, DUs, CUs, and other O-RAN components is essential to en-
sure interoperability and platform independence. Furthermore, orchestration mech-
anisms are needed to determine the optimal distribution of intelligence between
dApps and xApps, balancing factors such as data availability, control timescales,
and network workload.

In conclusion, the introduction of dApps marks a pivotal step in the evolution
of the O-RAN architecture, enabling real-time inference and control that was previ-
ously unattainable with xApps and rApps alone. By extending intelligence to the
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edge, dApps unlock new possibilities for network optimization, delivering unparal-
leled performance and adaptability in an increasingly complex and demanding con-
nectivity landscape. This innovation not only addresses the limitations of current
O-RAN implementations but also sets the stage for a future where cellular networks

achieve true self-organization and optimization.

6.2 TN-NTN Traffic Offloading

This section reports the outcomes of the 6G-NTN project deliverable 4.2 "Report
on 6G-NTN radio controller (1st version)", [11], introducing innovative strategies
to enhance network performance by distributing traffic intelligently between terres-
trial networks and non-terrestrial networks. This represents a perfect example of
optimization algorithm that is enabled by the closed-loop control of Near-RT RICs.
Indeed, by leveraging reinforcement learning techniques, the approach aims to bal-
ance network load and proactively manage traffic, ensuring efficient resource al-
location and improved service quality. This integrated architecture, supported by
simulation-based insights, demonstrates how advanced optimization frameworks
can maximize throughput and resource utilization while addressing the unique chal-
lenges of TN-NTN environments.

6.2.1 State-of-the-art

The optimization of traffic off-loading is crucial for enhancing the performance of
cellular networks. The traffic off-loading task is often addressed with a load bal-
ancing approach that involves the optimal allocation of resources, management of
handovers, interference, and balancing the load between multiple cells and carriers,
[130]. This is especially challenging in the context of 5G and 6G networks, where
the efficient allocation of radio resources is essential. To address these challenges,
various innovative approaches have been proposed. One approach involves the use
of ML and Al based load balancing algorithms running on Open RAN RIC (RAN
Intelligent Controller). In this context, [144] discusses the implementation of the
traffic steering xApp in a hierarchical and modular fashion. The results presented
emphasize the advantages of this modular approach, illustrating how AI/ML tools
can intelligently manage the functioning of the xApp and consequently enhance
overall system performance. The authors in [145] leverage DRL and Graph Neu-
ral Networks (GNN) to achieve up to 10% gain in throughput, 45-140% gain in
cell coverage and 20-45% gain in load balancing compared to baseline greedy tech-
niques. Additionally, proactive approaches using multi-agent reinforcement learn-
ing and deep deterministic reinforcement learning algorithms have been explored
to maximize UE throughput and improve handover decisions based on local chan-
nel measurements. Furthermore, the use of GNN and deep Q-learning approaches
have been proposed to learn Q-functions from cell and UE deployment instances,
providing scalable and effective solutions for connection management. In [146], an
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algorithm for RAT allocation predicated on Federated Meta-Learning (FML) is intro-
duced, thereby facilitating the expeditious adaptation of RICs to dynamically evolv-
ing environments. A simulation environment has been devised, featuring LTE and
5G NR service technologies. Within this simulation framework, the primary aim is
to satisfy UE demands within prescribed transmission deadlines, thereby enhancing
the delivery of heightened QoS values. To enhance the collection of realistic data
for xApp training, in [129], ns-O-RAN is introduced. It is a software framework
that integrates a real-world, production-grade Near-RT RIC with a 3GPP-based sim-
ulated environment on ns-3, enabling at the same time the development of xApps
and automated large-scale data collection and testing of DRL-driven control policies
for the optimization at the user-level. Several works focus on the optimization of
the load in small-cells deployments. In [147], a load balancing technique based on
network segmentation and adaptive sleep scheduling for 5G-IoT networks is pro-
posed. This technique involves the formation and grouping of sub-segments for
each network segment to process IoT applications with different QoS requirements.
Additionally, adaptive dynamic sleep scheduling is executed by each small cell base
station based on its load level. The load balancing policy involves the transfer of
overloaded traffic from small cell base stations to the macro cell when the average
load of any small cell base station surpasses that of the macro cell. Simulation results
validate the proposed technique, demonstrating higher success probability, power
efficiency, reduced energy consumption, and packet drops of small cell base stations
compared to existing techniques. In addition, the research by Addali, [148], [149],
focuses on addressing the challenges of unbalanced load distribution in 5G small-
cell networks through the introduction of a Utility-based Mobility Load Balancing
algorithm Utility-based Mobility Load Balancing algorithm (UMLB) and a Load Bal-
ancing Efficiency Factor Load Balancing Efficiency Factor (LBEF). The UMLB algo-
rithm considers both operator and user utility, aiming to achieve efficient load trans-
fer from overloaded cells to under-loaded neighboring cells. The study emphasizes
the importance of accurately adjusting handover parameters to prevent inefficient
resource usage and degradation of QoS. Additionally, the research discusses the
impact of user mobility on the algorithm and evaluates the performance through
computer simulations. The proposed algorithm demonstrates promising results in
improving network performance and user satisfaction by effectively balancing the
load distribution in small-cell networks. In [150], an extreme Swap-based Load Bal-
ancing (SLB) algorithm between APs, which minimizes the load imbalance at cell
edges is proposed. The experimental setup uses a dataset contributed by Irish mo-
bile operators. Recent literature has explored the application of controller and ma-
chine learning algorithms to assist self-optimizing and proactive schemes in making
load balancing decisions. However, the authors in [151] argue that these algorithms
often lack the ability to forecast upcoming high traffic demands, particularly dur-

ing popular events, leading to cold-start problems and low convergence speed in
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hotspots with skewed load distribution. To address these challenges, three contribu-
tions are proposed. Firstly, it introduces urban event detection using Twitter data to
forecast changes in cellular hotspots, enabling context-awareness. Secondly, it sim-
ulates a proactive 5G load balancing strategy considering the prediction of skewed-
distributed hotspots in urban areas. Finally, it optimizes this context-aware proac-
tive load balancing strategy by forecasting the best activation time. Research work
has timidly focused also on load balancing for non-terrestrial networks. In [152], the
authors propose a novel load balancing algorithm designed specifically for a multi-
RAT (radio access technology) network that encompasses both NTN and TN. To
address this gap, the authors introduce the concept of a Radio Resource Utilization
Ratio (RRUR) as a common load metric to assess the cell load of each RAT. This met-
ric is utilized in conjunction with an adaptive threshold to identify overloaded cells.
The proposed algorithm comprises two key steps: intra-RAT load balancing and
inter-RAT load balancing. In the first step, the algorithm redistributes the load by
offloading edge UEs from overloaded cells to neighboring underutilized cells based
on the RRUR of each cell. If a cell’s RRUR remains above a predefined threshold,
the algorithm proceeds to the second step, which involves offloading delay-tolerant
data flows of UEs to a satellite link as a form of inter-RAT load balancing. Addition-
ally, the algorithm incorporates an estimation of the impact of load redistribution on
the target cell load to minimize unnecessary load balancing actions. The effective-
ness of the proposed algorithm is demonstrated through simulation results, which
indicate that it not only achieves more even load distribution across terrestrial cells
but also enhances network throughput and the number of quality-of-service satis-
tied UEs compared to previous load balancing algorithms. Additionally, in [153]
the challenge of efficiently utilizing limited beam resources to serve users in NGSO
communication systems are addressed. To enhance spectrum utilization, the authors
propose a multi-satellite beam hopping algorithm that integrates load balancing and
interference avoidance. The algorithm decomposes the multi-satellite beam hop-
ping problem into three subproblems: multi-satellite load balancing, single-satellite
beam hopping pattern design, and multi-satellite interference avoidance. Simulation
results demonstrate that the proposed method significantly reduces the load gap
among satellites and improves the average traffic satisfaction rate. Additionally, it
exhibits superior performance in terms of unmet capacity compared to other bench-
marks, thereby achieving better alignment between offered and requested data. Fi-
nally, [154] introduces a decentralized Load Balancing Satellite Handover (LBSH)
strategy based on multi-agent reinforcement Q-learning, implemented within the
Network Simulator 3 (NS-3) software. The LBSH strategy aims to minimize the to-
tal number of HOs and the blocking rate while ensuring a balanced distribution
of load among satellites. The results demonstrate the superiority of the proposed
LBSH method over existing approaches, with a significant reduction in the average
number of HOs per user and the blocking rate, thereby showcasing its potential to
optimize satellite handover management and enhance network performance in LEO
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satellite constellations within the context of 5G and beyond technologies.

6.2.2 Architecture

Modern mobile cellular networks rely on a dense deployment of cells to accom-
modate a growing and demanding user base. However, the mobility of UE often
results in uneven load distribution among network cells, leading to degraded QoS
and sub-optimal resource utilization. This challenge is further exacerbated by the
increasing demand for high data rates and the non-uniform spatial distribution of
UEs, which causes resource overloading in specific cells. Addressing these issues
necessitates effective load-balancing strategies to optimize resource allocation and
maintain QoS [152]. TN employ various cell-load balancing techniques to distribute
traffic evenly across cells, ensuring efficient operations and enhancing the user ex-
perience. However, in scenarios where UEs cannot transition to neighboring cells
due to resource constraints or limited coverage, these mechanisms are less effec-
tive. Integrating NTN introduces a complementary dimension for load balancing,
enabling traffic redistribution not only within TN but also between TN and NTN.
This dual-layer optimization enhances TN QoS by offloading traffic to NTN, thereby
improving overall network throughput and resource efficiency.

Optimally assigning UEs to either TN or NTN is a complex task that must be
managed by a centralized entity. This process requires real-time network status in-
formation gathered from UEs and cells. In rural TN deployments, traffic patterns
fluctuate significantly throughout the day, leading to overburdened base stations
during peak times and under-utilization during off-peak hours. Incorporating NTN
in such environments allows traffic offloading, mitigating overloads during peak pe-
riods and reducing energy consumption during low-demand periods. Indeed, TNs
in rural areas often face fluctuating user traffic throughout the day, leading to high
base station loads during peak hours and under-utilization during off-peak peri-
ods. In scenarios where TNs are overloaded, an AI/ML component can analyze the
network’s status and determine the optimal amount of traffic to offload to NTNs.
The AI/ML’s primary objective is to maximize the overall Signal-to-Interference
plus Noise Ratio (SINR) of the TN while considering the capacity constraints and
high variability of NTNs. Given NTNs’ limited throughput and higher latency, not
all users are suitable for offloading. Therefore, the AI must predict future traffic
patterns and assess NTN capabilities to ensure only users with traffic requirements
compatible with NTN performance are handed over.

The proposed architecture for traffic off-loading consists of terrestrial TN cells
and an NTN node providing overlapping service coverage. Both TN and NTN share
a common AI/ML server and core network, allowing seamless integration. Figure
6.1 (a) illustrates this architecture. The majority of data required for AI/ML train-
ing and inference originates from the ground network, making on-ground AI/ML
server deployment the most efficient choice. This reduces latency and transport net-

work load while ensuring resource availability for computationally intensive tasks.
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FIGURE 6.1: Reference architecture for Traffic Off-Loading

The traffic off-loading manages AI/ML processes as follows:

6.2.2.1 Data Collection

AI/ML servers collect and process diverse datasets required for training and infer-

ence to support load balancing operations. Table 6.1 provides an overview of the

input data sources, their usage, and the network that is used to distribute the data.

When determining the location of the AI/ML server, it is important to consider the

load on specific parts of the distribution network. This ensures that the server place-

ment aligns with the network’s operational demands, enabling efficient processing

and minimizing potential bottlenecks.

TABLE 6.1: INPUT DATA TO PERFORM MODEL TRAINING AND
INFERENCE IN TRAFFIC OFF-LOADING

Collected Data Source | Distribution network Usage
‘ UEs SINR meas. ‘ UE ‘ Ground ‘ Training, inference ‘
‘ UE location ‘ UE ‘ Ground ‘ Training, inference ‘
UE service UE Ground Training, inference
TN cell res. allocation TN Ground Training, inference
‘ NTN cell res. allocation ‘ NTN ‘ FL ‘ Training, inference ‘
| Sat. ephemeris | NTN | FL | Training, inference |
‘ UE allocation to NTN ‘ AI-ML ‘ FL ‘ Output from inference ‘

6.2.2.2 Model Training

Model training is suitable to perform on an on-ground AI/ML server to leverage

localized datasets and optimize the model for specific deployment scenarios. The
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training process includes:

* Location-Specific Training: Models may be trained using data from their re-
spective regions to adapt to local traffic patterns and environmental condi-

tions.

¢ Federated Learning: A global model can be achieved by aggregating insights
from multiple localized models, ensuring broader applicability while main-

taining regional relevance.

¢ Online Updates: Dynamic scenarios require models to adapt to evolving con-
ditions. Initial models, trained offline, can be incrementally updated in real-

time to accommodate changes in traffic and network status.

* The AI/ML server can perform offline training to develop an initial AI/ML
model using data collected from the network.

6.2.2.3 Model Storage

AI/ML models may store in geographically appropriate servers:
* Location-specific models reside in servers near the deployment region.

¢ Global models, obtained through federated learning, are stored in centralized
repositories for broader applicability.

6.2.2.4 Model Inference

Model inference is suitable to execute in on-ground AI/ML server, aligning with
the ground-based origin of most input data and the computational requirements of
inference tasks. By centralizing inference operations, latency can be minimized, and

resource utilization can be optimized.

6.2.3 System Description

The system model considered for the traffic off-loading optimization technique is
presented in this section. We consider a rural area served by a uniform deployment
of terrestrial 6G Base Station (BS). As recommended in 3GPP TR 38.901, for the con-
sidered Rural Macro (RMa) scenario we assume a hexagonal grid layout of Ngg = 19
macro sites deployed at an Inter-Site Distance (ISD) of 5000 m. Each macro site has
a height hps of 35 m and three sectors per site. All BSs reuse the same terrestrial
frequency band Bry. The same rural area is assumed to be served by a 6G NTN
beam on an orthogonal band Byry of the same width.

The users are uniformly distributed in the reference area and generate uplink
traffic assuming a full buffer model, meaning that every user in the network is con-
tinuously active, generating data traffic at the maximum possible rate. The number
of UEs in the coverage area is configured to ensure that the requested user traffic
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exceeds the terrestrial system capacity, meaning that, at a specific instant of time,
only a subset U E 5 of users is served while users U Eyy are waiting to be served. Ad-
ditionally, all the radio resources of each BS are continuously assigned to the served
users. In this network function, the radio resources are considered to have already
been scheduled to the users assuming that: i) in the radio resource scheduling phase
the served UEs are assigned the same amount of radio resources, and ii) each UE is
allocated to the BS that has the strongest received power. The allocation of a user
to the corresponding BS is represented by the set Uy = uly, ..., “JA ey ui‘Nu), Ny
being the cardinality of UEw U UEg, and ui‘ =1,...,NBS.

In this context, part of the exceeding load of the TN is assumed to be offloaded
to the NTN. The traffic offloading can happen in two ways:

1. Part of the users U Eyy, that are waiting to be served by the TN, are served by
the NTN on the orthogonal band By7y. In this case, the NTN serves users
that are not assigned to any TN radio resource and, thus, the TN scheduling
process is not impacted by the NTN service. The system throughput Tror
(TN+NTN) is expressed as:

Tror =Y _ Bry loga(1+ SINRps) + T
BS

With SIN Rpg being the Signal to Interference plus Noise Ratio of the specific
BS, and Ty being the throughput of the NTN service on the band Byry.

2. The network function is free to select the UEs to be served by the NTN not only
among the subset U E'yyr, but also among the subset U E'g that is already served
by the TN. If a UE connected to BS}, is offloaded to the NTN, then, a UE that
belongs to U Ey and that is in the coverage area of BS}, is connected to BSj, in

the same radio resources of the previous UE.

6.2.3.1 Problem Formulation

Leveraging on a broad and centralized view on the network, the traffic off-loading
network function aims at increasing the system throughput compared to the legacy
UE allocation described in case 1. To this regard, the network function can opti-
mize the system throughput by selecting which UEs to offload from the TN to the
NTN, aiming to maximize the SINR at the base stations. We define the optimiza-
tion problem as the selection of W, that satisfies the objective function P, where
Wy = {w},..., wil, cel wa“}, wf;‘ € {0, 1} is a set that identifies the allocation of the
user j to the NTN.

P= %QLXZBTNzogQ (1+ SINRps) + Tnrn
4 BS
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Ny
Cl: z:wf4 < Chn
j=1

Cc2: > wy =Y s, jlUE; € BS,
J J

The constraint in C1 denotes that the number of UEs that are offloaded must be
lower or equal to the capacity Cy, of the NTN. The constraint in C2 imposes that
the number of UEs that are offloaded from the base station B.Sj;, to NTN must be
equal to the number of new UEs that connect to B.S}, after the offloading operation.
Indeed, Sy = {slU, e s{], ce sg“}, 5{'] € {0,1} is a set that identifies the connection

of a user U E; to the TN after the offloading of the set W 4.

6.2.3.2 Optimization Framework

The optimization technique selected to implement this network function is based on
Deep Q-Learning (DQL). DQL is an advanced Reinforcement Learning algorithm
that leverages the power of deep neural networks to solve problems with high-
dimensional state spaces, such as the traffic off-loading network function that is be-
ing evaluated. This approach extends the classic Q-Learning algorithm by using a
neural network to approximate the Q-value function, which predicts the expected
cumulative reward for taking a given action in a given state and following the op-
timal policy thereafter. DQL has been selected for this network function because its
learning process involves an agent interacting with an environment and does not
require large datasets. The agent perceives the environment’s state and takes actions
that affect the state, receiving rewards as feedback. The state space S represents all
possible situations the agent can encounter. The action space A includes all possible
actions the agent can take. These actions might be discrete or continuous. The re-
ward function R(s,a) provides feedback from the environment, signaling how good
or bad the action taken by the agent was in a specific state. This reward is used to
guide the learning process, pushing the agent towards actions that maximize cumu-
lative rewards. The Q-function Q(s,a) estimates the expected cumulative reward of
taking action a in state s and following the optimal policy thereafter. The policy 7 is
the strategy the agent uses to decide its actions based on the current state. The DQL
framework is leveraged in this optimization function to address the high dimen-
sionality of the considered environment. Specifically, in this first implementation,
the DQL has a state space S composed by: i) the allocation of the UEs to the base
stations U 4, ii) the signal strength of each UE, received from the base station they are
allocated to (SS = {ss!|Bs,,---, 58 |Bs,,---»558V|ps, }, withk = 1,2,..., Ngg). Asa
second step, it is foreseen to evolve from the full-buffer traffic model and to consider
a more detailed one. In this case, also the traffic state of each UE could be considered
in the state space. The action space A is the set W4 that identifies the allocation of
the UEs to the NTN. The reward is computed to reflect the optimization objective
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of maximizing the system throughput, as the throughput gain obtained by applying
the selected action:

R(sn,a) = Y Brylogy(1+ SINRyy) =Y Brlogy(1+ SINRyg ")
BS BS

6.2.4 Numerical Results

The simulation reflects the system description implementing the optimization frame-
work and defining the scenario with which the optimizer interacts. As described in
section Section 6.2.3, for the considered RMa scenario we assume a hexagonal grid
layout of 19 macro sites with three sectors per site. In the complete scenario, the net-
work function would need to optimize the off-loading of all the UEs in the satellite
coverage area considering the radio resources they are allocated to. Since full-buffer
traffic model is assumed and since the UEs are assigned with the same amount of
radio resources, the problem is symmetric in the radio resources space. This means
that it is possible to focus the optimization problem on a single radio resource with-
out losing generality. For this reason, for the group UFEg, only Npg users are con-
sidered, one for each base station. Similarly, other Npg users are selected within
UEyw such that each UE is associated to a different base station. The first group is
represented by the red markers in Figure 6.2, while the second group is represented
by the blue markers. At each iteration of the simulation the two groups of users are
dropped in a random position that reflects the UE-BS allocation. Taking as example
the base station 1 in the center of the area, the served UE (red) and the waiting UE
(blue) are randomly deployed in the coverage area of BS1 marked by the red poly-
gon. As mentioned above, the DQL decides the optimal UE to be offloaded based on
the state space S. The radio resource of the offloaded UE is allocated to the waiting
UE present in the same BS coverage area.

The simulation reflects the configuration parameters from 3GPP TR38.901, [155],
regarding the scenario and the path loss model. The relevant information about the
base station antenna model is reported in Table 6.2. 3GPP BS ANTENNA MODEL
from 3GPP TR 38.921 [156]. For the UE antenna a gain of 0 dB is considered in line
with Rep. ITU-R M.2412-0. Additionally, a BS receiver noise figure of 5 dB and a
thermal noise level of -174 dBm/Hz are considered.

The path loss model for the rural macro area selected from TR 38.901 is expressed

as:

PLy, 10m <dsp < dpp

PLy, dpp < dop < 10km

PLrma-10s =
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FIGURE 6.2: Allocation of served (red) and waiting (blue) user equp-

ment

A, (dB) 30
SLAy (dB) 30
¢3ap (deg.) 90
93dB (deg) 90
G'E,max (dBi) 5.5
LE (dB) 2.0
(M,N) (16, 8)
Number of supported 2
polarizations, P

dh (m) 0.5\
d, (m) 0.5\
Horizontal coverage range + 60
(deg.)

Vertical coverage range 90 to 120
(deg)

TABLE 6.2: 3GPP BS antenna model, [156]

PL; = 20logy (407mdsp f./3) + min(0.03h"7% 10) logyy(dsp)
— min(0.044h"™2,14.77) 4+ 0.002log1o(h)d3p

PL, = PLl(dBp) + 40 loglo(dgp/dgp)

Where h = 5m, W = 20m, and the UE are considered to be always in line of
sight.

Initial results are reported in Figure 6.3, Figure 6.4 and Figure 6.5. Figure 6.3
shows the cumulative density function of the system spectral efficiency after the op-

timal allocation of the user to the NTN. The system spectral efficiency is computed
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FIGURE 6.3: CDF of the mean system spectral efficiency after opti-
mization

as the mean of the spectral efficiency of each BS. Figure 6.4 shows the performance
increase in terms of percentual spectral efficiency after the optimization. Figure 6.5
shows the cumulative density function of the spectral efficiency of each BS in the
scenario after the optimization. It provides additional insights on the local BS perfor-
mances showing that, although the system spectral efficiency increase is promising,

there are cases in which the spectral efficiency of a BS could be not acceptable.

6.3 Channel prediction for 6G-NTN Next Generation Multi-

ple Access

The goal of this section is to address the evolution of NGMA considering Non Or-
thogonal Multiple Access (NOMA) and to provide a solution to the critical chal-
lenges the CSI ageing at the receiver. Indeed, NGMA aims at facilitating the efficient
and flexible connection of many users/devices to the network, utilizing the available
wireless radio resources. The section explores the current NGMA advancements and
their potential integration into NTN systems. The contributions of this section to the
existing literature are the following;:

¢ A comprehensive discussion of different types of multiple access schemes for
6G NTN along with their pros and cons, specifically in NTN.

¢ A thorough analysis of the issues of CSI ageing.

* The design and evaluation, via numerical simulation, of a fully connected neu-
ral network capable of predicting CSL.

¢ Assessment of the predicted CSI in a code-based Non-Orthogonal Multiple Ac-
cess (NOMA) technique, namely SCMA. The predicted CSI have been applied



6.3. Channel prediction for 6G-NTN Next Generation Multiple Access 131

CDF of system spectral effici il after
T

0.8

0.6 - 7

0.4+~ 1

0.2~ n

0 I I I I
0 5 10 15 20 25 30

Increse in spectral efficiency [%)]

FIGURE 6.4: CDF of system spectral efficiency percentual increase
after optimization

0.9 x|

0.8

0.7 Bl

0.6 - bl

0.4

0.2 3

0.1

0 I I I I I I
0 2 4 6 8 10 12 14 16 18

Spectral eff. per each BS after optimization

FIGURE 6.5: CDF of the spectral efficiency of the base stations after
optimization



132 Chapter 6. O-RAN based NTN RAN Optimization

within the Message Passing Algorithm (MPA) at the receiver to jointly decode
the superimposed symbols.

The CSI prediction algorithm represents a perfect example of ML-based algorithm
that is enabled by real time control loops implemented at the network edge, and, in
this case, directly in the base station.

6.3.1 Multiple Access Techniques

Multiple access schemes play pivotal roles in wireless communications. In this sec-
tion, we propose a review and comparison of the major multiple access techniques
along with their pros and cons for NTN.

6.3.1.1 Orthogonal Multiple Access

Owing to their benefits of minimal complexity and interference mitigation, orthog-
onal transmission strategies have seen widespread adoption in wireless communi-
cation systems. InOrthogonal Multiple Access (OMA), resources are strategically
partitioned into separate, non-overlapping frequency bands, time slots, or codes,
with each carefully assigned to an individual user.

Traditionally, satellite communication systems have relied on Frequency Division
Multiple Access (FDMA), Time Division Multiple Access (TDMA), andCode Divi-
sion Multiple Access (CDMA) as multiple access techniques. Notably, FDMA allows
continuous access to the satellite in a given frequency band and its main advantage
is simplicity. However, it is characterized by the lack of flexibility in case of recon-
figuration and the loss of capacity when the number of accesses increases.

TDMA foresees the access to the channel during a time slot. This implies that the
TDMA efficiency remains high for a large number of accesses. On the other hand,
TDMA implies the need for synchronization through complex procedures. Finally,
CDMA operates on the principle of spread spectrum transmission. The code se-
quence that spreads the spectrum constitutes the ‘signature” of the transmitter. The
receiver recovers the useful information by reducing the carrier’s spectrum trans-
mitted in its original bandwidth. This operation simultaneously spreads the spec-
trum of other users in such a way that these appear as noise of low spectral density.
Besides the simplicity, the advantage of the CDMA is that it does not require any
transmission synchronization between the transmitters. Moreover, it offers useful
protection properties against interference from other systems and interference due to
multiple paths; this makes it attractive for satellite communication with mobiles. In
multibeam satellites, CDMA offers the potential of 100% frequency re-use between
beams. The main disadvantage is poor efficiency, as a large satellite bandwidth is
used for a low total network capacity with respect to the throughput of a single
unspread carrier, in the case of a single beam network. The possibility of reusing
frequency between adjacent beams greatly improves the overall efficiency. Another
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limitation consists in the limited number of codes (and therefore the number of si-
multaneous users) offering the required performance in terms of inter-correlation
properties.

In terrestrial communications, FDMA was prevalent in the first generation (1G),
TDMA was prominent in the second generation (2G), and the third generation (3G)
made use of CDMA. Similarly, Orthogonal Frequency Division Multiple Access (OFDMA)
was prominent in the 4G era, and it continues in 5G, where users are assigned or-
thogonal resource blocks in terms of frequency, time, or code.

For instance, in Rel. 17, NTN-based 5G networks leverage OFDMA. The reason lies
in the fact that, during the process of integration of Terrestrial and Non-Terrestrial
communications, only minimal but strictly necessary changes to the 5G NR protocol
stack have been made to employ it in a satellite system. This choice brings two main
advantages: i) a simple transceiver design, implementation, and management; and
ii) interference-free transmissions and, thus, enhanced overall quality and reliability
of communications. On the other hand,OMA is characterized by the inefficient use
of the spectrum, especially under the paradigm of UMTC massive access. Indeed,
the broad coverage of the satellite beam leads to a large number of users contending
for the limited time/frequency resources, resulting in severe congestion. As UMTC
services may be offered through incomplete constellations, transmissions may be
greatly delayed, exacerbating the effects of congestion. Moreover, procedures such
as Random Access and user scheduling, are characterized by a long signaling phase,
which can severely impair protocol and system performance [157].

6.3.1.2 Non Orthogonal Multiple access

In this section, NOMA refers to a scenario wherein multiple users concurrently uti-
lize identical time/frequency resources. Different NOMA schemes, utilizing meth-
ods such as spreading, scrambling, interleaving, or exploiting multiple domains for
user separation, have been considered for 5G. Although the specific approaches may
vary, the fundamental concept remains consistent: accommodating multiple users
within the same time-frequency resource blocks by utilizing distinguishing parame-
ters.

1. Space Division Multiple Access (SDMA): To overcome the limitations ofOMA,
a new resource dimension, i.e., space, has been introduced. SDMA operates by
directing communication signals toward geographically distinct paths. With
the swift advancement of multi-antenna technologies, MIMO communication
has emerged as a cornerstone of the current 5G standard and the prospec-
tive future wireless networks. By deploying multiple antennas at transmit-
ters and/or receivers, MIMO systems leverage additional spatial degrees of
freedom (DoFs) compared to their single-antenna counterparts. This princi-
ple can be applied to serve multiple spatially separated users using the same
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time/frequency resources in a Multi-User MIMO (MU-MIMO) system. Conse-
quently, SDMA techniques can serve multiple users/devices simultaneously
in the same time/frequency/code domain while distinguishing them in the
spatial domain. Linear Precoding (LP) is the predominant method for SDMA,
given its low complexity. Notably, inter-user interference can be effectively
suppressed by leveraging spatial DoFs to design appropriate transmit and/or
receive beamformers. The exploitation of antenna arrays through beamform-
ing, precoding, and MIMO techniques has been extensively addressed also in
NTN due to their ability to provide high throughput in Full Frequency Reuse
(FFR) scenarios [158]. These techniques can effectively exploit spectrum, es-
pecially when paired with smart antenna terminals, e.g.,VSAT terminals, with
the ability to steer their main radiating lobe toward the satellite. However, less
sophisticated terminals such as handheld and IoT devices do not benefit from
SDMA in NTN due to their low antenna gain. Moreover, SDMA techniques
require the perfect knowledge of the channel state information. This is a chal-
lenging task due to the high-speed movement of the satellite, which leads to
the so-called issue of information ageing. Besides, to properly work, SDMA
does not only require channel estimation but also scheduling, and interference
management, which leads to substantial signaling overhead, particularly in
dynamic networks such as NTN. It is also worth mentioning that SDMA is
sensitive to user deployment. Since users in the same beam experience similar
channel conditions, sophisticated scheduling algorithms based on users’ chan-
nel coefficients correlation [159] or inter-users distances [160] need to be con-
sidered. Finally, SDMA demonstrates efficiency in networks with low loads
but faces performance degradation in overloaded systems due to constraints
imposed by limited spatial resources. This is especially true in NTN, where
the scan angle resolution is low.

. Rate Splitting Multiple Access (RSMA): This multiple access technique has

recently emerged as a promising transmission strategy for multi-antenna wire-
less networks. The key concept of Rate Splitting Multiple Access (RSMA) is
splitting each user message into sub-messages at the transmitter. When ap-
plied in Downlink (DL), the transmitter partitions a portion of each user’s
message (referred to as private message) into a common message intended for all
users served. The remaining private messages, along with the generated com-
mon message, are transmitted through beamformers. The amount of trans-
mission power assigned to the common messages and the private messages is
regulated by the scaling factor, the larger the scaling factor the more power is
assigned to the private parts. Upon reception, the receivers treat the private
messages of all users as interference while decoding the common message.
Subsequently, they subtract the common message from the received signal, i.e.,
with Successive Interference Cancelation (SIC). Following this, the intended
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private message is decoded and integrated with a portion of the decoded com-
mon message. In the uplink, the sub-messages from a given transmitter can be
decoded at the receiver in a non-consecutive manner. This message-splitting
capability provides RSMA with a flexible interference management strategy,
allowing for partial decoding of interference and treating the residual signal
as noise. RSMA offers a variety of transmission models depending on the spe-
cific approaches used for message splitting and combining, including linearly
precoded 1-layer RS, 2-layer hierarchical RS (HRS), and generalized RS (GRS).
The main advantage of RSMA is the flexibility [161], as the scheme is highly
adaptable to varying network loads and user deployments characterized by
varying channel directions and strengths. Furthermore, although the instan-
taneous CSI at the transmitter is quite difficult to obtain in practice, RSMA
has been recognized to be more robust to imperfect CSIT compared to SDMA
thanks to its DoF optimality in the multi-antenna broadcast channels. In the
NTN scenario, the estimation of CSIT is even more challenging since the CSI is
usually out-of-date due to the fast time-varying channel and long propagation
delay. This outdated CSIT information causes a degradation in the network
performances due to sub-optimal computation of the scaling factor and de-
graded interference cancellation performances. It is important to note that,
in NTN, the performance of RSMA tends to decrease as the distance between
users decreases, [162]. Given that NTNs are typically overloaded, the limited
distance between users presents a challenge to RSMA, which can only be mit-
igated through appropriate user scheduling strategies. Furthermore, the sub-
stantial number of users that need to be served in an overloaded NTN system
introduces a notable increase in complexity for calculating the optimal power
scaling factor, which is essential for achieving optimal RSMA performances.

3. Power domain NOMA: The primary concept behind Power domain (PD)-
NOMA is to serve multiple users utilizing identical time/frequency/code re-
sources while distinguishing them based on power allocation. At the receiver
side, the SIC algorithm is used to decode the superimposed packets. The main
advantage of the PD-NOMA technique is user fairness [163], as during the
power allocation, it prioritizes users with weaker channel strength to facili-
tate effective interference cancellation. On the other hand, PD-NOMA is sen-
sitive to CSI inaccuracy. Besides, considering that the satellite channel can be
assumed Rayleigh distributed, the users within the beams experience similar
Signal-to-Noise Ratio (SNR); therefore, it is not easy to distinguish them in the

power domain.

4. Spreading-based NOMA: Drawing inspiration from CDMA, Spreading-based
NOMA aims at serving multiple users within the same time/frequency re-
sources through spreading sequences. These schemes are further categorized
into low-density spreading (LDS)-based and non-LDS-based approaches. In
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LDS-based schemes, the spreading sequences consist of sparse or non-orthogonal,
low-cross-correlation sequences achieved by deactivating a significant number
of spreading signature chips in conventional CDMA. In the receiver of LDS-
based schemes, iterative algorithms, such as the MPA, can be employed for
joint detection of multiple data streams, approaching near maximum-likelihood
performance. For non-LDS schemes, SIC or Parallel Interference Cancella-
tion (PIC) techniques are applied at the receiver. Notably, LDS and non-LDS
schemes include LDS-CDMA [164], LDS orthogonal frequency-division mul-
tiplexing (LDS-OFDM, [165]), SCMA, [166]), Pattern Division Multiple Ac-
cess (PDMA), [167]), LDS Signature Vector Extension LDS-SVE, [168]), Multi-
User Shared Access (MUSA), [169]),Non-Orthogonal Coded Multiple Access
(NCMA), [170]),Non-Orthogonal Coded Access (NOCA), [171]),Low Code Rate
Spreading (LCRS),Frequency Domain Spreading (FDS), and Group Orthogo-
nal Coded Access (GOCA). Spreading-based NOMA techniques have the ad-
vantage of enhancing the spectrum efficiency and reducing signaling over-
head, since users can choose their spreading sequences autonomously to re-
duce the signaling overhead and latency. However, spreading-based NOMA
requires complex multi-user detection techniques and the design of the opti-
mal spreading sequence, which is still a difficult problem, particularly when
the number of users is large. In addition, most of the existing spreading-based
NOMA schemes assume perfect CSI knowledge. As previously mentioned,
this is a challenging task in a highly dynamic network such as NTN. Moreover,
most of the existing spreading-based NOMA schemes assume perfect synchro-
nization at the receiver. This can be achieved through a GNSS receiver. How-
ever, the user needs to autonomously and continuously synchronize, which
implies the interruption of data transmission. A delayed signal from a user
could disturb the message exchange in the iterative multi-user detection, lead-

ing to performance loss.

5. Interleaving-based NOMA: As implied by the name, Interleaving-based NOMA
schemes use interleavers to differentiate between superimposed users. Addi-
tionally, low-code rate Forward Error Correction (FEC) can be incorporated
alongside interleaving. For Multi-User Detection (MUD), an Elementary Sig-
nal Estimator (ESE) can be employed at the receiver. Notable interleaving-
based schemes include Interleaved Division Multiple Access (IDMA) [172] and
Interleave-Grid Multiple Access (IGMA) [173]. Similarly to other NOMA schemes,
these schemes require an accurate knowledge of CSI at the receiver. In addi-
tion, as information bits are interleaved in time, the channel is also assumed
to be constant within a time window. Due to the inherent dynamic nature of
the NTN channel, such an assumption is typically not valid for NGSO sys-
tems. Moreover, the NTN channel is often characterized by slow fading due to
atmospheric events, e.g., rain and clouds. Therefore, the effectiveness of chip-
by-chip detectors would be reduced, as such algorithms rely on the reduced
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adjacent bits correlation that is typically provided by interleavers.

6.3.2 Technical issues associated to NGMA in NTN

In contrast to OMA, precise CSI acquisition holds greater significance for NOMA.
Indeed, the accuracy of CSI profoundly influences the performance of the receiving
algorithms, as CSI is essential for reconstructing decoded signals for subtraction or
to minimize the detection probability to jointly decode the signal. However, unlike
TN channels, NTN channels exhibit two distinct characteristics:

* The significant propagation latency between satellites and on-ground devices,
due to the long transmission distances, which can result in outdated CSI when
it is acquired.

¢ The high mobility LEO satellites which leads to rapidly changing channels and

severe Doppler frequency shifts.

To consistently track the variation of the channel, an effective approach is to design a
linear predictor that leverages the relationship between outdated and instantaneous
CSI or the estimation of the channel coefficients through outdated pilots. This rela-
tionship can be determined by analyzing the spatial and temporal correlation within
the NTN channel models. The coefficients of the linear predictor can then be com-
puted using various criteria, among which the Least Squares (LS) and Minimum
Mean Square Error (MMSE). However, this approach has a twofold drawback. On
the one hand, the use of pilots reduces the achievable throughput; on the other hand,
the CSI acquisition procedure requires an exchange of control information whose
duration is extended by the long round trip time. A second approach relies on the
use of Al, [174]-[176]. Indeed, Al-based algorithms have the potential to learn from
real data and perform more accurate predictions, despite typically requiring larger
computational capabilities. A DL-based CSI prediction scheme is proposed in [174]
to address the channel aging problem for downlink massive MIMO. Specifically, a
satellite channel predictor composed of LSTM units is proposed. A more sophis-
ticated solution for the CSI prediction in downlink massive MIMO is addressed in
[175], where two modules, namely the Convolutional Neural Network (CNN) and
LSTM, are designed to transform uplink CSI into downlink CSI, aiming at removing
the need of a feedback message. The CNN was shown to be able to provide more
accurate predictions for satellites at lower orbits and for smaller distances between
the uplink and downlink bands. The Gated Recurrent Unit (GRU) architecture im-
plemented in [176] was able to learn the temporal correlations of a LEO satellite
channel based on historical time series, showing the impact of the elevation angle

and the LEO altitude, among the others, on the symbol error rate.
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6.3.3 Proposed solutions

6.3.3.1 System Architecture

the considered system architecture is the Orbit-split model, where the CSI prediction
algorithm is implemented in the service nodes along with NGMA.

Generally, signal propagation between the user and the satellite is unshaded due
to the high operation altitude of UEs and satellites. In this case, considering that the
terminals are in the LoS of the satellite, the received signal can be expressed as:

J
y(t) = hy-a(t — (1) u 6.1)
j=1

where 7;(t) is the delay due to the distance between the j-th user and the satellite,
x(t) is the transmitted signal, fy; (t) is the Doppler shift, which can be written as:

_ fevsRpcosegj(t)
50 = = R + o)

(6.2)

with Rp indicating the Earth radius, f. the frequency carrier, and hg,: the satellite
altitude. Finally, h; refers to the amplitude of the channel coefficients, which can be

written as:
(TXt) (RX,t)
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where: i) dl(ts) is the slant range between the i-th user and the s-th node, which is
assumed to be the same for all the co-located radiating elements on-board the node;
ii) A is the signal wavelength; iii) kBT; denotes the thermal noise power, with B
being the user bandwidth (for simplicity assumed to be the same for all users) and
T; the equivalent noise temperature of the i-th receiver; iv) Lgtg represents the addi-

tional losses between the s-th node and the i-th user, assumed to be the same for all
TX,t) (RX 1)

,N,S ,M,s

the transmitting and receiving complex antenna patterns between the i-th user and

the co-located radiating elements on-board the node; v) 91( and g represent
the n-th radiating element on-board the s-th node, respectively; and vi) <p£ts) is the
phase misalignment that might be present between different nodes due to non-ideal
swarm synchronisation, modelled as a uniform random variable (r.v.) ¢/ (0, 27). The
additional losses are computed based on TR 38.811, [30]:

L(t) o L(SHA,t) + L(ATM,t) + L(SC[,t) + L(C’L,t) (6.4)
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in which: i) L5747
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L;, is the scintillation loss; and iv) L; ;7 is the Clutter Loss (CL), to be included

for UEs in Non-Line-of-Sight (NLOS) conditions. Referring to the 3GPP channel
model, the UE is defined to be in LoS or NLOS conditions with a probability that

denotes the log-normal shadowing loss with standard devia-

TMD includes the atmospheric loss due to gaseous absorption; iii)
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is a function of the elevation angle and the propagation environment (sub-urban,
urban, dense-urban). In this context, we assume that a UE that is LoS (NLOS) condi-
tions during the estimation phase is still in LoS (NLOS) conditions in the transmis-
sion phase. This assumption is motivated by observing that the probability that the
propagation conditions of the UE will change from LoS (NLOS) to NLOS (LoS) after
a few ms is negligible, considering that the probabilities of LoS or NLOS conditions
are provided with a 10° granularity in TR 38.811, [30]. This assumption implies that
the UE has the same CL and o5 4 in both the estimation and transmission phases,
but the realisations of the log-normal r.v. modelling the shadowing are different.

6.3.3.2 CSI Prediction

Taking into account the impact of transmission delay between the LEO satellite and
the UEs, the CSI acquired by the LEO satellite may not accurately represent the true
channel characteristics of the UEs. Consequently, utilizing outdated CSI in the de-
modulator could result in a degradation of system performance. In this section, we
introduce an Neural Network (NN)-powered CSI predictor integrated within the
LEO satellite receiver. The CSI predictor task is to predict the future CSI of a specific
UE in the coverage area, relying on information about the current satellite’s and UE’s
status, addressing the issue of outdated information. The module takes as input the
satellite position and trajectory, and the UE position and velocity vector at time 7°0,
and it outputs the UE’s CSI at time 70 + At ms.

The general prediction framework is shown in Fig. 6.6. The CSI prediction mod-
ule performs offline training and online prediction. The purpose of the offline train-
ing task is i) to perform the pre-deployment training of the network and ii) to ensure
that the neural network is updated with changes in channel characteristics by train-
ing it with the latest measured data, allowing it to adapt to recent developments.
The purpose of the online prediction task is to respond to CSI requests from the re-
ceiver by providing real-time predictions. Offline neural network training would
be enabled by historical measures of the satellite channel. Given the unavailabil-
ity of a real channel dataset, to evaluate the proposed prediction technique, we de-
veloped a synthetic dataset based on a numerical satellite channel simulator. The
structure of the offline pre-deployment training is represented in Figure 6.7. Al-
though the synthetic data set enables rapid prototyping and provides strict control
over channel parameters, it unavoidably reflects the modeling assumptions embed-
ded in the simulator, thus introducing potential bias. In particular, phenomena such
as atmospheric scintillation, residual hardware impairments, and co-channel inter-
ference, each difficult to model with high fidelity, may be underrepresented. Hence,
the performance achieved in simulation should be regarded as an optimistic upper
bound, and some mismatch is anticipated when the predictor is first confronted with

on-orbit measurements.



140 Chapter 6. O-RAN based NTN RAN Optimization

CSI Prediction Module

Offline
Training

Online
Prediction

A

v

S

—— k-

Predicted
CSlI

LgA

FIGURE 6.6: Framework of CSI prediction scheme.

Historical Update
Dataset Dataset

MATLAB TENSORFLOW
TRAINING DATASET file
DATASET 1) Future UE position, Slant range, Elevation angl NN Structure -
SCENARIO > P . 22 ge |
CONFIGURATION GENFRAT'ON Beam center, CS| at time lag t (label) selection CNN Training
rom:
1) Future UE position, Slant range, Elevation angle,

Sat position
Sat trajectory
UE position
UE velocity

Beam center, CS| at time lag t (label)

Preliminary
CNN model
evaluation

P

TEST DATASET file MOTECARLO

Prediction MSE SIMULATION

FIGURE 6.7: High-level flowchart of the Al-based CSI prediction sim-
ulation.

6.3.3.3 CSI Dataset Generation

The dataset file is generated by the satellite channel simulator, knowing the position
and trajectory of the satellite and the UE. The satellite channel simulator has been
configured with a LEO satellite that orbits at 600 km, compliant with 3GPP 38.811
Set-2 satellite parameters, [20]. A single moving beam is considered. The simulated
channel is in UL and considers a sub-urban environment in NLOS. Users are uni-
formly distributed in the coverage area with a density of 1 UE per square kilometer
and move at a pedestrian, vehicular, or railway velocity of 3, 100, and 250 km/h,
respectively. The simulator computes the CSI of the UEs in the coverage area every
At ms, taking as input the instantaneous satellite ephemeris and the specific UE po-
sition and velocity vector. At every simulation iteration, the position of the satellite
and the users is updated according to their velocity vector and the new CSlIs are
computed. In this framework, the training dataset file is built by accumulating the
information generated in each iteration. Specifically, each row of the dataset file is
a list of data reporting the satellite ephemeris, the UE position, the UE velocity, and
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the information about the instantaneous CSI of the UE, used as a label for the NN

training.

6.3.3.4 NN Architecture and Training

The NN architecture is shown in Figure 6.8. Before entering the neural network,
the input data is elaborated by a data preprocessing block. Specifically, the satel-
lite ephemeris, UE position, and UE velocity at time TO are utilized to calculate the
neural network’s input features, representing the link’s future parameters at time
T0 + At:

¢ Future UE position,

* Future slant range between the UE and the satellite,
¢ Future elevation angle related to the specific UE,

e Satellite future beam center.

The NN consists of a three-layer feed-forward neural network using the Rectified
Linear Unit (ReLU) activation function. The architecture includes 300 neurons in the
input layer, 100 in the hidden layer, and 50 in the output layer. The choice of ReLU
introduces non-linearity for capturing complex data patterns in the first two layers,
while the output layer is kept linear to perform CSI regression. The network pro-
cesses the link’s future parameters through the first input layer, extracts abstract fea-
tures in the hidden layer, and estimates the CSI amplitude and phase in the output
layer. Given that this model must run in the satellite receiver for each served user, it
is crucial to minimize the computational complexity. The adoption of a small feed-
forward configuration balances model performance and computational efficiency,
ensuring effective functionality while keeping resource demands at a minimum.
Existing literature on mobility-driven channel prediction shows that shallow fully
connected networks can approximate the non-linear mapping between kinematic
features and future CSI with satisfactory accuracy once the salient geometry-based
inputs are provided, [177], [178]. Deeper or recurrent alternatives, although more
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expressive in principle, would multiply both parameter count and inference latency,
conflicting with the real-time and power-limited constraints of an on-board receiver.
Guided by these insights and by the need to preserve a lean computational foot-
print, a compact three-layer feed-forward topology was therefore selected as the
most pragmatic compromise between model expressiveness and resource efficiency.

The NN is trained to minimize the Mean Square Error (MSE) between the output
CSI prediction and the actual CSI value by exploiting the Adaptive Moment Estima-
tion (ADAM) algorithm. The MSE of the CSI amplitude MSE4,,, and of the CSI
phase M S Epy, can be expressed as:

N

MSE gy = %Z (ﬁﬁmp—hﬁmpf (6.5)
n=1
MSEpp, = - ZN: (ﬁpha—hPhG)Q (6.6)
Pha N n n .
n=1

Where h;™ and h;, ™ represent the predicted amplitude of the CSI and its actual
value, hf”* and hZ"* represent the predicted phase of the CSI and its actual value,
and N is the total number of samples in the training set. The loss function used to
train the NN is the aggregated MSE of the CSI amplitude and phase, denoted as
MSEcs;.

N

1 . 2 . 2
MSEosi =~ > [(hﬁmphﬁmp) + (Rfto—pphe) } 67)
n=1
Loss (©) = MSEcg;y (6.8)

6.3.3.5 NN Complexity Analysis

The complexity of the CSI prediction NN in terms of number of additions and mul-
tiplications can be assessed starting from the complexity of a single neuron. Given
neuron n in the fully-connected layer i, its output y,, ; can be expressed as:

N;_1
Yn,i = ReLU | by; + Z Yri—1 "Wk |, (6.9)

K=1
where N;_; is the number of neurons in layer i — 1 and b, ; and W}, ; are the
trained parameters for layer i. Consequently, it is possible to compute the number
of additions and multiplications performed in the fully connected layer i as (N;—; +
1) - N;. Hence, being L the number of layers in the NN, the number of additions and

multiplications Cyy of the complete fully-connected NN can be expressed as:

L—-1

Cyy =Y (Ni1 +1)- N, (6.10)
=1
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Specifically, the total number of additions of the proposed NN is 36300, equal to
the number of multiplications. It is worth mentioning that, since the NN computes
the predicted CSI of a single user at a time, the total number of operations Cg needed
to predict the CSI of () users in the coverage area becomes Cyy - Q.

6.3.4 Numerical results
6.3.4.1 Performance of the NN based channel predictor

In the following, the performances of the CSI predictor are detailed. The metric to be
evaluated is the mean squared error between the reference CSIs contained in the test
dataset and the CSIs predicted by the NN module. Since the NN has two outputs: i)
the amplitude; and ii) the phase of the complex CSI, the NN is evaluated with three
metrics:

¢ the MSE of the amplitude of the complex CSls;
* the MSE of the phase of the complex CSIs;
* the aggregated MSE of amplitude and phase.

The metrics obtained after the NN model training are reported in Table 6.3. The re-
sults show a better performance in the prediction of the CSI amplitude compared to
the prediction of the CSI phase. This behaviour reflects the statistics of the dataset.
Indeed, the amplitude of a UE’s CSI at time t0 is highly correlated to the amplitude
of a UE’s CSI at the subsequent time instant t1, thus, the NN can easily learn the CSI
amplitude behavior after the UE’s movement in the time interval t0-t1. Regarding
the phase, we can observe that the CSI accuracy is lower than that of the amplitude.
This is because the phase of the CSI phase is less correlated in time.

To investigate how the CSI prediction performance varies along the orbit and inside
the beam, in Figure 6.9(a) is shown how the MSE of the CSI amplitude varies at dif-
ferent elevation angles, while in Figure 6.9(b) the same analysis is shown for the MSE
of the CSI phase. Figures show quite constant CSI prediction performance at differ-
ent elevation angles, meaning that the NN can be proficiently exploited in extended
coverage areas without losing prediction precision. The MSE of the CSI amplitude
slightly increases at higher elevation angles, this is motivated by the distribution
of the dataset examples. Since the training is performed considering an earth-fixed
beam, the coverage area remains constant and the beam is steered at the satellite.
This configuration produces a higher number of dataset examples at a lower ele-
vation angle compared to the number of examples at an elevation angle closer to
90 degrees. Having more data at lower elevation angles, the NN can learn the CSI
behavior slightly better than at higher angles. To obtain completely constant perfor-
mance along the orbit we could artificially increase the portion of dataset closer to 90
degrees, but this will not be possible when training the network with a real dataset

collected from a real NTN system.
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FIGURE 6.9: MSE of CSI amplitude (a) and phase (b) at different ele-
vation angles.

TABLE 6.3: MSE metrics of CSI prediction NN

‘ Metric ‘ Value ‘
| Amplitude MSE | 0,0012 |
| Phase MSE | 0,0843 |
| Aggregate MSE | 0,0836 |

6.3.4.2 Performance of the SCMA with the NN based predictor

To verify the goodness of the proposed prediction, we apply the CSI prediction to
NOMA.
In particular, we consider a SCMA(6,4) system where multiple accesses are achieved
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through the sharing of the same time-frequency resources among users. The users
are assumed to be in a connected mode, i.e., they performed the random access and
the data transmissions are scheduled.

The considered uplink SCMA is shown in Figure 6.10. Data bits of a user are mapped
to a K dimensional codeword from the codebook and transmitted on K subcarriers
sequentially. The number of codebooks is six and the number of codewords is four
as well as the number of sub-carriers.

In terms of channel estimation, the gNB only knows the channel coefficient of the
tirst OFDM symbol of each user and will use it for all the symbols in the MPA re-
ceiver. However, the channel coefficients change with time, due to the satellite move-
ment. The performance is evaluated through the average Block Error Rate (BLER) of
the six users.

Figure 6.11 reports the BLER achieved using the predicted CSI compared to the
BLER obtained with ideal estimation. As observed, the estimation derived from the
NN closely approximates the BLER under ideal conditions, where the gNB has per-
fect knowledge of the CSI for each user in every OFDM symbol. This similarity is
attributed to the statistics of the phase error, which remains within the robustness
threshold of the SCMA technique, enabling accurate decoding of the six codewords.
It is worth mentioning that without the CSI prediction and the ideal channel esti-
mation, the BLER is 1 for the entire range of simulated values of EbNO. Notably,
employing CSI prediction can reduce the number of pilots required for channel esti-

mation, potentially increasing the overall throughput.
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FIGURE 6.11: BLER vs EbNO. Code rate = 193/1024

6.3.5 Discussion and open issues

This article investigates the advantages and disadvantages of different multiple ac-
cess techniques in NTN. The findings reveal that each access technique offers dis-
tinct benefits, however all of them necessitate accurate CSI. Consequently, an NN-
empowered CSI prediction has been proposed and tested with a SCMA. The numer-
ical results demonstrate that the proposed solution can achieve high prediction accu-
racy compared with adopting the outdated CSI directly. For future research, we have
identified the following open issues. One critical aspect is the CSI acquisition, and,
therefore the design of pilots in the chosen access schemes. Once the CSI is acquired,
NN algorithms can be employed to predict future CSI, reducing the need for exces-
sive pilot signals and consequently increasing the throughput. To optimize power
consumption on satellites, the NN architecture should be compact and efficient. A
smaller neural network reduces computational load and energy requirements, mak-
ing it more suitable for the limited power resources available on-board satellites. A
second important open issue will be the absence of a GNSS receiver at the UE, rais-
ing synchronization challenges. It is crucial to determine which network elements
will interact to provide accurate UE positioning and how to manage synchroniza-
tion without GNSS. Furthermore, decisions must be made regarding the placement
of the core network to optimize performance and efficiency. Finally, the 3D architec-
ture can efficiently serve massive UEs with different Quality of Service requirements.
In particular, the concept of swarm introduces possibilities for distributing access or
implementing distributed beamforming in the uplink. This requires mechanisms for
master satellite identification and coordination among satellites to enhance connec-

tivity and service reliability.
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6.4 CNF Orchestration in NTN

This section reports the outcomes of the paper submitted for publication "A Novel
Framework for Proactive CNF Orchestration in 6G NTN", prepared in collaboration
with Alice Piemonti, Vito Cianchini, Carla Amatetti, Massimo Neri, and Alessandro
Vanelli-Coralli.

Control loops, implemented through O-RAN RICs, form the cornerstone of intel-
ligent network management in the transition to 6G. These loops enable real-time and
non-real-time optimization of network functions by embedding Al-driven decision-
making at multiple levels of the network architecture. As the industry embraces
CNFs, within O-RAN RIC frameworks, the orchestration of these functions becomes
crucial for delivering seamless and efficient RAN optimization. Indeed, the opti-
mization algorithms implemented in Near-RT control loops often exhibit fluctuating
computational demands, driven by dynamic changes in network conditions or the
specific optimization tasks required at any given moment. These variations can lead
to suboptimal utilization of computational resources when not effectively managed.
CNFs, which extend the virtualization concepts of VNFs into containerized envi-
ronments, align perfectly with the dynamic and distributed nature of O-RAN. Their
integration empowers networks to adapt rapidly to fluctuating resource demands,
particularly in the complex and variable conditions of NTNs.

In the framework of CNF-based NTN RAN optimization, this section introduces
a novel architecture for proactive CNF orchestration, leveraging Al to dynamically
forecast resource demand. Using ML models, our framework can predict time-series
data for critical metrics such as CPU usage, memory consumption, and bandwidth
requirements. These predictions enable the orchestrator to allocate resources in ad-
vance, reducing cold start delays[179] and ensuring a smoother scaling process. A
proactive approach not only enhances performance by preemptively provisioning
resources before bottlenecks occur but also optimizes energy consumption and re-
source allocation, particularly in environments with fluctuating workloads [180].

The contributions of our work are:

1. A novel framework for CNF orchestration in NTN, embedding Al as a native
component to enable proactive network management. This framework also in-
cludes an architecture for Machine Learning operations (MLOps) designed to
train, re-train, save, and deploy machine learning models within the network
environment. Additionally, the integration of the CNF orchestrator in the NTN
architecture ensures dynamic resource allocation and management, providing

enhanced flexibility and scalability, essential for the complex NTN ecosystem.

2. AI/ML-based solutions for time-series resource forecasting, enabling antici-
patory scaling decisions to efficiently manage both overprovisioning and un-

derprovisioning scenarios.
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6.4.1 Related Work

The concept of VNFs has become fundamental in 5G networks, making optimal or-
chestration essential to manage the increasing complexity of these systems. Recent
works highlight the necessity of Al for efficient VNF placement. For example, [181]
emphasises the importance of Al-driven solutions to optimise VNF placement and
orchestration, laying the groundwork for future networks. Similarly, [182] proposes
an Orchestration Framework that leverages machine learning across the entire net-
work function vistrualization environment. The framework includes a monitoring
module providing key metrics such as topology, host machine specifications, and
resource utilisation, including CPU, memory, and bandwidth (RX/TX). However,
despite being tested in a real-world environment, the paper does not provide con-
crete results regarding the performance of its AI modules. In [180], a taxonomy
is provided for ML-based orchestration, proposing a reference architecture to con-
trol overall resource utilisation, energy efficiency, and application performance. The
authors stress the critical role of Al in improving VNF/CNF placement, achieving
higher accuracy, and reducing computation delays.

Many existing studies focus on VNF placement, often treating it as a mathemat-
ical optimization problem. Some of them aim to optimize different aspects of VNF
placement through Al algorithms. For instance, [183] uses deep reinforcement learn-
ing to automatically deploy Service Function Chains (SFCs) consisting of VNFs. In
[184], multiple machine learning techniques are used to cluster data into accurate
VNF profiles, aiming to optimise the QoS of MANO systems while minimising run-
time monitoring loads.

However, these solutions primarily offer reactive orchestration, where VNF place-
ment adjusts only after resource thresholds are exceeded. We believe a proactive
approach, especially in containerized environments, would be more efficient, as
it can reduce cold start delays. [185] proposes an ML-centric platform called RC
utilising two approaches: Reinforcement Learning (RL) for direct resource manage-
ment actions like scaling and migration, and predictive ML models for workload
forecasting. The platform’s independent ML framework enables seamless adapta-
tion to production workloads, with servers learning optimal thresholds for resource
management. RC has proven that ML techniques outperform traditional methods,
offering more accurate predictions and better resource allocation. Similarly, [186]
employs machine learning models like ARIMA and LSTM to predict incoming traf-
fic in a 5G O-RAN environment, aiming to reduce operational expenditure (OPEX)
by optimising VNF placement and scaling of virtual resources. This approach al-
lows proactive orchestration, helping to avoid delays that could violate Service Level
Agreements (SLAs). However, the authors acknowledge the challenge of model gen-
eralisation, where conventional supervised learning models struggle with dynamic
environments and limited training data, often resulting in poor performance when

handling new scenarios.
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Only a few studies specifically address CNF placement. [187] presents a math-
ematical model for CNF placement in O-RAN, improving end-to-end delay in data
plane operations under resource-constrained environments. Another notable exam-
ple, [179], uses a model-free Q-Learning RL agent to optimise container instances
in serverless environments. The agent monitors the environment and dynamically
scales up or down in advance the number of active containers to reduce cold start
latency. This approach outperforms the default Kubeless auto-scaler, which only re-
acts after resource spikes. By proactively adjusting resources, the RL agent mitigates
cold start delays and efficiently manages workloads, offering better performance
and resource utilisation than traditional serverless scaling methods. Additionally,
[188] explores dynamic resource allocation for Kubernetes clusters through ML, in-
cluding more advanced Deep Neural Networks.

Even though many studies focus on dynamic approaches for VNF allocation, of-
ten leveraging advanced algorithms, they still react to events only after they occur.
To address this limitation, our framework centers on proactive orchestration, using
AI/ML to anticipate network function resource needs in a containerized context.
This proactive approach effectively manages both overprovisioning and underpro-
visioning scenarios, ensuring CNFs are allocated with the exact resources they re-
quire. This capability is essential in NTNs, where onboard resources are limited,

making it critical to reduce energy consumption while maintaining network QoS.

6.4.2 A Novel Framework for CNF Orchestration

In this section, we present the key components of our architecture for Cloud-native
Network Function orchestration (Fig.6.12), where Al is envisioned as a native com-
ponent (described in detail in Fig. 6.13). The CNF orchestrator is designed to seam-
lessly integrate and manage both terrestrial and non-terrestrial networks and is in-

corporated into the network segment.

6.4.2.1 CNF Orchestrator

The CNF Orchestrator (Fig. 6.12) is the core component responsible for managing
the deployment and orchestration of VNFs in containers. In the context of NTNs, the
CNF Orchestrator is designed to address the unique challenges posed by satellite-
based communication systems, such as high latency, dynamic link conditions, and
limited computational resources onboard satellites. In our vision of 6G NTNs, VNFs
are deployed in containers and managed by Kubernetes. The dynamic orchestration
enabled by Kubernetes is crucial for maintaining performance not only in terres-
trial networks but also in highly dynamic satellite environments, where fluctuating
network conditions, variable latency, and limited onboard resources are common.
Kubernetes” ability to rapidly adapt to changing traffic patterns and network con-
ditions is vital for ensuring optimal service delivery in NTNs, particularly in LEO
constellations where constant handovers and network shifts occur.



150

Chapter 6. O-RAN based NTN RAN Optimization

VNF/CNF ORCHESTRATOR

Monitoring G s Orchestration

System g Hetwark Engine
y Forecasting 9

h A

6G Network

FIGURE 6.12: A novel framework for CNF orchestration, with Al as
a native component of the architecture.

Key components of the CNF Orchestrator include:

* Monitoring System: Continuous monitoring is essential for optimizing re-

source management and enhancing orchestration decisions. A monitoring tool
like Prometheus tracks real-time metrics from CNFs deployed across both ter-
restrial and satellite nodes. It collects data such as CPU usage, memory con-
sumption, and network bandwidth, which are crucial not only for operational
management but also for providing the foundational data necessary for train-

ing machine learning models.

Al-Powered Network Forecasting: It manages the full lifecycle of AI/ML op-
erations to enable proactive resource management. It includes services for data
collection and storage, database for historical and predicted metrics, and a Ma-
chine Learning Platform for executing ML pipelines to forecast resource uti-
lization across terrestrial and satellite environments. This module is shown
in detail in Figure 6.13, and each subcomponent is explained in the following

section.

Orchestration Engine: This customised orchestrator powered by Al overrides
Kubernetes” default autoscaler to implement a proactive scaling strategy. By
utilising forecasting data produced by Al, it facilitates faster container deploy-
ments, reduces cold start delays, and prevents both overprovisioning and un-
derprovisioning of resources. This proactive approach ensures that both ter-
restrial and non-terrestrial resources are allocated efficiently. This is crucial
in satellite networks, where rapid resource allocation helps maintain seamless
communication despite varying conditions in orbit, and minimizing waste is
vital due to the limited computational resources onboard.
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FIGURE 6.13: Detailed architecture of the proposed Al-Powered Net-
work Forecasting component.

6.4.2.2 The Al-powered Network Forecasting

The Al-powered Network Forecasting module (Fig. 6.13) is designed to handle the

full lifecycle of AI/ML operations, consisting of several key services:

¢ Data Collection Storage: This service extracts time series of the real-time met-
rics captured by the Monitoring System and stores them in the Prediction Stor-
age Service for further processing. It ensures that relevant performance metrics
are continuously captured from both terrestrial and non terrestrial nodes, and

readily available for future analysis.

¢ Prediction Storage Service: This service is responsible for storing both the
historical input data (time series) used for Machine Learning and the outputs
of the Machine Learning pipelines. A time series database is preferred for this
service due to its optimization for handling time-based data, enabling efficient
storage and retrieval of both input data and forecasting results.
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* Machine Learning Platform: This platform manages the execution of ML pipelines,
specifically designed to forecast container resource utilization, including CPU,
memory, and bandwidth requirements across terrestrial and satellite environ-
ments. It adheres to established standards for ML operations [189], encom-
passing the entire lifecycle, from data loading and preprocessing to model
training and inference, ensuring accurate and timely predictions.

¢ Machine Learning Function Orchestrator (MLFO): The MLFO manages ML
pipelines, accessing to saved ML models and artifacts from the Deployment
Storage, and executing these pipelines in a distributed execution environment
powered by Docker containers. It automates the scheduling and tracking of
machine learning experiments, simplifying the management of complex ML
systems. By running ML models in isolated execution environments, the MLFO
ensures consistency and allows for parallel execution of pipelines.

6.4.3 AI/ML for CNF Resource Forecasting

In this section, we present and analyze several AI/ML models implemented and
tested for time series forecasting. These models were selected based on their ability
to handle historical data patterns and their applicability to our specific use case of

forecasting container resource utilization in network environments.

6.4.3.1 Models

* ARIMA: ARIMA is a well-established statistical method for forecasting time
series data based on its own historical values and lagged dependencies. It does
not involve a traditional training phase like other machine learning models,
making it computationally efficient. ARIMA works by combining three key
components: autoregression (AR), differencing (to make the series stationary),
and moving average (MA). This allows it to model the temporal structure of
the data and produce reasonable forecasts. However, while ARIMA is faster
to deploy and often effective for simple patterns, its predictive performance
tends to be limited when compared to advanced machine learning models,
particularly for more complex or nonlinear time series. In our experiments,
we used ARIMA as a baseline model to benchmark the performance of more
sophisticated ML models.

¢ LSTM for Univariate Forecasting: LSTM, a type of recurrent neural network
(RNN), is particularly suited for sequential data, such as time series, as it excels
at capturing both long-term dependencies and short-term fluctuations. It uses
a gated mechanism to control the flow of information, allowing it to retain or
forget specific patterns as needed. For our univariate forecasting task, where
the model predicts future values based on the history of a single variable, we
trained the LSTM using only past data from that variable. In this experiment,
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the LSTM achieved strong predictive performance, demonstrating its adapt-
ability to dynamic time series with shifting patterns.

e LSTM for Multivariate Forecasting with Covariates: To further improve fore-
casting accuracy, we extended the LSTM model to handle multivariate fore-
casting, where the goal is to predict multiple related time series simultane-
ously. This approach leverages the relationships between multiple variables,
allowing the model to learn from the dependencies across different data streams.
Additionally, we introduced covariates, variables that are not the primary tar-
gets of the forecast but are closely related and influence the dependent vari-
ables. These covariates, identified through data analysis, help the model un-
derstand external factors that impact the target variables. The multivariate
LSTM with covariates demonstrated significant improvements over the uni-
variate approach, providing more accurate forecasts by considering a wider

range of influencing variables.

6.4.3.2 Performance Evaluation

In this section, we evaluate and compare the performances of the different models.
The experiments are designed to emulate real-world scenarios, providing a compre-
hensive assessment of each model’s predictive capabilities. To promote transparency
and reproducibility, all experiments are open source and available in this GitHub
repository [190].

¢ Dataset Overview: All models were trained and evaluated on the same dataset
to ensure a fair comparison of performance metrics. The dataset, publicly
available [191], contains collected metrics from three types of applications run-
ning in a cloud-native environment. Among these, the collection of metrics
from the OpenAirInterface 5G Core network function AMF (Access and Mo-
bility Management Function), was found to be particularly relevant for our
experiments, as it represents a good example of a network function that can
be deployed in containers, analyzed, and predicted. To prepare the dataset for
training, we applied a few preprocessing steps. First, we downsampled the
data to reduce the number of null values. Following that, we applied interpo-
lation to handle any remaining missing data points in the time series. Once the
dataset was cleansed, it was split into two sets: 70% for training and 30% for
testing.

¢ Experimental Setup: For each model class introduced above, the experiments
simulate a real-world scenario, where historical resource usage metrics are
available, and the objective is to predict the resource usage for the next time
period. During the testing phase, we iterate through the test set, predicting
one step ahead each time. After making each prediction, the true value from
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the test set is added to the training data, simulating a real-time forecasting sce-
nario where new data continuously becomes available. This allows us to test

how well each model adapts to new information.

The models are evaluated using three performance metrics:

— MAPE: Measures the accuracy of the predictions as a percentage error.

— Mean Absolute Error (MAE): Provides the average magnitude of the er-

rors in a dataset without considering their direction.

- Root Mean Square Error (RMSE): Highlights larger errors by squaring
the error terms, emphasising deviations that may be more impactful in
practice.

6.4.4 Results

The results for CPU usage forecasting are shown in Table 6.4. The baseline model,
ARIMA (Fig. 6.14), produced a MAPE of 0.32. As expected, ARIMA’s performance,
while reasonable, is not as strong as more advanced machine learning models. Next,
we evaluated the LSTM model for univariate forecasting (Fig.6.15). Interestingly,
despite its potential for learning temporal patterns, LSTM showed only a slight im-
provement over ARIMA when using a single variable (CPU usage) for prediction,
rather than significantly outperforming it. This suggests that, in this case, univariate
forecasting may not capture the full complexity of the system’s behaviour. How-
ever, when moving to multivariate forecasting with covariates (Fig.6.16), where the
LSTM model was provided with additional related variables alongside CPU usage,
we observed a significant improvement in performance. This indicates that there
is a clear relationship between CPU usage and the additional covariates. The mul-
tivariate model achieved a MAPE of 0.28, demonstrating the benefit of incorporat-
ing multiple variables to capture interdependencies, thereby reducing the error and
improving the accuracy of the predictions. Since each error metric highlights a dif-
ferent aspect of forecasting performance, it is useful to clarify why their trajectories
diverge. Although MAPE is convenient because it is scale-free, it expresses the error
as a percentage of the true value. When CPU utilization occasionally drops to very
low levels, the denominator in this ratio becomes small, and the percentage error
inflates, masking improvements that occur at higher loads. In contrast, MAE and
RMSE measure the absolute magnitude of the residuals (with RMSE further penal-
izing large deviations) and therefore react more strongly when the overall spread of
the errors is reduced. Consequently, the multivariate LSTM registers only a mod-
est relative gain in MAPE, yet exhibits a much larger drop in MAE and RMSE. In
other words, most of the predictive improvement comes from shrinking the largest
absolute errors, particularly during high-load periods, rather than from uniformly
reducing percentage error across the full utilization range.
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| Model | MAPE | MAE | RMSE |

ARIMA 0.32 0.24 0.29
LSTM univariate 0.31 0.23 0.30
LSTM multivariate 0.28 0.08 0.11

TABLE 6.4: Comparison of AI/ML Models
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Prediction
MAPE: 0.28, MAE: 0.08, RMSE: 0.11
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Chapter 7

Conclusions

The main objective of this thesis was to investigate the exploitation of the O-RAN
paradigm and architecture in NTNs, assessing its potential to deliver flexible, inter-
operable, and scalable network solutions while addressing the distinct challenges of
NTNSs, such as dynamic behavior, resource limitations, and operational complexi-
ties. Consequently, the initial part of the thesis introduced the O-RAN standard and
provided an overview of key SatCom system architectures, with a specific emphasis
on NTN architectures as defined by the 3GPP standardization process. The research
then focused on three core aspects of O-RAN integration in NTNs: i) architectural
design and compatibility with O-RAN; ii) implementation of RAN disaggregation
in NTNs; and iii) leveraging near-real-time and real-time control loops to enhance
RAN performance.

Specifically, the research proposed three distinct architectural models for incor-
porating O-RAN principles into NTNs: the Full-gNB, Orbit-split, and Feeder-split
architectures. The first foresee a full gNB implemented on a single satellite node,
the second splits the gNB between two different satellite nodes, and the third splits
the gNB between a ground and a satellite node. These models addressed the unique
challenges of satellite-based networks, including high mobility and diverse latency
demands.

The following step has been an in-depth exploration of functional splits for RAN
disaggregation, analyzing their impact on NTN performance. Eight options, ranging
from PHY splits to higher-layer protocol splits, were evaluated. The results revealed
that lower-layer splits, such as Options 7 and 6, faced significant challenges due to
their high throughput and stringent latency requirements. In contrast, higher-layer
splits offered greater flexibility in addressing NTN-specific impairments, but pro-
vided less granularity in control. NTN-specific constraints on the split interface,
such as interface capacity and latency, were thoroughly examined, and adaptive so-
lutions were proposed to address these challenges.

The study underscored the advantages of virtualization in 3GPP NTN systems,
showcasing how software-driven RAN and CN solutions simplify network upgrades
to accommodate new 3GPP features. By leveraging the flexibility of virtualization,
operators can deploy and update networks efficiently as standards evolve, avoiding
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the need for hardware-centric upgrades. The chapter examined the NTN standard-
ization journey within 3GPP, focusing on the architectures defined in Releases 17
and 18, ongoing efforts, and the expected advancements in Release 19. Furthermore,
it analyzed how virtualization supports the seamless adoption of new functionali-
ties and detailed the software updates required to integrate Release 18 NTN features
into a software-based gNB, UE, and CN originally designed for Release 17.

Finally, the study evaluated the integration ofNon-RT, Near-RT,RT control loops
within NTN RICs. For Near-RT control loops, a novel Al-based framework for TN-
NTN traffic offloading was developed, utilizing deep Q-learning to dynamically
allocate resources between terrestrial and non-terrestrial layers. Numerical results
showed significant improvements in system throughput, with a 7% increase in spec-
tral efficiency in 70% of cases, achieving optimal load balancing under varying net-
work conditions. Additionally, real-time control loops were used to develop CSI pre-
diction techniques to mitigate the impact of channel aging caused by satellite mobil-
ity. A neural network-based CSI prediction model enhanced decoding accuracy and
improved the performance of SCMA in NTN environments. Numerical results indi-
cated that the proposed solution achieved high prediction accuracy compared to us-
ing outdated CSI directly. Ultimately, the control loop concept was advanced with a
proactive CNF orchestration framework tailored for NTN environments, leveraging
Al-driven time-series forecasting to efficiently predict and allocate critical resources.
This approach reduces delays, optimizes energy consumption, and ensures seamless
scalability in dynamic NTN scenarios. Numerical results highlight the effectiveness
of multivariate LSTM models, achieving a MAPE of 0.28 and significantly surpass-
ing baseline methods like ARIMA, showcasing the advantages of incorporating mul-
tiple variables for enhanced prediction accuracy and resource optimization.

Through these contributions, the thesis established a foundation for O-RAN-
based NTN integration. It is important to underline that the integration of O-RAN
into NTNs not only addresses the dynamic and complex challenges of satellite-based
networks but also significantly contributes to the sustainability goals of 6G. By en-
abling modular, Al-driven architectures and optimized resource utilization, O-RAN
ensures energy-efficient and scalable operations. Its synergy with NTNs fosters a
sustainable ecosystem, bridging the digital divide through reliable and affordable
connectivity in underserved regions. Consequently, O-RAN’s application in NTNs
is a key enabler for achieving the ambitious energy efficiency and inclusivity objec-
tives of a sustainable 6G future.

The work pursued in this thesis can be extended in several directions. The main
topics left for future works are:

* Absence of NTN specific functional split requirements for interface through-
put and latency: in this thesis, the data for interface throughput and latency
are taken from 3GPP TR 38.801 [20]. While these figures provide valuable ref-
erence points, they are designed for terrestrial networks. For a more specific
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analysis of RAN disaggregation in NTNS, it is necessary to compute the re-
quired interface throughput for each functional split option, considering the
particular configurations of NTN RANs. Additionally, the analysis of max-
imum interface latency should take into account the specific NTN user link

characteristics and, where relevant, the processing time of satellite hardware.

* Lack of NTN-specific security frameworks for O-RAN in TN-NTN integra-
tion: This thesis does not address security considerations for O-RAN, focus-
ing instead on the architectural and operational aspects of TN-NTN integra-
tion. However, the open and distributed nature of O-RAN introduces unique
security challenges, particularly in NTN environments with dynamic topolo-
gies, satellite mobility, and latency constraints. Future work should explore the
development of NTN-specific security frameworks, including lightweight en-
cryption protocols for resource-constrained nodes, robust defense mechanisms
against AI/ML adversarial attacks in near-RT RICs, and scalable identity and
access management solutions. These measures would ensure the secure and
reliable operation of TN-NTN integrated networks within the O-RAN ecosys-

tem.
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