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Abstract

The integration of Non-Terrestrial Networks into 5G New Radio extends mobile
broadband coverage beyond the practical reach of terrestrial infrastructure. Low
Earth Orbit satellite systems are particularly relevant because they offer lower
propagation delays than higher-orbit systems, support spatial frequency reuse, and
can be integrated with cellular network architectures.

This thesis investigates the downlink performance of 5G NR over LEO-based
Non-Terrestrial Networks through system-level simulations. The study considers
a single LEO satellite equipped with nineteen beams arranged in a hexagonal
layout. The system model incorporates satellite-Earth geometry, propagation losses,
antenna radiation characteristics, co-channel interference, and an NR physical-layer
abstraction based on standardized CQI definitions.

Two complementary modeling approaches are developed and analyzed. The
first is a snapshot-based model that uses an analytical reflector pattern, static
user realizations, and controlled load and bandwidth assumptions. Its results are
subjected to a partial single-polarization benchmark against published values and to
a Shannon upper-bound sanity check. The second approach uses a Uniform Planar
Array and supports fixed, dynamically steered, and hierarchical beamforming
configurations. Time-domain scheduling is included to evaluate scheduled-user
SINR and aggregate throughput over multiple time slots.

The results quantify aggregate throughput, spectral efficiency, and per-user
throughput distributions under different frequency-reuse, beamforming, and power-
allocation configurations. The analysis distinguishes improvements due to interfer-
ence reduction from those associated with increased occupied bandwidth. It also
identifies the performance and modeling trade-offs among the reflector, baseline
UPA, and hierarchical array configurations; these are not treated as a controlled
equal-aperture comparison. Overall, this work provides a system-level assessment
of design choices relevant to future NR-based Non-Terrestrial Networks.
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Summary

Non-Terrestrial Networks (NTNs) extend 5G New Radio (NR) services to areas
where terrestrial infrastructure is unavailable, impractical, or economically ineffi-
cient. Low Earth Orbit (LEO) satellites are particularly suitable for this purpose
because they provide lower propagation delay than higher-orbit satellite systems
and can employ multibeam payloads to reuse spectrum spatially. These benefits are
accompanied by important design challenges, including satellite-Earth geometry,
elevation-dependent propagation losses, co-channel interference, Doppler effects,
antenna-beam design, and radio-resource allocation.

This thesis develops a system-level framework for evaluating the downlink per-
formance of a single LEO satellite serving terrestrial users through a nineteen-beam
hexagonal cluster. The common scenario is based on a satellite altitude of 600 km,
an S-band carrier frequency of 2 GHz, and a minimum user elevation angle of 35°.
The link model includes free-space path loss, atmospheric attenuation, simplified
ionospheric and pointing-loss terms, receiver noise, co-channel interference, and
residual Doppler-induced inter-carrier interference. The physical-layer abstrac-
tion maps the experienced SINR to a Channel Quality Indicator and then to the
corresponding spectral efficiency defined by 5G NR.

Two complementary simulators are considered. The reflector-based simulator
uses a normalized Airy power pattern and a snapshot-based Monte Carlo method-
ology. It first selects a beam uniformly and then samples a user uniformly within
that beam’s half-power disk; overlap regions are consequently sampled more often
than non-overlap regions. Resources are shared equally in frequency among users
associated with each beam. This model enables efficient parameter sweeps and pro-
vides aggregate throughput, spectral efficiency, and user-throughput distributions.
Its results are subjected to a partial single-polarization comparison with published
values and to a Shannon upper-bound sanity check; neither comparison by itself
proves model correctness.

The second simulator models a Uniform Planar Array (UPA) payload and
introduces time-domain round-robin scheduling. It evaluates a baseline 16 x 16
UPA with fixed and dynamic steering, together with a hierarchical configuration
having a larger effective aperture. At each simulated slot, every active beam can
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schedule one associated user, and the simultaneously active co-channel beams
contribute interference. The resulting scheduled-user SINR samples and aggregate
throughput values show how dynamic steering, array topology, and transmit-power
allocation affect performance.

Frequency reuse factors K = 1 and K = 3 are evaluated. In the implemented
comparisons, the bandwidth parameter represents the bandwidth used by each
reuse group. Consequently, the K = 3 configuration occupies three times the
total spectrum of the K = 1 configuration when the same per-group bandwidth is
used. Its higher aggregate throughput therefore reflects both reduced co-channel
interference and increased total occupied bandwidth. For a meaningful comparison,
aggregate throughput is considered together with spectral efficiency normalized by
the total occupied bandwidth.

The standalone reflector and UPA studies retain different default receiver
assumptions. For the Chapter 7 comparison, however, the reflector is rerun at the
same link-budget operating point used by the UPA configurations. The architectures
still use different antenna beamwidths, footprints, and scheduling abstractions,
so this remains a complete-configuration comparison rather than a controlled
antenna-only experiment. Within the UPA study, dynamic steering improves the
baseline configuration by aligning the beam with the scheduled user. The evaluated
hierarchical configuration achieves the highest throughput and spectral efficiency,
but it also uses a larger effective aperture than the baseline UPA; its gain must be
attributed to the complete configuration rather than to hierarchical beamforming
alone.

The propagation-sensitivity analysis indicates that rain attenuation has a limited
impact at the considered S-band operating point and elevation constraint. The
simplified ionospheric-margin and residual-Doppler abstractions produce additional
degradation, although co-channel interference remains an important limitation
under full frequency reuse. A separate historical single-beam power-flux-density
calculation is retained only as an illustration; because the cited recommendation
is suppressed, its numerical mask is outside the modeled carrier band, and the
calculation does not include aggregate multibeam emissions, it is not presented as
a regulatory-compliance determination.

Overall, the study demonstrates the importance of stating bandwidth, power,
antenna-aperture, and scheduling assumptions explicitly when comparing multi-
beam NTN architectures. The developed framework provides a basis for further
work involving mobility and handover, more detailed channel models, equal-aperture
beamforming comparisons, advanced scheduling, and multi-satellite constellation
analysis.
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Chapter 1

Introduction

1.1 Motivation

The continuing growth of mobile data traffic and the demand for ubiquitous
connectivity expose the limitations of networks that rely exclusively on terrestrial
infrastructure. Although fifth-generation systems provide high data rates and low
latency in well-served areas, extending coverage to remote regions, maritime routes,
aircraft, and disaster-affected areas can be economically or technically impractical.
non-terrestrial network (NTN) address these coverage gaps by integrating
satellite and aerial platforms with terrestrial networks. 3rd Generation Partnership
Project (3GPP) has defined deployment scenarios, requirements, and technical
adaptations for supporting NTN within the 5G New Radio (NR) framework [1].

Among the available satellite architectures, low Earth orbit (LEO) systems
are particularly relevant for broadband connectivity. Compared with higher-orbit
systems, they provide shorter propagation delays and can support dense multibeam
layouts for spatial frequency reuse.

However, integrating NR with LEO-based NTN introduces several model-
ing challenges. Large coverage areas, aggressive frequency reuse, elevation-angle
dependence, and antenna pointing directly affect link quality and interference.
Earth—space propagation effects, including gaseous absorption and scintillation,
must also be represented when evaluating throughput and coverage [2, 3].

1.2 Challenges in Modeling NR-Based NTN Sys-
tems

Accurate system-level evaluation of NR-based N'TN requires consistent geometric,
propagation, antenna, and interference models. Satellite position determines slant
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Introduction

range, elevation angle, and the angular offset between a user and each beam center.
Simplified geometry can therefore distort the predicted performance, particularly
near coverage boundaries. Multibeam payloads add a second challenge: spatial
frequency reuse increases capacity but creates co-channel interference that depends
on beam patterns, beam spacing, user distribution, and scheduling [4].

Propagation modeling adds extra layers of complexity. Links between Earth
and space suffer from multiple attenuation types: gas absorption, rain attenuation,
scintillation effects, errors in pointing. International Telecommunication Union —
Radiocommunication Sector (ITU-R) guidelines offer standard models for these
issues, but applying them straight often requires cuts for big system simulations.
Choosing the proper level of detail: that stands as a main decision in analyzing
NTN performance.

Finally, mobility related aspects further complicate the modeling process. Al-
though snapshot-based evaluations are useful for capacity analysis, LEO satellite
motion and beam sweeping introduce time-varying channel conditions and necessi-
tate handover procedures. In NR based NTN, these procedures are governed by
radio resource control (RRC) mechanisms standardized by 3GPP, such as mea-
surement filtering and event triggered handovers [5]. Understanding the impact of
these mechanisms on user throughput and service continuity is essential for realistic
performance evaluation.

1.3 Objectives of the Thesis

This thesis is primarily aimed to investigate downlink performance for 5G NR in
the domain of LEO Non Terrestrial Networks using system modeling and simulation
techniques. This investigation is to be conducted to measure the impact of key
decisions and model choices on capacity, efficiency in spectrum usage, and user
data rates. Specific objectives include:

« To propose a system simulation model for the NR-based NTN in accordance
with the 3GPP specifications and I'TU-R propagation models.

o To study the effects of the use of multibeam satellite systems and frequency
reuse techniques.

o To analyze the throughput performance of NR using realistic physical layer
models, Including channel quality indicator (CQI) based spectral efficiency

mapping.

o To compare different antenna and beamforming models with different levels
of complexity and realism.
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o To study user-throughput distributions and lower-percentile performance for
static and dynamic scenarios.

1.4 Scope and Methodology

To achieve these objectives, this thesis adopts a simulation based approach focusing
on a single LEO satellite serving terrestrial user equipment within its coverage
footprint. Two complementary modeling scenarios are considered in order to
balance analytical insight and modeling realism.

The first scenario relies on an analytical snapshot-based model, where antenna
radiation patterns are described using closed-form expressions and users are assumed
static within a given snapshot. This approach enables efficient parameter sweeps
and facilitates comparison with reference studies and standardization assumptions.

The second scenario introduces a more advanced antenna panel-based model,
in which the satellite payload is equipped with a uniform planar array (UPA)
capable of supporting both fixed and dynamic beamforming strategies. Time
domain scheduling and instantaneous SINR sampling are incorporated, enabling
distribution-level comparisons through cumulative distribution functions.

By combining these two approaches, the thesis aims to highlight the trade-
offs between modeling complexity, computational cost, and performance accuracy,
while providing engineering insights relevant to the design of NR based multibeam
satellite systems.

1.5 Thesis Organization

The remainder of this thesis is organized as follows:

o Chapter 2 provides a review of the background and related work on NR-
based NTN (NTNs), focusing on standardization activities, key challenges,
and the state of the art in propagation modeling.

o Chapter 3 outlines the common system model and assumptions adopted
throughout the thesis. This chapter sets the framework for the simulations
and analyses, introducing the fundamental modeling choices and assumptions
that underpin the study.

o Chapter 4 presents the NR throughput and interference modeling framework,
describing how link budget calculations, signal-to-interference-plus-noise ratio
(SINR) evaluations, and throughput are computed in the NTN context.

3
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Chapter 5 presents the implementation and analysis of the reflector-based
multibeam simulator, including the Airy pattern and inter-beam interference
model.

Chapter 6 focuses on the UPA based beamforming model, where a UPA is
utilized for dynamic beamforming and interference mitigation. This chapter
explores the application of UPA for multibeam systems in NTN.

Chapter 7 provides a comparative analysis of the two simulators (reflector-
based and UPA based) across different scenarios, evaluating performance,
efficiency, and the impact of key system parameters.

Chapter 8 concludes the thesis, summarizing the key findings and suggesting
potential avenues for future research in the field of NTN and NR.



Chapter 2

Background and Related Work

2.1 Introduction

Integrating NTN into 5G extends mobile-network coverage beyond the reach of
terrestrial infrastructure. NTN links involve large geometric scales, long propagation
paths, and Earth—space channel effects that differ substantially from those of
conventional cellular networks. Evaluating NR performance in this context therefore
requires dedicated models and clearly defined reference assumptions.

This chapter reviews the principal NTN standardization activities, with par-
ticular attention to 3GPP reference [1, 6], ITU-R propagation recommendations
[2, 3, 7, 8], antenna and interference models, and existing performance studies.
These elements provide the theoretical and methodological basis for the simulations
developed in this thesis.

2.2 Standardization of NTN in 3GPP

The 3rd Generation Partnership Project (3GPP) introduced normative NTN sup-
port in Release 17. The objective is to integrate satellite and high-altitude platforms
into the 5G NR framework. 3GPP technical report (TR) 38.821 describes deploy-
ment scenarios, architectural options, and evaluation assumptions for NR-based
NTN [1].

That document points out various rollout paths for Non-Terrestrial setups.
Satellites in LEO, medium Earth orbit (MEQ), geostationary Earth orbit (GEO)
show up, along with systems on High Altitude Platforms. LEO types prove
especially fitting for wideband access; shorter delays in signals and stronger link
margins over GEO ones account for that edge.

For system-level evaluation, 3GPP TR 38.821 [1] defines reference values for
satellite altitude, minimum elevation angle, multibeam coverage, frequency reuse,
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and service-link bandwidth. These assumptions support reproducible comparisons
across academic and industrial studies.

2.3 Reference NTN Parameters in
3GPP TR 38.821

One major input from [1] involves setting baseline values for checking NR in these
networks; those values offer a uniform starting point for simulations at the system
scale and get used directly in this study.

For cases with LEO satellites, the guide looks at heights of 600 km and 1200
km. Payloads on satellites with multiple beams deliver coverage in spot forms over
broad lands; the size of each spot-beam area might reach about 1000 km from edge
to edge, tied to antenna traits and limits on elevation.

The smallest angle of elevation curbs heavy losses in paths and fading from
the air. TR 38.821 permits angles down to 10 degrees for some checks, but higher
cutoffs often crop up in system-wide reviews: concentrating on parts of the area
that can actually get service.

Frequency reuse improves spectral efficiency in multibeam systems. The beam
layout and the level of co-channel interference determine the appropriate reuse
factor; typical system evaluations consider reuse factors greater than one, balancing
capacity gains against the increased interference from shared frequency resources.
Antenna characteristics such as beamwidth, tapering, and off-axis attenuation also
influence these trade-offs and are generally aligned with reference assumptions from
3GPP studies|6, 1].

By sticking to these set values, checks on performance stay in line with 3GPP
assumptions, yet leave room to probe certain picks in design [1].

2.4 Propagation Modeling for Earth—Space Links

The modeling of how signals were propagated is a vital piece in analyzing the
performance of NTN. Links from Earth to space have strong dependence on the
angle of elevation, unlike those on the ground; effects from the atmosphere that
shift with frequency and climatic conditions are also another aspect that needs to
be considered.

ITU-R Recommendation [2] provides prediction methods for Earth—space prop-
agation effects, including rain attenuation, scintillation, and tropospheric effects
[2]. These models are widely implemented for satellite system design and serve
as a reference for link budget calculations in NTN researches. Then ITU-R P.676
details models for losses from gases in the air, mainly oxygen and water vapor
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[3]. Such losses stay mild under 10 GHz usually, but they matter more for precise
margin checks, especially at low elevation angles. Recommendations from [TU-R
supply thorough and exact models for propagation losses, though putting them
straight to work can demand heavy computing in big system simulations. When the
objective is to compare system performance rather than to evaluate link availability,
simplified or averaged propagation models are often adopted.

2.5 Antenna Modeling and Beam Characteristics

Antenna radiation patterns determine the received signal strength in the main beam
and play a key role in defining the level of inter-beam interference in multibeam
satellite systems. In the literature, two primary approaches are commonly used for
modeling antenna patterns: analytical models based on closed-form mathematical
expressions, and numerical approaches based on discretized angular or spatial grids.

Analytical models, such as those based on Airy or Bessel functions derived
from uniformly illuminated circular apertures, provide compact expressions for the
off-axis gain attenuation. These models are particularly useful for fast evaluation
of system configurations, as they capture the main-lobe behavior and side-lobe
structure with limited computational complexity. They also offer insight into beam
separation and overlap, which are critical for understanding interference between
adjacent beams.

In contrast, array-based models represent the antenna as a collection of discrete
radiating elements, typically arranged in a regular planar structure with uniform
spacing. This representation enables advanced beamforming capabilities, including
dynamic beam steering and user-specific beam adaptation. However, these benefits
come at the cost of increased computational complexity, as the array response must
be evaluated through steering vectors and element-wise phase adjustments.

Pointing accuracy also plays a significant role in link performance. Misalignment
between the intended beam direction and the actual pointing direction results
in reduced signal strength and increased interference leakage toward neighboring
beams. Studies on satellite antenna misalignment emphasize the importance of
incorporating appropriate margin losses to account for these effects in system-level
evaluations [9].

2.6 Interference Modeling in Multibeam NTN

In this approach to interference modeling, we adopt a broad system perspective that
lines up with the assessment techniques described in 3GPP [1]; downlink inter-beam
interference arise from several satellite beams broadcasting simultaneously, each
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tapping into identical frequency bands.

In the scheduling abstraction adopted for the UPA simulator, each active beam
serves at most one associated UE per slot. The reflector simulator instead uses
equal-share frequency-domain resource allocation among the UEs associated with
each beam. Users encounter co-channel disturbances from any additional beams
that activate on matching time-frequency blocks, with the intensity hinging on
whatever frequency reuse strategy gets picked.

We look at a pair of reuse methods, drawn straight from [1]. Consider full
frequency reuse where the reuse factor K stands at 1: all beams within the group
transmit at the same carrier frequency, meaning every operating beam contributes
interference to those served by others. A frequency reuse scheme based on three
carrier frequencies results in K = 3, dividing beams into clusters following hexagonal
layouts; disturbances emerge solely among beams in the identical reuse category as
the one handling the considered user.

Interference is evaluated at the user side, where the antenna gain from each
co-channel beam toward the user location is taken into account. The resulting
interference depends on the spatial separation between beams, as well as on
the antenna radiation characteristics, including main-lobe behavior and side-lobe
leakage. These effects naturally arise from the antenna directional patterns, avoiding
the need for simplified link-level approximations.

Each beam is assumed to transmit at equal power levels, which is a common
assumption in NTN system-level studies. The two simulation setups considered in
this work employ an identical interference structure. For the analytical multibeam
model, this configuration enables consistent comparison of SINR variations and data
rate performance across different antenna designs and frequency reuse configurations,
while remaining aligned with the reference assumptions of 3GPP TR 38.821 [1].

2.7 NR Physical Layer Abstraction and Mobility
Support

System-level simulations of NR-based N'TN rely on physical layer abstractions
to map signal-to-interference-plus-noise ratio (SINR) to achievable throughput.
Physical-level simulations available in literature provide mappings of the received
SINR to a certain Channel Quality Indicator (CQI), as defined in 3GPP specifica-
tions. CQI is directly related to spectral efficiency, enabling consistent throughput
evaluation across different studies.

In addition, mobility management and handover procedures in NR-based
NTN are governed by RRC mechanisms specified in 3GPP technical specification
(TS) 38.331 [5]. These mechanisms include measurement filtering, event-triggered
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handovers, and timing constraints, which are particularly relevant in LEO satellite
systems due to beam motion and time-varying channel conditions.

user equipment (UE) radio-frequency constraints for satellite access are specified
in [10], which defines transmit power limits, receiver sensitivity, and band-specific
requirements. These constraints impose fundamental limits on achievable link
performance and must be considered in system-level evaluations.

2.8 Existing Performance Studies and Research
Gap

Several studies have investigated the performance of NR-based NTN using both
analytical and simulation-based approaches. Industry-driven evaluations and
commercial simulation tools provide insights into realistic system behavior under
standardized assumptions [11], while academic works typically examine specific
design aspects such as interference management, beamforming, and mobility.

More broadly, NTN have attracted significant attention as a key enabler for
beyond-5G and 6G systems. Existing literature has extensively explored various
dimensions of NTN design, including system architectures, channel modeling,
resource allocation, and machine learning-based optimization techniques [12, 13].

Despite these advances, most prior works address these components in isolation,
focusing on individual modeling assumptions or optimization objectives. As a
result, inter dependencies between key system dimensions are often not explicitly
captured.

Consequently, comparative analyses that jointly examine different antenna
models, frequency reuse strategies, and scheduling abstractions within a unified
framework remain relatively limited. This lack of holistic evaluation hinders a
systematic understanding of the trade-offs between modeling choices and their
impact on system-level performance.

2.9 Summary

This chapter has reviewed the standardization framework, reference parameters,
and modeling approaches relevant to NR-based NTN. By adopting the reference
assumptions defined in 3GPP TR 38.821 and ITU-R recommendations, this thesis
builds upon a standardized and defensible foundation [1, 2, 3, 7, 8]. The identified
research gaps motivate the system models and simulation scenarios presented in
the following chapters.



Chapter 3

Common System Model and
Assumptions

3.1 Introduction

This chapter defines the common system model and assumptions adopted through-
out the thesis. The objective is to provide a consistent framework for evaluating
5G NR performance over LEO-based NTNs. This model serves as the basis for the
scenario-specific analyses in subsequent chapters.

The modeling choices are aligned with the reference assumptions outlined in
3GPP TR 38.821 for NR-based NTN evaluations, as well as with established
propagation and antenna modeling recommendations provided by I'TU-R. Where
simplifications are introduced, they are explicitly stated and justified to ensure
consistency in the system-level simulations|1, 2, 3, 7, 8].

3.2 Considered NTN Scenario

The considered NTN scenario focuses on a single LEO satellite serving terrestrial
UE within its coverage footprint. The satellite acts as a transparent relay between
the service link and the terrestrial network.

In accordance with [1], the satellite is connected to a ground gateway through
a feeder link, while the service link operates between the satellite and the UE. The
feeder link is assumed not to be a bottleneck and is not explicitly modeled. The
architecture is illustrated in Figure 3.1.
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Figure 3.1: Link between the satellite and the user equipment (UE), and the
feeder link between the satellite and the ground gateway, adapted from [1].

3.3 Satellite Orbit and Geometry

The simulations use a circular LEO at altitude H = 600 km and a service-link
carrier frequency f. =2 GHz. An altitude of 1200 km is another 3GPP reference
alternative, but it is not evaluated in this thesis [1].

Satellite-Earth geometry plays a crucial role in NTN performance evaluation,
affecting slant range, elevation angle, propagation delay, and link budget. The
geometric relationships between the satellite and ground users are modeled using
Earth-centered coordinate systems and direction-only geometry, following standard
astrodynamics principles [14].

A spherical Earth model is adopted for simplicity, providing sufficient accuracy
for system-level simulations while avoiding the complexity of ellipsoidal Earth
representations. The elevation angle between the satellite and each UE is computed
based on the relative geometry, and only users above a minimum elevation threshold
are considered serviceable.

3.4 Coverage and Elevation Constraints

The satellite coverage footprint is the region on the Earth’s surface where the
terminal elevation angle exceeds a predefined threshold. In line with [1], an
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elevation mask is applied to avoid excessive path loss and atmospheric attenuation.
This work adopts E;, = 35°.

o
N

Figure 3.2: Satellite-Earth geometry used for the coverage calculation, showing
Earth radius Rpg, satellite altitude H, Earth-centered angle W, satellite-frame
off-nadir angle ™4, and terminal elevation angle E.

Figure 3.2 illustrates the satellite-Earth geometry considered in this work,
defining the Earth radius Rg, the satellite altitude H, the Earth-centered angle
U between the sub-satellite point and a generic user, the slant range d, and the
corresponding elevation angle F at the user terminal.

Using spherical Earth geometry, the elevation angle corresponding to a user
located at an Earth-centered angle ¥ is given by:

E(V) = arctanZ(cos v — ,sin \Il) . (3.1)

Rg
R+ H
Users are considered to be within coverage only if:

E(T) > By, (3.2)

The maximum Earth-centered angle ¥, defining the footprint boundary
is therefore obtained by solving E(Wyay) = Fumin. The corresponding coverage
footprint radius on the Earth’s surface is expressed as:

Rfootprint - RE’ \Ilmax- (33)
12
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For completeness, the slant range between the satellite and a user located at W
is computed as:

d(0) = \/(Rg + H)? + R% — 2Rg(Rp + H) cos 0. (3.4)

Users located outside the resulting footprint are assumed to be out of coverage
and are excluded from the performance evaluation. This elevation-based footprint
definition ensures that the modeled links correspond to realistic operating conditions
and avoids unrealistically low SINR values near the edge of coverage.

3.5 Multibeam Satellite Architecture

The satellite payload employs a multibeam architecture to increase system capacity
through spatial reuse across the coverage area. The satellite’s overall footprint is
partitioned into multiple spot beams arranged according to a hexagonal tessellation,
a widely adopted packing strategy that provides near-uniform coverage and efficient
spatial packing. This layout is consistent with the reference configurations defined
in [1].

In this thesis, a cluster of 19 spot beams is considered as the reference configu-
ration. The 19-beam hexagonal cluster represents a practical compromise between
coverage granularity and system complexity and is commonly used in system-level
studies to capture the dominant inter-beam interference mechanisms while keeping
the simulation domain tractable. Moreover, this cluster size enables clear evaluation
of frequency reuse strategies, such as full reuse (K = 1) and three-color reuse
(K = 3), within a self-contained footprint. The corresponding beam layouts for
both reuse configurations are illustrated in Figure 3.3.

Fach beam is associated with a distinct boresight direction at the satellite
payload. Beam centers are generated first in the satellite-centered UV-plane
according to the hexagonal layout and are then mapped to Earth-surface coordinates
using spherical-Earth geometry. Each boresight is characterized by an off-nadir
angle and an azimuth in the satellite body frame.

This representation allows a consistent separation between Earth-side geometry
(used for user placement and coverage determination) and satellite-side geometry
(used for antenna gain evaluation). As a result, beam overlap, edge attenuation, and
inter-beam interference can be accurately modeled based on the relative angular
separation between users and beam boresights, while preserving full consistency
with the reference multibeam layouts defined in 3GPP NTN studies. The detailed
construction of the 19-beam hexagonal layout used in the simulator is described in
Appendix A.
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Figure 3.3: 19-beam hexagonal cluster for frequency reuse configurations: (left)
full frequency reuse (K = 1) and (right) three-color frequency reuse (K = 3).

3.6 Frequency Reuse and Bandwidth Allocation

Frequency reuse is employed to reduce the inter-beam interference in the multibeam
satellite system. In accordance with [1], different reuse factors can be considered
depending on the beam layout and interference assumptions [1].

Let By, denote the bandwidth assigned to each orthogonal reuse group. Every
beam uses the bandwidth of its assigned group. Let B,.. denote the total occupied
spectrum across the K groups. These quantities are related by

Bocc = KBgrp;

where K is the frequency-reuse factor (FRF). If the total available spectrum is
fixed, then By, = Boec/K . In the numerical comparisons presented in Chapters 5
and 7, however, the bandwidth parameter passed to the simulators is the per-reuse-
group bandwidth Bg,,. Therefore, using the same bandwidth parameter for KX =1
and K = 3 causes the K = 3 case to occupy three times the total spectrum.

Lower reuse factors result in stronger co-channel interference. Higher reuse
factors reduce interference, but their aggregate-throughput interpretation depends
on whether total occupied spectrum or per-group bandwidth is held constant.
Accordingly, the results report both aggregate throughput and spectral efficiency
normalized by total occupied bandwidth.
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3.7 Propagation Loss Modeling

The downlink link budget separates path-dependent, scenario-dependent, and fixed
attenuation terms. For user u, the aggregate link attenuation is

Llink,u - LFSPL,u + Latm,u + Liono,u + Lpoint + LHW + Lmargin: (35)

where Lpgpy, is free-space path loss, L., is aggregate atmospheric attenuation,
Liono is the heuristic ionospheric fade margin, Lpeiy is the deterministic pointing
loss, and Lyw and Lyarein are fixed hardware and link margins.

3.7.1 Free-Space Path Loss

The free-space path loss is computed as:

drd
Lygpr, = 201log;, (/\> (3-6)

where Lpgpy, is expressed in dB, d is the slant range between the satellite and
the UE, and A. = ¢/ f, is the carrier wavelength. The slant range is obtained from
the satellite-UE geometry as a function of the Earth central angle and satellite
altitude [15].

3.7.2 Tropospheric and Atmospheric Attenuation

Atmospheric attenuation along the Earth-space path is modeled following the
procedures defined in I'TU-R Recommendations [2, 3]. The adopted model accounts
for elevation- and frequency-dependent attenuation mechanisms and is evaluated
using a slant-path formulation.

In this context, atmospheric attenuation is the aggregate term, while tropo-
spheric refers to the lower-atmosphere mechanisms included within it. Gaseous
absorption, clouds, rain, and tropospheric scintillation are therefore combined in
L.im. Tonospheric scintillation occurs at much higher altitudes and is represented
separately by Liono-

Depending on the selected propagation mode, the atmospheric loss term L,y
includes the following components:

o Gaseous attenuation due to oxygen and water vapor absorption, modeled
according to [3].

o Cloud attenuation associated with liquid water content, modeled according
to [16].
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o Rain attenuation, modeled using the Earth-space prediction procedure and
rain-specific attenuation coefficients in [2, 7], for a specified exceedance
probability.

o Tropospheric scintillation is modeled as a statistical fading contribution
according to [2], with dependence on elevation angle, antenna diameter, and
frequency.

Two propagation configurations are considered: a non-rain baseline, labeled
CLEAR in the simulator, where gaseous and cloud attenuation are included, and rain
conditions, where rain attenuation and tropospheric scintillation are also accounted
for. Since cloud attenuation is retained, the baseline should not be interpreted as a
strictly cloud-free clear-sky condition.

Calculation Using the ITU-Rpy Library

The atmospheric components are evaluated with version 0.4.0 of the open-
source ITU-Rpy library [17]. For every UE, the simulator calls atmospheric_
attenuation_slant_path using the terminal latitude and longitude, carrier fre-
quency, elevation angle, numerical exceedance percentage py, and antenna-diameter
parameter. The function implements the long-term Earth—space propagation proce-
dures of [2] and invokes the related recommendations required for each component.
Because local meteorological measurements are not supplied in this work, ITU-Rpy
obtains the required climatic quantities from the ITU-R digital maps and reference
models, including rainfall rate, rain height, water-vapor content, cloud liquid-water
content, temperature, pressure, and wet radio refractivity [18, 19, 20, 21, 22, 16].
The simulations use py = 0.1, which denotes 0.1%, meaning that the reported
statistical attenuation is exceeded for approximately 0.1% of an average year. The
diameter supplied to the model is 2 m for the reflector and 1.2 m for the 16 x 16
UPA aperture. ITU-R P.618 defines this parameter as the Earth-station antenna
diameter because it controls aperture averaging of tropospheric scintillation. The
current implementation instead supplies the payload-aperture dimension; conse-
quently, its effect on the scintillation term should be interpreted as a system-level
modeling assumption. A stricter downlink implementation would use the equivalent
diameter of the UE receive antenna.

Gaseous attenuation represents molecular absorption by oxygen and water
vapor. In ITU-R P.676, the specific gaseous attenuation is expressed as

Ye(fanz) = Yol fara) + Yw(fomz) = 0.1820 fam, [Ny + Ny [dB/km], (3.7)

where fon, = f./(1 GHz) is the numerical carrier frequency in GHz and the imagi-
nary refractivity terms are obtained from the oxygen and water-vapor absorption-
line models. The slant-path gaseous attenuation A, is obtained by integrating the
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specific attenuation along the atmospheric path. The library call uses its default
approzimate P.676 slant-path method.

For clouds and fog, ITU-R P.840 relates attenuation to liquid-water content.
The cloud specific attenuation and slant-path attenuation are

7c(f>T) = MKl(fvT)a (38)

A = LTEd(SQ f, p%)Kl(fGHza273-15)
¢ sin(E) ’

(3.9)

where M is the liquid-water density, K is the specific attenuation coefficient, ¢
and ¢ denote latitude and longitude, and L,eq is the reduced columnar liquid-water
content obtained from the ITU-R maps.

Rain attenuation is calculated using the P.618 slant-path procedure. First,
P.838 gives the rain specific attenuation

TR = ]{?RRaR [dB/km], (310)

where R is the rainfall rate in mm/h, and the coefficients kr and ar depend
on frequency, elevation angle, and polarization. ITU-Rpy obtains the 0.01%-
exceedance rainfall rate from P.837 and the rain height from P.839. P.618 then
applies horizontal and vertical reduction factors to determine an effective rain-path
length Leg, giving

Ar0.01 = YR Left, (3.11)

and scales this value to the requested exceedance percentage po.

Tropospheric scintillation is caused by rapid refractive-index fluctuations in the
lower atmosphere. The P.618 model used by ITU-Rpy first estimates a reference
amplitude standard deviation from the wet radio refractivity:

Oref = 3.6 X 1072 + 107" Nyper.- (3.12)

It then accounts for elevation, frequency, turbulent-layer path length, and antenna
aperture averaging to calculate

Ureff7/12g(Deff> fGqu E)

GHz
= A = q
Os sin1‘2(E) ) s(p%) = a(pw)os, (3.13)

where Deg is the effective receive-aperture diameter, g(-) is the aperture-averaging
factor, and a(py) is the P.618 time-percentage factor. Therefore, Ay is a statistical
fade depth exceeded for py percent of time, not a generated time-domain fading
trace.
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3.7.3 Ionospheric Scintillation Loss

Unlike the atmospheric and tropospheric terms, ionospheric scintillation is not
calculated by I'TU-Rpy in this simulator. It is modeled as an additional fade margin
inspired by the planning principles described in Recommendation ITU-R P.531 [8].
A simplified parametric margin is used to capture the dominant system-level trends,
providing computational efficiency.

The ionospheric loss term L;,,, is modeled as a function of carrier frequency,
elevation angle, and UE latitude, controlled by ionospheric activity levels. Three
ionospheric conditions are considered:

o Quiet ionosphere, corresponding to low scintillation activity.
o Typical tonosphere, representing average conditions.
o Disturbed ionosphere, corresponding to high scintillation activity.

The ionospheric loss increases with lower elevation angles and frequencies, and
stronger effects are observed at equatorial and high-latitude regions [8].

3.7.4 Implemented Loss Mechanisms and Classification

In this thesis, the term dynamic losses refers to attenuation terms that change
with user geometry or with the selected propagation scenario. These terms must
be distinguished from fixed implementation margins and from residual-Doppler
interference. They are recomputed for each user and configuration, but the simulator
does not generate a time-evolving fading trace. The atmospheric attenuation applied
to user u is selected as

[ {Ag’u + Acu, non-rain baseline, (3.14)

Agy + Acy + 0rAR, + 0sAs,, Tain scenario,

where Ag, A, Ar, and Ay denote gaseous, cloud, rain, and tropospheric-scintillation
attenuation, respectively. The binary switches dg and ds enable rain and tropo-
spheric scintillation attenuation in the selected simulation configuration. These
components are evaluated using the I'TU-R propagation procedures implemented
by the itur library. They depend on quantities including terminal latitude and
longitude, elevation angle, carrier frequency, antenna diameter, and percentage of
time exceeded [17, 2, 3, 7, 16].

The simulator uses a simplified, P.531-inspired ionospheric fade margin for
system-level comparison rather than a time-domain ionospheric-scintillation process.
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Its implemented factors are

1

Fp=—n— (3.15)
sin(Fy)
L (Il —10° ol = 67’
Fa =14+ 1.5exp ) T + 1.0exp 5 2 ., (3.16)
F, = L - (3.17)
F= max(fGHZ,O.l) ’ )
0.15

0.1

Fp,iono - ﬁ . (318)

The resulting margin is
Liono,u = Chp (AlevelFEEathFp,ionoa 07 10) [dB], (319)

where E, is clipped to 5°-89°, Diono,% is clipped to 0.001-5, and Ajeye is 0.5, 1.5,
or 3.5 dB for quiet, typical, or disturbed ionospheric conditions, respectively.
The implementation sets piono,% = Py for convenience, but piono% is an internal
sensitivity parameter of this heuristic; it is not a P.531-derived time-exceedance
statistic.

The complete received-power calculation for user u from beam b is

dBW
pr[,u,b ] = EIRPb + GRX + Grel,u,b - LFSPL,u - Latm,u - Liono,u - Lpoint - LHW - Lmargina

(3.20)
where EIRP;, and ij:v I are in dBW, antenna gains are in dBi or relative dB,
and losses are in dB. The boresight transmit gain is already included in EIRPy;
consequently, Greinp < 0 dB represents only the normalized directional attenuation
from beam b toward user u. It is obtained from the Airy pattern in the reflector
simulator and from the normalized array response in the UPA simulator.

Table 3.1: Classification of losses and impairment mechanisms used in the simula-
tor.

Term Classification Implemented mechanism

Lyspr, Geometry-dependent Changes with the satellite-terminal slant range.

Latm Geometry- and scenario-dependent ITU-R atmospheric components selected according to the propagation scenario.

Liono Geometry- and scenario-dependent margin ~ Simplified function of elevation, latitude, frequency, an internal percentage input, and activity level.
Lyoint Fixed deterministic loss Computed from the configured 0.2° pointing error and antenna beamwidth.

Luw, Lmargin Fixed margins Constant hardware loss and link margin of 2 dB and 3 dB, respectively.

Residual Doppler  Self-interference, not propagation loss Converted to inter-carrier interference and added to the SINR denominator.

Thus, not every quantity subtracted in the link budget is dynamic. Free-
space and propagation losses vary across terminals or scenarios, whereas pointing,
hardware, and link margins are deterministic for a given simulation configuration.
Residual Doppler is not subtracted as a dB loss; it reduces SINR through an
additional interference term, as described later in this chapter.
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3.7.5 Discussion

The adopted propagation loss model combines I'TU-R-based atmospheric attenu-
ation procedures with simplified, system-level representations of ionospheric and
implementation-related effects. This approach captures the dominant dependen-
cies on frequency, elevation angle, and geographical location while maintaining
computational efficiency suitable for large-scale NTN system simulations.

3.8 Antenna Gain and Beam Patterns

Antenna radiation characteristics play a pivotal role in determining the desired
signal strength and inter-beam interference in multibeam non-terrestrial networks.
This section outlines the models used for antenna gain, covering both the reflector-
based and UPA-based simulators employed in this thesis. The goal is to provide a
clear description of the antenna patterns and their application in the performance
evaluation framework.

3.8.1 Reflector-Based Simulator

The reflector simulator uses a uniformly illuminated circular aperture. For user «
and beam b, let ¥, be the angular separation between the user direction and that
beam’s boresight. This beam-relative off-axis angle is distinct from the absolute
boresight off-nadir angle #2¢. The normalized Airy power pattern is

2J1 (koasindy,p) 2

koasind,

o ky = (3.21)

JAiry ('ﬁu,b) == |

with the limiting value gaiy(0) = 1, where Ji(-) is the first-order Bessel function
and a is the aperture radius. The implementation applies a relative-gain floor

Ghoor = —30 dB:

Gref ub = maX(.gAiry(ﬁu,b)a 10Gﬁoor/10) ) (322)
Grel,u,b = 1010g10 OGref,u,b- (323>

This is a normalized Airy pattern with a deterministic sidelobe floor, not an
aperture-taper model[6].

3.8.2 UPA-Based Simulator

The UPA simulator represents the payload aperture as Ny x Ny elements, with
Ne = NyNy. Let (x,,,y,) be the position of element (m,n). The direction cosines
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are
u = sin 6 cos ¢, v = sin fsin ¢. (3.24)

The entries of the unit-norm array steering vector are

[a(u,v)],,, = \/le_d exp[7ko (Tmu + ynv)] . (3.25)

Here m=0,..., Ny —land n=20,..., Ny — 1.

In addition to the array steering response, a complete UPA antenna model includes
the radiation pattern of the individual antenna element. Following Table 7.3-1 of
3GPP TR 38.901 [23], the vertical and horizontal cuts of the single-element power
pattern, expressed in dB relative to the element boresight, are

" ane\ 2
AE7\/(6”) = —min {12 (9 20 ) ,SLA\/} 5 (326)
0348
and
¢// 2
AE,H<¢”) = —min {12 <> 7Amax} . (327)
3dB

The resulting three-dimensional element pattern is

AE(HH, ¢,/) = —min {— [AEA/(QH) + AE7H(¢H)] 5 Amax} . (328)
The parameter values specified in TR 38.901 are

Osap = dsap = 65°,  SLAy = Apax =30 dB,  Gpmax =8 dBi.  (3.29)

The angles (0", ¢") follow the panel-local convention of TR 38.901, in which
the element boresight is (6”,¢") = (90°,0°). This differs from the satellite-body
convention used in this thesis, where 6 = 0° represents the nadir-pointing array
boresight.

Let

w=cosf = V1 —u?—0v2 (3.30)

When the panel-local boresight axis is aligned with the satellite nadir direction,
the TR 38.901 angles can be obtained from the thesis direction cosines as

¢" = atan2(u, w), 0" = arccos(v). (3.31)
21



Common System Model and Assumptions

Because the configured beam EIRP already includes the maximum element and
array gains, only the element attenuation relative to boresight must be combined
with the normalized array response. Define

9E relu = 10AE(9$7¢Z)/10- (332)

The complete normalized UPA power response from beam b toward user u is
then

2

GJuPAub = YErelu ‘aH(uua /Uu)wb ) (333)
with the corresponding relative gain

Grel,u,b =10 loglo JUPA,ub § 0 dB. (334)

At element boresight, Ag(90°,0°) = 0 dB, and under matched steering w;, =
a(uy, vy); therefore, gupaup = 1. This remains consistent with the thesis convention
in which the absolute boresight transmit gain is already included in EIRP,. For a
unit-norm beamforming vector wy, the normalized power response toward user u is

2
5 G(rel,u,b =10 10g10 GUPA ub- (335)

aH(uu, Uy ) Wy

GUPAu,b = YErelu

The architecture-specific chapters define the fixed, hierarchical, and user-steered
weight constructions. The model therefore assumes digital beamforming capabil-
ity; it is not a single-radio-frequency-chain fixed analog-beam payload abstrac-
tion.Therefore, the reported numerical UPA results correspond to a normalized
array-factor model with an angle-independent element response. The TR 38.901
equations are included to document the complete antenna model and the element-
pattern extension required for future implementation.

The hierarchical response implemented in the simulator is

2 2

hier,implemented _ |_H
u,b - aext,uvvlhext

(3.36)

H
asub,u Wsub

The subarray term acts as a fixed angular envelope, but it should not be
confused with the single-element radiation pattern specified in TR 38.901. If the
standardized element pattern is incorporated, the complete hierarchical response
becomes

2 2

hier,complete H
u,b = YE rel,u a‘ext,uvvlhex‘E
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3.8.3 Beam Layout and UV-Plane Representation

The multibeam coverage in both simulators is represented in a satellite-centered
angular domain using a two-dimensional UV-plane. Both simulators use the
same 19-point hexagonal coordinate-generation rule, but they do not use identical
numerical beam centers: the reflector layout is generated from its 4.42° full half-
power beamwidth (HPBW), whereas the UPA layout is generated from the 6.35° full
HPBW of the baseline 16 x 16 array. Their footprints must therefore be compared
as architecture-specific layouts rather than as identical coverage geometries.

The angular spacing between adjacent beam centers in the UV-plane is denoted
by adjacent beam spacing (ABS), and is given by:

ABS = V/3sin (63;3) : (3.38)

where O34p is the full half-power beamwidth of the antenna. This formula is
the common layout rule used in the two simulators; substituting their different
beamwidths produces different numerical ABS values and footprints.

Beam-center coordinates (uy,v,) in the UV-plane are mapped to satellite-
centered spherical angles (674, ¢,) using

0 = arcsin(\/m> ; ¢ = arctan 2(vy, up). (3.39)

Here 0924 is the absolute boresight off-nadir angle and ¢, is its azimuth in
the satellite frame. Using this adjacent-beam spacing, the beam centers form
a 19-beam hexagonal cluster. The coordinate generation procedure is detailed
in Appendix A. The geometric relationship between the off-nadir angle and the
UV-plane representation is illustrated in Figure 3.4.

3.8.4 Mapping to Earth-Centered Geometry

For both simulators, the satellite-centered boresight angle 8¢ is mapped to an

Earth-centered angle W;, defined between the sub-satellite point and beam center
b. The Earth-centered angle is then used to compute elevation and slant range,
coupling the antenna, propagation, and coverage calculations [14]. The reflector
implementation also converts the Earth-surface separation ¥, ;, between a user and
a beam center through the corresponding nadir-plane relation when evaluating
Uyp. For an off-nadir beam, this is a small-cluster approximation to the exact
three-dimensional direction-vector separation, not an exact identity.
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Satellite-Centered UV-Plane Coordinates

(a) Off-nadir geometry (b) UV-| I%ne top view

(ser direction

nadir axis
UE

6 is measured from the nadir axis @ is the azimuth angle in the UV plane
The UV plane is perpendicular to nadir at Py

u =sin 0 cos @, v = sin O sin @

0 = arcsin(V(u? + v2)), ¢ = atan2(v, u)

Figure 3.4: Satellite-centered coordinate system. The satellite position P defines
the origin of the UV-plane. A direction is characterized by its off-nadir angle #*4,
azimuth ¢, and direction-cosine coordinates u and v.

3.8.5 Inter-Beam Interference and Frequency Reuse

Both simulators apply the same co-channel rule: only simultaneously active beams
in the serving beam’s reuse group contribute interference, and their received powers
are added in linear units. They do not use the same antenna model. The reflector
simulator evaluates the normalized Airy response in Equation (3.23); the UPA
simulator evaluates the architecture-specific array response in Equation (3.33). Full
reuse (K = 1) makes all active beams co-channel, whereas three-color reuse (K = 3)
restricts the interferer set to beams with the same color.

3.8.6 Pointing and Misalignment Loss

Both simulators include a deterministic Gaussian-like approximation for pointing
loss. Let dpoint be the assumed angular error and ©34p the full half-power beamwidth.
The adopted approximation is [9]

8

e\ 2
Lpoint = —101ogyg (‘JZ?G(GMB) ) ’ (3.40)

Using 101log,,(e) ~ 4.343, this becomes

5 . 2
Lo ~ 12 (p‘“) : (3.41)
O348
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In this work, dp0int = 0.2° is assumed for both simulators. The loss is evaluated
using the beamwidth of the corresponding architecture:

90 2
Lyoms = 12 ( 0 ) . (3.42)
O34

3.8.7 Summary of Antenna Modeling Approach

The two simulators share the definitions of geometry, reuse groups, linear interfer-
ence summation, and pointing-loss treatment. Their payload abstractions remain
different: the reflector uses a normalized Airy pattern with a —30 dB floor, while
the UPA uses architecture-specific digital beamforming weights. Because their
reference beamwidths differ, the resulting beam centers and coverage footprints
also differ.

3.9 Doppler Effect and Residual Frequency Offset
Modeling

LEO satellites introduce significant Doppler shifts due to their high orbital velocity.
The instantaneous Doppler shift can be expressed as:

fp= gfc (3.43)

where v is the relative radial velocity, ¢ is the speed of light, and f,. is the carrier
frequency. For a 600 km LEO satellite operating at 2 GHz, the maximum Doppler
shift may reach approximately 50 kHz [6].

In practical NR systems, Doppler is largely mitigated through frequency pre-
compensation at the transmitter and tracking loops at the receiver. Therefore, only
a residual frequency offset remains after synchronization. Its residual fraction is
denoted by pp:

fres - prD; (344)

where pp = fies/fp is distinct from the normalized subcarrier offset defined
below.

3.9.1 Residual Frequency Offset Modeling

In orthogonal frequency-division multiplexing (OFDM) systems, residual carrier
frequency offset (carrier frequency offset (CFO)) must remain small relative to the
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subcarrier spacing to avoid excessive inter-carrier interference (inter-carrier interfer-
ence (ICI)). Analytical studies of OFDM sensitivity to frequency offset show that
significant degradation occurs when the normalized offset exceeds approximately
1% of the subcarrier spacing [24, 25].

Defining the normalized offset as:

€ = fres
Af

where A f is the subcarrier spacing, maintaining ¢ < 0.01 ensures limited ICI
impact. For NR with A f = 15 kHz, this corresponds to:

(3.45)

fres < 150 Hz. (3.46)

Given a worst-case LEO Doppler shift of approximately 50 kHz, the correspond-
ing residual fraction is

_ fues 150

~ fp — 50000
Thus, under the worst-case values used here, only pp < 0.003 satisfies the chosen

€ < 0.01 small-offset criterion. The simulator additionally evaluates pp = 0.05,

0.10, and 0.20 as stress-test inputs. They correspond approximately to e = 0.17,
0.33, and 0.67, respectively, and lie outside the small-offset range.

oD ~ 0.003. (3.47)

3.9.2 Impact on OFDM and SINR Modeling

Residual Doppler behaves as a carrier frequency offset (CFO) in OFDM systems.
The received symbol on subcarrier k£ can be expressed as [26]:

Y, = O()(G)Xk + Z Og(E)Xk_g + W, (348)
0
where Cy(€) represents the useful-signal coefficient and Cy(¢) accounts for ICI.

For small normalized offset || < 1, the ICI power scales approximately with the
square of € [24, 26]:

(7e)?

3
Within that small-offset domain, Doppler-induced ICI is modeled as an ad-

ditional self-interference term proportional to the desired received power. The
effective SINR is

Ther &~ (3.49)

S
SINReg = 3.50
it N + I + nicrS ( )
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where S, I, and N are desired-signal, co-channel-interference, and thermal-
noise powers in linear units. The quadratic approximation is quantitatively in-
terpreted only in the small-e range. Curves using the larger pp stress-test inputs
are qualitative sensitivity experiments and should not be read as a calibrated
receiver-compensation model.

3.10 Complete Simplified Channel Model

The propagation and antenna mechanisms introduced in this chapter can be
collected into an equivalent line-of-sight channel coefficient. Define the aggregate
additional loss for user u as

Ladd,u = Latm,u + Liono,u + Lpoint + LHW + Lmarginy (351>

where

Latm,u = Ag,u + Ac,u + 5RAR,u + 6sAs,u' (352)

Here, Ay, A., Ar, and A; denote gaseous, cloud, rain, and tropospheric-
scintillation attenuation, respectively. The switches dr and dg select the propagation
condition.

Following the general line-of-sight channel structure in [27], the equivalent
channel coefficient between beam b and user u can be written as

- Ae . 27d,,
hop = o 10 Ladd»u/m\/mexp <—] 5 ) (3.53)

The normalized antenna response is architecture-dependent:

Gref,u,b reflector,

’2 : baseline UPA, (3.54)

2

_ H
Grelu,b = ‘au Wp

2
H H - -
Qg Whext| |@subuWsub| , hierarchical array.

Equation (3.54) describes the antenna responses presently implemented in
the simulators. If the TR 38.901 single-element pattern is enabled, both UPA
expressions must additionally be multiplied by ¢g rel v-

Since the configured EIRP already represents the boresight transmit operating
point, the received power is

. . . ~ 2
B, = EIRP"GRk |hus

r

(3.55)
Equivalently,
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Ae
47d,

2
Prl,i;l,b = EIRP})IHG}I{I;( < ) 10_Ladd7u/1ogrel,u,b' (356)

This is the linear-domain equivalent of the logarithmic link-budget expression
used in the simulator.
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Chapter 4

NR Throughput and Interference
Modeling Framework

This chapter defines the common abstraction used to evaluate 5G NR downlink
throughput in the two NTN simulators. It connects received power, co-channel
interference, residual-Doppler self-interference, SINR-to-CQI mapping, resource
allocation, and achieved throughput.

4.1 Throughput Modeling in NTN

Throughput in NTN systems is determined by the SINR experienced by each UE.
SINR is mapped to a CQI, which in turn is used to estimate the achievable spectral
efficiency (SE) and throughput for each user. The relationship between SINR, CQI,
and throughput is essential for accurate system-level simulations.

4.1.1 Link Budget and Received Power

The link budget model takes into account free-space path loss (free-space path loss
(FSPL)), atmospheric attenuation, ionospheric effects, and antenna gains. For UE
u and beam b, the received power in dBm is calculated as

dBm dBW dBi dB
P = BIRPIY 430 + G + G,
- LESBllLu - Lﬁ]rsn],u - Li[grllg(l,u (41)
dB dB dB
- LLOiI]lt - LLIVV]' - LEnar]gina

where the explicit 30 dB term converts dBW to dBm. Before signal, interference,
and noise powers are combined, every received-power term is converted to watts:

[dBm] _
pWl o(Fy=m) o (4.2)

Uy
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The quantities in the link budget are:
« EIRP, is the beam-b equivalent isotropically radiated power (EIRP),

o (R is the antenna gain of the UE,
e Grelup < 0 dB is the normalized directional gain for the UE-beam pair,
e Lygpy, is the free-space path loss,

o Latm, Liono, and Lpeins are the atmospheric, heuristic ionospheric, and deter-
ministic pointing losses, and

e Lyw and Lyaein represent hardware and margin losses.

The logarithmic link budget in (4.1) is therefore used only to form individual
received-power terms. The SINR ratio and all power summations are evaluated in
the linear domain.

4.1.2 SINR Calculation and Frequency Reuse

For UE u served by beam b,(u), define the desired signal power as S, = pPW

The effective SINR is s b
T T+ NW :- MCLuSu (43)
where:
o [, is the aggregate co-channel interference power in watts,
o NWIis the thermal noise power in watts, and
» 7cry is the dimensionless interference factor due to residual Doppler:
TCLu =~ (W;u)Q, (4.4)

where €, = fresu/Af is the normalized residual frequency offset.

The two frequency-reuse strategies are K = 1 (full reuse) and K = 3 (three-color
reuse). Higher K reduces co-channel interference; its effect on aggregate throughput
depends on the per-group bandwidth, total occupied spectrum, and transmit-power
convention.

Let ¢(b) denote the reuse-group (color) assigned to beam b, and let B,.; denote
the beams transmitting in the evaluated snapshot or slot. The set of co-channel
interferers for the serving beam is

Z(bs(u)) = {b € Bact \ {bs(u)} : ¢(b) = c(bs(u))} - (4.5)
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For K =1, every non-serving beam belongs to this set; for K = 3, only non-serving
beams with the same color belong to it. The interference is the linear-power sum

L= Y B, (4.6)
beZ(bs(w))

Received powers expressed in dBm are never added directly.

4.2 Interference Modeling

Interference in the model is determined by the frequency-reuse strategy, beam
layout, and directional antenna response. For K = 1, all simultaneously active
beams are co-channel. For K = 3, interference is restricted to active beams in the
serving beam’s reuse group.

The overall interference level depends on the beam layout, frequency-reuse
factor, and beamwidth. Interference from adjacent beams is often more significant
near a beam edge, where the serving directional gain is lower.

4.3 SINR-to-CQI Mapping and Throughput Es-
timation

In 5G NR, the CQI is used to represent the instantaneous quality of the radio
link and to enable adaptive modulation and coding. While 3GPP TS 38.214
defines CQI tables, modulation orders, coding rates, and spectral efficiency values,
it does not specify a direct mapping between SINR and CQI, as SINR is an
implementation-dependent metric [28].

For system-level simulation, a deterministic SINR-to-CQI mapping associates
each CQI with a switching threshold. This study-level abstraction avoids a full
link-level decoder simulation; it does not imply that CQI indices are themselves
modulation and coding scheme (MCS) indices.

In this work, the CQI indices, modulation schemes, coding rates, and spectral
efficiency values are taken from the NR CQI tables defined in 3GPP TS 38.214 [28].
The corresponding SINR thresholds are adopted from the system-level mapping
proposed in [29], where the authors derive signal-to-noise ratio (SNR) operating
points for each CQI index based on NR link-adaptation principles and target block
error rate (BLER) assumptions. Following common practice in interference-aware
system-level studies, these study-specific SNR thresholds are applied to SINR values
in the simulator. They are not thresholds standardized by 3GPP.

Table 4.1 reports the exact SINR-to-CQI mapping implemented in both simula-
tors. It combines the standardized NR CQI spectral-efficiency table from TS 38.214
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with the study-specific SINR thresholds from [29]. The table uses QPSK, QAM,
and RE notation.

Table 4.1: SINR-to-CQI mapping used in the simulators (CQI parameters from
TS 38.214 [28]; study-specific SINR thresholds from [29]).

CQI | Modulation | Code Rate | Spectral Efficiency [bit/RE] | Minimum SINR [dB]

0 outage - 0.000 -

1 QPSK 78/1024 0.152 —9.478
2 QPSK 120,/1024 0.234 —6.658
3 QPSK 193/1024 0.377 —4.098
4 QPSK 308/1024 0.602 —1.798
5 QPSK 449/1024 0.877 0.399
6 QPSK 602/1024 1.176 2.424
7 16QAM 378/1024 1.477 4.489
8 16QAM 490/1024 1.914 6.367
9 16QAM 616/1024 2.406 8.456
10 64QAM 466,/1024 2.730 10.266
11 64QAM 567/1024 3.322 12.218
12 64QAM 666,/1024 3.902 14.122
13 64QAM 772/1024 4.523 15.849
14 64QAM 873/1024 5.115 17.786
15 64QAM 948/1024 5.555 19.809

In the implementation, the thresholds are ordered from —9.478 to 19.809 dB. A
UE below the first threshold is assigned CQI 0 and carries no data; crossing each
threshold selects the next CQI, up to CQI 15. The selected CQI is then mapped
to spectral efficiency in bit/RE.

For a scheduled UE u, the number of useful bits represented by one slot is

Nyt slot,u = NPRB,u 12 Ndata IMAC nd [bit], (4.7)

where Npgp,, is the number of physical resource blocks (PRBs) allocated to UE
u, 12 is the number of subcarriers per PRB, Ng.ta = 11 is the number of data-
bearing OFDM symbols per slot, nyac = 0.95 is the medium access control (MAC)
efficiency, and n°@ is the selected CQI spectral efficiency in bit/RE. The adopted
15 kHz numerology has Nyjo/s = 1000 s~1. A 30 MHz group provides 160 PRBs
per beam, whereas a 10 MHz group provides 52 PRBs.

In the reflector snapshot abstraction, in which Npgp,, is the UE’s average PRB

share in every slot, the rate is
Ru - Nbit,slot,uNslot/s [blt/S] (48)

In the time-domain UPA simulator, bits are accumulated only over the set S, of
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slots in which UE w is scheduled. Its average rate over Ntpy simulated slots is

Z Nbit,slot,u<5)
R, = bit /s]. 4.9
NTDM/Nslot/s [ / ] ( )
It is emphasized that the adopted SINR-to-CQI mapping is intended for system-
level analysis and does not aim to reproduce exact link-level decoding behavior.
Nevertheless, by combining standardized NR, CQI definitions from TS 38.214 with
SINR thresholds derived from established NR system-level studies, the proposed
abstraction captures the essential relationship between channel quality, modulation
and coding selection, and achievable throughput.

4.4 Reported System-Level Metrics

The simulator outputs key performance metrics for the NTN system, including:

o Cluster throughput, representing the throughput of the simulated 19-beam
cluster, obtained by summing the beam throughputs.

e Per-beam throughput, illustrating throughput for each individual beam,
and

e UE throughput distribution, providing insights into how throughput
varies across different users.

The throughput results are analyzed under different beamforming techniques
and frequency reuse factors (i.e., K = 1 and K = 3). These results help determine
the impact of interference and beamforming strategies on aggregate throughput
and user-throughput distributions.

4.5 Summary

This chapter detailed the modeling framework for NR throughput and interference
in NTN systems. The process integrates link budget calculations, SINR evaluations,
CQI-based throughput mapping, and interference modeling to estimate system
performance. Throughput is derived using the SINR to CQI mapping table, which
connects SINR to modulation schemes and spectral efficiencies. This model allows
for the evaluation of NTN systems under different conditions, providing insights into
the trade-offs between beamforming, frequency reuse, and interference management.
These results are essential for optimizing the design of future NTN systems and
ensuring efficient utilization of available resources.
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Chapter 5

Reflector-Based Multibeam
Simulator and Results

This chapter presents the reflector-based multibeam simulator and the corresponding
results obtained with the implementation in [30]. The simulator follows the common
system model introduced in Chapter 3 and the throughput modeling framework
presented in Chapter 4. The focus of this chapter is therefore on (i) the reflector
antenna footprint and gain characteristics, (ii) how per-UE antenna gains are
computed and used in the link evaluation, and (iii) the resulting throughput
metrics and trends.

5.1 Simulator Overview

The reflector-based simulator is a snapshot-based system-level tool. For each
snapshot, UEs are randomly placed over the service area, associated with a serving
beam, and evaluated against all potential co-channel interfering beams. For every
UE-beam pair, the simulator computes:

« geometric quantities (slant range and angular offsets with respect to beam
boresight),

» reflector antenna gain using a relative Airy power-pattern model,

o received signal and interference powers through a link-budget model including
the configured propagation-attenuation terms,

o UE throughput through SINR-to-CQI mapping and CQI-to-spectral-efficiency
mapping (bit/RE), as described in Chapter 4.
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The simulator outputs include UE-throughput distributions, per-beam and aggre-
gate cluster throughput, group-normalized cluster spectral efficiency, occupied-
spectrum-normalized cluster spectral efficiency, and mean per-beam spectral effi-
ciency.

5.2 UE Distribution, Association, and Scheduling

This section describes how UEs are spatially distributed, associated with serving
beams, and allocated radio resources in the reflector-based simulator.

5.2.1 UE Spatial Distribution

For every UE in a simulation snapshot, one of the 19 beam centers is first selected
with equal probability. The UE is then placed uniformly in area inside the half-
power footprint disk of the selected beam. UE positions are regenerated for every
snapshot. The resulting distribution is therefore a mixture of 19 uniform-disk
distributions; it is not strictly uniform over the union of the beam footprints
because overlap regions can be reached from more than one selected disk. This
sampling rule provides comparable offered load around all beam centers while
retaining both beam-center and beam-edge locations.

5.2.2 UE-Beam Association

UE association is based on the maximum relative antenna gain. For each UE w,
the angular separation from the boresight of each beam b is computed, and the
corresponding relative gain Giel . is evaluated using the Airy pattern defined in
Section 5.4. The UE is associated with the beam providing the highest relative
gain,

bs(u) = arg max Ghrelubs (5.1)

where B denotes the set of beams in the cluster. Because the per-UE path losses
and per-beam boresight EIRP are common across candidate beams in this single-
satellite model, this criterion is equivalent to selecting the largest received power.
All other beams in the serving beam’s reuse group are treated as potential co-channel
interferers.

5.2.3 Scheduling and Resource Allocation

Full-buffer traffic is assumed for all UEs. Within each beam, the available frequency-
domain resources are divided equally among the associated UEs. This is an equal-
share PRB-allocation abstraction, not the time-domain round-robin scheduler used
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by the UPA simulator. Denoting by U, the set of UEs associated with beam b and
by ng*;fgm the total number of PRBs available to that beam, each UE u € U, is

allocated on average
s
NPRB = . (52)
T
This simple allocation rule allows the analysis to focus on antenna, propagation,
and interference effects rather than on advanced scheduling mechanisms.

5.3 Beam Footprint and Frequency Reuse Visu-
alization

Figures 5.1 and 5.2 illustrate the spatial layout of the 19-beam cluster together
with the randomly generated user equipment (UE) locations within the coverage
footprint. The UE positions are generated according to the spatial distribution
model described in Section 5.2, and each UE is associated with the beam providing
the maximum antenna gain.

In the reuse-1 configuration shown in Figure 5.1, all beams operate on the same
frequency, and therefore all beams potentially generate co-channel interference.

In the reuse-3 configuration shown in Figure 5.2, the beams are divided into
three frequency groups following a three-color reuse pattern. Adjacent beams
operate on different frequency resources, reducing dominant co-channel interference
at beam boundaries.

Figures 5.3 and 5.4 illustrate the beam gain footprint projected on the Earth’s
surface for frequency reuse factors K = 1 and K = 3, respectively. In the reuse-1
configuration, all beams share the same frequency resources, increasing co-channel
interference. In the reuse-3 configuration, adjacent beams are assigned orthogonal
frequency resources, reducing dominant interference at beam edges. Two bandwidth
conventions are evaluated below: equal bandwidth per reuse group, and a fair
fixed-total-spectrum comparison.

5.4 Airy Pattern and Half-Power Beamwidth

The reflector is modeled as a uniformly illuminated circular aperture. Its normalized
far-field Airy power pattern is

g(v) = (2J;(x)> : xr = 7T)\Dsin v, (5.3)

where J(-) is the first-order Bessel function, D is the reflector diameter, . is the
carrier wavelength, and ¥ is the beam-relative off-axis angle measured from the
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Hex-19 beams and UE placement (local ENU)
FRF K=1, MIN_ELEV=35", HPBW(full)=4.42°

North [km]
o

East [km]

Figure 5.1: Spatial layout of the 19-beam cluster and an example of UE distri-
bution for frequency reuse factor K = 1. Black dots represent user terminals and
circles represent the half-power beam footprints projected on the Earth’s surface.

Hex-19 beams and UE placement (local ENU)
FRF K=3, MIN_ELEV=35°, HPBW(full)=4.42°

North [km]
o

—100 =50 50 100

0
East [km]

Figure 5.2: Spatial layout of the 19-beam cluster and an example of UE distribu-
tion for frequency reuse factor K = 3. Different colors indicate beams belonging to
different frequency reuse groups.

beam boresight. The limit at ¢ = 0 is g(0) = 1. The relative gain used in the link
budget is

Grea () = max(101log;, g(¢¥), —30 dB), (5.4)
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Figure 5.3: Reflector-based beam gain footprint for reuse factor K = 1.
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Figure 5.4: Reflector-based beam gain footprint for reuse factor K = 3.

where the —30 dB floor is the implemented far-sidelobe bound. The HPBW is
obtained at the —3 dB point, i.e., when g(J3qp) = £¢(0). Solving the Airy pattern
for the half-power point yields x3qp =~ 1.616, hence the half-angle HPBW is

[ T3aB Ae
U34B half = arcsin <£—> , O34 = 2U34B half - (5.5)
T D
Using the simulator parameters f. = 2 GHz (A, ~ 0.1499 m) and D = 2 m,
the resulting full HPBW is ©34p &~ 4.42°, which is consistent with the reflector-
beamwidth values typically assumed for NTN multibeam evaluations in 3GPP

studies [1]. Figure 5.5 shows the gain as a function of the beam-relative off-axis
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Airy off-axis gain vs 8 (D=2.0 m, f=2.0 GHz)
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Figure 5.5: Relative Airy-pattern gain versus beam-relative off-axis angle.

angle .

5.5 Per-UE Gain Computation and Link Evalua-
tion

A key step of the simulator is the computation of the angular separation between a
UE location and each beam boresight, which directly determines the antenna gain
applied to the desired signal and to the interference terms.

For each UE u and beam b, the simulator first computes the great-circle (Earth-
centered) angle ¥, ;, between the UE ground position (¢,, £,) and the beam-center
position (¢, £p):

U, » = arccos ( sin ,, sin gy, + cos @, cos py, cos(l,, — Eb)) . (5.6)

The geometry underlying the computation of W, is illustrated in Figure 5.6. The
implementation converts this ground separation into a beam-relative off-axis angle
U.p using a numerical inversion of the spherical Earth mapping ¥ () with Earth
radius Rp and satellite altitude H. Applied to the separation from an off-nadir
beam center, this is a small-cluster angular approximation; an exact construction
would evaluate the angle between the satellite-to-UE and satellite-to-beam-center
direction vectors. The relative reflector gain is then evaluated from Equation (5.4).
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Figure 5.6: Earth-centered angle between a UE and the ground center of beam b.

5.5.1 Gain Evaluation and Link Power Terms

Once v, is known, the relative antenna gain in dB is
Grel,u,b - Grel(ﬁu,b)- (57)

For the serving beam bs(u), Grelup, () determines the relative transmit-pattern
term in the desired received power. For all other co-channel beams b # b,(u),
Grelup determines the corresponding interference contribution. Propagation losses
are applied consistently to desired and interfering links through the link budget
described in Chapter 4. Co-channel powers are converted to linear units before
summation.

This procedure produces the expected spatial trend: UEs close to a beam center
have relative gain near 0 dB, whereas beam-edge UEs have lower serving gain and
greater sensitivity to adjacent-beam sidelobes.
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5.6 Reference Scenario

Unless otherwise stated, the results in this chapter refer to a single-satellite, 19-
beam cluster configuration with full-buffer traffic. The physical-layer abstraction
uses the CQI modulation orders, target code rates, and spectral-efficiency entries
from TS 38.214 [28], together with the study-specific SINR switching thresholds
adopted from [29], as described in Chapter 4.

5.6.1 Statistical Settings and Baselines

Table 5.2 separates the statistical settings used by the different experiments. A
single common UE count or drop count would be misleading because the baseline
snapshot, sweeps, CDFs, fair comparison, and validation use different sample sizes.
Unless otherwise specified, the physical baseline uses By, = 30 MHz, a per-beam
EIRP of 48.77 dBW, receiver NF = 7.8 dB, and T,,; = 290 K. The value of 218
UEs applies specifically to the baseline snapshot and its UE-throughput histogram.
Confidence intervals reported for the sweeps and fair comparison are 95% Student-¢
intervals over drop-level aggregate throughputs. The fair comparison introduced in
Section 5.7.2 instead fixes the total occupied spectrum to By.. = 30 MHz.

5.7 Baseline Throughput Results (Non-Rain)

Each UE SINR is mapped to a CQI index using the thresholds from [29], and
the CQI is mapped to a resource-element spectral efficiency (bit/RE) according
to TS 38.214 [28]. UE throughput is then computed by accounting for allocated
resource elements, numerology, and protocol overheads, as described in Chapter 4.

The performance of the reflector-based multibeam system is evaluated under
different frequency-reuse configurations (K = 1 and K = 3), load conditions,
and bandwidth settings. The results are presented in terms of aggregate cluster
throughput, per-beam throughput, explicitly normalized spectral-efficiency metrics,
and the UE-throughput distribution.

5.7.1 Frequency Reuse Impact

In the simulator, reuse-K is implemented by assigning beams to K orthogonal reuse
groups (colors). Co-channel interference is computed only among beams within
the same reuse group. To keep throughput and spectral efficiency distinct, let T¢,
denote aggregate cluster throughput, B,,, the bandwidth assigned to each reuse
group, and By.. = K By, the total occupied spectrum. Three spectral-efficiency

41



Reflector-Based Multibeam Simulator and Results

Table 5.1: Reference scenario parameters for the reflector-based simulator

Parameter Value

EIRP per beam 48.77 dBW per beam channel
UE receive gain 0 dBi

Receiver noise figure (NF) 7.8 dB in the Chapter 5 baseline
Antenna temperature 290 K

Carrier frequency fe=2.0 GHz

Bandwidth convention
Satellite altitude

Number of satellites
Number of beams
Beamforming architecture
Antenna pattern

Full half-power beamwidth
Frequency reuse factor
User distribution

Traffic model

Numerology

PRBs per beam channel
OFDM symbols per slot
Data symbols per slot
Slots per second

CQI table

SINR-CQI mapping

CQI spectral-efficiency unit
MAC efficiency

Non-rain propagation base-
line

Atmospheric attenuation
Pointing error and loss
Tonospheric effects
Residual-Doppler ICI
Resource allocation

Monte Carlo approach

By, = 30 MHz in the baseline; Byce = K By,
H =600 km

1

19 (hexagonal cluster)

Reflector antenna

Relative Airy power pattern with —30 dB gain floor
®3dB ~ 4.42°

K=1and K =3

Uniform-area sampling inside a uniformly selected
beam’s half-power disk

Full-buffer

p =0 (15 kHz subcarrier spacing)

160 at 30 MHz; 52 at 10 MHz

14

11

1000

3GPP TS 38.214 [28]

From [29]

bit/RE

mac = 0.95

Gaseous and cloud attenuation enabled

ITU-R based

0.2°; deterministic pointing loss included

Disabled in baseline; enabled in sensitivity analysis
Disabled in baseline; enabled in sensitivity analysis
Equal-share frequency-domain PRB allocation
Snapshot-based simulation

normalizations are used:

" . Tcl
cl,grp — 9
Bgrp

Tcl
;
Bocc

_ _ Nelgrp
Theam = 3
Np

(5.8)

Tlel,oce =

where Ng = 19. The first is useful for reporting the sum of per-beam efficiencies,
the second supports comparisons with fixed total spectrum, and the third is the
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Table 5.2: Experiment-specific simulation and statistical settings

Experiment UEs/drop Drops Other settings
Baseline snapshot and 218 1 Seed 2025; Bgyp, = 30 MHz
UE histogram
Offered-load sweep 10-640 10/load Bgrp = 30 MHz
Bandwidth sweep 300 10/bandwidth By, €
{5,10,15,20,30,40} MHz
Equal-per-group SINR 400 10 Same seeds for K =1 and
CDF K = 3; Bgrp = 30 MHz
Fixed-total-spectrum 400 10 Same seeds; Byec = 30 MHz
comparison
Impairment CDFs 400 10 K = 1; same geometry within
each comparison
Literature benchmark 2000 10 K =1; 30 MHz; single
polarization

mean per-beam efficiency. Table 5.3 first compares K = 1 and K = 3 using
Bgrp, = 30 MHz. This experiment isolates the interference-reduction trend, but it
is not a fixed-total-spectrum comparison because K = 3 occupies three 30 MHz
channels.

Table 5.3: Single-snapshot performance for 218 UEs at 48.77 dBW per beam and
Bg,, = 30 MHz

Metric FRF K =1 FRF K =3
Aggregate cluster throughput T, [Mb/s] 286.45 820.19
Netgep [bit/s/Hz] 9.548 27.340
Netoce [bit/s/Hz] 0.548 0.113
Theam |Dit/s/Hz] 0.503 1.439
P5 UE throughput [Mb/s] 0.414 1.920
P50 UE throughput [Mb/s] 0.929 3.018
P95 UE throughput [Mb/s] 3.059 6.648

At equal per-group bandwidth, moving from K = 1 to K = 3 increases the
single-snapshot aggregate throughput from 286.45 to 820.19 Mb/s. The gain is
caused by both reduced co-channel interference and the use of three times as
much total spectrum. Consequently, these values must not be interpreted as a fair
spectral-efficiency comparison. The occupied-spectrum normalization makes this
explicit: 7 oce 15 9.548 and 9.113 bit/s/Hz for K =1 and K = 3, respectively. The
separate offered-load sweep discussed below saturates near 298 Mb/s for K = 1
and 823 Mb/s for K = 3.

43



Reflector-Based Multibeam Simulator and Results

From a user-level perspective, improvements are observed across the throughput
distribution. In particular, lower-percentile users (P5) experience a stronger relative
improvement than higher-percentile users (P95), indicating a reduced lower-tail
disadvantage under the evaluated configuration.

5.7.2 Fair Reuse Comparison at Fixed Total Spectrum

For a fairer comparison, the total occupied spectrum is fixed to 30 MHz. The K =1
case uses one 30 MHz channel, while the K = 3 case divides the same spectrum into
three orthogonal 10 MHz channels. The same geometry, UE realization, propagation
assumptions, and per-beam EIRP of 48.77 dBW are used. Keeping per-beam EIRP
fixed means that the 10 MHz channels have a higher transmit power spectral
density (PSD), expressed here as EIRP per unit bandwidth (38.77 dBW/MHz
instead of 34.00 dBW /MHz); therefore, this experiment is fair in total spectrum,
but does not impose equal EIRP PSD. For completeness, an equal-PSD sensitivity
case is also reported. In that case, the EIRP of each 10 MHz channel is reduced to
44.00 dBW. All metrics in Table 5.4 use the same ten drops, 400 UEs per drop,
and identical random seeds. The signal-to-interference ratio (SIR), also reported
below, excludes receiver noise and therefore isolates co-channel interference.

Table 5.4: Fixed-total-spectrum comparison under fixed-EIRP and equal-PSD
conventions

Metric K =1: 30 MHz K =3: fixed EIRP K = 3: equal PSD
EIRP per beam [dBW] 48.77 48.77 44.00
Mean aggregate throughput 7t [Mb/s] 302.01 332.82 267.10
95% CI [Mb/s] [297.05, 306.97] 331.62, 334.03] [265.77, 268.42)
Netgrp [bit/s/Hz] 10.067 33.282 26.710
Neloce [bit/s/Hz] 10.067 11.094 8.903
Tbeamn [bit/s/Hz] 0.530 1.752 1.406

P5 UE throughput [Mb/s] 0.291 0.581 0.446

P50 UE throughput [Mb/s] 0.635 0.809 0.654

P95 UE throughput [Mb/s] 1.573 1.204 0.961
Median SINR [dB] 0.01 10.85 8.44
Median SIR [dB] 0.39 12.91 12.91

With fixed total spectrum and fixed per-beam EIRP, K = 3 increases mean
aggregate throughput by approximately 10.2%, from 302.01 to 332.82 Mb/s. This
apparently modest gain is consistent with the large SINR improvement: the group-
normalized cluster efficiency 7 grp rises by a factor of 33.282/10.067 ~ 3.306, while
the bandwidth assigned to each beam falls by a factor of three. Furthermore, the
CQI mapping is discrete and bounded, so throughput does not scale linearly with
SINR in dB. The lower and median user throughputs improve, whereas P95 is lower
because high-quality users become bandwidth-limited. Numerically, the throughput
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ratio can be written as

Tk=s _ Bgrp, k=3 Nel,grp, K =3 ~ 1033.282

Tr—1  Bgpx—1 Tagpr—1 3010.067

~ 1.102, (5.9)

where 33.282 and 10.067 bit/s/Hz are the corresponding group-normalized cluster
efficiencies. Thus, the approximately 3.3-fold improvement in group-normalized
efficiency is almost canceled by the threefold bandwidth reduction.

Under the equal-PSD interpretation, K = 3 retains its SIR advantage but its per-
beam EIRP is 4.77 dB lower. Its median SINR remains high at 8.44 dB, yet mean
aggregate throughput falls to 267.10 Mb/s because the remaining spectral-efficiency
gain is insufficient to compensate for the threefold bandwidth reduction.

Fair fixed-spectrum SINR comparison

1.0 —— K=1: 30 MHz, 48.77 dBW
K=3: 3 x 10 MHz, fixed power
—— K=3: 3 x 10 MHz, equal PSD
0.8 A
0.6
[T
o
O
0.4 A
0.2
0.0 A
—-2.5 0.0 2.5 5.0 7.5 10.0 125
SINR (dB)

Figure 5.7: SINR CDF for fixed-total-spectrum comparisons under fixed-EIRP
and equal-PSD conventions.

5.7.3 UE Throughput Distribution

Figures 5.9 and 5.10 illustrate the UE throughput distributions for K = 1 and
K = 3, respectively.

Under full frequency reuse (K = 1), throughput dispersion is wider and lower-
percentile users experience limited data rates due to stronger co-channel interference.
In contrast, the equal-per-group-bandwidth K = 3 configuration shifts the distribu-
tion toward higher throughput values and improves the lower tail. This behavior
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Fair fixed-spectrum SIR comparison
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Figure 5.8: SIR CDF for the fixed-total-spectrum comparison. SIR is unchanged
by equal scaling of desired and interfering powers.
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Figure 5.9: UE throughput distribution for K = 1, By, = 30 MHz, and
48.77 dBW per beam.

reflects both three-color interference reduction and the threefold increase in total
occupied spectrum in this particular comparison.
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Per-UE Throughput Histogram, K=3, EIRP=48.77 dBW
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Figure 5.10: UE throughput distribution for K = 3, By, = 30 MHz, and
48.77 dBW per beam.

5.7.4 Throughput Scaling with Bandwidth

Figures 5.11 and 5.12 show the aggregate throughput as a function of channel
bandwidth for both reuse configurations. For K = 3, the horizontal axis denotes
the bandwidth of each of the three reuse groups.

Throughput increases with bandwidth in both cases. At 30 MHz per group,
the Monte Carlo means are 300.25 Mb/s for K = 1 and 823.73 Mb/s for K = 3.
The gap between simulated performance and the Shannon-based reference curve
reflects practical system constraints such as discrete MCS levels, overhead, noise,
and residual interference. The Shannon upper bound (with and without overhead
scaling) is computed as described in Appendix B [31].

5.7.5 Throughput Scaling with Offered Load

Figures 5.13 and 5.14 present the aggregate throughput as a function of the number
of UEs in the system.

For small UE counts, aggregate throughput increases with load due to improved
resource utilization. As the system becomes fully loaded, the Monte Carlo mean
saturates near 298 Mb/s for K =1 and 823 Mb/s for K = 3 under the 30 MHz-
per-group convention. The saturation levels are consistent with the single-snapshot
values in Table 5.3.
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Throughput vs bandwidth, K=1, EIRP=48.77 dBW
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Figure 5.11: Aggregate throughput versus channel bandwidth for K = 1 at
48.77 dABW.

Throughput vs bandwidth, K=3, EIRP=48.77 dBW
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Figure 5.12: Aggregate throughput versus bandwidth per reuse group for K = 3
at 48.77 dABW.

48



Reflector-Based Multibeam Simulator and Results

Throughput vs load, K=1, EIRP=48.77 dBW
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Figure 5.13: Aggregate throughput versus number of UEs for K = 1 at 48.77 dBW.

Throughput vs load, K=3, EIRP=48.77 dBW
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Figure 5.14: Aggregate throughput versus number of UEs for K = 3 at 48.77 dBW.
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5.7.6 SINR Distribution

The distribution of the downlink SINR provides direct insight into the interference
regime of the multibeam system and explains the throughput trends observed in
the previous subsections. Figure 5.15 shows the cumulative distribution function
(CDF) of the UE SINR under the non-rain propagation baseline for frequency reuse
factors K =1 and K = 3, assuming Bg,, = 30 MHz.

SINR CDF at equal per-group bandwidth
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Figure 5.15: CDF of UE SINR at equal 30 MHz per reuse group and 48.77 dBW
per beam.

A pronounced rightward shift of the SINR distribution is observed when moving
from full frequency reuse (K = 1) to three-color frequency reuse (K = 3). Under
K =1, the SINR values span approximately from —4 dB to about 8 dB, with a
median value close to 0-1 dB. This relatively low SINR regime indicates that the
system operates in an interference-limited condition, where co-channel interference
from adjacent beams dominates over thermal noise.

In contrast, the K = 3 configuration exhibits substantially higher SINR, with a
median around 8-9 dB. The substantial median SINR increase confirms that the
dominant impairment in the K = 1 configuration is inter-beam interference rather
than propagation loss or noise. By allocating orthogonal frequency resources to
adjacent beams, the three-color reuse scheme significantly suppresses co-channel
interference and moves the system toward a noise-limited regime.

The lower tail of the distribution also improves substantially. This reduction
of lower-tail degradation directly explains the marked improvement in P5 user
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throughput. Figures 5.7 and 5.8 confirm that the interference-reduction benefit
remains when total spectrum is fixed.

Overall, the SINR CDF confirms that frequency reuse is the dominant factor
governing system performance in the reflector-based multibeam architecture. The
rightward SINR shift confirms the interference-mitigation benefit of K = 3. The
aggregate-throughput comparison must additionally account for the threefold
increase in total occupied bandwidth under the adopted simulation convention.

5.8 Channel Impairment Analysis

While Section 5.7 evaluated the intrinsic performance of the reflector-based multi-
beam system under the non-rain baseline, practical NTN deployments are subject
to additional propagation and mobility-related impairments. In this section, the
impact of additional channel impairments is investigated in a controlled manner.

To avoid combinatorial scenario expansion, impairments are activated incre-
mentally while keeping geometry, load, bandwidth, and frequency reuse fixed. The
analysis considers three impairment families:

 Tropospheric atmospheric effects (rain and scintillation),
» Jonospheric scintillation margin,

o Residual Doppler-induced ICI.

Unless otherwise stated, results are obtained for the reference configuration
defined in Section 5.6, with K =1 and Bg,, = 30 MHz.

5.8.1 Weather Impact

Atmospheric propagation is evaluated with the ITU-R procedures described in
Chapter 3. Gaseous absorption follows P.676, cloud attenuation follows P.840,
and the Earth—space rain and tropospheric-scintillation procedures follow P.618,
with the rain-specific attenuation from P.838 [2, 3, 7, 16]. The non-rain baseline
contains gaseous and cloud attenuation. The rain-plus-scintillation scenarios add
rain attenuation and tropospheric scintillation for a specified exceedance percentage.

Let py, denote the numerical percentage value supplied to the propagation model.
Thus, py = 0.1 denotes an attenuation level exceeded for 0.1% of an average year;
it does not mean that the numerical input is 0.1% as a fractional value. Smaller py,
values correspond to less frequently exceeded and generally more severe long-term
attenuation levels. This is a statistical attenuation quantile, not an instantaneous
weather class.
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Figure 5.16 compares the SINR distribution under the non-rain baseline and
rain-plus-scintillation cases with py = 1 and py, = 0.1.

SINR CDF under clear-sky and rain conditions
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Figure 5.16: SINR CDF under the non-rain baseline and rain-plus-scintillation
scenarios for different exceedance percentages.

Rain attenuation produces a leftward shift of the SINR distribution, with the
magnitude of degradation increasing as the exceedance probability decreases. For
py = 1, the median SINR reduction is moderate. For the less frequently exceeded
py, = 0.1 case, the degradation becomes more pronounced, particularly in the lower
tail of the distribution.

The stronger impact on lower-percentile users is explained by the elevation
dependence of rain attenuation: users at lower elevation angles experience longer
slant paths through the troposphere and therefore higher attenuation. Consequently,
the larger attenuation is associated with lower-elevation users, which generally lie
toward the outer cluster footprint rather than at the edge of every individual beam.
This increases throughput dispersion.

Overall, tropospheric effects shift the SINR distribution downward but do not
fundamentally alter the interference-limited or noise-limited regime determined by
the frequency reuse configuration.

52



Reflector-Based Multibeam Simulator and Results

5.8.2 Ionospheric Scintillation Margin Sensitivity

In addition to tropospheric effects, NTN links may experience signal fluctuations due
to ionospheric scintillation. In this thesis, the effect is represented in the snapshot-
based simulator by the heuristic fade margin Loy, (dB) in Equation (3.20). The
margin depends on elevation, latitude, carrier frequency, and the selected activity
level. It is inspired by the qualitative planning dependencies discussed in I'TU-R
P.531, but it is not a P.531 scintillation prediction based on S; or a generated
time-domain process. It should therefore be interpreted only as a margin-based
sensitivity model. The implementation also reuses the numerical py, input in one
heuristic scaling factor; this reuse is not a P.531 exceedance-probability definition.

Figure 5.17 reports the SINR cumulative distribution function (CDF) for the
non-rain baseline, K = 1, and By, = 30 MHz, comparing four ionospheric
configurations: scintillation disabled (Iono OFF) and three activity levels (Quiet,
Typical, Disturbed).

SINR CDF with ionospheric margin sensitivity
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Figure 5.17: SINR CDF under the non-rain baseline with the heuristic ionospheric
margin disabled or set to Quiet, Typical, and Disturbed, for K = 1 and By, =
30 MHz.

The results show that introducing ionospheric scintillation margins leads to a
small but measurable degradation of the SINR distribution. This is observed as a
slight upward shift of the CDF curves (i.e., for a given SINR threshold, a marginally
larger fraction of users falls below it) when moving from Iono OFF to higher activity
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levels. The effect remains limited across the entire distribution, indicating that
under the considered configuration the system performance is primarily constrained
by other impairments - most notably co-channel interference in the reuse-1 case -
rather than by ionospheric scintillation.

Within this sensitivity model, the moderate impact follows from two aspects of
the modeling approach and operating point. First, the ionospheric term is applied
as a large-scale margin rather than as a bursty time-domain fading process, which
tends to produce an almost uniform SINR shift rather than a dramatic reshaping
of the distribution. Second, in reuse-1 operation the SINR is largely interference-
limited, hence additional loss terms translate into comparatively smaller SINR
changes than they would in a noise-limited regime.

Overall, the selected heuristic margins produce a secondary degradation in
this individual sensitivity experiment. This result characterizes only the chosen
margin coefficients and interference-limited operating point; it is not a general
ranking of physical ionospheric scintillation against frequency reuse or tropospheric
attenuation.

5.8.3 Residual Doppler Impact

Residual Doppler is modeled as a CFO that introduces ICI in the OFDM waveform.
Two distinct dimensionless parameters are required. The residual Doppler fraction
is

fres
= , 5.10
PD p ( )
whereas the normalized CFO used by the ICI approximation is
f res f D
‘T Af "Par (5:11)

For |¢] < 1, the modeled ICI-to-signal ratio is mcr ~ (me)?/3, producing an
additional self-interference term proportional to the desired received power.

Figure 5.18 shows the SINR distribution for increasing values of the residual
Doppler fraction pp.

Unlike atmospheric attenuation, Doppler-induced ICI scales with the signal
power itself. Therefore, the degradation is more pronounced at higher SINR values,
where the signal component dominates over thermal noise. As the residual fraction
increases, the upper tail of the SINR distribution is progressively compressed.

The plotted 5-20% residual fractions are deliberately stressed sensitivity cases.
For example, with fp ~ 50 kHz and Af = 15 kHz, pp = 0.10 gives € &~ 0.33, outside
the strict small-offset domain of the quadratic approximation. Consequently, these
curves must not be interpreted as validation of an actual compensation or tracking
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SINR CDF under residual Doppler
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Figure 5.18: SINR CDF for residual Doppler fractions pp € {0,0.05,0.10,0.20}.

algorithm. Under the separate assumption ¢ < 0.01, the modeled ICI penalty is
small; evaluation of practical NR synchronization performance is outside the scope
of this simulator.

5.8.4 Combined Channel Impairment Scenario

To assess the cumulative effect of multiple propagation and mobility-related im-
pairments, a combined scenario is evaluated in which rain attenuation (py = 0.1),
the heuristic ionospheric margin (Disturbed activity level), and a stressed residual
Doppler fraction pp = 0.10 are simultaneously enabled. All other parameters (UE
geometry, bandwidth, and reuse configuration) are kept identical to the non-rain
baseline in order to isolate the incremental impact of each impairment family.

Figure 5.19 compares the SINR CDFs for the non-rain reference, the individual
impairments considered in isolation, and the combined scenario (K =1, By, =
30 MHz).

A first observation is that the rain attenuation case (0.1% exceedance) produces
only a limited deviation from the non-rain baseline in this configuration. This
is consistent with the considered carrier frequency (S-band) and the minimum
elevation constraint, which together limit the severity of rain-induced slant-path
attenuation.

In contrast, the ionospheric scintillation margin (Disturbed level) leads to the
most pronounced degradation among the isolated impairments. The corresponding
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SINR CDF under individual and combined impairments
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Figure 5.19: SINR CDF under individual and combined impairment settings
(K =1, Bgyp = 30 MHz).

curve shows the largest overall shift of the SINR distribution, indicating that, for a
given SINR threshold, a larger fraction of users experiences lower SINR values. This
behavior is consistent with the elevation- and latitude-dependent margin model
adopted in the simulator: under disturbed activity, the applied scintillation margin
increases and its effect is more evident across the distribution.

The residual Doppler case mainly affects the higher-SINR region. Since Doppler-
induced inter-carrier interference (ICI) scales approximately with the received signal
power, its relative impact becomes more visible for users operating at higher SINR,
whereas the lower tail remains predominantly constrained by interference in reuse-1
operation.

Finally, the combined-impairment curve closely follows the disturbed-margin
case, with only a marginal additional deviation. Thus, among the particular
sensitivity terms and coefficients selected here, the heuristic disturbed ionospheric
margin creates the largest isolated shift. This is a statement about the configured
margin model, not a general physical conclusion that ionospheric scintillation
dominates rain or residual Doppler. The overall CDF retains the shape of an
interference-limited reuse-1 regime, so inter-beam interference remains the primary
performance driver at this operating point.
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5.9 Illustrative Single-Beam Power-Flux-Density
Calculation

This section is an arithmetic illustration of how a per-beam EIRP is converted to
incident power flux-density (PFD). It is not a regulatory compliance assessment.
The historical ITU-R SF.358-5 mask cited below was specified for fixed-satellite
service sharing with terrestrial fixed service and, for the numerical mask used
here, for the 2.5-2.69 GHz band; the recommendation has since been suppressed
[32]. The simulator instead uses a nominal carrier frequency of 2.0 GHz. A valid
regulatory assessment would first have to establish the actual operating band,
service allocation, current applicable rule, emission bandwidth, and aggregation of
all simultaneously active co-frequency beams.
For one beam, the incident spectral PFD can be written per MHz as

PFD,[dBW /m?/MHz| = EIRP,[dBW/MHz] + Gy (9)[dB]

— 101og;o(47) — 201ogyo(d) — Lprop[dB], (5.12)
where d is the slant range in meters and G, (1) is the beam-relative transmit-
pattern gain from Equation (5.4). Setting G,e(0) = 0 dB and Ly, = 0 gives the
free-space boresight value for that beam. It does not include the linear-power sum

from other co-frequency beams and therefore is not an aggregate satellite PFD
bound.

5.9.1 Baseline per-beam EIRP

The baseline uses a per-beam channel EIRP of 48.77 dBW over Bg,, = 30 MHz.
Its EIRP PSD is

By,
EIRP,[dBW /MHz] = EIRP[dBW] — 10log,, (11\25})
Z

— 48.77 — 101log,,(30)
~ 34.00 dBW /MHz. (5.13)

At the nadir slant range d =~ 600 km, the corresponding single-beam free-space
boresight value is

PFD, ~ 34.00 — 101og;o(4m) — 20log,o(6 x 10°) ~ —92.56 dBW /m?/MHz. (5.14)
For a purely numerical conversion from a 1 MHz reference to a 4 kHz reference

bandwidth,

1 6
PFD[dBW /m?2/4kHz] = PFD[dBW /m2/MHz] — 10logy, (40%0)

~ PFD[dBW/m*/MHz] — 23.98, (5.15)
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which gives
PFD, ~ —92.56 — 23.98 = —116.54 dBW /m?/4kHz. (5.16)

For context only, the suppressed SF.358-5 high-arrival-angle mask in the 2.5
2.69 GHz band was —137 dBW/m?/4kHz [32]. The single-beam baseline value is
20.5 dB above that historical numerical value. Because the model carrier, service
applicability, recommendation status, and multibeam aggregation conditions do
not match, this difference must not be reported as a compliance or non-compliance
result.

5.9.2 Illustrative Lower EIRP PSD

To show the linear effect of changing only the transmit PSD, consider EIRP, =
14 dBW/MHz. Repeating the same single-beam free-space boresight calculation
gives

PFD, ~ 14 — 101log;,(47) — 201og;(6 x 10°) ~ —112.56 dBW /m?/MHz, (5.17)

and
PFD, ~ —112.56 — 23.98 = —136.54 dBW /m?/4kHz. (5.18)

This is approximately 0.5 dB above the same historical numerical mask, but it still
cannot establish regulatory status for the modeled system. Receiver gain, antenna
temperature, and noise figure do not enter the PFD calculation. A higher-gain
receiver may permit a lower transmit EIRP while maintaining a link budget, but
that is a separate link-feasibility trade-off.

5.10 Partial Literature Benchmark

This section provides a partial external benchmark rather than a verification of
every simulator component. Sedin, Feltrin, and Lin [33] report results from a
dynamic system-level simulator with a full NR protocol stack, proportional-fair
scheduling, and a circular-aperture Airy antenna pattern. For the 2 GHz S-band
downlink, the reference reports an average cell spectral efficiency of 0.52 bit/s/Hz
and an average cell throughput of 15.6 Mb/s over 30 MHz. The corresponding
Ka-band cell spectral efficiency is 0.47 bit/s/Hz, as summarized in Table 5.5.

The main numerical assumptions shared by the S-band reference case and
this benchmark are listed in Table 5.6. In particular, 48.77 dBW over 30 MHz
corresponds to the reference EIRP PSD of approximately 34 dBW/MHz.

Several important modeling assumptions remain different, as shown in Table 5.7.
Most importantly, the reference study uses two orthogonal polarizations, whereas
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Band | Average downlink cell spectral efficiency [bit/s/Hz|
S-band 0.52
Ka-band 0.47

Table 5.5: Average downlink cell spectral efficiency reported in [33].

Parameter Reference study This benchmark
Carrier frequency 2 GHz 2 GHz
Satellite altitude 600 km 600 km
Bandwidth per beam channel 30 MHz 30 MHz

EIRP PSD 34 dBW/MHz 34 dBW/MHz

UE receive gain 0 dBi 0 dBi

Full HPBW 4.41° 4.42°

Satellite antenna pattern Circular-aperture Airy | Airy with —30 dB floor
Simultaneously active beams 19 19

Table 5.6: Common numerical assumptions between the S-band reference case in
[33] and the benchmark configuration.

the present reflector simulator models one polarization. The published full-satellite
S-band capacity is therefore approximately twice the single-polarization value used
below.

Table 5.8 lists the configuration used for the present benchmark. The receiver
noise figure is set to 7.0 dB to approximately match the reference handheld-terminal
gain-to-noise-temperature ratio G/T. This is a benchmark-specific setting; the
Chapter 5 result-generating baseline uses 7.8 dB and T,,; = 290 K.

The reference study’s complete S-band satellite result uses two polarizations:

Tref,2pol = 0.52 X 30 x 19 x 2 = 592.8 Mb/s. (5.19)

For comparison with the single-polarization simulator, the appropriate reference
value is instead

Tret1pol = 0.52 x 30 X 19 = 296.4 Mb/s. (5.20)

This scaling does not claim to reproduce the complete reference simulator; it only
places both results on the same beam, bandwidth, and polarization basis.

The resulting reflector-simulator statistics are reported in Table 5.9. Because
K =1, Bgyp = Boee = 30 MHz and the two cluster normalizations are numerically
equal.

The simulated mean aggregate throughput of 298.95 Mb/s is approximately
0.9% above the single-polarization reference value of 296.4 Mb/s. Similarly, the
simulated mean per-beam spectral efficiency of 0.524 bit/s/Hz is close to the
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Parameter

Reference study

This work

Evaluation method

Offered load

Resource allocation

Polarizations
Control procedures

Spatial sampling

Dynamic system-level
simulation with full NR
protocol stack

User-density sweep from 0.1
to 10 UEs/cell
Proportional-fair scheduling
based on buffer-status
information

Two orthogonal polarizations
Control signaling, hybrid
automatic repeat request
(HARQ), measurements, and
handover included

Reference system-level
user-density model

Snapshot-based link and
throughput abstraction

2000 UEs over the 19-beam
cluster

Equal-share frequency-domain
PRB allocation

One polarization
Abstracted through fixed
data-symbol and
MACC-efficiency factors

Mixture of uniform
half-power-disk distributions

Table 5.7: Modeling differences that limit the Sedin et al. comparison to a partial
benchmark.

reported average cell value of 0.52 bit/s/Hz. This agreement provides an order-of-
magnitude and normalization sanity check. Because the scheduler, protocol stack,
user sampling, and several implementation details differ, it does not validate every
antenna, propagation, association, or link-adaptation component.

The bandwidth-sweep results in Figures 5.11 and 5.12 are also compared with the
Shannon expression using the simulated SINR samples. The practical CQI-based
throughput remains below the corresponding Shannon curves. This is a necessary
upper-bound sanity check, but it is not proof that the throughput implementation
is correct: an underestimating or otherwise incorrect model can also remain below
Shannon. Overall, the literature and Shannon comparisons should therefore be
interpreted as partial consistency checks rather than complete validation.

5.11 Discussion

The results of this chapter show that a reflector-based multibeam NTN design must
be evaluated in terms of throughput, SINR, occupied spectrum, and transmit PSD.
The single-beam PFD illustration shows the direct scaling with EIRP PSD, but
it does not establish regulatory status. Such a determination requires the actual
operating band and service allocation, a current applicable rule, and aggregate
evaluation of all simultaneously active co-frequency beams. Receiver-terminal
parameters affect link feasibility but not the emitted PFD itself.
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Parameter Value
Carrier frequency 2 GHz
Satellite altitude 600 km
Number of beams 19
Polarizations modeled 1
Frequency reuse K=1
Bandwidth per reuse group 30 MHz
Satellite antenna type Reflector antenna
Antenna diameter 2 m

Full half-power beamwidth 4.42°
Relative gain floor —-30 dB
Satellite EIRP per beam 48.77 dBW
User-terminal receive gain 0 dBi
Receiver noise figure 7.0 dB
Antenna temperature 290 K
Minimum elevation angle 35°
Hardware loss 2 dB

Link margin 3 dB
Number of users 2000
Resource allocation Equal-share frequency-domain PRBs
Number of simulation drops 10
Random seeds 20252034
Propagation condition Non-rain baseline
Rain attenuation Disabled
Residual-Doppler ICI Disabled
Heuristic ionospheric margin Disabled

Table 5.8: Reflector-simulator configuration used for the partial literature bench-
mark.

Metric Value

Mean aggregate cluster throughput 7t 298.95 Mb/s
95% confidence interval [296.75, 301.14] Mb/s
Mel,grp 9.965 bit/s/Hz
Tlcl,oce 9.965 blt/S/HZ
ﬁbeam 0.524 bit/S/HZ
Number of beams 19

Table 5.9: Simulation results for the partial single-polarization benchmark.
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The reflector-based simulator demonstrates that frequency reuse is a dominant
design parameter in multibeam NTN systems. When 30 MHz is assigned to
every reuse group, K = 3 combines interference reduction with three times the
total occupied spectrum and therefore produces a large aggregate-throughput gain.
This convention is useful for sensitivity analysis but is not a fair fixed-spectrum
comparison.

When the total spectrum and per-beam EIRP are fixed, K = 3 increases mean
aggregate throughput by approximately 10.2% and substantially improves the SINR,
SIR, and lower-user-throughput tail. The smaller throughput gain is the expected
trade-off for dividing the available spectrum into three 10 MHz channels. Under
an equal-PSD convention, K = 3 instead produces lower aggregate throughput
because its spectral-efficiency gain does not compensate for the threefold bandwidth
reduction.

Together with the explicitly limited literature and Shannon sanity checks,
these results establish a documented reflector reference for comparison with the
UPA-based multibeam architecture analyzed in the following chapter.
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Chapter 6

UPA-Based Multibeam Simulator
and System-Level Results

The UPA-based simulator relies on several coordinate transformations between
the Earth-centered geometry, the satellite body frame, and the array steering
domain. For clarity, the coordinate systems and beamforming conventions used in
the simulator are summarized in Appendix D.

6.1 Introduction

This chapter presents a system-level simulator developed to evaluate the downlink
performance of a 5G NR LEO NTN employing a UPA satellite payload [30].

In Chapter 5, the satellite antenna was modeled using an analytical reflector-
based radiation pattern approximated by an Airy function. While such a model
is suitable for large reflector antennas with fixed beam illumination, it does not
capture the flexibility of digital beamforming architectures.

The present chapter therefore introduces a fully array-based payload model in
which:

o The antenna radiation pattern is generated from the array factor of a planar
UPA,

o Digital beam steering is explicitly modeled,
o Time-domain scheduling is incorporated,

o Instantaneous SINR samples are collected at every scheduled transmission
(34, 27].
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The propagation framework, link budget structure, and physical-layer abstrac-
tion remain consistent with Chapters 3 and 4. The main differences lie in:

o Explicit array-factor modeling,

e Dynamic beam steering,

Hierarchical array architecture,

e Time-domain SINR sampling under scheduling.
Two antenna configurations are evaluated:

» Baseline UPA: 16 x 16 elements with inter-element spacings dy = dy = A./2,
where \. is the carrier wavelength.

o Hierarchical array: effective 64 x 64 aperture implemented as:

— Subarray: 4 X 4 elements at \./2,

— External array: 16 x 16 subarray centers spaced at 2.

The simulator produces cumulative distribution functions (CDFs) of instanta-
neous scheduled-UE SINR to enable comparative performance assessment across
beamforming strategies and antenna topologies [34, 27].

6.2 System Geometry and Scenario Description

6.2.1 Orbital Geometry

A single LEO satellite at altitude H = 600 km serves a hexagonal cluster of 19
beams (Hex-19 configuration). The Earth is modeled as a sphere with radius Rp.

The satellite is assumed nadir-pointing. A local satellite body coordinate system
is defined as:

e z-axis: pointing toward nadir,
o z-axis: local East,

o y-axis: local North.
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The implemented East—North—Nadir ordering is orthonormal but left-handed
(Xp X ¥ = —12yp). It is therefore treated as a coordinate transformation convention,
rather than a proper right-handed rotation, throughout this thesis.

This coordinate frame is used to define beam-steering directions and array
steering vectors. Figure 6.1 illustrates the coordinate system. For compactness in
this chapter and the UPA appendix, 6 and 6, denote the same off-nadir quantities
written as 0" and 6224 in Chapter 3. The UPA derivation uses k as the user index
and 7 as slant range; these correspond to u and d, respectively, in the common
model.

Figure 6.1: Satellite body coordinate system

6.2.2 Beam Layout

Beam center coordinates (u,v) in the UV-plane are mapped to satellite-centered
spherical angles (6, ¢) using the following relations:

0 = arcsin (\/ u? + 1}2) , ¢ =arctan 2(v,u) (6.1)

where 6 is the off-nadir angle, and ¢ is the azimuth angle in the satellite
frame. Using this adjacent beam spacing, the beam centers are arranged in a
19-beam hexagonal cluster. The coordinate generation procedure is detailed in
Appendix A. The geometric relationship between the off-nadir angle and the
UV-plane representation is illustrated in Figure 6.2.

6.2.3 User Distribution

UEs are uniformly distributed within a spherical-cap approximation of the cluster
footprint.
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Satellite-Centered UV-Plane Coordinates

(a) Off-nadir geometry (b) UV-| ane top view

8 s measured from the nadir axis. @ s the azimuth angle in the UV plane.
The UV plane is perpendicular to nadir at P,

u = sin 0 cos g, v = sin Osin ¢

0 = aresin(V(u? + v2)), ¢ = atan2(v, u)

Figure 6.2: Geometric representation of the satellite-centered coordinate system.
The satellite position P, defines the origin of the UV-plane, where the axes u
and v describe the angular domain. The user direction is characterized by the
off-nadir angle #, measured with respect to the nadir direction, and the azimuth
angle ¢, defined in the UV-plane. The projected radial coordinate is denoted here
by puv = vu? + v?2, to distinguish it from the slant range r.

For each UE, the simulator computes:

o Slant range 7y,
o Elevation angle F,
o Off-nadir angle 6,

o Azimuth angle ¢ in the satellite body frame.

A minimum elevation mask of 35° is applied. UEs below this threshold are
excluded from scheduling.

6.2.4 Beam Footprint and UE Distribution

Figures 6.3 and 6.4 illustrate the projected fixed-beam footprint on the Earth
surface together with an illustrative 50-UE random drop. These figures document
the geometry and are not the 2000-UE drops used to form the performance CDFs.

The beam centers follow the 19-beam hexagonal construction described in
Chapter 3 and Appendix A. For the UPA simulator, the numerical spacing is
derived from the baseline-array full HPBW of approximately 6.35°; the reflector
simulator instead uses its own 4.42° HPBW. Consequently, the two simulators
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Beams & UEs (hierarchical)
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Figure 6.3: UPA fixed-beam geometry for frequency reuse factor K = 1, using
a full HPBW of approximately 6.35°. The 50 UE locations form an illustrative
geometry drop; performance CDFs use 2000 UEs per drop.

share the Hex-19 topology but not identical beam-center coordinates or footprint
size. Users are randomly distributed within the satellite coverage footprint and
associated with the beam providing the maximum antenna gain.

The figures provide a visualization of the spatial geometry used in the simulations
and help illustrate the relationship between beam footprints, user locations, and
frequency reuse groups.

6.3 Propagation and Link Budget Modeling

The baseline received power for UE k, before applying the normalized transmit
beam pattern, is computed as

Py kaBm = EIRPpeam asw + 30 + Grx,aBi — Litot,k,dB: (6.2)

where Grx denotes the user-terminal receive-antenna gain and Ly i represents
the total link loss. The 30 dB term converts the configured EIRP from dBW
to dBm. Before the normalized beam gain and SINR are evaluated, Fx dBm is
converted to linear power in watts, denoted by B .

6.3.1 Loss Components

The total loss includes:
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Figure 6.4: UPA fixed-beam geometry for frequency reuse factor K = 3, using a
full HPBW of approximately 6.35°. Different colors indicate the three reuse groups.
The 50 UE locations form an illustrative geometry drop; performance CDFs use
2000 UEs per drop.

« Free-space path loss (FSPL),

o ITU-R atmospheric attenuation (gases, clouds, optional rain),
» Optional ionospheric scintillation margin,

« Pointing loss,

o Hardware and implementation margins.

Let F' = 10NFas/10 and Ty = 290 K. The system noise temperature and thermal
noise power are

Tiys = Tant + (F — 1)1y, Py agm = 101og,o(kpTsys Berp) + 30. (6.3)

Here kg is Boltzmann’s constant, B, is expressed in hertz, and NFyg is the
receiver noise figure in decibels. For the implemented value T}, = Ty = 290 K, this
is numerically equivalent to —174 + 101log,(Bgrp) + N Fyp in dBm.
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6.4 Baseline UPA Beamforming Model

6.4.1 Array Geometry

The baseline payload consists of a 16 x 16 rectangular UPA with half-wavelength
spacing. The total number of elements is Ng = Ny Ny = 256.

The element coordinates are centered around the origin of the satellite body
frame.

6.4.2 Steering Vector

The steering vector formulation follows the coordinate conventions defined in
Appendix D. For a direction (0, ¢), the steering vector is defined as:

1 .
a(f,¢) = ~ [e7hotamutunn] (6.4)

where

2
u=sinfcos¢p, v=sinfsing, ky= )\—W

The variables z,, and y, denote the spatial coordinates of the antenna elements
along the horizontal and vertical axes of the planar array, respectively. For a UPA
with Ny and Ny elements and inter-element spacings dgy and dy, these coordinates
are

(6.5)

Ny —1
xm:<m— H2 )dH, m=20,...,Ng —1, (6.6)

Ny —1
yn:(n— V2 >dv, n=20,...,Ny —1. (6.7)

This definition centers the array at the origin, ensuring symmetric beam patterns
around the boresight direction. The normalization factor 1/4/N ensures a unit-
norm beamforming vector [34]. Substituting the centered element coordinates in
(6.6) and (6.7) into the steering-vector definition, the component associated with
the specific antenna-element pair (m,n) is

[ ( )] 1 .27‘ < NH —_ >
) m,n /N N p j )\C 2 H

+ (n— NV2_ 1) dvv} }

(6.8)
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where m =0,..., Ng—1,n=0,..., Ny —1, u = sinf cos ¢, and v = sin 6 sin ¢.
This is the element-wise steering-vector form, adapted to the (u,v) convention used
in this thesis and following the general array-response structure in [27].

For the baseline half-wavelength spacing dy = dy = \./2, it becomes

[a(u,v)],,, = Ni{NV exp {jw Km - NHQ_ 1) u+ <n - NV2_ 1) U] } . (6.9)

The same element-wise convention is summarized in Appendix D.

6.4.3 Beamforming Modes

Two beamforming strategies are implemented:

« Fixed beams: Each beam is steered toward its nominal boresight (6, ¢y).

e Dynamic steering: The beam is steered toward the instantaneous direction
of the scheduled UE.

The dimensionless normalized beam power response between UE k£ and beam b
is defined as

2

: (6.10)

H
kb = ‘ak Wy

where a; = a(0y, ¢x) is the steering vector in the direction of UE k, and wy, is
the beamforming weight vector applied to beam b.
Depending on the beamforming strategy, wy is defined as:

e Fixed beams:
wy, = a(th, ds), (6.11)

i.e., the beam is steered toward a predefined boresight direction.
e Dynamic steering:
wy, = a(b, ), (6.12)

where k is the UE scheduled on beam b, such that the beam is aligned with
the instantaneous UE direction.

The beamforming vectors are normalized to unit norm. Therefore g is a
relative linear-power pattern with peak value one; in dB it is denoted Gieirp =
101log; grs < 0 dB. The absolute boresight gain is already represented through the
configured EIRP.
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6.5 Hierarchical Array Architecture

The hierarchical beamforming model relies on the array geometry and steering
definitions described in Appendix D. The hierarchical model implements an effective
64 x 64-element aperture using two levels:

o Subarray: 4 x 4 elements at \./2,

« External array: 16 x 16 subarray centers spaced at 2\..

The total array factor (AF) is expressed as:

AFior(0, ¢) = AFe (0, 0) - AFsun (0, 0). (6.13)

The large external spacing creates narrow beams but introduces grating lobes.
The fixed broadside subarray pattern acts as an angular envelope that suppresses
part, but not necessarily all, of the grating-lobe response. Figure 6.5 illustrates
the hierarchical array structure with subarray and external-array components.
Dynamic steering is applied to the external array only, while the subarray weight
is fixed at broadside [34].

6.6 UE Association and Scheduling

6.6.1 Beam Association

UEs are associated with beams based on maximum fixed-beam gain:

bs(k) = arg max g,?’; (6.14)
A —3 dB threshold is applied to prevent association outside the effective beam

footprint [27].

6.6.2 TDM Scheduling

Scheduling follows a per-beam round-robin time-division multiplexing (TDM)
policy:

e One UE per active beam per slot,

o Independent scheduling per beam,

o Each beam cycles through its associated UEs.
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Figure 6.5: Generic hierarchical array architecture adapted from [34]. The source
figure uses My, My, dg,dy; the simulator configuration is specified in the text
using explicit subarray and external-array dimensions.

At each slot, SINR is evaluated only for the scheduled UE [27]. The model
assumes that up to 19 active beams can transmit in parallel with independently
controllable beam weights. This corresponds to one scheduled stream per active
beam; multi-user spatial multiplexing within a beam is not modeled. The per-beam-
full and total-split cases introduced below represent two alternative payload-power
normalizations.

6.7 SINR and Doppler Modeling

For a scheduled UE k served by beam b, the received signal power is given by:

Sk = Pok 9k p, (6.15)

where F;, denotes the baseline received power accounting for transmit EIRP,
path loss, atmospheric attenuation, and receiver gain, and g is the normalized
relative beam power response between UE £k and beam b.
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Interference is generated by co-channel beams:

Li="Poy Y. gry- (6.16)
b eZ(b)

Doppler-induced inter-carrier interference (ICI) is modeled as:

I xc1 = McrkS, (6.17)
where
fres k (ﬂ-ek)2
res — , = 2 s ~ s 6].8
Jresk = PDSDk €k Af MCLk 3 (6.18)

where pp is the residual fraction of the uncompensated Doppler shift, € is the
normalized residual carrier-frequency offset, and the quadratic ICI expression is a
small-|ex| approximation.

The instantaneous SINR becomes:

Sk

SINR, = )
g Prn + I, + I 1c1

(6.19)

Here Py is the linear thermal-noise power corresponding to Py 4pm above.

6.8 Simulation Configuration

This section outlines the key parameters used in the simulation. Table 6.1 summa-
rizes the array, propagation, scheduling, and experiment-specific configuration.

The receive gain of 39.7 dBi is a study-specific high-gain fixed-terminal abstrac-
tion at 2 GHz; it is not presented as a 3GPP handheld S-band UE configuration.
It is retained here to reproduce the reported UPA experiments. For a detailed
explanation of the throughput calculation, slot differentiation, and other aspects of
the simulation, refer to Appendix C.

6.9 Performance Evaluation

Performance is evaluated using the CDF of instantaneous scheduled-UE SINR
samples collected across multiple independent drops and time slots. Unless otherwise
stated, the comparisons in this section use full frequency reuse (K = 1), Bgyp = 30
MHz, per-beam-full EIRP, the non-rain propagation baseline, no ionospheric margin,
and no residual-Doppler penalty. Consequently, the curves isolate the effects of
steering strategy, array topology, and power allocation. Each CDF contains only
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Parameter Value
Earth radius, Rg 6371.0 km
Satellite altitude, H 600.0 km
Carrier frequency, f. 2.0 GHz
Carrier wavelength, \. = ¢/ f. 0.1499 m

Baseline array

Baseline full HPBW used for UPA
layout

Hierarchical subarray

Hierarchical external array
Hierarchical physical side length
Reuse factor, K

Number of beams, Npg
Per-reuse-group bandwidth, By,
Total occupied spectrum, Bgec
Default per-beam EIRP
User-terminal receive gain, Grx
Antenna temperature, Tyt

Receiver noise figure, N Fyp
Hardware loss / link margin
Minimum elevation mask, Fin
Subcarrier spacing, A f

Slot rate, Nyt /s

Physical resource blocks (PRBs) at
30 MHz

OFDM / data symbols per slot
Medium access control (MAC) effi-

ciency, NMAC
Scheduler

Propagation modes

Tonospheric modes

Chapter 6 CDF residual Doppler

Chapter 6 SINR CDF experiment
Chapter 7 throughput experiment
Footprint illustration

N = Ny =16; dg = dy = /2
approximately 6.35°

4 x 4 elements; spacing A./2
16 x 16 subarray centers; spacing 2\,
31.5 . =~ 4.72 m

lor3

19 (Hex-19)

30 MHz

K Bgrp: 30 or 90 MHz

28.77 ABW

39.7 dBi

290 K

1.20 dB

2.0dB / 3.0 dB

35°

15 kHz

1000 st

160

14 /11
0.95

Per-beam TDM round robin; one UE per
active beam per slot

Non-rain baseline / rain

Off / quiet / typical / disturbed

Disabled (pp = 0)

10 drops; 2000 UEs/drop; 500 slots/drop
10 drops; 2000 UEs/drop; 200 slots/drop
One 50-UE geometry drop

Table 6.1: UPA simulator parameters and experiment-specific sample counts.

scheduled-UE samples; it is therefore a distribution over scheduling events rather
than a distribution containing all generated UEs at every time slot.
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6.9.1 Baseline Fixed vs Dynamic Steering

Figure 6.6 compares the baseline 16 x 16 UPA under fixed and dynamic steering.
The dynamic-steering CDF is shifted to the right over most of the distribution,
with the improvement being most visible around the median and upper tail.

The principal mechanism is improved desired-signal alignment. With fixed
steering, a scheduled UE located away from the nominal beam center experiences
off-axis attenuation. Under dynamic steering, the serving beam is matched to the
scheduled UE direction, making its normalized desired-beam gain approach unity.
Dynamic steering also changes the directions of the interfering beams because
they are simultaneously steered toward their own scheduled UEs. Therefore, it
is not correct to assume that interference always decreases. The observed net
improvement means that, for the evaluated scheduling events, the desired-signal
alignment benefit generally exceeds any increase in instantaneous interference
leakage.

The two CDFs remain relatively close in the lower tail. These samples correspond
to unfavorable simultaneous steering combinations and users with weaker link
geometry, for which serving-beam alignment alone cannot remove the dominant
co-channel interference. Dynamic steering is therefore beneficial, but it is not a
substitute for explicit multi-beam interference coordination.

CDF of instantaneous scheduled-UE SINR: Baseline Fixed vs Dynamic

1.0 1

0.8 1

0.6

CDF

0.4+

0.2 1

—— Baseline 16x16 FIXED (per-beam full EIRP)
0.0 - Baseline 16x16 DYNAMIC (per-beam full EIRP)

T T T T T
-5 0 5 10 15
SINR (dB)

Figure 6.6: CDF of instantaneous scheduled-UE SINR for the baseline 16 x 16
UPA with fixed and dynamic steering (K = 1, By, = 30 MHz, per-beam-full EIRP,
non-rain baseline, ionosphere off, and residual Doppler off).
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6.9.2 Baseline Dynamic vs Hierarchical Dynamic Steering

Figure 6.7 compares dynamic steering with the baseline UPA and with the hierar-
chical configuration. The hierarchical curve shows a large rightward shift across
the complete SINR distribution.

This result must be interpreted together with the simulator’s EIRP normaliza-
tion. The beamforming vectors are unit-normalized and the configured EIRP is
applied after defining the antenna pattern. Thus, the hierarchical case is not cred-
ited with additional desired-signal power simply because it contains more effective
elements. For a dynamically steered serving beam, the normalized external-array
gain is close to unity in both configurations. The main simulated advantage is
instead the narrower angular response of the larger effective hierarchical aperture,
which substantially reduces the sum of co-channel gains observed by a scheduled
UE.

The 2)\. spacing between subarray centers also produces grating lobes. The
fixed broadside 4 x 4 subarray factor acts as an angular envelope that suppresses
part, but not necessarily all, of this unwanted response. Consequently, the curve
represents the complete factorized pattern used in the simulator. It demonstrates
strong interference rejection for the evaluated Hex-19 geometry, but should not be
interpreted as a general gain guarantee for every scan angle or beam layout.

CDF of instantaneous scheduled-UE SINR: Baseline Dynamic vs Hierarchical Dyna
1.0 1

0.8 1

0.6

CDF

0.4+

0.2 1

—— Baseline 16x16 DYNAMIC (per-beam full EIRP)

0.0 _ Hierarchical DYNAMIC (16x16 ext @2A x 4x4 sub @MN/2, per-beam full EIRP)

T T T T T T T T T
=5 0 5 10 15 20 25 30 35
SINR (dB)

Figure 6.7: CDF of instantaneous scheduled-UE SINR for baseline and hierarchical
dynamic steering (K = 1, By, = 30 MHz, per-beam-full EIRP, non-rain baseline,
ionosphere off, and residual Doppler off).
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6.9.3 Power Allocation Sensitivity

Figure 6.8 compares two link-budget normalizations for the hierarchical array. In
the per-beam-full case, every active beam uses the complete configured per-beam
EIRP. In the total-split case, the corresponding linear transmit-power budget is
divided equally among the 19 beams; assuming identical peak antenna gain and
efficiency, the per-beam EIRP is therefore reduced by

AP = 101log,(19) ~ 12.79 dB. (6.20)

This power reduction scales both the desired signal and all co-channel interfer-
ence contributions by the same factor, while thermal noise remains unchanged:

BS

SINRgpiit = ————,
plit PN+6]

1

8= T (6.21)
For interference-limited samples, where I > Py, the scaling approximately cancels
and SINRg,iie &~ S/I. This explains why the lower portions of the two CDFs remain
close. For samples that were previously noise-limited or weakly interference-limited,
the unchanged noise term becomes more important after power splitting, producing
the clear downward shift in the middle and upper parts of the distribution. The
result therefore illustrates a transition from interference-limited behavior toward
noise-limited behavior, rather than a simple uniform SINR reduction of 12.79 dB.

The per-beam-full and total-split curves were generated from different random
drop seeds. Their broad separation is explained by the power-budget mechanism
above, but small differences in CDF shape should not be attributed solely to power
allocation.

6.10 Discussion

The results show that the effect of array processing cannot be described by desired-
signal gain alone. Dynamic steering improves alignment with the scheduled UE,
but every co-channel beam is also dynamically redirected in the same slot. The
resulting SINR is determined by the balance between the serving beam’s alignment
gain and the instantaneous leakage from all other active beams. This explains why
the baseline dynamic curve improves over the fixed case without eliminating its
low-SINR tail.

The hierarchical configuration produces the largest improvement in this chapter
because its narrower effective pattern reduces co-channel coupling in the evaluated
geometry. Since equal per-beam EIRP and unit-normalized steering vectors are
used, this comparison primarily measures spatial interference rejection rather than
additional radiated power. However, the configuration also introduces grating
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CDF of instantaneous scheduled-UE SINR: Hierarchical Power Allocation

109 —— Hierarchical DYNAMIC (per-beam full EIRP)
Hierarchical DYNAMIC (total EIRP split across 19 beams)
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Figure 6.8: CDF of instantaneous scheduled-UE SINR for hierarchical per-beam-
full and total-split power normalizations (K = 1, By, = 30 MHz, non-rain baseline,
ionosphere off, and residual Doppler off). The curves use different random-drop
seed sequences and are therefore interpreted as a qualitative sensitivity comparison.

lobes and uses a fixed broadside subarray envelope. Its benefit is therefore depen-
dent on scan angle, user distribution, beam layout, and the relative directions of
simultaneously scheduled users.

The power-allocation comparison exposes the operating regime of the system.
When all beams are scaled equally, an interference-limited link retains nearly the
same S/I, whereas a noise-limited link loses SINR because noise does not scale with
transmit power. Accordingly, a realistic interpretation of the hierarchical-array
performance must state whether the corresponding transmit power is available to
every beam or shared across the payload. Under the equal-gain assumption, the
per-beam-full case requires up to 19 times the radio-frequency (RF) power of one
configured beam, whereas the total-split case imposes a simplified payload-wide
power constraint. The sum of per-beam EIRPs is used here only as a link-budget
normalization and should not be interpreted as a direct measurement of total
radiated power.

These results establish three design trade-offs for Chapter 7: steering gain
versus instantaneous interference leakage, narrow-beam isolation versus grating-
lobe sensitivity, and per-beam performance versus total payload power.
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Chapter 7

Comparative Performance
Evaluation of Reflector and
UPA-Based Simulators

This chapter presents a comparative performance evaluation of the reflector-based
and UPA-based simulators developed in this thesis. Four configurations are con-
sidered: a reflector-based multibeam system, a baseline UPA configuration with
fixed beams, a baseline UPA configuration with dynamic beam steering, and a
hierarchical UPA architecture employing subarray beamforming.

The comparison is carried out under two frequency reuse factors, K = 1 and
K = 3. Let By be the bandwidth assigned to each reuse group, Bocc = K Bgyp the
total occupied spectrum, Ng = 19 the number of beams, and 7T} the throughput of
beam b. The three reported metrics are defined as

Tcl Tcl K

Mbeam — = %7 llclocc: 7.1
Bocc7 nb NBBgrp ]\]Br,7 b ( )

Np
Ta = Z Ty, Tlcloce =
b=1

The throughput and spectral-efficiency values in this chapter use the practical CQI-
mapped physical-layer abstraction, not the Shannon benchmark of Appendix B.

7.1 Simulation Parameters

The simulations share the Earth radius, satellite altitude, carrier frequency, number
of beams, link-budget operating point, and physical-layer abstraction summarized in
Table 7.1. They do not share identical numerical beam centers or coverage footprints:
the reflector layout is derived from a 4.42° HPBW, whereas the UPA layout is
derived from a 6.35° HPBW. The schedulers also use different resource-allocation
domains, and the hierarchical UPA has a much larger effective aperture than the
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baseline UPA. The results must therefore be interpreted as a comparison of complete
evaluated configurations, not as an antenna-only controlled experiment. For this
chapter, the reflector simulator is rerun at the common link-budget operating point
in Table 7.1; its results are not copied from the standalone Chapter 5 default run.
The common link budget improves comparability, but the architecture-specific
geometry, association rule, and scheduler remain different.

Parameter Value

Carrier frequency 2 GHz

Earth radius 6371 km

Satellite altitude 600 km

Number of beams 19

Minimum elevation angle 35°

Number of users per drop 2000

Number of simulation drops 10

UPA TDM slots per throughput drop 200

Bandwidth per reuse group, By, 30 MHz

Total occupied spectrum, Boec 30 MHz (K =1); 90 MHz (K = 3)
Subcarrier spacing, A f 15 kHz

Physical resource blocks (PRBs) per 30 MHz group 160

OFDM / data symbols per slot 14 /11

Medium access control (MAC) efficiency, nac 0.95

Transmit EIRP per beam 28.77 ABW

User terminal antenna gain 39.7 dBi

User-terminal antenna temperature 290 K

Receiver noise figure 1.2 dB

Hardware losses 2 dB

Link margin 3dB

Propagation condition Non-rain baseline (gas and cloud attenuation included)
Tonospheric margin Disabled

Doppler model Enabled as a stressed sensitivity setting
Residual Doppler fraction pp = fres/fp =0.1

Reflector allocation Equal-share frequency-domain PRB allocation
UPA allocation Per-beam TDM round robin; one UE/active beam/slot
Reflector association Maximum Airy fixed-beam response
UPA association Maximum normalized baseline fixed-beam response with —3 dB threshold
Reflector antenna diameter 2 m

Reflector full HPBW approximately 4.42°

UPA baseline array size 16 x 16 elements

UPA element spacing Ae/2

UPA-layout full HPBW approximately 6.35°

Hierarchical subarray size 4 x 4 elements

Hierarchical subarray element spacing Ae/2

Hierarchical external array 16 x 16 subarray centers at 2\,

Table 7.1: Simulation parameters used in the reflector and UPA comparisons.

This comparison reuses the study-specific high-gain fixed-terminal operating
point introduced in Chapter 6; it should not be interpreted as a handheld S-band
UE configuration.

The resource-allocation mechanisms differ between the simulators. In the
reflector simulator, associated users share the available bandwidth through an
equal-share frequency-domain PRB allocation. In contrast, the UPA simulator
serves one user per active beam in each slot using per-beam time-domain round
robin. The throughput results therefore remain dependent on these different
allocation mechanisms.
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The residual Doppler value pp = 0.1 is a stressed uncompensated-Doppler
fraction, not a typical post-compensation operating point. The quadratic ICI
model is formally a small-|¢| approximation, where € = ppfp/Af; quantitative
interpretation of this stressed case is limited whenever the simulated |e| is not
small.

7.2 Performance Results

The performance of the four configurations is evaluated for frequency reuse factors
K =1 and K = 3. The results are summarized in the following tables.

7.2.1 Frequency Reuse K =1

The results reported in Table 7.2 highlight the strong impact of the antenna
architecture and beamforming strategy when full frequency reuse is employed.

The reflector-based configuration achieves a mean total throughput of 330.822
Mb/s and an occupied-spectrum cluster spectral efficiency of 11.027 bit/s/Hz. A
similar aggregate value is observed for the baseline fixed UPA configuration, which
reaches 323.389 Mb/s and 10.780 bit/s/Hz. This numerical proximity should not
be attributed to static beamforming alone, because the two complete configurations
use different beamwidths, footprints, antenna patterns, and resource-allocation
mechanisms.

Introducing dynamic beam steering in the baseline UPA configuration improves
the performance to 385.501 Mb/s and 12.850 bit/s/Hz. The principal mechanism
is better desired-signal alignment with the scheduled user. All other active beams
are simultaneously steered toward their own scheduled users, so instantaneous
interference may increase or decrease; the observed net improvement indicates that
the desired-alignment benefit dominates for the evaluated events.

The evaluated hierarchical UPA configuration provides a substantially larger
performance gain, achieving a total throughput of 1643.542 Mb/s and a cluster
spectral efficiency of 54.785 bit/s/Hz. Its narrower effective beam pattern reduces
interference in the K = 1 scenario. However, the configuration also has a larger
effective aperture than the baseline UPA. The result therefore quantifies the
performance of the complete hierarchical configuration and does not isolate the
effect of hierarchical beamforming alone.

Overall, the baseline dynamic UPA provides a moderate improvement over
the baseline fixed UPA for K = 1, while the complete hierarchical configuration
provides the large improvement. The baseline fixed UPA itself does not outperform
the reflector result. All cross-architecture statements remain subject to the different
aperture, footprint, scheduler, and power-normalization assumptions stated above.
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Scenario Throughput (Mb/s) | Occupied-spectrum cluster SE (bit/s/Hz) | Mean beam SE (bit/s/Hz)
Reflector 330.822 11.027 0.580
Hierarchical UPA 1643.542 54.785 2.883
Baseline Dynamic 385.501 12.850 0.676
Baseline Fixed 323.389 10.780 0.567

Table 7.2: CQI-mapped performance for K = 1 with By, = Boee = 30 MHz.
Metrics follow (7.1).

7.2.2 Frequency Reuse K =3

The results reported in Table 7.3 illustrate performance with a frequency reuse
factor of K = 3. Compared with K = 1, aggregate throughput increases for all
configurations. This increase reflects two effects: adjacent beams experience less
co-channel interference, and the adopted per-reuse-group bandwidth convention
causes K = 3 to occupy three times the total spectrum of K = 1.

For the reflector, the mean total throughput is 1189.791 Mb/s. With B,.. = 90
MHz, its occupied-spectrum cluster spectral efficiency is 13.220 bit/s/Hz. Similar
aggregate performance is observed for the baseline dynamic UPA configuration,
which reaches 1194.669 Mb/s and 13.274 bit/s/Hz. In this reuse configuration,
frequency separation already reduces co-channel interference, which limits the
additional aggregate gain from dynamic steering.

The baseline fixed UPA configuration provides lower performance, achieving
1095.250 Mb/s and 12.169 bit/s/Hz. Relative to the baseline dynamic UPA, the
difference is consistent with the lack of serving-beam alignment to the scheduled
user, although interference also changes when beams are dynamically steered.

The hierarchical UPA configuration again provides the highest performance
among the evaluated complete configurations. Its total throughput is 1925.768 Mb/s,
and its occupied-spectrum cluster spectral efficiency is 21.397 bit/s/Hz. Under
the unit-normalized beam-pattern convention, this result is attributed primarily to
the narrower spatial response and reduced co-channel coupling of the much larger
effective aperture, rather than to an additional absolute desired-signal gain.

Overall, the K = 3 results demonstrate the benefit of reduced inter-beam
interference under the adopted bandwidth convention. Aggregate-throughput
comparisons across reuse factors must be interpreted together with the total
occupied spectrum. In particular, the hierarchical throughput increases from K =1
to K = 3, but its occupied-spectrum-normalized cluster efficiency falls from 54.785
to 21.397 bit/s/Hz because the K = 1 hierarchical case is already strongly spatially
isolated.
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Scenario Throughput (Mb/s) | Occupied-spectrum cluster SE (bit/s/Hz) | Mean beam SE (bit/s/Hz)
Reflector 1189.791 13.220 2.087
Hierarchical UPA 1925.768 21.397 3.379
Baseline Dynamic 1194.669 13.274 2.096
Baseline Fixed 1095.250 12.169 1.921

Table 7.3: CQI-mapped performance for K = 3 with By, = 30 MHz and B, = 90
MHz. Metrics follow (7.1).

7.3 Confidence Interval Analysis

The performance metrics are evaluated over 10 independent simulation drops. The
reported intervals are two-sided 95% confidence intervals for the mean, computed
from the drop-level throughput samples using the Student-t multiplier. They
summarize observed drop-to-drop variability; with only 10 drops, they should not
be interpreted as a complete convergence analysis.

For the K = 1 configuration, the baseline fixed scenario achieves a mean
throughput of 323.389 Mb/s with a confidence interval of (321.766, 325.012) Mb/s.
The baseline dynamic scenario achieves 385.501 Mb/s with an interval of (383.329,
387.673) Mb/s. The hierarchical UPA configuration achieves 1643.542 Mb/s with
an interval of (1638.931, 1648.153) Mb/s. The reflector configuration achieves
330.822 Mb/s with an interval of (328.584, 333.061) Mb/s.

For the K = 3 configuration, the baseline fixed scenario achieves a mean
throughput of 1095.250 Mb/s with a confidence interval of (1092.797, 1097.703)
Mb/s. The baseline dynamic configuration achieves 1194.669 Mb/s with an interval
of (1190.298, 1199.041) Mb/s. The hierarchical configuration achieves 1925.768
Mb/s with an interval of (1924.395, 1927.142) Mb/s. The reflector configuration
achieves 1189.791 Mb/s with an interval of (1187.600, 1191.982) Mb/s.

7.4 Discussion

The hierarchical UPA configuration consistently provides the highest throughput
and occupied-spectrum cluster spectral efficiency among the evaluated complete
configurations. Its performance reflects both its factorized beam pattern and its
larger effective aperture relative to the baseline UPA.

For the K = 1 scenario, where all beams operate on the same frequency band,
inter-beam interference plays a significant role. The reflector and baseline fixed
configurations happen to produce similar aggregate values, but the comparison is
not controlled for beamwidth, footprint, antenna pattern, or scheduler. Within the
baseline UPA itself, dynamic steering provides a moderate improvement over fixed
steering.

83



Comparative Performance Evaluation of Reflector and UPA-Based Simulators

With K = 3, interference between adjacent beams is reduced because neigh-
boring beams operate on different frequency groups. All configurations also use a
larger total occupied bandwidth under the adopted convention, which contributes
to the aggregate-throughput increase.

Nevertheless, the complete hierarchical UPA configuration remains the highest-
performing evaluated case because its much larger effective aperture provides
greater spatial selectivity in the considered geometry.

7.5 Conclusion

This chapter presented a comparative performance evaluation between reflector-
based and UPA-based multibeam satellite architectures under two frequency reuse
configurations.

The results do not show a uniform phased-array advantage: the baseline fixed
UPA is below the reflector in both reuse settings, and the baseline dynamic UPA
is only marginally above the reflector for K = 3. The complete hierarchical config-
uration achieves the highest throughput and occupied-spectrum cluster spectral
efficiency, but its different footprint, scheduler, and much larger effective aperture
prevent the gain from being attributed to beamforming architecture alone.

Increasing the frequency reuse factor reduces inter-beam interference. Under the
adopted per-group bandwidth convention, it also increases total occupied spectrum.
The hierarchical UPA remains the highest-performing evaluated configuration under
both reuse settings.

84



Chapter 8

Conclusions, Limitations, and
Future Work

8.1 Conclusion

This thesis presented a system-level performance evaluation of multibeam Non-
Terrestrial Networks (NTN) using Low Earth Orbit (LEO) satellites, focusing on
frequency reuse, beamforming strategies, and interference management. The main
findings are:

o Frequency Reuse and Aggregate Throughput: The K = 3 configuration
reduces co-channel interference relative to full frequency reuse. In the re-
ported experiments it also occupies three times the total spectrum because
the bandwidth per reuse group is held constant. Consequently, aggregate
throughput and spectral efficiency normalized by total occupied bandwidth
must be considered together.

o Beamforming Strategies: Dynamic steering improves the baseline UPA per-
formance by aligning the beam with the scheduled user. The evaluated
hierarchical configuration achieves the highest throughput, but it also uses
a different footprint and a much larger effective aperture than the baseline
UPA; its gain therefore represents the complete configuration rather than
hierarchical beamforming alone.

o Impact of Propagation Impairments: In the reflector-based sensitivity study,
ITU-R-derived rain attenuation, the simplified ionospheric margin model,
and residual-Doppler ICI were evaluated at the considered S-band operating
point. These sensitivity terms degraded performance without changing the
principal trends governed by frequency reuse and beam interference in the
evaluated cases.
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o Distribution-Level Performance: User-throughput percentiles and scheduled-
user SINR distributions show how the evaluated configurations affect lower-
performing users. A dedicated fairness metric was not evaluated.

o Benchmark Comparison: The reflector-based simulator was compared with
published results from [33] and with the Shannon-capacity upper bound.
The close aggregate result provides a useful partial benchmark and physical-
consistency check, while differences in assumptions limit the scope of the
comparison.

8.2 Limitations

While the simulation framework provided valuable insights, there are certain
limitations:

o Simplified Environmental Models: The thesis uses statistical I[ITU-R atmo-
spheric attenuation, a heuristic P.531-inspired ionospheric margin, and an
analytical residual-CFO ICI approximation rather than time-evolving channel
processes. Real-world weather and ionospheric scintillation could therefore
produce different temporal and distributional behavior.

o No Handover Mechanism: The simulation does not account for user mobility
or handover between beams or satellites, which is a crucial aspect in real-
world NTN systems. Future work could explore the effects of mobility on the
system’s performance.

 Limited Frequency Bands: The simulation focused on the S-band (2 GHz),
which is typically used for NTN communication. Future work could expand
the study to higher frequency bands (e.g., Ka-band), where the impact of
rain attenuation and other impairments could be more pronounced.

o Hardware and Implementation Constraints: The UPA model assumes up
to 19 simultaneously active, independently controllable beams. It does not
explicitly dimension the required radio-frequency (RF) or digital beamforming
chains, calibration accuracy, processing load, amplifier efficiency, or thermal
constraints.

o Unequal Layouts and Array Apertures: The reflector and UPA layouts use
full HPBWs of approximately 4.42° and 6.35°, respectively, while the baseline
and hierarchical UPA configurations also have different effective apertures.
Cross-architecture results therefore compare complete configurations and do
not isolate antenna or beamforming architecture alone.
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o Statistical Scope: Most reported statistics use 10 independent drops. Ad-
ditional drops and a convergence analysis would strengthen the confidence-
interval interpretation.

8.3 Future Work

This research opens several avenues for future exploration:

o Mobility and Handover: A natural extension of this work would be to in-
corporate mobility models and handover mechanisms into the simulation.
Exploring how users move between beams and how handover affects sys-
tem performance, particularly in the context of dynamic beamforming and
frequency reuse, would be valuable.

o Advanced Beamforming Techniques: Future work could explore hybrid analog—
digital beamforming, multi-user precoding, interference-aware null steering,
and explicit RF-chain constraints. These extensions would go beyond the
present matched-direction steering model.

o Integration with 5G and Beyond: As NTN is expected to be a key enabler
of 5G and future 6G networks, integrating NTN systems with terrestrial
networks and studying the interference and handover between NTN and
5G/6G cells would be an important direction for future research.

o Optimization of Satellite Constellations: Another area of future work is to
study the optimization of satellite constellations. This includes exploring the
most efficient ways to deploy satellites, considering the number of beams,
orbital paths, and the coverage of high-density urban areas or remote regions.

o Hardware and Real-World Implementation: To take the simulation closer
to real-world deployment, it would be beneficial to model the hardware
constraints (such as power limitations, signal processing capabilities, and
antenna design) more rigorously.

By continuing to expand on these areas, the work done in this thesis can be
further refined and applied to the development of future satellite communication
systems in 5G and beyond.
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Appendix A

Generation of the 19-Beam
Hexagonal Multibeam Layout

This appendix describes the procedure used to generate the 19-beam hexagonal
multibeam topology employed throughout this thesis. The reflector and UPA
simulators use the same coordinate construction but insert different antenna-
specific HPBWs, and therefore obtain different numerical beam-center spacings and
footprint sizes. The objective of this appendix is to clarify how the beam centers
are defined in the satellite-centered angular domain and how they are mapped to
the Earth surface. This description supports the multibeam architecture introduced
in Chapter 3 and ensures that the geometric construction used in the simulator is
fully documented.

A.1 UV-Plane Representation

Beam centers are defined in a satellite-centered angular domain using the direction
cosine coordinates (u, v), commonly referred to as the UV-plane. These coordinates
are related to the off-nadir angle # and the azimuth angle ¢ by

u = sinf cos ¢ (A1)

v =sinfsin ¢ (A.2)

Conversely, the spherical angles can be recovered from the UV coordinates as

§ = arcsin (\/ u? 4+ v2> (A.3)

¢ = atan2(v,u) (A.4)
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The UV-plane representation is convenient for constructing regular beam lattices.
Equal UV-plane spacing gives approximately equal angular separation for the small
off-nadir angles considered here; it is not an exact great-circle-angle identity away
from boresight.

A.2 Adjacent Beam Spacing

The separation between neighboring beam centers in the UV-plane is defined
through the Adjacent Beam Spacing (ABS), which is derived from the antenna 3
dB beamwidth Os4p:

ABS = V/3sin <@;d3> (A.5)

This spacing places the vertices of the hexagonal service regions near the 3
dB contours, producing controlled overlap between neighboring beams. Such a
configuration is widely used in multibeam satellite-system studies [1].

The full HPBW inserted into this equation is antenna-specific. The reflector uses
O3qp = 4.42°, giving ABS ~ 0.06679, whereas the baseline UPA uses O34 >~ 6.35°,
giving ABS ~ 0.09593. ABS is a dimensionless direction-cosine spacing, not an
angle in degrees.

A.3 Hexagonal Beam Arrangement

Using the ABS parameter, beam centers are arranged according to a hexagonal
lattice. The 19-beam cluster used in this work consists of three concentric rings:

« Ring 0: one central beam
« Ring 1: six beams surrounding the center

o Ring 2: twelve beams forming the outer ring

The total number of beams is therefore

Ng=1+6+12=19 (A.6)

This configuration represents a common compromise between coverage area
and interference modeling complexity in system-level satellite simulations.
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A.4 Beam Center Coordinates

The UV coordinates of the beam centers are obtained by translating the hexagonal
grid using multiples of the ABS spacing.

A.4.1 Central Beam

The central beam corresponds to the satellite nadir direction:

(u,v) = (0,0) (A7)

A.4.2 First Ring

The first ring contains six beams placed at a distance ABS from the center. Their
coordinates are

(ABS,0) (A.8)

(—ABS,0) (A.9)

<A§°’, ?ABS) (A.10)
<_A2BS, ?ABS) (A.11)
(A?, JfABS) (A.12)
(455 5] a9

A.4.3 Second Ring

The outer ring consists of twelve beams located at larger offsets in the hexagonal
lattice. Their coordinates are obtained by extending the hexagonal grid:
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(2ABS,0) (A.14)
(ABS, V3ABS) (A.15)
(0,V3ABS) (A.16)
(—ABS, V3ABS) (A.17)
(—2ABS,0) (A.18)
(—ABS, —V/3ABS) (A.19)
(0, —V/3ABS) (A.20)
(ABS, —V/3ABS) (A.21)
<2ABS, ?ABS) (A.22)

3 V3
<—2ABS, 2ABS> (A.23)
(—gABS, —?ABS) (A.24)
<2ABS, JfABS) (A.25)

Together with the central beam and the first ring, these coordinates produce the
complete 19-beam hexagonal cluster. The position of each beam in the UV-plane
is shown in Figure A.1.

A.5 Mapping to Satellite Angles

Each beam center defined in the UV-plane is converted into spherical steering
angles used by the antenna models. The corresponding off-nadir and azimuth
angles are obtained from

0, = arcsin (\/ug + vf) (A.26)

¢p = atan2(vy, up) (A.27)

These angles represent the beam boresight directions in the satellite body frame.
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19-beam UV layout (HPBW = 4.42° - ABS = 0.067)

®
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u

Figure A.1: Beam centers in the UV-plane for the reflector-specific full HPBW of
4.42°, corresponding to the dimensionless spacing ABS ~ 0.06679. The UPA uses
the same topology with its own 6.35° HPBW and a larger ABS.

A.6 Mapping to Earth Surface

For visualization and user association, the beam boresight directions are mapped
to Earth-surface coordinates. The off-nadir angle 6, determines the Earth central
angle ¥, between the sub-satellite point and the beam center location. The azimuth
¢y defines the bearing of the beam center relative to the sub-satellite point.
For a spherical Earth of radius Rg and satellite altitude H, the near-side
intersection used in the simulator is
U, — . (Rg+ H
p = arcsm< i

sin Qb) - 01,. (A28)
E

Using these angles, the beam centers can be projected onto the Earth surface,
forming the hexagonal footprint observed in the beam layout figures presented in
Chapters 5 and 6.

A.7 Discussion

The construction described in this appendix provides a common Hex-19 topology
and reuse-color rule. Because the reflector and UPA insert different HPBWs, their
numerical beam centers, user-drop disks, and coverage areas differ. This distinction
must be retained when comparing the complete configurations.
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Appendix B

Shannon Benchmark for
Bandwidth Sweeps

This appendix reports the Shannon-based benchmark used as an upper-bound
reference in the bandwidth-sweep experiments [31]. The benchmark is computed
from the simulated per-UE SINR values and aggregated at beam and cluster level,
consistently with the procedure implemented in the simulator. It is distinct from
the CQI-mapped spectral efficiency reported in Chapters 5-7.

B.1 Per-beam Shannon Spectral Efficiency

Let B, denote the set of beams that serve at least one UE in a given snapshot,
and let U, denote the set of UEs associated with beam b. For each UE u € U, the
simulator computes an instantaneous linear SINR value 7, (after interference and
noise). The Shannon spectral efficiency is then averaged within each beam as

iy — !ulb| S toma(1 ) i/ (B.1)

B.2 Cluster Shannon Throughput

The cluster Shannon throughput is obtained by summing the beam-average spectral
efficiencies over all active beams and multiplying by the bandwidth used by each
beam. Denoting the per-reuse-group bandwidth available to a beam by By, (Hz),
the ideal (overhead-free) cluster Shannon throughput becomes

TShannon = Bgrp Z ﬁb [blt/S], (BQ)

beBact
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which is reported in the simulator in Mb/s as

B, B
TShannon [Mb/S] - ( 13;) Z M. (BS)
beBact

B.3 Accounting for Overheads

To provide a more realistic upper bound for throughput and spectral efficiency, the
simulator also reports a version scaled by a constant overhead factor nog. In the
implementation, this factor combines the fraction of data symbols per slot and a
medium access control (MAC) efficiency term:

Ndata
= B.4
Tlon < N, ) TIMAC; (B.4)

where Ngyp, is the number of OFDM symbols per slot, Ngata is the number of OFDM
data symbols per slot, and mac is the MAC-layer efficiency. The overhead-scaled
Shannon throughput benchmark is therefore

TShannonXOH = ToH TShannon‘ (B5>

B.4 Bandwidth Interpretation for K =1 and K =
3

The reuse factor K determines the number of orthogonal reuse groups; a separate
bandwidth convention determines the bandwidth assigned to each group:

« Reuse-1 (K = 1): all beams operate on the same carrier. In this case,
Bgrp = Bocc-

« Reuse-3 (K = 3): beams are partitioned into three frequency groups (colors),
and only beams in the same group interfere. Under a fixed-total-spectrum
convention, By, = Boec/3. Under the equal-per-group convention used for
the Chapter 7 tables, By, = 30 MHz and By = 3Bgp = 90 MHz.

In the bandwidth-sweep code, the bandwidth variable passed to the snapshot
routine is Bg,p,. Cross-reuse comparisons therefore also report the occupied-spectrum
cluster spectral efficiency, obtained by dividing aggregate throughput by By =
KBy,p.

Accordingly, the normalized cluster spectral efficiency is

T .

Shannonx OH Shannon * TJOH noun _ .

el oce = - E M [blt/S/HZ] . (B6)
1, K By, K beBons
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Equation (B.6) makes the normalization explicit. Changing K also changes the
co-channel set and hence the SINR distribution; whether Bg,, or B, is held fixed
must always be stated.
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Appendix C

Throughput Calculation and TDM
Scheduling

This appendix documents the throughput calculation used in the UPA-based
simulator and distinguishes the physical slot rate from the number of slots simulated
in each experiment. The simulator does not divide a fixed pool of slots among
beams. Instead, all active beams operate in parallel in each slot, and each beam
schedules at most one UE according to a time-division round-robin policy.

C.1 Slot Parameters Used in the Simulator

Two different slot-related parameters are used in the simulator:

e Ngotss: the physical NR slot rate.

e Nrpwm: the number of TDM scheduling slots explicitly simulated in a particular
experiment.

For the adopted 15 kHz subcarrier spacing, the simulator assumes

Naots = 1000 s~ (C.1)

This parameter is not a scheduling decision. It is only used to convert the
number of simulated slots into physical time.

The second parameter, Ntpy, is experiment-specific. The throughput runs
used in Chapter 7 use

NTDM,thr — 200, (C2)
96



Throughput Calculation and TDM Scheduling

whereas the scheduled-UE SINR CDFs in Chapter 6 use
Nrpm,cpr = 500. (C.3)

The 50-UE footprint figures are separate illustrative geometry snapshots and do
not define either performance experiment.
Therefore, the simulated time interval is

Nrpym
Toim = . (O}
Nslot/s ( )
For example, the throughput observation interval is
200
Tom = ——=0.2s. .
T (C5)

The Chapter 6 CDF observation interval is analogously 500/1000 = 0.5 s.

C.2 TDM Round-Robin Scheduling

The UPA-based simulator uses a per-beam time-division round-robin scheduling
policy. At each simulated TDM slot, every active beam can schedule one UE.
Therefore, the 1000 NR slots per second are not divided among the beams. Instead,
beams operate in parallel during each slot.

For beam b, let U, denote the number of UEs associated with that beam. The
scheduler cycles through these users in round-robin order. Thus, if beam b serves
Uy users, each UE is scheduled approximately once every U, slots.

Over Ntpum simulated slots, the approximate number of slots assigned to UE
in beam b is

Ntpm
. C.6
i c6)

If Ntpwm is not exactly divisible by Uy, some users may receive one additional
slot depending on the round-robin order.

Nslot,u ~

C.3 Data Symbols per Slot

Each NR slot contains 14 OFDM symbols. As a system-level overhead abstraction,
the simulator reserves the equivalent of part of the slot for control and reference
signaling:

2 symbols are reserved for demodulation reference signals (DMRS),
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« 1 symbol is reserved for the physical downlink control channel (PDCCH).
Therefore, the number of data symbols per slot is

Ny = 14 —2 -1 =11, (C.7)

C.4 Bits Transmitted per Scheduled Slot

For a scheduled UE u, the number of transmitted bits in one slot is computed as

Nuitstotw = NprB - 12 Naata - Tvac - 75, (C.8)

where Npgrp is the number of physical resource blocks (PRBs), 12 is the number
of subcarriers per PRB, Ngat, is the number of data symbols per slot, mac is the
MAC efficiency factor, and nS@ is the CQI-mapped spectral efficiency of UE u in
bit/RE [28].

It is important to note that the bandwidth is not multiplied separately in this
expression. The bandwidth is already accounted for through the number of PRBs,
Npgrp. For example, in the 30 MHz case with 15 kHz subcarrier spacing, the
simulator uses

Npgrp = 160. (C.9)

C.5 Average UE Throughput

The total number of bits accumulated by UE u during the simulation is

Nbit,u = Z Nbit,slot,u(s)a (C10>

SES,

where S, is the set of slots in which UE u is scheduled.
The average throughput of UE u is then obtained by dividing the accumulated
bits by the simulated time:

Nbit u
R, = ——. C.11
71sirn ( )
Using the definition of Ty, this can also be written as
Nbit u
R,=—" . C.12
NTDM/Nslot/s ( )
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C.6 Example Calculation

Consider a 30 MHz channel bandwidth with 15 kHz subcarrier spacing. In this
case,

NPRB == 160, Ndata == 11, TMIAC = 0.95. (013)
Assume that a UE has CQI 9, corresponding to

n“Y = 2.4063 bit/RE. (C.14)

The number of bits transmitted in one scheduled slot is

Nyig st = 160 - 12 - 11 - 0.95 - 2.4063. (C.15)
This gives

Npit slot = 48.28 x 10° bits/slot. (C.16)

If the corresponding beam serves two users, then each user is scheduled approx-
imately every two slots. For Nrpy = 200, the UE receives approximately

200
Nslot,u - 7 - 100 (Cl7>

scheduled slots.
The total number of transmitted bits for this UE is therefore

Npicw = 48.28 x 10° - 100 = 4.828 x 10° bits. (C.18)

Since the simulated duration is

Tim = 0.2 s, (C.19)
the average throughput is
4.828 x 10°
R, = 07; — 24.14 Mb/s. (C.20)

C.7 Clarification on Beam-Level Parallelism

A key point is that the simulator does not allocate a fixed subset of the 1000 slots
per second to each beam. Instead, the 1000 slots per second define the NR time
scale, while the TDM scheduler is applied independently within each beam. During
each simulated slot, all active beams may transmit simultaneously, subject to the
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selected frequency reuse configuration. Therefore, the slot sharing occurs among
users within the same beam, not among beams.

This distinction is essential for interpreting the throughput results. The number
of simulated TDM slots determines the observation interval, while the number of
slots per second determines the conversion from accumulated bits to bit/s.
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Appendix D

Coordinate Systems and
Beamforming Conventions in the

UPA-Based Simulator

This appendix summarizes the coordinate systems, angular conventions, and beam-
forming definitions used in the UPA-based simulator presented in Chapter 6. The
purpose is to provide a clear reference for the geometric transformations and array-
processing steps used in the implementation, thereby avoiding ambiguity in the
interpretation of steering vectors, beam weights, and beam gains.

D.1 Overview

The simulator combines three main geometric domains:

1. the Earth-centered Earth-fixed (ECEF) frame, used to represent the absolute
positions of the satellite and user terminals;

2. a local East-North-Up (ENU) description around the sub-satellite point, used
for visualization and user placement;

3. the satellite body frame, used to define off-nadir and azimuth angles for beam
steering and array processing.

The beamforming operations are performed in the satellite body frame. Users
are generated on the Earth surface and mapped to satellite-centered angles; beam
centers are generated first in the UV-plane and then projected onto the Earth for
footprint visualization.
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D.2 Earth-Centered Geometry

D.2.1 ECEF Representation

As illustrated in Figure D.1, the position of a point on or above the Earth is
represented in the Earth-centered Earth-fixed frame by the Cartesian vector

v-s
I
ISEINSIIE

For a point at spherical latitude ¢, longitude ¢, and height h above the Earth

Z ecr
Greenwich Meridian Earth's Axis of Rotation
Equator

ecr

Figure D.1: ECEF coordinate system [35].

surface, the simulator uses

x = (Rg+ h)cospcos, (D.1)
y = (Rg+ h)cospsin, (D.2)
z=(Rg+ h)sinp, (D.3)

where Rp is the Earth radius.
The satellite is represented by an ECEF position vector rg,;, while each UE is
represented by a vector ryg. For UE k, the satellite-to-user displacement vector is

therefore
di, = ruEr — Tsat- (D.4)

For UE £, the corresponding slant range is
Ty = HrUE,k — Tsat|- (D.5)

102



Coordinate Systems and Beamforming Conventions in the UPA-Based Simulator

D.2.2 Sub-Satellite Point and Local ENU Coordinates

The sub-satellite point is the point on the Earth surface directly below the satellite.
Around this reference point, the simulator uses a local East-North-Up description
for visualization and user placement.

If (xgnu, yEnu) denote the eastward and northward offsets in kilometers with
respect to the sub-satellite point, then the corresponding latitude and longitude
offsets are approximated by

YENU
Ao = D.6
Al — _VENU (D.7)
R cos @y’

where ¢ is the latitude of the sub-satellite point.

This local ENU representation is used only for user placement and plotting.
The actual link calculations are carried out after mapping the positions back into
the ECEF and satellite-centered angular domains.

D.3 Satellite Body Frame

D.3.1 Definition of the Body Axes

The simulator defines a nadir-pointing satellite body coordinate convention whose
axes are

e 13 local east direction,
e 1, local north direction,

e z,: nadir direction, i.e., from the satellite toward the Earth center.

This ordered East—North—Nadir triad is orthonormal but left-handed because
Xp X §p = —Zp. It is shown in Figure D.2.
Let .
N sat
oot = (D8)
. [[Tsat |
be the local outward radial unit vector at the satellite position. Then the nadir
axis is

ib - _fsat' (Dg)

The east and north directions are constructed from the sub-satellite latitude
and longitude. Because the ordered triad is left-handed, the ECEF-to-body map
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Figure D.2: Satellite body-frame axes

is an orthogonal coordinate-transformation matrix with determinant —1, not a
proper rotation:

Tecer-s = |3 | - (D.10)

This frame is the reference used to define beam boresights and steering angles
in the simulator.

D.3.2 User Direction in the Body Frame

For each UE k, the unit propagation vector from the satellite to the user is

N d,
k= : (D.11)
[l
This vector is transformed into the satellite body frame as
X X bz ks
dy i = Trcrros di = |doy k| - (D.12)
db,z,kz
The off-nadir angle # and azimuth angle ¢ are then defined by
6), = arccos(dp k), (D.13)
qbk: = atan2(db,y7k, db,x,k)- (D14)

Thus, 0; measures UE k’s angular deviation from nadir, while ¢, measures the
direction of that deviation in the local east—north plane.
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D.4 Hexagonal Beam Layout and UV-Plane Rep-
resentation

D.4.1 UV Coordinates

The multibeam cluster is defined in a satellite-centered UV-plane. For a given
off-nadir angle 6 and azimuth ¢, the simulator uses the standard direction-cosine
representation

u = sin 6 cos ¢, (D.15)

v = sin #sin ¢. (D.16)
Conversely,
§ = arcsin (\/m) , (D.17)
¢ = atan2(v, u). (D.18)
The UV-plane is convenient because the hexagonal beam centers can be arranged

using a constant adjacent beam spacing. The construction and its antenna-specific
numerical values are given in Appendix A.

D.4.2 Adjacent Beam Spacing

The simulator defines the adjacent beam spacing in the UV-plane as
S}
ABS = /3sin ( ;dB> , (D.19)

where O3qp is the antenna-specific full 3 dB beamwidth used as reference for the
beam layout: approximately 4.42° for the reflector and 6.35° for the baseline-UPA
layout.

Using this spacing, a 19-beam hexagonal cluster is generated in the UV-plane
and then converted into beam boresight angles (6, ¢5).

D.4.3 Mapping Beam Boresights to the Earth Surface

For each beam, the body-frame off-nadir angle is mapped to the corresponding
Earth central angle using

. (RE +H
v, = arcsin(| ————
Rg

The beam center is then obtained by moving from the sub-satellite point along a
great-circle arc of angular length W, with bearing ¢y.

This provides the latitude and longitude of each beam center on the Earth

surface, while preserving a consistent link between the Earth-side footprint repre-

sentation and the satellite-side steering geometry.
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D.5 Baseline UPA Steering Model

D.5.1 Rectangular UPA Geometry

In the baseline array model, the satellite payload is represented as a uniform planar
array with Ny elements along the horizontal direction and Ny elements along the
vertical direction. The inter-element spacings are denoted by dy and dy, and both
are set to \./2.

The element indices are centered around the origin so that the array phase
reference is placed at the geometric center of the panel.

D.5.2 Steering Vector

For a transmit /look direction (6, ¢), the simulator defines the direction cosines
u = sin @ cos ¢, v = sin 6 sin ¢. (D.21)

The (m,n) component of the planar-array steering vector is

1
[0, ¢)],,.,, = NN P (Jko [Tmu + ynv]) (D.22)
where ko = 27 /). and
Ny —1 Ny —1

Ty = (m A ) dy, Yn = (n —_ ) dy. (D.23)

2 2

Here j =+v/—-1,m=0,...,Ng—1l,and n=0,..., Ny — 1.

The normalization by /Ny Ny ensures that

la(8, &) [|* = 1. (D.24)

D.5.3 Fixed-Beam and Dynamic-Beam Weights

The simulator uses two beamforming modes:

Fixed beamforming. Fach beam b is assigned a static boresight direction
(O, dp), and its beamforming vector is

Wy = a(fy, o). (D.25)
Collecting the 19 beam vectors columnwise gives the fixed beam-weight matrix
Wi, = [ng wix ... W{fg} : (D.26)
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Dynamic beamforming. If beam b schedules user k in a given time slot, the
beam is steered directly toward that user:

w" = a(bh, o). (D.27)

All steering and weight vectors are unit-norm. The slot-dependent beam-weight
matrix is therefore

Wiot = {Wo Wi oo WIS} ) (D.28)

where each active column corresponds either to a fixed beam or to a dynamically
steered beam, depending on the selected mode.

D.5.4 Array Factor and Normalized Beam Response

Let a; be the steering vector of user k. The simulator evaluates the complex array
factor between user k and beam b as

AFk,b = a,fwb. (D29)
The corresponding normalized relative beam power response is
kb = |AFk,b‘27 (DBO)

with 0 < g, < 1. Its dB representation is Gyerrp = 101og; grp < 0 dB. Absolute
boresight gain is already included in the configured EIRP.

This relative response is used both for user-beam association and for the
computation of desired signal and inter-beam interference.

D.6 Hierarchical Beamforming Model

D.6.1 Motivation

The hierarchical model is intended to emulate a larger effective aperture while
preserving a physically structured implementation. In the simulator, the total array
is decomposed into:

 a subarray composed of 4 x 4 elements with spacing A./2,
« an external array composed of 16 x 16 subarray centers with spacing 2\..

This realizes a factorized response with the physical span of a 64 x 64 half-
wavelength array (31.5\, ~ 4.72 m at 2 GHz). It is not a fully steered 64 x 64 array:
the external array determines the high-resolution steering, while the fixed broadside
subarray pattern acts as an envelope that suppresses part, but not necessarily all,
of the grating-lobe response.
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D.6.2 Subarray and External Steering Vectors

Let agu (0, ¢) denote the steering vector of the 4 x 4 subarray and ae (6, ¢) the
steering vector of the 16 x 16 external array of subarray centers.
In the hierarchical mode, the simulator uses:

« a fixed broadside subarray weight vector wgy, = ag(0,0),

« a dynamically steered external weight vector wy, .y for each scheduled beam.

For beam b serving user k,
Whext = Aext (eka ¢k> (D31)

D.6.3 Factorized Array Response

The hierarchical model evaluates the total beam response as the product of the
subarray and external responses:

Aszzr - (ag(t’ka7eXt> (aglb’kwsub> . (D32)
Therefore, the total normalized relative power response is
. . 2
gt = AL
This factorization is important for interpreting the simulator results: the
external array provides narrow steering and high angular selectivity, while the

subarray term shapes the broader angular envelope and attenuates part of the
grating-lobe response.

(D.33)

D.7 User Association

Within the UPA comparisons, the association rule is kept identical for the base-
line and hierarchical configurations. For each user, the simulator evaluates the
normalized response from the baseline fixed-beam set and selects the beam with
the maximum response. A user is associated only if the best response is at least
—3 dB relative to boresight. The reflector simulator uses maximum Airy-pattern
response without this UPA-specific threshold.

This produces a beam assignment

bs(k) = arg max g,ﬁf@, (D.34)

subject to the visibility and gain-threshold conditions.

In the hierarchical mode, the simulator still uses a baseline fixed-beam struc-
ture for association, while the slot-level transmission uses hierarchical dynamic
beamforming. This design choice avoids excessively sharp association regions and
keeps the user-to-beam assignment comparable across models.
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D.8 Received Signal, Interference, and SINR

For a user k served by beam b, the desired received power is modeled as
Sk = PoxJrkbs (D.35)

where P is the baseline link-budget power term excluding beamforming gain.
The co-channel interference is computed by summing the contributions of all
simultaneously active beams in the co-channel set Z(b) of serving beam b:

Ii="Por >, Guy- (D.36)
b €Z(b)
The effective SINR is then
Sk
Py + Iy + Injcr’

SINR; = (D.37)
where Py is the thermal-noise power and I 1cr is the optional Doppler-induced
OFDM self-interference term.

For equal link-budget and power-normalization settings, array-topology effects
enter through the relative responses g5, which affect both the desired signal and
interference terms. The separate power-normalization study also changes F .

D.9 Interpretation for Chapter 6

The key point for reading Chapter 6 is that the steering vectors and beam weights
are always computed in the satellite body frame, using the angles (0, ¢) obtained
after transforming each user direction from ECEF coordinates into the local nadir-
pointing satellite frame.

Therefore:

o the Farth-side footprint determines where users and beams are located
geographically:;

o the body-frame angles determine how the array sees those users and beams;

o the beamforming gains are obtained from inner products between steering
vectors and beam weights;

 the hierarchical architecture modifies the gain pattern by factorizing the total
response into an external-array term and a subarray-envelope term.

This convention is used consistently throughout the UPA-based simulator and
should be kept in mind when interpreting the SINR and performance results of
Chapter 6.
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