POLITECNICO
DI TORINO

POLITECNICO DI TORINO

Master Degree course in Communications Engineering

Master Degree Thesis

Performance Evaluation of NOMA and
OFDMA in LEO Satellite Constellations

Supervisors
Prof. Roberto GARELLO

Candidate
Selim UCAR

ACADEMIC YEAR 2024-2025



Contents

1 Introduction
1.1 Motivation . . . . . . . .
1.2 Scopeofthe Study . . . .. ... . ..
1.3  Thesis Organization . . . . . . .. ... ...

2 LEO Satellite Communications
2.1 Overview of Satellite Communication Systems . . . . . . . ... ... ...
2.2 Characteristics of LEO Satellite Constellations . . . . . .. ... ... ..
2.3 Challenges in LEO Satellite Communication . . . . . . . .. .. ... ...
2.4  Multiple Access Techniques in Satellite Networks . . . . . . ... ... ..

3 Non-Orthogonal Multiple Access (NOMA) in Satellite Communications
3.1 Principles of NOMA . . . . . . .. ...
3.2 Performance Analysis and Simulative Approach to NOMA in Satellite

Communication . . . . . ... ... Lo

4 Orthogonal Frequency-Division Multiple Access (OFDMA) in Satellite
Communications

4.1 Principles of OFDMA . . . . . . . . . . . .. ..
4.2  Performance Analysis and Simulative Approach to OFDMA in Satellite
Communication . . . . . . . . .. L

5 System Model and Software Simulation
5.1  Methodology and Model Description . . . . ... .. .. ... ... ....
5.2 Simulation Parameters and Implementation . . . . . ... ... ... ...
5.3 Performance Metrics and Results . . . . . . . ... ... ... ... ....

6 Conclusion and Future Work

Bibliography

S UL U i W W NN

co

14
14

17

21
21
21
23

42

44



Acknowledgements

This page is intentionally left blank.



Abstract

Low Earth Orbit (LEO) satellite constellations are emerging as a cornerstone of next-
generation communication infrastructures, and their significance for Internet of Things
(IoT) ecosystems continues to grow steadily. LEO satellites operate at considerably
lower orbital altitudes, thereby mitigating signal propagation delays and significantly re-
ducing communication latency. The adoption of advanced multiple access techniques is
indispensable, as they have to manage scarce spectral resources while supporting the
exponential growth in the number of connected devices. Such techniques are required
not only to enhance spectral efficiency and maximize achievable throughput but also to
ensure robust and reliable connectivity in highly dynamic and interference-prone LEO
environments. Consequently, the selection and design of multiple access schemes rep-
resent a critical factor in determining the overall performance, scalability, and quality
of service of LEO-based communication systems. This thesis investigates the perfor-
mance of Non-Orthogonal Multiple Access (NOMA) and Orthogonal Frequency Division
Multiple Access (OFDMA) in LEO satellite communication networks. A heuristic-based
software simulation environment is developed to model a satellite constellation system
in Walker Delta form and evaluate the comparative performance of these two multiple
access techniques. The study primarily focuses on Signal-to-Interference-plus-Noise Ratio
(SINR), system capacity, data rates, spectral efficiency, and varying satellite constella-
tion network conditions. By conducting comprehensive simulations, this research aims to
provide insights into the suitability of NOMA and OFDMA for LEO constellations for
IoT applications and high-speed internet service in Ka-band. The findings contribute to
the ongoing efforts to enhance access strategies for next-generation satellite networks.



Chapter 1

Introduction

1.1 Motivation

The rapid expansion of Low Earth Orbit (LEO) satellite constellations is revolutionizing
global communication networks, particularly in enabling the Internet of Things (IoT) on
a large scale. The ability of LEO satellites to provide low-latency and widespread con-
nectivity makes them an essential component in future wireless communication systems.
However, as the number of IoT devices continues to grow exponentially, efficient multiple
access techniques become crucial to managing the limited spectral resources effectively
while ensuring reliable data transmission [1].

In terrestrial networks, Non-Orthogonal Multiple Access (NOMA) and Orthogonal
Frequency Division Multiplexing (OFDM) have been extensively studied for their ability
to enhance spectral efficiency and support massive connectivity [2]. However, their ap-
plication in LEO-based satellite communications remains an open research challenge due
to the dynamic nature of satellite links and variations in network topology. Evaluating
the performance of these techniques in a LEO satellite environment is essential to deter-
mine their feasibility for IoT applications and next-generation satellite communication
networks and constellation formations.

This thesis aims to bridge this gap by developing a Python-based software simulation
environment to model a LEO satellite constellation and analyze the comparative perfor-
mance of NOMA and OFDMA. The key performance metrics include system capacity,
spectral efficiency, and latency, considering different satellite network conditions. By vi-
sualizing and comparing the simulation results, this study provides valuable insights into
the advantages and limitations of these multiple access techniques in a satellite-based IoT
ecosystem.

The findings of this research contribute to the ongoing efforts in optimizing multiple
access strategies for future LEO satellite networks, supporting the seamless integration
of IoT devices and enhancing global connectivity.
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1.2 — Scope of the Study

1.2 Scope of the Study

This study focuses on evaluating the performance of two prominent multiple access tech-
niques, NOMA and OFDMA in the context of LEO satellite constellations. The research
aims to analyze their effectiveness in handling the growing demand for high spectral ef-
ficiency, low latency, and massive connectivity, which are critical for emerging IoT appli-
cations and next-generation satellite communications.

The scope is limited to downlink scenarios and considers key performance indica-
tors such as system capacity, spectral efficiency, and latency. A Python-based software
simulation environment is developed to model LEO satellite behavior, including real-
istic channel characteristics and constellation parameters. The study does not include
hardware implementation or terrestrial network integration but remains focused on the
simulative comparison and theoretical analysis of NOMA and OFDMA under different
satellite network conditions.

By restricting the analysis to these parameters and scenarios, the research aims to
deliver a clear understanding of how each technique performs in isolation within a satellite
communication framework and to support future decision-making processes regarding
multiple access strategies in LEO constellations.

1.3 Thesis Organization

This thesis is structured into two main phases, each contributing to a comprehensive
evaluation of NOMA and OFDMA techniques within LEO satellite constellations.

The first phase is dedicated to the theoretical and mathematical modeling of both
NOMA and OFDMA schemes in the context of LEO satellite communication. This
includes the derivation of mathematical models, performance indicators, and comparative
analysis between the two methods. Emphasis is placed on evaluating the theoretically
expected outcomes in terms of spectral efficiency, system capacity, and latency, while
considering the unique characteristics and challenges of satellite environments such as
number of satellites in the shell and altitude.

In the second phase, a simulation environment is developed using a software-based
approach to model a single-shell LEO satellite constellation. Within this model, the per-
formance of NOMA and OFDMA is examined under practical conditions. The simulation
takes into account key system parameters such as satellite altitude, the number of satel-
lites per shell, and channel characteristics. Performance metrics include latency, spectral
efficiency, system capacity, and the influence of constellation design on communication
efficiency.



Chapter 2

LEQO Satellite Communications

2.1 Overview of Satellite Communication Systems

Satellite communication systems facilitate crucial long-distance connectivity by utilizing
orbiting satellites as relay stations in space to transmit signals beyond the line of sight [3].
A system of this nature generally comprises a space segment, which includes the satellite
or constellation operating in orbit, and a ground segment, consisting of Earth-based
control stations and user terminals.

-
' Space station
(space segment)

Up link

Diown link

Earth station
round segment)

Earth station

Figure 2.1: Overview Diagram of Satellite Communications

Communication is facilitated through an uplink, whereby a transmitting Earth sta-
tion sends signals to the satellite, followed by a transponder onboard the satellite that
receives and amplifies the signal, and a downlink that retransmits the signal to a receiv-
ing station. This system architecture enables diverse applications such as global voice
and data telecommunications, television broadcasting, broadband Internet access, and
connectivity for maritime, aeronautical, and remote areas where terrestrial networks are
not feasible. Satellites can be categorized into four principal types based on their orbital
characteristics [4]:

o Low Earth Orbit (LEO): These satellites operate at altitudes ranging from 200 to
4



2.2 — Characteristics of LEO Satellite Constellations

2,000 kilometers above Earth’s surface.

o Medium Earth Orbit (MEO): Positioned primarily between 8,000 and 20,000 kilo-
meters above Earth’s surface, MEO satellites are commonly utilized for navigation
systems like GPS and communication networks.

o Geostationary Earth Orbit (GEO): Also referred to as the Clarke Orbit, these
satellites maintain a fixed position at an altitude of 35,786 kilometers above the
equator.

» Highly Elliptical Orbit (HEO): Characterized by a highly eccentric trajectory, these
satellites can reach altitudes of up to 40,000 kilometers at apogee (the farthest point
from Earth).

2.2 Characteristics of LEO Satellite Constellations

A Low Earth Orbit (LEO), as indicated by its nomenclature, refers to an orbital path
that is comparatively proximate to the terrestrial surface of the Earth. LEO satellites are
deployed at altitudes below 2,000 kilometers. This upper boundary is largely determined
by the presence of the Van Allen radiation belts, whose intense radiation environment
creates harsh conditions for spacecraft operating at higher altitudes. The minimum al-
titude at which a satellite can operate is dictated by the influence of the Earth’s at-
mosphere. Typically, satellites are not deployed at altitudes lower than 180 kilometers
for this specific rationale — while this is relatively low in the context of other orbits, it
remains significantly elevated above the Earth’s surface. In this context, communications
satellites positioned in Low Earth Orbit (LEO) frequently operate as components of a
constellation, which constitutes a network of multiple identical or analogous satellites col-
laborating to deliver uninterrupted coverage in a 'net’ configuration encircling the Earth.
This principle similarly extends to constellations utilized for observation or navigation
purposes [5].

Satellites dedicated to specific applications, such as Earth observation, rely on efficient
mechanisms for transmitting the data they collect. Typically, this data is transmitted
via a downlink that is configured to match the rate of data collection. However, in
cases where real-time transmission is not feasible, Low Earth Orbit (LEO) satellites are
equipped with onboard memory systems to store the collected data during their orbit.
Once the satellite comes within range of a receiving Earth station, the stored information
is downloaded, ensuring the continuity of data acquisition and delivery [6].

2.3 Challenges in LEO Satellite Communication

Low Earth Orbit (LEO) satellite networks, while offering the advantage of reduced prop-
agation delays, present unique technical challenges due to their low altitude and high
orbital velocity. A key issue arises from the significant Doppler shift introduced by the
rapid relative motion of satellites, which can reach 950 Hz frequency shift [7]. At GHz
operating frequencies, this results in frequency deviations of several tens of kilohertz
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LEO Satellite Communications

which is substantially higher than those observed in terrestrial communication system
and demands the implementation of sophisticated Doppler compensation techniques.
Additionally, since LEO satellites have short orbital periods, they are visible to a
given ground terminal for only a few minutes. Continuous connectivity requires frequent
handovers between satellites, adding further complexity to the network design [8].

2.4 Multiple Access Techniques in Satellite Networks

In satellite communications, multiple access refers to the ability of several users to simul-
taneously utilize a shared resource, such as a satellite’s transponder. The transponder
functions as the communication medium, receiving signals from terrestrial terminals via
the uplink and retransmitting them back to Earth through the downlink to the desig-
nated users. These users are spread across different geographical locations, and various
techniques are employed to enable their concurrent access to the satellite’s transponder.

Multiple Access Techniques play a crucial role in satellite networks. Commonly used,
legacy techniques are Frequency Division Multiple Access (FDMA), Time Division Multi-
ple Access (TDMA), Code Division Multiple Access (CDMA) and Space Domain Multiple
Access (SDMA) [9]:

o Frequency Division Multiple Access (FDMA): Allocates distinct frequency bands
to different users, ensuring that each user has a dedicated frequency channel for the
duration of their communication session. In the context of Frequency Division Mul-
tiple Access (FDMA), multiple Earth stations can access the entire available band-
width of the satellite transponder by utilizing distinct carrier frequencies, thereby
preventing interference between the signals from different users.

o Time Division Multiple Access (TDMA): Allocates distinct time slots to individual
users within a recurring frame structure. Each user transmits during their assigned
time slot, enabling multiple users to use the same frequency channel without caus-
ing interference. In Time Division Multiple Access (TDMA), various Earth stations
within the satellite’s coverage area share the transponder by utilizing a single car-
rier in a time-division manner. This should not be confused with Time Division
Multiplexing (TDM), which is a technique employed at a specific Earth station to
transmit multiple digitized baseband signals simultaneously over a shared commu-
nication channel, with each signal being separated in time.

o Code Division Multiple Access (CDMA): Allows multiple users to transmit at the
same time over the same frequency band by assigning a unique code to each user.
The receiver uses these codes to separate the signals from different users. In CDMA,
multiple Earth stations utilize the full bandwidth of the transponder simultaneously.
Each transmitter spreads its signal across the entire bandwidth, which is signifi-
cantly wider than the bandwidth needed for the signal. One method of achieving
this is by multiplying the information signal with a pseudorandom bit sequence.

o Space Domain Multiple Access (SDMA): Space Division Multiple Access (SDMA)
is an advanced technique in satellite communications that uses spatial separation
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to allow multiple users to share the same frequency channel at the same time.
Through the use of smart antennas or phased arrays, SDMA directs concentrated
beams towards specific users, effectively creating distinct spatial channels within the
same frequency band [10]. By applying the SDMA technique on a single satellite
platform, multiple beams with different polarizations can cover the same area of
the Earth’s surface, enabling frequency re—use. In a typical satellite link, SDMA
is often combined with other multiple access techniques like FDMA, TDMA, and
CDMA.

The most commonly used multiple access techniques have been briefly discussed. In
the scope of this thesis, however, the focus will be specifically on NOMA and OFDMA
techniques, and a comparative and simulation based implementation of these methods
will be carried out. Chapter 3 will provide a detailed discussion of the NOMA technique,
both mathematically and practically. Chapter 4 is dedicated to the OFDMA technique,
following the same structure. In this section, we will also present an overview of the
application of NOMA and OFDMA techniques in satellite networks.

In context of satellite communications, NOMA is regarded as a crucial technology for
supporting terrestrial 5G applications, particularly those involving massive machine-type
communications (mMTC) as can be seen in Eutelsat fleet [11] . NOMA is a multiple
access method that enables several users to utilize the same time—frequency resources
by layering their signals in the power domain. In contrast to orthogonal approaches like
OFDMA or TDMA, NOMA uses power-domain multiplexing and relies on Successive
Interference Cancellation (SIC) at the receiver to distinguish and separate the users’
signals [12].

On the other hand, Orthogonal Frequency Division Multiplexing (OFDM) is a digital
modulation technique that partitions a high—speed data stream into several lower rate
subcarriers, with each subcarrier carrying a segment of the data. This approach improves
spectral efficiency and offers resilience against channel impairments, including multipath
fading. In the context of satellite networks, OFDMA is employed to enhance the reliability
and efficiency of data transmission, effectively mitigating issues such as Doppler shifts
and high mobility.

To obtain a higher spectral efficiency in wireless communications has led to the pro-
posal of hybrid NOMA—OFDM solutions [13]. However, there is currently no solid or
widely adopted study specifically demonstrating the combined use of these techniques in
LEO satellite constellations.



Chapter 3

Non-Orthogonal Multiple Access
(NOMA) in Satellite
Communications

3.1 Principles of NOMA

Non-orthogonal multiple access (NOMA) has emerged as a leading candidate among
advanced radio access techniques envisioned for next-generation wireless communication
systems. Unlike the widely adopted Orthogonal Frequency Division Multiple Access
(OFDMA), which is the standard orthogonal multiple access (OMA) scheme in current
networks, NOMA enables multiple users to share the same time, frequency, and spatial
resources simultaneously. NOMA transmits users’ signals by superimposing them based
on their power levels. On the receiver side, the signals are separated using the Successive
Interference Cancellation (SIC) technique. SIC in NOMA is a receiver-side method that
processes overlapping user signals step by step. After successfully decoding one user’s
signal, it subtracts it from the combined received signal, allowing the receiver to decode
the next user. This process enables multiple users to efficiently share the same frequency
and time resources. In this way, the same resources can be shared by multiple users,
resulting in enhanced spectral efficiency. Furthermore, NOMA is capable of supporting
ultra-reliable low-latency communications and massive connectivity, which are critical
requirements for applications such as the Internet of Things (IoT) and machine-type
communications. These advantages position NOMA as a compelling solution for meeting
the performance demands of future wireless networks. A schematic belonging to the
NOMA method can be seen in Figure 3.1 below:
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3.1 — Principles of NOMA
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Figure 3.1: NOMA System Schematic

In light of this information, we can model the signal of a LEO satellite as follows.
Consider a scenario in which the downlink communicates with N users and M satellites
in the LEO constellation shell. After establishing the signal model, the fundamental SAT-
COM parameters should also be considered. These can be listed as follows: Propagation
loss, geometric antenna pattern, and channel statistical properties.

Channel Gain Between User and Satellite

In a LEO satellite constellation with M satellites and N users, the complex channel gain
between the m-th satellite and the k-th user is modeled as:

hm = \/Gs,m(em,k) . Gu,k (31)
' Lm,k

where:

o Gym(0mk): antenna gain of satellite m toward user k, depending on beam angle
Hm k>

e G, 1: antenna gain of user k’s terminal,

o Ly, free-space path loss between satellite m and user k, given by

Ly = <47Tdm’€fc>2 (3.2)

C

e dy,: distance between satellite m and user k,

Superposition Signal Model by Satellite m

Assuming satellite m serves a subset of users U, C {1,..., N}, the NOMA downlink
signal transmitted by satellite m is:

l'm(t) = Z \/ am,kpm xk(t) (33)

k€U,
9



Non-Orthogonal Multiple Access (NOMA) in Satellite Communications

where:
* Q1 power allocation factor for user & from satellite m (with Yy, i = 1),
e P,,: total transmit power of satellite m,

o x1(t): baseband signal intended for user k.

Signal to Interference Plus Noise Ratio for LEO Constellation NOMA

Assume satellite m € {1,2,..., M} serves a subset of users U,, C {1,2,...,N} via
downlink NOMA. For user k € U,,, let the users be ordered according to their channel
gains as seen by satellite m, such that:

hmal® < Jhm2l® < -0 < B I (3.4)

Then, the SINR of user k served by satellite m, after applying SIC for users with
weaker channels is:

han | P,
SINR,, 1 = Gk fom ™ Pr

o (3.5)

Z am,r’hm,kPP’m + o
r=k+1

where:
o Q1 power allocated by satellite m to user k (with > .y i = 1),
e P,,: total transmit power of satellite m,

o Ny, i channel gain from satellite m to user k,

« 02 noise power (if you keep Ny, use 02 = NoB).

3.2 Performance Analysis and Simulative Approach to NOMA
in Satellite Communication

In the context of LEO satellite constellations, the deployment of NOMA across multiple
equivalent satellites introduces a set of unique performance evaluation criteria. Consider a
scenario where a constellation of M equivalent LEO satellites collectively serves N ground
users through downlink NOMA transmission. In such a system, several key parameters
influence overall performance and must be modeled accordingly.

In this study, during performance calculations, frequency values will be taken in the
range of Ka— band, which are frequently used in LEO satellite constellations. In the
European region, the Ka-band range is defined between 27,5 GHz and 31 GHz [14].

We will consider a downlink NOMA system with M satellites serving a total of NV
users under a Rayleigh fading model. Each satellite can serve multiple users on the
same time/frequency resource using power-domain multiplexing. Successive Interference
Cancellation (SIC) is assumed to exist at the receivers, allowing higher-channel-quality
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3.2 — Performance Analysis and Simulative Approach to NOMA in Satellite Communication

users to cancel interference from lower-channel-quality users. Key parameters are defined
as follows:

o M: Number of satellites (downlink transmitters in the system).
o N: Total number of users served by all satellites (indexed as needed per satellite).
« N,,: Number of users served by satellite m (so >M_| N,, = N).

e oy 1 Power allocation coefficient for user & on satellite m (power-domain NOMA),
with Z]kvgl ami = 1. (If you keep Py, ), elsewhere, use Pp, , = Qo Pry.)

e P,,: Total transmit power of satellite m.

e hp i Channel coefficient (complex fading gain) from satellite m to its k-th user.
Let gm i = |hm x| denote the channel power gain.

« 02: Noise power (variance of additive white Gaussian noise) at each user’s receiver.

Within each satellite’s user group we sort users by their channel conditions. Assume
9m,1 < gm2 < -+ < Gm,N,,, meaning user 1 has the weakest channel on satellite m (and
will be allocated the highest power), while user N,, has the strongest channel (allocated
the lowest power). In the power-based NOMA scheme, users with stronger channels
perform SIC to remove interference from signals intended for users with weaker channels
(who have higher transmit power), thereby improving their own reception. The following
formulas give the requested performance metrics in mathematical form.

3.2.1 SINR for Each User

For a given satellite m, consider its k-th user (with channel gain g,,  and allocated power
P, ). Under ideal SIC, this user will decode and cancel interference from all users j < k
(those with weaker channels but higher allocated power) before decoding its own signal.
It will treat signals of users j > k (stronger channel users with lower power) as noise since
those are not decoded prior to its own signal. Thus, the Signal-to-Interference-plus-Noise
Ratio (SINR) for user k on satellite m can be expressed as:

}%Lkgmk
Np, ’

2
g Phjgmk + o
Jj=k+1

SINR,x = (3.6)

where the summation in the denominator represents the remaining intra-satellite inter-
ference (ISI) from users j = k+ 1,k + 2,..., Ny, (those with better channel conditions
who are not canceled by user k’s SIC process). In this formula, P, ygm i is the received
signal power for user k’s own signal, and Z;V:";C 41 Pm.jgm.k is the total interference power
at this user from all other signals on the same satellite that have not been removed via
SIC. Note that user k = 1 (the weakest user) has no prior users to cancel, so its SINR
includes interference from all other j = 2,..., N,, users. Conversely, user k = N,, (the
strongest user) can cancel interference from all j < N,,, so its SINR is limited only by
noise (and possibly inter-satellite interference if present, which is neglected here assuming
orthogonal resource allocation between satellites).

11
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3.2.2 Total Transmitted Power

The total transmitted power in the system is the sum of the transmit powers allocated
to all users across all M satellites. If each satellite m has a total power budget P, 1ot =
,iv;”l P, i, then the system-wide total transmit power is given by:

M Ny, M
Ptotal - Z Z Pm,k = Pm,tot . (37)
m=1 k=1 m=1

So, we accumulated the power of every user’s superposed signal. In a power-domain
NOMA scheme, P,  may often be written as a fraction of Pp, tot (€.8. Pk = Qs P tot
with > ay, = 1 for each satellite), but the formula above remains general. It captures
the fact that all user signals on all satellites contribute to the total transmitted power in
the network.

3.2.3 Sum Rate of the NOMA System

The sum rate is the aggregate data rate achieved by all users in the system. Assuming
each user’s channel capacity is achieved with Gaussian signaling, the rate for user k& on
satellite m can be expressed by the Shannon formula R, ;, = B,log, (1+SINR,, 1), where
B is the bandwidth (in Hz) allocated to the NOMA transmission (or one unit bandwidth
if normalized). Under the assumption that all N users share the same time-frequency
resource (per satellite) and can achieve these individual rates simultaneously via SIC, the
total sum rate of all users in the system is:

M Nm

Ram = > > B logy(1+SINR,, ;) (3.8)
m=1 k=1

e M is the number of satellites,
e N,, is the number of users served by satellite m,

o SINR,, . is the signal-to-interference-plus-noise ratio for the k-th user served by
satellite m.

In this expression, SINR,, ;, is substituted from the formula in metric (1) for each user.
The sum rate Ry, represents the combined throughput of the N users. It inherently
accounts for NOMA'’s power-domain multiplexing and SIC. The summation adds up all
these contributions. This sum rate would typically be compared against an equivalent
orthogonal multiple access (OMA) scenario to illustrate NOMA’s spectral efficiency gains,
given appropriate power allocation and successful interference cancellation. Sum rate
defines the system capacity and throughput as well. Theoretical total system capacity
can be proved as:

Csat = »_ Blog, (1+ SINR,,) (3.9)

Csat stands for the satellites capacity and Bgg is the bandwidth per satellite (100MHz
default in the simulation). Deriving from the system SINR and sum rate Ry, data
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3.2 — Performance Analysis and Simulative Approach to NOMA in Satellite Communication

rate per user can be calculated. In order to do this, system should be considered under
user-per-satellite (UPS) condition. Aim is to detect and provide hight data rates to the
user clusters in the satellite coverage area.

Pm,k Im,k
SINR{), = —— - : (3.10)
3 Z Pm,j Im,k + Z Pm7j Im,k + Im,k + 02
j=1 G=k+1
mp = Blogy(1+SINRE,)  [Mbit/s] (3.11)

3.2.4 Spectral Efficiency

Spectral efficiency (SE) quantifies how efficiently the available bandwidth is utilized in
transmitting data. It is defined as the total achievable sum rate of the system normalized
by the bandwidth:

(3.12)
where:

o 7 is the spectral efficiency in bits per second per Hertz (bits/s/Hz),

e Rgum is the total sum rate achieved by all users in the system (in bits/s),

o B is the system bandwidth in Hertz (Hz).

Spectral efficiency increases with better SINR, efficient power allocation, and effective
interference cancellation (such as ideal SIC in NOMA). Therefore, it serves as a key
metric for evaluating the capacity performance of multiple access schemes in LEO satellite
networks.

13



Chapter 4

Orthogonal Frequency-Division
Multiple Access (OFDMA) in
Satellite Communications

4.1 Principles of OFDMA

Orthogonal Frequency Division Multiplexing (OFDMA) is a multicarrier transmission
technique designed for high data rate communication systems. It works by distributing
high-speed data across numerous low-rate subcarriers. These subcarriers are mutually
orthogonal, and their frequency separation is achieved through the application of the
Fast Fourier Transform (FFT) [15].

Power

UT1

UT2 uUT4

uT3 g subcarrier1 subcarrier 2 subcarrier 3
LT D uta

Figure 4.1: OFDMA System Schematic

Considering OFDMA in satellite communications, each user is assigned a distinct
group of subcarriers, enabling concurrent downlink transmissions without interference
assuming ideal conditions. Unlike traditional single-user OFDM, which dedicates all sub-
carriers to one user in a given time slot, OFDMA supports flexible subcarrier allocation

14



4.1 — Principles of OFDMA

among multiple users. This adaptability makes OFDMA particularly effective for LEO
satellite systems, where user link conditions and satellite coverage vary frequently. A fun-
damental concept in OFDMA, carried over from OFDM, is the orthogonality of its sub-
carriers. Each subcarrier is a sinusoidal signal, and they are spaced in frequency so that
they remain orthogonal over the symbol period T'; in other words, their cross-correlation
equals zero during this time interval. Expected advantages of OFDMA application in
LEO constellations follow:

e« Enhanced Bandwidth Utilization: OFDMA enables concurrent access to the
same frequency band by multiple users, resulting in more efficient use of available
spectrum—particularly beneficial in densely populated networks.

e Lower Transmission Delay: By allocating subcarriers according to user de-
mands, OFDMA minimizes data transmission delays. This is essential for latency-
sensitive applications such as real-time video streaming and interactive gaming.

e Improved Performance in High-Traffic Scenarios: In environments with
heavy user density—Ilike stadiums or airports—OFDMA alleviates network con-
gestion by supporting simultaneous communication for many devices.

e Adaptive Resource Allocation: OFDMA supports dynamic distribution of sub-
carriers, ensuring that high-bandwidth tasks (e.g., video conferencing) receive more
resources, while low-bandwidth tasks (e.g., IoT sensors) are assigned fewer.

e Greater Energy Efficiency: Through optimal transmission scheduling, OFDMA
minimizes the active time of user devices. This reduces power consumption, which
is especially advantageous for battery-dependent equipment such as smartphones
and IoT nodes.

Signals transmitted between the user and the satellite can follow multiple propagation
paths, with each path introducing distinct phase shifts and time delays. Reflections from
the Earth’s surface or atmospheric layers may add smaller, secondary delays. While
modeling the channel, the overall delay is represented as a combination of the dominant
geometric delay and the minor delays introduced by multipath components.

Delay spread describes the time-domain dispersion resulting from these multipath
effects. In OFDM systems, this is typically addressed using a cyclic prefix (CP). The
length of the CP is designed to exceed the maximum expected delay spread, which helps
to eliminate intersymbol interference (ISI). This ensures that each subcarrier retains
orthogonality and avoids interference with adjacent symbols.

4.1.1 OFDMA Signal Model with Rayleigh Fading and Doppler Shift
Each user kK =1,2,..., N transmits an OFDMA signal as follows:

L-1 2mg

zpln] = > D spglll €N (n-t:) gln — INg] (4.1)

=0 qENk,Z
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where:

o si[l]: The I-th IFFT output symbol for user k,

e fri: Subcarrier frequency assigned to user k,

o g[n]: Pulse shaping window function (e.g., RRC),

o Ng: OFDM symbol duration (including cyclic prefix),
e L: Number of OFDM symbols.

OFDMA Channel Model

The time-varying multipath Rayleigh fading channel between user k and satellite m is
modeled as:

higm (t, T) Z A, p(1)0(T — Tp) (4.2)

where:
* Qmp(t): Complex Gaussian path gain, ~ CN(0,07),
o 7p: Delay of the p-th path,
e P: Number of multipaths.

Doppler shift for user k£ to satellite m is:

fDgem = vk’?fc cos(Ok,m) (4.3)
where:
» v m: Relative velocity between user k and satellite m,
e f.: Carrier frequency,
e ¢: Speed of light,
o Opm: Angle of arrival.
The received signal at satellite m is the superposition of all user signals:
Z Z o mp[n] T — dp) 2D Em T gy ] (4.4)
k=1p=1
where:
e T, Sampling interval,
o wp[n] ~ CN(0,02): Additive white Gaussian noise.
Assuming downlink transmission from M satellites:

Z Z Qmpln] Tm[n — dp) 2D Rm T 4y )] (4.5)
m=1p=1
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4.2 Performance Analysis and Simulative Approach to OFDMA
in Satellite Communication

4.2.1 SINR Calculation for OFDMA Users

The SINR for user k served by satellite m on subcarrier n can be expressed as [16]:

Pt gl
SINRmykyn — m,k,n | 7’)’1,]6,’]’1,‘2 5 (46)

P
hmgnll] = Zak,m,p[l] e—i2rnAfTy (4.7)
p=1

where:
o P, 1 n is the power allocated to user k£ on subcarrier n by satellite m,
o Ny kn is the channel gain between satellite m and user k on subcarrier n,

o The denominator includes inter-satellite interference (from all j # m) and the noise
power 02 = NoAf,.

4.2.2 Resource Allocation and Power Control

OFDMA performance heavily depends on efficient resource allocation strategies [17]. The
optimization problem for maximizing system capacity can be formulated as:

M Np N
maximize: Z Z Z T ken A fr 1089 (1 + SINRy, k.0

m=1k=1n=1
Nm N

subject to: Z Z Prkn < Pnaxm, Vm (Power constraints)
k=1n=1 (4 8)

Nm
Zl‘m,k,n < 1, Vm,n (Subcarrier allocation)
k=1

0< Pm,k,n < Tonkeyn Pmax,ma Vm, k,n (Coupling)
QoS requirements per user.
where:

o ZTmkn € {0,1}: binary allocation variable; z,, 1, = 1 if subcarrier n is assigned to
user k on satellite m.

e Ppkn > 0: transmit power allocated by satellite m to user k£ on subcarrier n
(coupled via 0 < Py, k.n < Zyy ko Pmax,m)-

o Prax,m: total power budget of satellite m (constraint ZkNgl nyzl Pk < Pmaxm)-
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« Af,: bandwidth of subcarrier n (Hz); typically SN | Af,, = B under the chosen
reuse pattern.

e N: total number of subcarriers; V,,: number of users served by satellite m.

4.2.3 Inter Carrier Interference

In LEO satellite communication systems, the high relative velocities between the satellites
and ground terminals introduce significant Doppler shifts, which can severely disrupt the
orthogonality of subcarriers in OFDM-based waveforms. This orthogonality is essential
for ensuring that each subcarrier can transmit data independently without interference
from others. When Doppler-induced frequency shifts become comparable to or exceed the
subcarrier spacing, the spectral overlap between adjacent subcarriers increases, leading
to inter-carrier interference (ICI). ICI manifests as unwanted energy leakage from neigh-
boring subcarriers, degrading signal quality and making accurate demodulation more
challenging. The power of ICI experienced by a given subcarrier can be quantified by
summing the interference contributions from all other subcarriers, and is directly influ-
enced by factors such as Doppler spread, subcarrier spacing, and the receiver’s ability
to compensate for frequency shifts. Without effective Doppler compensation techniques,
the presence of ICI can significantly reduce the performance and spectral efficiency of the
communication system.
The average ICI power for different sequences can be approximated as [18]:

N-1 .
e 21C1 — SICI
mo
= D ‘P<T+Af)
icI#sicr
i1c1=0

2

(4.9)

e N: Total number of subcarriers.

e T: OFDM symbol duration.

o Af: Frequency offset (due to Doppler shift).
e srcr: Desired symbol location.

e i7cr: Index of all subcarriers, used to analyze the power of other subcarriers.

4.2.4 Co-channel Interference (CCI)

Co-channel interference (CCI) in OFDMA systems refers to the disruption that arises
when multiple transmitters such as satellites or beams operate on the same frequency
resources (e.g., subcarriers), resulting in overlapping signals at the receiver. In mathe-
matical expressions of OFDMA, this interference is typically included in the SINR formula
as an additional interference power component added to the denominator [19].

CClyn = Y, Pi%., (4.10)
s'#s
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Psf,{),gn: received co-channel power at user k from interfering satellite/beam s’ on

subcarrier n.

o The sum runs over all satellites/beams s" except the serving one s for user k on
subcarrier n.

In LEO satellite communications, the impact of CCI is strongly influenced by the number
of satellites. And this effect will be examined practically in the performance evaluation
chapter.

4.2.5 Sum Rate of the OFDMA System

The theoretical system capacity and the sum rate in the OFDMA method, much like in
NOMA, is based on the Shannon principle. Fundamentally, it is defined as a cumulative
sum that is directly proportional to the signal-to-interference-plus-noise ratio (SINR).

M Ny N

Rsum — Z Z Z LTm,k,n Afn 10g2 (1 + SINRm,k,n) . (411)

m=1k=1n=1

e M is the number of satellites,
e N, is the number of users served by satellite m,

o SINR,, i is the signal-to-interference-plus-noise ratio for the k-th user on subcar-
rier n from satellite m.

The entire bandwidth in an OFDMA system is partitioned into series of narrow frequency
bands, each serving as an orthogonal subcarrier. Each of these subcarriers functions as
a distinct communication channel, and thanks to their orthogonality, they avoid mutual
interference under ideal conditions. This allows for the capacity of each subcarrier to be
determined separately using the Shannon theorem. The achievable data rate for a single
subcarrier is a function of its dedicated bandwidth and its Signal-to-Noise Ratio (SNR)
or Signal-to-Interference-plus-Noise Ratio (SINR) value, as expressed below:

M N, N
Cops = D3 T Afn 1ogy(1+ SINRyy, 1) (4.12)

m=1k=1n=1

A f represents the frequency spacing and is obtained by dividing the total bandwidth by
the number of subcarriers. Subsequently, to determine the total capacity, this calculation
is aggregated over the total number of subcarriers and across the entire constellation, and
capacity per satellite will be accumulated through the changing satellite count. During
the simulation phase, it will be assumed that all subcarriers have uniform and almost
equal SINR values.

Following the discussion in Chapter 4, where effects such as ICI and CCI were ad-
dressed, the system SINR formula has been updated. The final SINR formula, which will
be used in capacity and data rate calculations, is as follows:

Pm,k,n ’hm,kz,n 2
o2 + CCli, + o (Af)
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Combining the knowledge so far, one can obtain the average per-user data rate in OFDMA
System:

o + CClg, + o (Af)
N N—— N————

noise co-channel ICI

o m: Serving satellite (or beam) index for user k£ on subcarrier n.
e P, i n: Transmit power allocated to user k on subcarrier n by serving satellite m.

o Ny in: Channel coefficient from satellite m to user k on subcarrier n; |hm,k,n|2 is
the channel power gain (path loss + fading, etc.).

 02: Noise power on subcarrier n (W).
o s: Serving satellite/beam index on that subcarrier; s': interfering satellites/beams.

. Psp,”)én: Received co-channel power at user k from interferer s’ on subcarrier n.
vy

e CClIj,: Co-channel interference term (represented by the underbrace in the denom-
inator).

. al(gnl)(A f): Inter-carrier interference power for the serving link, modeled as a func-
tion of Doppler-induced frequency offset A f

o Af vs. Afy: Af (inside 01(811)) is the Doppler offset (Hz); Af, is the subcarrier
bandwidth (Hz).

The mathematical model to be implemented in the simulation and performance evaluation
phase is depicted as follows. In a scenario where the user density within the coverage area
is a key constellation parameter, the capacity and data rate formulas will be aggregated
across the user-per-satellite (UPS) value, which serves as the simulation input.

4.2.6 Spectral Efficiency in OFDMA

The spectral efficiency for OFDMA in LEO systems should account for [20]:

1MNmN

N
B 2 2 D Tmhn Afn 10ga(1+ SINRy k), Biot = 3 Afn
tot ;n=1k=1n=1 n=1 (4.15)
4.15

TOFDMA =

o Byy: Total system bandwidth across subcarriers (Hz).
e M: The total number of satellites in the system.
e N,,: The total number of users within the coverage area of satellite m.

e N: The total number of subcarriers in the system.

where the efficiency depends on the effectiveness of resource allocation algorithms and
interference management. Unlike NOMA’s power-domain multiplexing, OFDMA achieves
multiplexing through orthogonal subcarrier allocation.
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Chapter 5

System Model and Software
Simulation

5.1 Methodology and Model Description

In this chapter, a simulation environment was developed using Python 3.10 to create
a virtual replica of the system and to examine the performance of the aforementioned
multiple access methods within a LEO constellation. The coding was carried out based on
object-oriented programming. Entities such as system parameters and orbital elements
were implemented using the Poliastro library and map projection is done using Cartopy
library. Subsequently, antenna parameters were defined as a class, and each user was
processed within a loop to run the simulation. The NumPy library was used for numerical
and mathematical operations, while Matplotlib was employed to plot the resulting visual
and graphical outputs. Throughout this chapter, the theoretical mathematical analyses
covered in the previous four chapters will be simulated using this methodology, and the
resulting outcomes will be examined.

5.2 Simulation Parameters and Implementation

In the simulation, communication system operating in the Ka-band at 28 GHz with
an overall system bandwidth of 100 MHz. The constellation comprises an array of M
satellites over Europe region sharing the same shell, each concurrently serving N users.
These two values are kept independent variables in each simulation. Since antenna design
is not in the scope of this study, for simplicity, all users and satellites are considered as
ideal parabolic antennas with a 50 dBi gain and 1m of diameter. Spot beam architecture is
realized in antenna model. The wireless channels between satellites and users are modeled
as independent Rayleigh fading channels, with small-scale fading effects represented by
exponentially distributed channel power gains due to multipath propagation.

In the downlink scenario considered, each satellite transmits data to its associated
users. Interference between satellites (“inter-satellite interference”) is considered based
on an assumption of orthogonal frequency allocation. The analysis further neglects inter-
symbol interference to focus exclusively on multiple-access effects.
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The total downlink transmit power per satellite remains the same for both schemes
but differs in its allocation among users. For SINR, spectral efficiency, system capacity
and data rate evaluation, a Monte Carlo (20 iterations) simulation is performed: random
Rayleigh fading realizations are generated per user, signal-to-interference-plus-noise ratio
(SINR) values and corresponding per-user spectral efficiencies and rates are computed.
The M number of satellites in the constellation have been simulated using Walker Delta
orbital configuration, similar [21]. Within the scope of this study, only users located
in the European region and the satellites serving them have been considered. A global
view and the regional view of the constellation configuration are illustrated in the figures
below.

Walker Delta Constellation Worldwide
180° 120°W 60°W 0° 60°E 120°E 180°

Figure 5.1: Walker Delta Constellation — Global View
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Walker Delta Constellation - 25 Orbits over Europe (24 June 2025)
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Figure 5.2: Walker Delta Constellation — Europe Region

However, this configuration of the constellation corresponds to a reference point at
the initial timestamp, the initial value. Therefore, over time, the orbits will progress
westward, eventually covering the entire intended coverage area. The performance metrics
of the multiple access methods will be evaluated based on a reference timestamp at which
M satellites are actively serving the European region.

5.3 Performance Metrics and Results

5.3.1 SINR Analysis of NOMA Downlink

The signal-to-interference-plus-noise ratio (SINR) is a key metric for evaluating the perfor-
mance of Non-Orthogonal Multiple Access (NOMA) in satellite communication systems.
NOMA allows multiple users to share the same resources (time/frequency/space), usually
through superposition coding and successive interference cancellation (SIC). In this per-
formance evaluation simulation, a simplified approach is followed and it is assumed that
SIC is applied for all receivers successfully, without considering the actual waveforms.

In order to calculate and analysis the SINR values of the system, Equation 3.6 is con-
verted to a Python function. A previous study in this field suggests that the functioning
of NOMA in LEO satellite networks and its advantage was observed only when the target
SINR remained below a specific threshold [22].

Inter-satellite interference and successive interference cancellation (SIC) are two criti-
cal factors in SINR analysis, directly influencing the computation. SIC is a key component
of the NOMA method and is addressed in Chapter 3 of this thesis. In the simulation,
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SIC is modeled as a residual factor ranging between 0 and 1. A value of 0 represents a
perfect and dominant SIC, meaning that the user with a power allocation advantage can
completely eliminate interference from other users. The extreme case where the factor
equals 0 represents perfect SIC, in which inter-user interference is entirely eliminated. On
the other hand, a factor value of 1 corresponds to a scenario where SIC is not applied at
all, leading to the worst-case SINR performance.

An increase in the number of satellites in the constellation—i.e., satellite termi-
nals—can lead to performance improvement due to the reduced number of users per
satellite. This expectation is based on the assumption that channel interference de-
creases, hence a decrease in the intra-satellite interference. However, as the number
of satellites in the constellation increases, so does the number of interfering satellites,
thereby intensifying inter-satellite interference. Therefore, the number of satellites with
overlapping coverage areas and the number of served user terminals should be maintained
at an optimal level.

To ensure optimal service quality of the constellation, the number of users within
the coverage area and their power allocation must be carefully optimized. In the simu-
lation conducted for this purpose, a fixed power allocation scheme compatible with SIC
principles was applied. In this scenario, the number of satellites in the constellation
was increased, satellites falling within the inter-satellite interference range were consid-
ered, and under these conditions, a heatmap was generated based on the number of user
terminals served by satellites providing overlapping coverage.

Average SINR (dB) Heatmap - NOMA
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Figure 5.3: Average SINR (dB) Heatmap, NOMA, SIC = 0.1

Figure 5.3. displays the average per-user SINR (dB) versus constellation size, 10-560
satellites and load 5,000-50,000 users under highly effective SIC. At light load, around
5,000 users, SINR extends from ~ 21,dB down to a global maximum of 31,4 dB around
260 satellites and then remains high but gradually decreases (e.g., 29,7 dB at 310, 28,2
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dB at 360, 28 dB at 410, and 24,9,dB at 560). With increasing numbers of users, SINR
smoothens down: at 9,500 users the typical values are 19-26,dB (with ~ 25.0,dB around
260 satellites); locally peaked near 21,6-22,5 dB around 260-360 satellites. Even at
the maximum 50,000-user load, the SINR remains around 9-11,dB (e.g., 8,8,dB at 10
satellites and around 11,6,dB at 510 satellites). Overall, SINR improves markedly with
constellation densification up to roughly 260-310 satellites for a given load, whilst heavier
loading erodes these gains and drives the system towards a flatter ~ 10-12 dB regime.
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Figure 5.4: Average SINR (dB) Heatmap, NOMA, SIC = 0.5

The heatmap reports the average per-user SINR (dB) as a function of constellation
size, 10-560 satellites and offered load 5,000-50,000 users. At light load (5,000 users),
SINR spans roughly 15-22dB and peaks around 21,8 dB at ~ 260 satellites; a second local
maximum of about 20,1 dB appears at 9,500 users and ~ 310 satellites. As the number of
users increases, SINR degrades steadily: at 18,500 users typical values are 8-11dB (e.g.
10,8 dB at ~ 460 satellites), around 23,000-32,000 users it falls to 3-7dB, and at 50 000
users it is < 1-2dB across most constellation sizes (e.g. 0.3dB at 10 satellites and ~ 1,0dB
at 560). Along the satellite axis, SINR generally improves with densification up to ~ 260—
310 satellites and then rolls off mildly beyond ~ 400, reflecting increasing interference
coupling. Practically, maintaining > 10 dB average SINR requires keeping the load below
~ 14,000-18,500 users for mid-to-large constellations, whereas heavier loads drive the
system into the < 5dB regime where NOMA performance becomes interference-limited.

Two different SIC values were included in the comparison. A low SIC value represents
a nearly perfect SIC implementation. In this context, it can be observed that the average
SINR values increase in the scenario with SIC = 0.1 but not significantly. However,
increasing the number of satellites in the constellation does not always lead to higher
SINR values. It is observed that in both cases, the configuration with approximately
~2260 satellites in the constellation represents an optimal point in terms of performance
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and reliability. As SIC quality degrades, the overall SINR level decreases; however, the
optimal range remains relatively stable.

5.3.2 SINR Analysis of OFDMA Downlink

The SINR analysis of the constellation continues with the downlink calculations for the
OFDMA method. At this stage, two critical factors influence SINR performance: inter-
carrier interference (ICI) and co-channel interference (CCI). These concepts have been
discussed in detail in the theoretical framework presented in Chapter 4. From a perfor-
mance evaluation perspective, both types of interference are inversely proportional to the
SINR value.

Hence, ICI directly results from Doppler shift and negatively impacts the orthogonal-
ity of OFDMA subcarriers, whereas CCI arises when different satellites employ the same
subcarrier, leading to interference [23]. As evident, this section’s SINR performance anal-
ysis for OFDMA will focus on two variable parameters: Doppler shift will play a more
prominent role, and, similar to the NOMA scenario, an increasing number of satellites in
the constellation will cause greater channel interference, thereby degrading SINR. There-
fore, an optimization between the number of satellites and the number of users served
within the same coverage area will be pursued.

The simulation’s Inter-Carrier Interference (ICI) and Co-Channel Interference (CCI)
indices are grounded in established physical models from the literature. The ICI is mod-
eled as a function of Doppler shift, which results from the high orbital speeds of LEO
satellites. Each user’s Doppler frequency is calculated dynamically using the formula-
tion [24]. This model captures the loss of subcarrier orthogonality due to satellite-user
relative motion, with ICI power scaling proportionally to the square of the ratio between
Doppler shift and subcarrier spacing. Meanwhile, the CCI model accounts for interfer-
ence stemming from increased satellite coverage overlap and spectral congestion due to
higher user densities. As the number of users sharing a subcarrier rises, the CCI im-
pact intensifies. These interference models are consistent with recent studies [25] and
are scaled using normalized constants to align with typical ICI and CCI levels in Ka-
band LEO satellite networks, accurately representing the main sources of degradation in
OFDMA-based systems realistically. Figures regarding the results can be seen below.
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Figure 5.5: Average SINR (dB) Heatmap, OFDMA, N,. = 64

Figure 5.5. reports the average per-user SINR (dB) versus constellation size (10-560
satellites) and offered load (5,000-50,000 users). At light load (5,000 users), SINR ranges
from 6,0 to a global peak of 11,0dB near 260 satellites (then 10,7dB at 310, 8.8dB at
360, and 5,0dB at 560). At 9,500 users, typical values lie between 2 and 8 dB, reaching
~ 8.0dB around 410 satellites. With increasing UT count, SINR declines rapidly: by
14,000 users it hovers around 0-5dB, and beyond 23,000 users the map is predominantly
negative (e.g., —3.8 to —0.1dB). Heavier UT loads push the system further into the
noise dominant regime, with ~ —4 to —6 dB around 32,000 users and =~ —9 to —8,9dB at
50,000 users across most, constellation sizes. For a fixed load, densifying the constellation

improves SINR up to roughly 260-310 satellites, after which gains saturate and slightly
roll off towards 560 satellites.
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Figure 5.6: Average SINR (dB) Heatmap, OFDMA, N, = 256

Then Figure 5.6. shows the average per-user SINR (dB) versus constellation size
(10-560 satellites) this time with Ns. = 256, and load (5,000-50,000 users). At lower
UT counts such as 5,000 users, SINR spans 9,3-17,9 dB, attaining a global maximum of
17,9dB at ~ 260 satellites and then tapering to 16,0dB (310), 15,2dB (360), 13,1dB
(410), 12,1dB (460), 11,1dB (510) and 10,5dB (560). At 9,500 users, values remain
clearly positive (~ 6-14dB), with a ridge across 210-410 satellites (e.g., 11.4dB at 260
and 13,6 dB at 360). Beyond 36,500 users the system becomes interference-limited for
most constellation sizes, and at 50,000 users the SINR is predominantly negative (ap-
proximately —4,5 to —3,0dB, e.g., —4,5dB at 10 satellites and —3,0dB at 560). Overall,
increasing Ny to 256 substantially elevates the SINR ridge and sustains positive SINR
to higher loads.

The downlink SINR calculations for the scenario in which the constellation operates
using the OFDMA multiple access technique are illustrated in the heatmaps presented
in Figures 5.5 and 5.6. In the simulation, the arrays for the number of users and the
number of satellites in the constellation were kept consistent with those defined in Chapter
5.1. The Inter-Carrier Interference (ICI), which is influenced by Doppler shift and thus
affects SINR, is modeled dynamically based on the altitude of the satellite communicating
with the user (i.e., lower altitudes lead to higher Doppler effects). For the Co-Channel
Interference (CCI), the primary contributing factor is the number of users per subcarrier.
While an uncontrolled increase in the number of satellites enhances spatial coverage by
increasing the number of transmitters, it also introduces additional interference. In the
simulation, users are uniformly distributed across subcarriers so the congested traffic such
as 4 subcarriers for 1000 users is avoided. As a result, the expected trend is a decrease in
CCI with a lower user-to-subcarrier ratio, but a rise in CCI with an increasing number
of satellites. In this context, system-level optimization is pursued.

Based on the simulation outcomes, it can be inferred that the optimal configuration
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for this system is 260 satellites serving ~5,000 user terminals. Additionally, increasing
the number of subcarriers delays system saturation, thereby contributing to an overall
improvement in capacity.

With the SINR tests in consideration of NOMA and SINR methods, for the downlink
Ka-band scenario ( f ~ 28 GHz) having a 100 MHz overall bandwidth, simulations vary
the satellites’ quantity ( M ) and the user quantity ( N ) in a European coverage region
employing a Walker-Delta shell at a constant reference time. Satellites and user termi-
nals employ ideal parabolic antennas (f ~ 50 dBi gain, 1m diameter) and a spot-beam
architecture, and user—satellite connections are modelled by individual Rayleigh-faded
connections. Inter and Intra Satellite Interferences are considered in the calculations.
Inter-Symbol Interference (ISI) and atmospheric attenuations are neglected.

5.3.3 Spectral Efficiency

Low Earth Orbit (LEO) satellite networks require highly efficient spectrum utilization
to meet the demands of higher data rates in Ka-band and large-scale user connectivity.
Non-Orthogonal Multiple Access (NOMA) has gained attention as a promising technique
to improve spectral efficiency by enabling multiple users to simultaneously access the
same time and frequency resources. This contrasts with Orthogonal Frequency Division
Multiple Access (OFDMA), where users are allocated distinct frequency bands. In the
context of LEO satellite constellations, where optimal spectrum usage is vital, NOMA of-
fers a significant capacity advantage over traditional Orthogonal Multiple Access (OMA)
methods. Additionally, conventional OMA techniques like OFDMA encounter limitations
in LEO environments due to factors such as high Doppler shifts and long propagation
delays, further highlighting the need to explore NOMA-based solutions for future satel-
lite communication systems. Therefore, in this performance evaluation simulation, the
expected outcome is that the NOMA method will provide higher spectral efficiency under
the same conditions. However, the goal of this chapter is not limited to a comparison
between these multiple access methods. It will also examine optimal user pairing strategy
in the satellite constellation to achieve high spectral efficiency.

5.3.4 Spectral Efficiency Analysis of NOMA Downlink

In LEO satellite communication systems utilizing Non-Orthogonal Multiple Access (NOMA),
spectral efficiency serves as a key performance indicator that reflects the system’s ability
to make optimal use of its spectrum resources. Unlike traditional orthogonal multiple
access methods, NOMA enables multiple users to simultaneously access the same time-
frequency blocks by leveraging power domain multiplexing and employing successive in-
terference cancellation (SIC) to separate overlapping signals. While calculating spectral
efficiency, the average SINR values computed in the previous chapter were retrieved from
the simulation memory to ensure system consistency. Since the power allocation must
be compatible with SIC, the Gain Ratio Power Allocation (GRPA) method was adopted.
This means that SIC was neither neglected nor assumed to be perfect during the spectral
efficiency evaluation. Instead, a fixed SIC value of 0.1 was used throughout the simu-
lation. Naturally, due to its dependence on SINR, a degradation in SIC performance is
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expected to lead to a decrease in spectral efficiency.

A direct correlation between the sum rate (Eq. 3.12) and spectral efficiency was
observed. An ideal parabolic antenna was assumed to guide the power budget, and this
value was treated as a variable simulation input. Subsequently, based on Equation 3.6,
the sum rate was calculated over the constellation’s satellite and ground terminal arrays.
In this simulation, modulation formats were not treated as variables. For the downlink,
16QAM modulation was kept fixed, as it is practical and consistent with the obtained
SINR values. The signal and channel models described in Chapter 3 were implemented
accordingly. After 20 iterative Monte Carlo runs, the results obtained from the spectral
efficiency calculation in the NOMA system are presented in the figure below.
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Figure 5.7: Spectral Efficiency Heatmap for NOMA System

Figure 5.7 shows the average downlink NOMA spectral efficiency as a function of
constellation size and UT count. The efficiency grows as the constellation gets denser
and reaches approximately 7,4 bit/s/Hz in a broad region around 260-310 satellites under
a light load in which approximately two satellites have the same power budget on average;
beyond this point the advantage fades. With a larger number of satellites the efficiency
drops because more satellites enjoy the same power budget and more residual intra-cluster
interference accumulates, and a visible decline appears once the load gets above about
three UTs per satellite. The results were computed by the use of GRPA power allocation
and a fixed SIC residue of 0,1 in the 28 GHz, 100 MHz Ka-band configuration and support
the earlier analysis in terms of SINR showing =~ 260 satellites serving ~ 5,000 UTs.

Upon examining the heatmap obtained from the simulation results, it can be observed
that the NOMA multiple access method provides reasonable spectral efficiency for LEO
satellite constellations with a high number of satellites operating within the same orbital
shell. The most critical factor is the ability of the satellites to uniformly distribute the
users within their coverage areas. Scenarios where each satellite serves, on average, two
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user terminals tend to achieve higher spectral efficiency. However, once the number of
user terminals per satellite exceeds three, a decline in efficiency is observed. The obtained
results are applicable to IoT applications in the Ka-band, as they closely reflect realistic
values when considering large constellations like Starlink [26].

5.3.5 Spectral Efficiency Analysis of OFDMA Downlink

In the constellation simulation, the spectral efficiency calculation for the OFDMA mul-
tiple access method is based on Equation 4.15. As proven by this formula, the primary
factors affecting the system’s spectral efficiency are the number of subcarriers, the num-
ber of satellites and users, and the bandwidth. Since a uniform and hypothetical system
is considered, the bandwidth is kept constant in the spectral efficiency calculations—just
as in the SINR evaluations—because this parameter is appropriately selected for the Ka-
band, which is independent of the constellation design. As discussed in the previous
subchapter, the number of subcarriers significantly influences the system’s SINR, and
thus the spectral efficiency, based on the user-to-subcarrier ratio. To avoid redundancy,
the number of subcarriers should be kept within a reasonable range, and user distribution
should be aligned with the subcarrier capacity.

SINR is the backbone of spectral efficiency, and both Inter-Carrier Interference (ICI)
and Co-Channel Interference (CCI) directly affect it. As observed in performance evalu-
ations conducted over the past ten years—and as examined within this thesis—ICI and
CCI have an inversely proportional impact on spectral efficiency. Therefore, interference
management is a critical aspect of maximizing spectral efficiency in OFDMA systems.

To ensure system consistency and realism, the modulation scheme is naturally imple-
mented as OFDM when this multiple access method is used in the satellite constellation.
Similar to the NOMA method, the SINR calculations and other simulation parameters
stored in the system memory are kept constant under equal environmental conditions for
the spectral efficiency simulations. In other words, the spectral efficiency corresponding
to the average SINR is calculated.

Under the simulation conditions corresponding to Figure 5.6 (including the ICI and
CCI coefficients and the number of subcarriers), the spectral efficiency values of the LEO
satellite constellation employing the OFDMA multiple access method are illustrated in
the heatmap below, as a function of the number of users within the coverage area and
the number of satellites in the shell.
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Figure 5.8: Spectral Efficiency Heatmap for OFDMA System

Figure 5.8. shows the average downlink spectral efficiency of OFDMA as a function of
constellation size in case of Ng. = 256 . A wide optimum shows up at light load, maxing at
approximately 5,8 bit/s/Hz around 260 satellites and 5,000 users; in the same load region
values are above 5,0 bit/s/Hz for approximately 260-310 satellites. With increasing user
numbers efficiency decreases monotonically because the fixed bandwidth of each satellite
must now be shared by more and more users: for approximately 14,000-23,000 users
typical values are in the 1,6-2,7 bit/s/Hz range, and for heavy load (< 41,000 users) the
map converges near the region of 0,9-1,3 bit/s/Hz for the majority of constellation sizes.
Densification of the shell benefits up to a moderate scale by boosting spatial reuse and
link budgets, after which the benefits diminish and for very high constellations even start
to move backwards. The outcomes match the set-up at the Ka-band frequency of 28 GHz
by 100 MHz overall bandwidth in the presence of Rayleigh fading and by orthogonal
allocation of sub-carriers for each.

According to the obtained results, it is observed that NOMA provides a wider spectral
range and higher spectral efficiency than OFDMA in the satellite constellation simula-
tion. This is an expected outcome since OFDMA is an orthogonal multiple access method,
meaning the spectrum is divided among users, which indirectly reduces the system’s spec-
tral efficiency. Nevertheless, both multiple access techniques have their own trade-offs. A
common trend becomes evident when analyzing the heatmap outputs of both methods:
maximum spectral efficiency is observed when the average number of satellites that users
communicate with during a given timestamp is around 2. When this ratio exceeds 3,
spectral efficiency starts to decline. On the other hand, having only 1 user terminal per
satellite is not a realistic scenario. In conclusion, the spectral efficiency outputs obtained
from the simulation are realistic and within acceptable limits. A summary of the derived
insights is presented in Table 5.1 below.
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Table 5.1: Spectral Efficiency Comparison of NOMA and OFDMA

Criteria NOMA OFDMA

Maximum SE 7,46 bit/s/Hz 5,84 bit/s/Hz

Optimal configuration ~5,000 users, ~260 satellites 25,000 users, ~260 satellites

SE degradation with user increase Gradual and slower Rapid and steep

Interference impact Mitigated by SIC; residual remains CCI and ICI have strong impact
Suitability for IoT More suitable at light traffic ICI issues present

SE optimisation parameters SIC quality, power allocation Subcarrier count, CCI/ICI mitigation

As in the SINR simulations, the spectral efficiency evaluations are carried out for the
downlink Ka-band scenario (f. ~ 28 GHz) with a total bandwidth of 100 MHz. The
simulations vary both the number of satellites (M) and the number of users (N) within a
European coverage area, using a Walker-Delta shell at a fixed reference epoch. Satellites
and user terminals are assumed to employ ideal parabolic antennas (~ 50 dBi gain, 1
m diameter) with a spot-beam architecture, while user—satellite links are modelled as
independent Rayleigh-faded channels. Both inter-satellite and intra-satellite interference
are included in the analysis, whereas inter-symbol interference (ISI) and atmospheric
attenuation effects are disregarded.

5.3.6 System Capacity and Data Rates

In this section, we address the performance evaluations and system optimization required
for the designed LEO satellite constellation to deliver high data rates and high capacity in
the Ka band. In satellite communications, one of the most critical metrics is the system’s
total capacity. In LEO constellations, capacity is of course explained by the Shannon
principle and is directly related to the sum-rate discussed theoretically in Chapters 3
and 4. In the simulation, the realized sum-rate is aggregated over users to obtain the
total; that is, the total system capacity is computed for all satellites provided in varying
numbers and for the varying number of users within their coverage areas. The same
approach is followed when evaluating both multiple access methods.

At this stage of the simulation, the expected outcome is an increase in downlink
capacity as the number of satellites grows. By performing interference management and
tuning constellation parameters, we aim to achieve higher capacity and data-rate levels.
In LEO satellite communications, the service time of a single satellite to users within its
coverage area is short. Therefore, when considering constellations capable of providing
continuous, high-speed service—as in this study—system optimization becomes crucial.
In the literature, it is possible to find studies that analyze system capacity and compare
mega-constellations [27]. Under identical conditions in the LEO constellation, the choice
between NOMA and OFDMA affects two system metrics in distinct ways.

e System Capacity: The theoretical sum rate is determined by the multiple-access
rate region. Considering the spectral efficiency analysis outputs, it could be ex-
pected that With ideal successive interference cancellation (SIC), NOMA can match
or surpass OFDMA, especially when users with markedly different channel gains
are paired. However, the advantage diminishes as the number of users increases or
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their SINRs converge, and it can disappear under practical impairments such as
residual SIC interference or suboptimal decoding order.

e Data Rates: In OFDMA, each user’s rate is governed by the bandwidth and
SINR on its orthogonal time-frequency resources. In NOMA users share the same
band, and rates are dictated by the power split and SIC decoding order—typically
boosting the weaker user while requiring the stronger user to cede part of its rate,
trading off fairness against sum-rate.

5.3.7 System Performance Analysis of NOMA Downlink

The performance of the NOMA system is evaluated by user per satellite UPS value while
the satellite number in the constellation is fixed as 260 since this is found as the optimum
value for a constellation shell, which gives the highest average SINR for the users in the
coverage area. For each combination of UPS and ngas (the number of satellites), the
simulation models a single satellite’s NOMA cluster of size UPS.

Within each cluster, a SIC-compatible Gain Ratio Power Allocation is applied, with
small-scale fading and individual link distances generated for each user. An inter-satellite
interference component is included, scaling proportionally with ng,s. From the resulting
user SINRs, the per-satellite capacity is computed as in Equation 3.9 and then it is
aggregated for the chosen satellite count.

For a given UPS the same channel and interference realizations are reused across all
values of ¢gic, ensuring that observed differences between curves are attributable solely
to variations in the SIC residue. Obtained results for system capacity as line graph can
be seen in the Figure 5.9.
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NOMA — 3D Stick Plot of System Capacity (¢_SIC = 0.1)
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Figure 5.9: NOMA — System Capacity in Gbps

The figure reveals system capacity monotonically rising with the number of satellites
and the number of users. On the sparse side capacity is around 0,1 Tbps. It passes
0,5 Thps approximately at 260 satellites and around 20,000 users, and top 1 Tbps once the
constellation achieves around 400-500 satellites and at least 30,000 users. The maximum
attain the most dense sampled setting (=~ 560 satellites and 50,000 users), in which the
capacity reaches around 1,3-1,35 Tbps. With a given user load (e.g., around 30,000
users), the increase in satellites from 100 satellites to 560 satellites results in a three-
to four-time increase in gain (from around 300 Gbps to around 1.1 Thps), while a given
constellation size (e.g., 400 satellites) and an increase in the number of users from 5,000 to
50,000 increase the capacity from around 350 Gbps to around 1,2 Thps. In general, with
low SIC residue, NOMA exhibits pronounced multiplexing gains through constellation
densification and user aggregation within the evaluated LEO scenario.

To obtain the average data rate per user in the service area, simulation is compiled
to allocate first the satellite’s total transmit power among its users in a descending pat-
tern, consistent with the principles of successive interference cancellation (SIC) decoding.
The model incorporates two types of interference: (i) residual intra-cluster interference
stemming from imperfect SIC, which is scaled by a chosen ¢g;c parameter, and (ii)
a statistical surrogate for inter-satellite interference based on sidelobe coupling. Three
separate curves are generated by repeating the procedure for SIC residue factors.

¢sic € {0.1, 0.5, 0.9}. (5.1)
Utilizing these parameters, the signal-to-interference-plus-noise ratio (SINR) for each
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user is computed. The user’s achievable data rate is then determined by converting the
SINR using the satellite’s bandwidth and a Shannon-type mapping. The per-satellite
throughput is obtained by summing these individual user data rates. First, the satellite
count in the constellation is chosen as 260, and in the 2nd scenario, the satellite count
is decreased to 130, the half of the first value, to observe the constellation parameters’
effect on the data rates.

Per-user Data Rate vs Users - NOMA

rate IMbitis]

Figure 5.10: NOMA-Average Per-user Data Rate vs Users (ngqts = 260)

Fig. 5.10. indicates the NOMA downlink average per-user data rate dependence for
the fixed 260-satellite constellation and different SIC residue parameter values of ¢gic.
The results confirm a steep monotonic decline in the rate for rising user burden: at low
burden around 5,000 users, the optimum value is about 261Mbit/ s for the parameter
value of ¢sic = 0.1, while in comparison 210Mbit/s and 195Mbit/s are obtained for
the parameter values of ¢gic = 0.5 and ¢sic = 0.9, respectively. As the burden draws
closer to 50,000 users, rates converge in the 190-200Mbit /s range and the desirable SIC
performance is consistently paired by a larger value. The discrepancy in the lines is the
greatest at low burden and the high-efficiency intra-cluster interference reduction by a
few clusters benefits the performance largely and gradually diminishes along the rising
user increase continuation, due to the fact that the intra-cluster interference tends to
dominate. In general terms, the figure shows the double task in assuring high user rates
by constellation density and SIC quality and unveils the reality that desirable interference
suppression mainly favors light traffic scenarios while at the same time offering good
performance at high constellation density.
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Per-user Data Rate vs Users - NOMA
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Figure 5.11: NOMA-Average Per-user Data Rate vs Users (nsqs = 130)

Figure 5.11. depicts average per-user data rate for NOMA with ngts = 130 as a
function of growing user population for three SIC residue levels ygic € [0.1,0.5,0.9]. The
lines fall gradually as the load increases because power is distributed across more and
more users and residual intra-cluster interference grows. With near-ideal SIC the rate
starts around 213, Mbit/s and stays above 188Mbit/s; with moderate SIC it falls from
about 146Mbit/s down to 109Mbit /s; with poor SIC it falls from about 127Mbit/s down
to ~ 86Mbit/s. The fixed difference between the three traces highlights the benefit of
better interference suppression. Compared with the ng,ts = 260 case, all values are lower
since a higher user-to-satellite ratio leaves less power per user and increases residual
interference under the same Ka-band and channel assumptions.

Table 5.2: Maximum and Minimum Per-User Data Rates

Ngats = 130 Ngsats = 260
¢sic Max Rate (Mbit/s) Min Rate (Mbit/s) Max Rate (Mbit/s) Min Rate (Mbit/s)
0.1 220,3 189,3 261,1 192,5
0.5 1475 109,8 211,7 117,2
0.9 128,4 87,5 195,3 96,6

5.3.8 System Performance Analysis of OFDMA Downlink

The simulation utilizing the OFDMA method was regenerated, and the system capacity
and average per-user data rate were calculated based on the methodology described in
Chapter 4.2.5 of this study. A significant difference from the NOMA method in this
implementation is the consideration of frequency division provided by orthogonal subcar-
riers. System capacity increases with the number of subcarriers, but due to ICI and CCI
effects, an unlimited capacity is not possible. Thus, SINR and data rate will be optimized
and remain at a certain level.

In the simulation phase, the per-satellite capacity was first determined, and the for-
mula was generalized to obtain the system capacity. Af, is a critical factor when calcu-
lating the per-user data rate (Equation 4.14). At this point, each subcarrier is assumed
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to have the same average SINR values. The system bandwidth was set to 100 MHz for
the intended service in the Ka-band, a suitable value for the frequency band and target
applications.

The simulation results were shared for fairness, similar to the NOMA model. A 3D
stick plot will be used to calculate the total system capacity concerning the number of
users and satellites, followed by line graphs to show the per-user data rate. The effects
of the number of satellites and the number of subcarriers used in modulation on the data
rate will be examined. An initial value of 260 satellites, which provides the optimum
system SINR as proven in Chapter 5.3.2., was selected. This value was then halved to
130 to analyze the effect of the number of satellites, a constellation parameter, on the
system. Total system capacity of the LEO constellation using OFDMA multiple access
method can be seen by changing number of satellites and users in coverage area in Figure

5.12

OFDMA — 3D Stick Plot of System Capacity, (Nsc=256)
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Figure 5.12: OFDMA — System Capacity in Gbps

Figure 5.12. claims that the obtained maximum system capacity is 473,53 Gbps, with
N, = 256 per satellite to achieve a higher capacity. A reasonable and satisfactory result
for the targeted IoT and high-speed internet applications in the Ka-band. Maximizing
capacity relies on a fair and extensive allocation of bandwidth. Another critical factor
is channel modeling. Both systems were tested with a Rayleigh fading channel model.
Different channel models, (e.g. Frequency-Selective Fading), could yield even higher
capacity results for OFDM [28] and consequently for OFDMA.

To evaluate system performance, the next step in the calculation is to determine
the average data rate per user. To achieve this, the SINR and sum rate formulas for
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OFDMA, as defined in the simulation, were first converted into a function (Equation
4.3). Subsequently, the number of satellites was initially fixed at 260, which provides
the system’s highest SINR value. With this configuration, the LEO constellation began
serving a fluctuating number of user terminals, ranging from 5,000 to 50,000, with 260
satellites.

In the second scenario, the number of satellites was reduced to 130 to investigate the
effects of decreased density within the shell and reduce inter-satellite interference. Three
scenarios were then examined, where the number of orthogonal subcarriers per satellite
was varied among 64, 128, and 256. While an increase in the number of subcarriers does
not affect the data rate directly, however it changes the A f,, and it causes greater Doppler
effect on the LEO satellite.

The primary objective is to observe the maximum data rate that two different constel-
lation parameters: The number of satellites and the number of subcarriers per satellite
can provide to user terminals within the service area. This is a critical output for achiev-
ing sensitive and high-speed communication in the frequency band used. Obtained results
are shown in the Figure 5.13 and Figure 5.14

Per-user Data Rate vs Users - OFDMA

Figure 5.13: OFDMA-Average Per-user Data Rate vs Users (nsqs = 260)

Figure 5.13 depicts per-user average data rate for an OFDMA downlink featuring 260
satellites and three subcarrier allocations (Ns. = 64,128,256). With greater numbers
of users, rates decrease due to shared subcarriers and interference. With N, = 64,
rates are in excess of 190 Mbit/s at 5,000 users and are in the range 33-35 Mbit/s at
50,000. For Ny, = 128, from 53 to 9-10 Mbit/s; and for Ny, = 256, from 13-14 to 2-3
Mbit/s. Increasing numbers of subcarriers increase Doppler sensitivity and inter-carrier
interference, so gains are reduced. For this reason, moderate subcarrier numbers are
optimal in terms of spectral efficiency-robust.
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Per-user Data Rate vs Users - OFDMA
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Figure 5.14: OFDMA-Average Per-user Data Rate vs Users (ngq.s = 130)

Figure 5.14. shows the average per-user data rate in the OFDMA downlink when
the constellation size is reduced to ng.s = 130, with three different subcarrier settings,
Nge € [64,128,256]. The curves display the same downward trend with increasing user
numbers as in the 260-satellite scenario, but the overall values are lower since each satellite
serves more users and residual interference becomes stronger. With Ny, = 64, the rate
begins at about 98 Mbit/s for 5,000 users and steadily falls to around 16-17 Mbit/s at
50,000 users. For Ny, = 128, it drops from roughly 27-28 Mbit/s to 4-5 Mbit/s, while
Nge = 256 offers only 6-7 Mbit/s under light load and falls below 2 Mbit/s at heavy
load. These results highlight how cutting the constellation size in half sharply reduces
per-user performance, as the increased user-to-satellite ratio outweighs any advantage
from finer spectral partitioning. The figure illustrates that, under realistic Ka-band LEO
conditions, both constellation density and the choice of subcarrier number are critical in
maintaining satisfactory data rates.

An examination of the results indicates that an exponential increase in the num-
ber of subcarriers exacerbates Doppler-related effects and co-channel interference (CCI),
thereby reducing the achievable per-user data rates. It should be noted that a LEO satel-
lite’s typical coverage time is approximately 8-10 minutes [29]. Consequently, continuous
handovers occur among satellites within the same shell of the constellation, whereby user
terminals are frequently reassigned between satellites. When this effect is considered,
the attained data-rate values are consistent with the target user base and the intended
service objectives. As expected, reducing the number of satellites leads to a decline in
aggregate data rate.

Under the configuration Ng. = 64, a reasonable and acceptable data-rate performance
is observed. Therefore, for a coverage area with a variable user population between 5,000
and 50,000 and assuming a per-satellite system bandwidth of 100 MHz, choosing 64
subcarriers constitutes an appropriate optimization decision.
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Table 5.3: Maximum and Minimum Per-User Data Rates

Nsats = 130 Nsats = 260
Ns. Max Rate (Mbit/s) Min Rate (Mbit/s) Max Rate (Mbit/s) Min Rate (Mbit/s)
64 98,1 16,5 191,1 33,4
128 27,5 4,4 53 9,3
256 7 1,3 14 2

An increase in the number of subcarriers results in a longer OFDM symbol duration,
which in turn amplifies the system’s vulnerability to pronounced Doppler shifts arising
from the high orbital velocities of LEO satellites. Such Doppler impairments compromise
subcarrier orthogonality, thereby inducing considerable inter-carrier interference (ICI).
Consequently, in the absence of robust and real-time Doppler compensation in conjunction
with advanced adaptive resource allocation strategies, a reduction in the average per-user
data rate with increasing subcarrier count in LEO Ka-band OFDMA systems is both a
realistic and frequently anticipated outcome. The relationship between subcarrier count
and achievable data rate is inherently nonlinear, governed by intricate trade-offs among
inter-symbol interference (ISI) suppression, susceptibility to ICI, and the operational
efficacy of adaptive resource management under dynamic channel conditions.
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Chapter 6

Conclusion and Future Work

In scope of this thesis, a LEO satellite communication simulation was implemented in
the Python 3.10 software environment. This simulation has a variable number of satel-
lites and user terminals served in a coverage area within a dedicated timestamp. The
objective throughout the study was to use the created simulator to conduct performance
calculations for NOMA and OFDMA multiple access methods, which are rapidly evolv-
ing and used in the 5G/6G communication field, and to achieve system optimisation. In
this context, the computational outputs examined were Signal-to-Interference-plus-Noise
Ratio, Spectral Efficiency, System Capacity, and Data Rates.

This study shows that NOMA is a highly promising technique for maximizing the use
of scarce satellite spectrum in LEO constellations. By allowing multiple users to share the
same frequency and time resources, NOMA significantly boosts system capacity and user
data rates. A key finding is that NOMA'’s performance, particularly in terms of SINR,
remains strong even with deliberate inter-user interference. This is because users with
stronger signals can cancel out the interference from weaker signals using a process called
SIC, while weaker users receive enough power to decode their own data successfully. This
effective management of interference leads to a better overall SINR distribution compared
to OFDMA. However, the benefits of NOMA decrease if SIC residual factor cannot be
designed optimally.

Although NOMA method offers high spectral efficiency and faster data rates, the
research also highlights specific situations where OFDMA is preferable. In environ-
ments with minimal Doppler shift—Ilike slow-moving users or near-equatorial LEO or-
bits—OFDMA performs well because its main weakness, sensitivity to rapid frequency
changes, is not a factor. In these stable conditions, OFDMA can achieve throughput simi-
lar to NOMA without the added complexity of SIC. OFDMA is also a better option when
a network needs to guarantee high fairness or a uniform quality of service to all users.
Since OFDMA dedicates separate resources to each user, it naturally avoids inter-user
interference and makes it easier to provide consistent performance across the board [30].
In contrast, ensuring fairness with NOMA can require more complex strategies.

Also it should be noted that, particularly for the NOMA simulations, the physical layer
was not fully implemented into simulator and the behaviour of the actual waveforms was
not explicitly modelled. Accordingly, SIC was represented in simplified approach by a
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scalar efficiency factor and a residual-interference term. This modelling choice reflects the
capabilities of the simulator and was adopted to keep the computational burden within
reasonable limits.

When it comes to possible future studies, considering the rapidly growing satellite
communication industry’s increasing investment in mega constellations, the importance
of multiple access methods is growing over time. This study was a satellite constellation
research project providing communication in the Ka-band and offering IoT applications
and high-speed internet services. It is certain that the multiple access methods examined
will exhibit different performance levels across different frequency bands (e.g., Ku-band,
K-band). A much broader study addressing all these aspects could be conducted. Es-
sentially, no multiple access method can be flawlessly superior to another multiple access
method without trade-offs or negative effects. The hybrid use of NOMA and OFDMA
methods in a satellite constellation is technically feasible, and the results obtained may
be more efficient than those achieved using only the NOMA method for multiple access.
However, the impact of different antenna designs and gains on these multiple access meth-
ods can also be observed. In this study, a spot beam architecture was used; in future
studies, different beam architectures could be implemented in satellite terminals.

These methods are crucial for building advanced LEO satellite networks. They will
lead to higher data speeds and more efficient use of the radio spectrum, ensuring that
a wide range of users and devices, from IoT sensors to broadband internet customers,
can all connect fairly. By following these approaches, researchers and engineers can solve
current problems and improve how multiple devices connect to LEO satellite networks.
Ultimately, these steps pave the way for the next generation of space-based communica-
tions.
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