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Abstract

Unmanned Aerial Vehicles (UAVs) have gained significant attention in recent years
due to their potential for carrying out a wide range of tasks, including carrying gNB
to provide mobile services in various applications such as disaster management,
surveillance, and extended coverage. First, I investigated the joint optimization
of resource allocation and trajectory planning for UAV-enabled communication
systems, focusing on integrating Deep Reinforcement Learning (DRL) algorithms.
The primary goal of this research is to develop an innovative approach that
leverages the capabilities of UAVs to optimize the trajectory while utilizing gNB
radio resources for wireless communication.

The proposed framework integrates DRL algorithms to enable the gNB, which
is carried by UAV, to dynamically allocate radio resources based on changing
environmental conditions and task requirements. By using DRL, the UAVs, and
the carried gNB can learn and adapt their trajectory and radio resource allocation
over time to maximize the efficiency of radio resource utilization. The research
methodology involves the development of a simulation environment to model the
joint optimization problem and evaluate the performance of the proposed approach.
The simulation results demonstrate the effectiveness of the integrated DRL and
gNB-based resource allocation and trajectory optimization strategy carried out
by UAVs, showcasing improvements in network throughput, user satisfaction, and
overall system efficiency.

In our second study, I investigated the impact of co-channel interference
on the performance of cooperative UAV-enabled ad-hoc networks operating
over a-i fading channels. UAV-enabled ad-hoc networks have emerged as
a promising communication paradigm for applications requiring flexible and
dynamic connectivity. The primary objective is to analyze and quantify the
effects of co-channel interference on the reliability and throughput of cooperative
communication in challenging fading environments, specifically in the context of
UAV deployments.

The research methodology involves the development of a comprehensive analytical
framework to model cooperative UAV-enabled ad-hoc networks under the influence
of co-channel interference and a-p fading channels. The framework considers various
performance metrics, including outage probability and bit error rate, to assess the
impact of interference on the network’s communication reliability and efficiency.



The derived results provide insights into the trade-offs between cooperative diversity,
interference mitigation, and network performance in the presence of a-u fading and
co-channel interference in UAV-enabled ad-hoc networks. The findings highlight
the challenges and opportunities associated with cooperative communication in
adverse fading environments, shedding light on potential strategies to improve
the reliability and throughput of UAV-enabled ad-hoc networks under co-channel
interference.

Then, I extended the research in the third study to investigate the impact of
co-channel interference on the performance of cooperative diversity networks.
Integrating cooperative diversity and dual-hop communication mechanisms plays
a crucial role in mitigating the impact of co-channel interference and enhancing
the overall network performance. Cooperative diversity leverages the spatial
diversity offered by multiple cooperative nodes to combat fading and improve the
reliability of communication links. Meanwhile, dual-hop communication involves
data transmission over two consecutive hops, providing an additional layer of
diversity and enabling more effective interference management.

Utilizing cooperative diversity within dual-hop communication scenarios in
UAV-enabled ad-hoc networks over a-u fading channels presents a compelling
approach to address the challenges posed by co-channel interference. By leveraging
the cooperative transmission and reception capabilities of UAVs and ground
nodes, the network can exploit the benefits of spatial diversity and cooperative
beamforming to combat fading effects and mitigate interference. The dual-hop
nature of the communication further enhances the diversity gain by allowing the
network to leverage multiple transmission paths, thereby reducing the impact of
fading and interference on the overall communication reliability.

Integrating cooperative diversity and dual-hop communication in the context
of UAV-enabled ad-hoc networks over a-u fading channels offers a synergistic
approach to improving the network’s robustness and performance in challenging
communication environments. By jointly leveraging the benefits of cooperative
diversity and dual-hop communication, the network can effectively manage
co-channel interference, combat fading effects, and enhance communication links’
overall reliability and throughput. This integrated approach enables the network to
adapt to dynamic fading conditions and mitigate the adverse impact of interference,
thereby improving the quality of service and enhancing the network’s resilience in
challenging communication scenarios.

-1i-
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Chapter 1

Introduction

1.1 Motivations

The deployment of 5G and beyond networks represents a transformative leap
forward in wireless communication technology, promising unprecedented levels of
speed, reliability, and connectivity [1]. However, efficient optimization of network
operations is imperative to fully realize the potential of 5G and meet the diverse
demands of modern applications and services. This provides the key motivation
to drive our research on leveraging machine learning procedures to optimize the
operation of 5G and beyond networks, taking advantage of the UAV carrying a
gNB to provide mobile services [2], [3], [4], [5], [6], [7] and [8] while in [P1] we
dealt with indoor localization. Unmanned Aerial Vehicles (UAVs) have emerged
as versatile platforms for a wide range of applications, including surveillance,
environmental monitoring, disaster response, and communication relay. As UAVs
continue to play an increasingly integral role in various domains, the optimization
of their communication capabilities becomes paramount. One of the fundamental
challenges in UAV communication systems is the presence of co-channel interference
(CCI), which can significantly impact the reliability and performance of wireless

links. In this context, the investigation of CCI interference and the application of



advanced communication techniques, such as dual-hop and cooperative diversity,

hold immense potential to enhance UAV communication networks.

The presence of CCI in UAV communication systems poses unique challenges
that require innovative solutions. CCI occurs when multiple UAVs or ground
stations operating on the same frequency interfere with each other, leading to signal
degradation and potential communication disruptions. Addressing this interference
is critical to ensure reliable and robust communication links for UAVs operating in

congested or contested environments.

Dual hop communication, as applied to UAVs, offers a promising approach to
mitigate the effects of CCI. By utilizing UAVs as relays between ground stations
and remote nodes, dual-hop communication enables the bypassing of direct
interference sources and extends the effective communication range. Investigating
the integration of dual-hop communication within UAV networks in the context
of CCI interference presents an opportunity to assess the potential improvements
in link reliability and network coverage. Many studies investigated impact of CCI
on amplify-and-forward dual-hop relay network performance such as: [9], [10], [11],

[12], [13], [14], [15], [16] and [17].

Furthermore, cooperative diversity techniques, which leverage collaborative signal
processing and distributed transmission among UAVs, hold significant potential for
combating CCI effects. By forming virtual antenna arrays and coordinating signal
reception and transmission, UAVs can enhance the resilience of their communication
links in the presence of interference. Investigating the application of cooperative
diversity in UAV communication networks provides an avenue to explore the
effectiveness of collaborative strategies in mitigating CCI and improving overall

system performance. In this thesis, I aimed to explore the intersection of dual-hop



communication, cooperative diversity, and CCI interference mitigation within UAV
communication networks. By investigating the effect of CCI on the communication
channel, I derived the performance metrics for the network performance such as bit
error rate and outage probability. Studies are: [18], [19], [18], [19], [20], [21], [22]
and [23].

Integrating machine learning techniques for dynamically optimizing the operation
of 5G and beyond networks, addressing the complexity, heterogeneity, and dynamic
nature of modern wireless communication systems, can be a promising solution to
address these challenges and enhance the quality of service and user experience in
next-generation wireless communication systems. By leveraging machine learning
(ML) and deploying deep reinforcement learning (DRL) framework, the proposed
procedures will enhance network performance, reliability, efficiency, and security,
ultimately improving the quality of service and user experience in 5G deployments
where T deployed a reinforcement learning (RL) framework to jointly optimize the
trajectory of the UAV and the resources allocated by the carried by the UAV. In this
approach, we considered the ground user mobility while designing the DRL model
in order to solve the optimization problem and reach the optimal solution. Such

studies are: [24], [25], [26], [27], [28], [29], [30] and [31].

1.2 Research Goals

Drones are rapidly transforming the landscape of mobile communications, offering
unparalleled flexibility and efficiency. These versatile unmanned aerial vehicles
(UAVs) serve as dynamic relay nodes or aerial base stations, capable of extending
network coverage to remote and under served areas, and enhancing capacity during
high-demand events. By operating from elevated vantage points, drones can

overcome obstacles that impede terrestrial signals, ensuring robust connectivity



where traditional infrastructure may struggle. Their mobility allows them to adapt
in real-time to changing network conditions, optimizing resource allocation, and
mitigate interference. As we advance into the 5G era and beyond, the integration
of drones into mobile networks promises to redefine connectivity, making it more
resilient and expansive, and ultimately, extending the reach of the digital world to

new heights.

As UAVs continue to play an increasingly integral role in various domains, the
optimization of their communication capabilities becomes paramount. Thus my

studies objectives were the following:

o Investigating the integration of dual-hop communication within UAV networks
in the context of CCI interference presents an opportunity to assess the
potential improvements in link reliability and network coverage. Where I
derive the statistical formulas required to analysis the network performance in
terms of bit error rate and outage probability. I assumed all links are subjected

to a-u fading channel, [P2].

o Explore the intersection of dual-hop communication, cooperative diversity,
and CCI interference mitigation within UAV communication networks. By
investigating the effect of CCI on the communication channel, I derived
the necessary statistical equations such as the probability density functions
and cumulative density functions which are used to build and derive the
performance metrics for the network performance such as bit error rate and

outage probability, where the fading model is the a-u fading channel, [P3].

o Deploy deep reinforcement learning (DRL) framework, to optimize the
operation of 5G and beyond networks, taking advantage of the UAV carrying
a gNB to provide mobile services. The proposed procedures will enhance
network performance, reliability, efficiency, and security, optimally improving

the quality of service and user experience in 5G deployments where I deployed
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an RL framework to jointly optimize the trajectory of the UAV and the
resources allocated by the carried by the UAV. In this approach, I considered
the mobility of the ground user while designing the DRL model in order to

solve the optimization problem and reach the optimal solution, [P4].

1.3 Research Methodology

Digital communication is all about sending information using digital signals
through a communication channel. It’s fundamental in of modern technology,
making it possible to share data quickly and reliably across different platforms,
including wireless networks. In this thesis I focused on cooperative systems. The
basic setup of cooperative networks is the Dual-hop cooperative systems which
are evaluated in this thesis based on performance metrics such as Bit Error Rate

(BER), Signal-to-Noise Ratio (SNR), and outage probability (P,:).

The first stage involves developing a detailed system model of the dual-hop
cooperative network. This includes defining the nodes of the network, which means
to identify the source, relay, and destination nodes. The relay node assists in
forwarding the signal from the source to the destination and deploying a forwarding
algorithm such as amplify-and-forward (AF) or decode-and-forward (DF). The other
part is to model the wireless channel characteristics among the network nodes, and
this can be done using probabilistic tools. This includes characterizing the fading
and noise processes, typically assuming Rayleigh or Rician fading models as in [32]
and [33], in addition to assuming a-p fading channel [34]. The second stage of the
approach is probability analysis, which involves utilizing the probabilistic models to
evaluate the behavior of the channels and the impact of noise and interference. In
this stage, two steps are to be used: define the signal and noise as random variables

with specific Probability Density Functions (PDFs) and Cumulative Distribution
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Functions (CDFs). Then use Moment-Generating Functions (MGFs) to derive key
statistical properties and simplify the calculation of performance metrics such as

the Bit Error Rate, the Signal-to-Noise Ratio, and the outage probability (P,;) [35].

Comparative analysis can be performed to analyze different relay strategies and
adding cooperative diversity to the dual-hop network and analyze the performance
for this enhancement and compare it to the dual-hop network, another comparative
analysis is to compare different channel conditions such as Rayleigh or Nakagami-m

fading models to the a-u fading model.

Reinforcement learning (RL) is a promising technique for optimizing network
resources. It is particularly effective in managing complex and dynamic network
environments, making it a valuable tool to address the challenges in modern
networking. This involves using RL to make real-time decisions about resource
allocation, traffic management, and network configuration to improve performance
metrics such as throughput, latency, and energy efficiency. In order to apply RL to
solve the problem, I designed our system as a Markov decision problem (MDP). MDP
consists of tuple of five elements (S, A, p,r,~), where S represents the system state
set, A action space set, p : Sx Ax S € [0, 1] and represents the Transition Probability
Matrix between the states, r : S x Ax S — R denotes the immediate reward between
state transitions; finally v € [0, 1] which represent the discount factor [36]. Different
RL algorithms can be deployed to optimize the network resources and the UAV
trajectory, specially DRL which is suitable for discrete state space, another RL
algorithm that can be deployed is the policy gradient method which is known as
Proximal Policy Optimization (PPO) [37].



1.4 The organization of this thesis

In chapter 2, I introduced a comprehensive mathematical and statistical framework
to analyze the performance of dual-hop relay networks in the presence of co-channel
interference (CCI). Leveraging the a-p distribution to model interference as the
sum of independent but not identically distributed (I.N.I.LD) random variables,
the framework derives closed-form expressions for the probability density function
(PDF), cumulative distribution function (CDF), and moment-generating function
(MGF) of the end-to-end signal-to-interference-and-noise ratio (SINR). These
expressions enable the computation of key performance metrics, such as outage
probability and average error probability, which are critical for assessing the
reliability and efficiency of dual-hop relay networks under interference-limited
conditions. The analysis highlights the impact of CCI on system performance and
provides insights into the design and optimization of dual-hop networks, ensuring

robust communication in challenging environments.

In chapter 3, I extended the study to cooperative diversity in relay networks,
employing numerical methods to explore the benefits of cooperative diversity in
mitigating the effects of CCI in relay ad-hoc networks. By applying advanced
statistical modeling techniques, the framework derives the statistical characteristics
of the SINR, including its PDF, CDF, and MGF. These derivations facilitate the
calculation of critical performance metrics, such as outage probability and average
error probability, which are essential for evaluating the effectiveness of cooperative
diversity in reducing the impact of CCI. The results demonstrate that cooperative
diversity significantly enhances network performance by improving reliability and
reducing error rates, providing valuable insights for the design and optimization of

interference-resilient relay ad-hoc networks.



Chapter 4, I addressed the challenge of optimizing the trajectory of an unmanned
aerial vehicle (UAV) carrying a next-generation NodeB (gNB) while managing
resource allocation to ground users. To tackle this complex problem, I formulated
it as a Markov Decision Process (MDP), a mathematical framework well-suited for
sequential decision-making under uncertainty. By leveraging this MDP framework,
I applied reinforcement learning techniques to enable the UAV to autonomously
learn optimal policies for trajectory planning and resource allocation, ultimately
enhancing network performance and user satisfaction in dynamic environments.
This approach provides a robust foundation for addressing the interplay between

mobility and resource management in UAV-assisted communication systems.



Chapter 2

Impact of Co-Channel Interference
on Performance of Cooperative
Wireless Ad-hoc Networks over

a — i fading channels



2.1 Introduction

Cooperative communication systems play a major role in improving the network
coverage and throughput of wireless communication systems. Where a relay node is
introduced to the network to create independent paths between both the user and
the base-station [38]. Among other relaying schemes which are used in cooperative
communication, Amplify-and-Forward (AF) is considered to be the famous one
due to its simplicity and low-cost implementation. Using amplify-and-forward
relaying scheme, the relay node simply resend a scaled copy of the received noisy
signal from the source to the destination node. Another technique for processing at
the relay node is to decode the received signal from the source node, re-encode it
and finally retransmit it to the receiver node, this relaying technique is termed as

Decode-and-Forward (DF) relay scheme.

In light of the increase demand on the wireless communication services, finding
a practical strategy to efficiently use the radio spectrum gave a rise to the so
called Co-Channel Interference (CCI) due to the frequency reuse in the wireless
networks. To enhance the spectrum efficiency, more investigations adopted to
understand the limitations at the network performance. Motivated by that,
some studies which are investigating the impact of CCI on the performance of
amplify-and-forward dual-hop relay systems have been investigated in the literature.
For example, [9] and [10] studied the impact of CCI on amplify-and-forward
dual-hop relay network performance, assuming Rayleigh fading channels, while
both [11] and [12] assumed the Nakagami-m fading channels. In [13], the authors’
investigations assumed different fading channels for the interferes’ where they
considered Rayleigh, Nakagami-m, and Rician fading channels. The authors of
[39] investigated the dual-hop relaying system presence of co-channel interference
assuming decode-and-forward (DF) relaying scheme and Nakagami-m fading

is adopted.  Another work that investigated amplify-and-forward dual-hop
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relay network performance is represented in [14], where a-p fading channel is
assumed and the performance investigation in terms of the ergodic capacity and
ergodic outage probability, however, the interference presence is not considered
in this research. Moreover, [15] and [17] derived the outage probability for
both amplify-and-forward and decode-and-forward relaying techniques in dual-hop
networks in a-p environment, without considering the interference presence at any of
the nodes. In addition, the work in [16] investigated dual-hop amplify-and-forward
relay network performance in terms of end-to-end capacity and outage capacity,

assuming a-p environment subject to CCI interference.

Motivated by the preceding, I investigated the error and outage performance of
the dual-hop amplify-and-forward relaying network over a-u fading channels in
the presence of CCI affecting both the relay and destination nodes. The a-u
fading channel is considered since it is the general fading model for small-scale
fading, and it represents the multipath fading channel model, in which the received
signal consists of clusters of multipath waves that propagate in a non-homogeneous
environment [34]. The « parameter is used to represent the nonlinear behavior of
the propagation medium, while the 1 parameter represents the multipath-clusters
number. The Nakagami-m and Rayleigh fading can be derived from the a-u fading.
In this chapter, the derived formulas are used to derive other fading channel models
such as Rayleigh, Nakagami-m, Chi, and one sided Gaussian where the « value

equals 2.

Moreover, I derived the probability density function (PDF) and the cumulative
distribution function (CDF) of the signal-to-interference-and-noise ratio (SINR) of
dual-hop transmission with amplify-and-forward relaying. The obtained results are
used to derive an analytical expression of the error and outage probability for the

considered system. The rest of the chapter is organized as follows; In Section 2.2, the
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system model is introduced. Then in section 2.3, the SINR analysis is introduced.
The system performance in terms of outage and average error probabilities are
conducted and derived in section 2.4. Numerical results are presented and discussed

in Section 2.5. Finally, conclusions are drawn in Section 2.6.

2.2 System Model

Consider a dual-hop wireless communication system is shown in figure (2.1), where
the source node S communicates with a destination node D through a relay node R.
The received signals at the relay node R and destination node D are corrupted by
CCI signals from N and L co-channel interferer’s denoted as {z;}x, for i € [1, N],

with energy of E; and {z}._, for k € [1, L], with energy of Ej, respectively.

The fading coefficients for all links are assumed to be a-u fading channel. AF
relaying scheme is considered due to its simplicity compared to other relaying
schemes, where the signal received by the relay node is amplified before being
forwarded to the destination node, the amplification factor of AF scheme is
proportional to the inverse gain of the channel. The destination node D is assumed
to have perfect knowledge of the Channel State Information (CSI), with reference

to [9, Eq.1] the received signal at the relay node R is given by

N
Ysr =V EShsrdS + Z \/Ehzdz + Ngr (21)
1=1

where hg, is the a-p channel flat fading coefficient of the S — R link, Eg is the
energy of the transmitted signal, dg is the desired data with unit energy, h; is the

a-p channel flat fading coefficient of the i-th interfere — R link, E; is the energy

12



of the ¢—th interferer at R and d; is the i—th co-channel interferer’s data with unit
energy at the relay node. The additive-white-Gaussian-noise (AWGN) at the relay

node is denoted as ng, with a zero-mean and N, variance ~ CN(0, N,). The signal

hsr hrp

Figure 2.1: Dual-hop relay network with co-channel
interference at the relay and destination nodes.

received at the destination node D from the relay node is expressed as

L
Yra = V Erhvayr + Z V Ergidy + 1y, (2.2)
k=1

where Ep represents the energy of the relay node transmitted signal, A, is the a-p
channel flat fading coefficient of the R — D link, FE, is the energy of the interference
signal at the destination node, g; is the a-u flat fading coefficient of the interference
channel at the destination, and dy is the k-th co-channel interferer’s data with unit
energy at the destination, n,q denotes the AWGN at the destination node with a
zero-mean and N, variance ~ C'N(0,N,). Here ~ C'N(0, N,) represents a complex
Gaussian distribution short for “complex normal” with a mean of 0 and a variance of
N, .This is commonly used to model AWGN in communication systems, where the
real and imaginary components are independent and identically distributed Gaussian

random variables. And yg is the relayed signal, which can be represented by

Yr = GaF Ysr, (2.3)
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The AF gain factor (G 4r) is designed to normalized the output energy from the relay
node denoted by Fr. The primary target of the relay node energy normalization
is to mitigate noise amplification, as the gain factor will scale the signal and noise
proportionally, balancing amplification and noise introduction. Additionally, the
gain factor Gap ensures the relay’s output power does not exceed its maximum
allowable transmit power Pg, complying with regulatory and hardware constraints.

The gain factor with the presence of CCI is computed as

Gar = \/ Er (2.4)

ES‘hsrP + Zi\il Ezlhz|2 + ]\fo7

After substituting 2.1 and 2.3 into 2.2 then with some algebraic simplifications, the

received signal at the destination node D can be expressed as

N L
Yra = Gar\/ Eghea[v EShsrdS+Z V Eihid;) +Z V Ergedi+G ar/ ErRpansr 144
i=1 k=1

(2.5)

Then, (2.5) can be divided into three parts, that is

The signal part:

VE =
d X hrd ES hsrdS ) (26)
\/No + ES|hsr|2 + Zfil E17J|h7x|2

the noise part:

vV ER
VNo+ Eslho 2 + XX, Elhf?

X hrd Nsr + Nipd ) (27)

and the interference part:

N L
VP S VEhidi+ S VEade y . (28)
k=1

Vot Bslho 2+ X0 B2 5
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In the following subsections, the a-p fading model will be introduced and the SINR

statistical characteristics will be derived in terms of the PDF, CDF, and MGF.

2.2.1 « — p fading model

Propagation in the wireless channel is a complicated phenomenon that can affect
and fluctuate the envelope and phase of the transmitted signal over time due to the

time-varying nature of the wireless channel.

The o — p fading channel distribution is adopted in this chapter and is considered
the general fading model used for the small-scale variation of the received signal.
The a-p fading channel is known as the multipath fading channel model, in which
the received signal consists of multipath clustered waves that are propagating in a

non-homogeneous environment [34].

The a-p model is described by two parameters, (o) and (u). The parameter («)
represents the nonlinear behavior of the propagation medium, while the parameter
p represents the number of multipath clusters. The («)-(u) fading distribution
can derive other distributions as special cases, such as the Nakagami-m and
Rayleigh distributions. The a-u fading model offers a flexible and comprehensive
representation of the fading phenomena. It can capture a wide range of fading
scenarios and is often compared with other fading models, such as the Rayleigh,
Nakagami-m, and Rician models, to assess its accuracy and suitability for specific

applications.
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The probability density function fz(z) of random variable Z which can be used to
describe the envelope of the received signal. The a — pu distributed density function

is defined in [34], with parameters a > 0, by

ko) = o (% ). 29)

o z= {/E[Z°] is the o root mean value,

« I(x)= [;7t" 'e'dt is the Gamma function,

o U= % is the normalized variance of Z¢.

Note that E[.] and V[.] are the expectation and variance operators, respectively.

2.2.2 Signal-to-Noise Ratio (SNR)

Consider a communication system, where the modulated signal is transmitted over

a mobile fading channel, the transmitted signal is given in [35, equation 13.1-1]:

s(t) = Re {s(t)e’*™ "} (2.10)
where

o 5(t) is the complex envelope of s(¢) with bandwidth B,.

o f.is the carrier frequency.

L[] j:\/—l;

16



The received signal through a single path fading channel, that the the received
faded signal is from the source node, in addition being corrupted by additive white
Gaussian noise (AWGN) can be expressed as in [35, equation 13.1-9], in addition
being corrupted by additive white Gaussian noise (AWGN) can be expressed as in
[35, equation 13.3-1]

r(t) = h(t)e?®® + n(t) (2.11)
where

o 7(t) is the received equivalent lowpass signal in one signaling interval.
o O(t) = —2mf.7(t) is the phase of the received signal from the fading link.
o h(t) is the amplitude of the received signal from the fading link.

« n(t) is the complex envelope Gaussian noise with zero mean and power spectral

density N,.

Let () be the instantaneous signal-to-noise ratio (SNR) per bit of a received
signal as a function of h that represents the envelope (amplitude) of the received
signal, with E,/N, being the average energy per bit to the noise power spectral

density ratio. (Z) is defined by

E
=, = [h22e (2.12)

In addition this implies:

e The fading power is |h\2 (i.e., @ = 2 for the standard power-law relationship).

o For a = 2, the a-p model reduces to the generalized Gamma distribution,

which includes Rayleigh (1 = 1) and Nakagami-m (= m) as special cases.
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with the second moment (n = 2) can be derived form the the n-th moment of (Z),

that is denoted by

I'(p+2)
E[|h|"] = " ——2L 2.13
") = i S (2.13)
setting n = 2
L (p+2)
E[|h|*] = P2——2L. 2.14
1) = 7 (2.14)

the PDF can be derived using standard method transformation of R.V’s that is

developed in [40, chapter 5], the PDF of (Z,/) can be expressed as [40, equation 5-18|

letting (25 = g(|h])).

1 Ny

2\ E.E

Sz () = fz (971 (IR])) - (2.15)

d —1 _ —1
T )] = foy, (a7 D)

the PDF can be derived using standard method transformation of R.V’s that is

developed in [40, chapter 5], the PDF of (Z);) can be expressed as

ap/2—1 a/2

ity
Z )= P THm (2.16)
— 2 5
where fz, = ?(ﬁ(g))E[Emﬂ and E[Z,] = E ['h]'\,f”} = %E[|h|2] represents the

average SNR.

2.2.3 SNR Cumulative Distribution Function (CDF)

The Cumulative Distribution Function (CDF) is part of the characteristics

properties of the SNR, distribution. The CDF is defined as [40, equation 4.16]:

FE\hI ("}/) = /O’Y f5|h\ (t)dt (217)
18



o 2B=
Using the PDF of =, and define the variable u = uéa;z and dt = — 1

=|h|

we~ldu, the

#Z/aa

CDF can be expressed as

NL/Z B 2\ 91
E;/Z CVILL“ = U
FE\hl (7) :/ " —on lh‘z
0 20 (p) Bz, fre

which can be expressed as

7&/2

1 Hpar
= = — Sinl et du. .
S0 = g [ e (219)

The integral in (2.19) can be solved with the help of the Lower Incomplete Gamma
Function in [41, equation 8.2.1]; T™(a, 2z) = foz to=le~tdt, the CDF of the SNR 2y

then can be expressed as

(2.20)

2.2.4 SNR Moment Generating Function (MGF)

The moment generating function is one of the most appropriate and valuable factors
of the distribution function it is suitable for calculating the channel capacity as well
as the bit-error-rate performance measures of wireless communication systems. The

MGF is defined mathematically as [42, equation 3.3-6] and [42, equation 3.3-7]:

=, (V) = E[e=*] = /000 fz,, (@)edx, (2.21)

After mathematical manipulation the MGF of =, is computed as

M oo “Harz
Mz, ()= — / ¥ le "Eh e dy (2.22)
0



The Meijer G-Function of the exponential function is given as in [43,

equation 8.4.3.1]:

e’ = Gé:tl) X for V. (2.23)
0

Using (2.23), the MGF of X can be rewritten as

—a/2

m S —
Mz, (v) = L_W/ xT_lemGéﬁ) By dx. (2.24)
QF(M)BEW 0 BEW 0

The integral in (2.24) can be solved using [43, equation 2.24.3.1], after defining the
parameters of: (p=n=0,¢g=m =1,u=1/2 and ¢* = 1/2) also a new fraction is
to be defined as well £ such that (£ = %) with the (ged(l, k) = 1) (Great Common

Divisor) by this the non integer values of @ would be included in the calculations

ot k2ls 7 I | AL =F)
M5|;L\(7) = —an I+h—2 Gf,li —a/2 ~ ek ’ )
20 ()2, (2m) Bz /) 7 A(k,0)
(2.25)
where A(k,a) = ¢, %2, ..., =1 (series of numbers).

The MGF of the («)-(p) distribution derived in equation 2.25, can be used to derive
the MGF of Rayleigh distribution with (o = 2) and (u = 1), and it can be reduced

to generate the MGF of the Nakagami-m distribution when (o = 2) and (4 = m).

2.3 Dual-hop SINR analysis

In this section, the expression of the signal-interference-and-noise-ratio (SINR)
will be derived for the proposed dual-hop relay communication system. The
signal-to-noise-ratio at the relay and destinations nodes are expressed as (7 =

Es|hs)?/N,) and (7,4 = Eg|h.qa|*/N,), respectively. The SINR at the destination
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node D can be written as
ES’hsr|2ER|hrd‘2

G2ipErlheal?No + G p Erlheal® Y200 Bilhal® + No 325, Eilgwl?
1

Ysrd = |:

(2.26)

[No Y BhP sl P

2.3.1 Co-Channel Interference probability density function
(PDF)

Co-channel interference (CCI) occurs when a frequency band is used by multiple
users at the same time. For cellular networks CCI occurs by the reuse of frequency
in the neighboring cells, which accordingly will affect the performance of the
network. CCI may degrade the performance of the system, hence studying its
impact is very important and helps in developing mitigation techniques to reduce
the performance degradation. in this section the derivation of the formulas will
be based under the assumption of CCI that can be modeled as the sum of N
independent-identically-distributed (I.I.D) a-u variates, ( i.e., vazl Yh;)- The SNR
for a single i—th interferer link can be expressed as

Eilhi*
= — VA

=1,...,N. 2.2
NO ? ? ( 7)

Yh;

The PDF for each single i—th interferer link SNR (+,,) is represented by

i Qipti/2—1 Qi/Q

i
f’Yhi (i) = — exp( — ,ui_ai/z), 1=1,...,N, (2.28)
21 (1) B Bi
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The joint PDF of <ZfV:1 Vh 1) is derived by the aid of the moment generating function

approach, which is mathematically expressed as

oy, () =27 {H Mwhi(S)} : (2.29)

The Laplace transformation is defined as

M.

Th

i

@ =Bl = [ 1 0 (2.30)

The a-p PDF form represented in equation (2.28) which can then substituted in
equation (2.30). The next step is to use and introduce the Meijer G-Function of the
exponential function which is given as in [43, equation 8.4.3.1]. Finally, the resulting
integral can be solved using [43, equation 2.24.3.1], by setting the parameters: (p =
n=0,gq=m=1,u=1/2and ¢* =1/2) also a new fraction is to be defined as well
L such that (£ = ) with the (ged(l, k) = 1), ged is the Great Common Divisor, by

this the non integer values of a would be included in the calculations. The Laplace

transformation is formulated as

Qg Mg Qg k o by
ol kETE ISR i AL
Ly, (8) = i m Ok || 2oz | ar )
20 (ui)B; * () B; A(k,0)
(2.31)
where A(k,a) = £, %1, cee L:_l, and the Meijer G-function is defined generally in

[44, equation 07.34.02.0001.01].

The density function of (ZZNZI Vhi) can then be derived and is represented

mathematically by

fsn o i) =27 {H%i (s)} ()

=1
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@ik ok k 1
a; k" k3l 5555 kol L L A(l,l—zT‘”)
| i A(k, 0)

(2.32)

where M%Z_(s) represents the Laplace transformation of the i—th link SNR which
is expressed in (2.31), and Z~'{.} is the inverse Laplace transformation. In
the case of N-number of L.LI.D interferers, we have 7, = v, @ = «a;, 0 = p;, and
B; = B; (which represents the average SNR for the i—th interfere link at the relay
node), for i = 1,..., N. As a consequence, the PDF of the sum of N-number of I.1.D

interferers is then can be evaluated as

Al 1 — o)
A(k, 0)

1 ap 1 ap k
_ apt  k2l2T2sT 4 1 It
S v) =<"" & —— G | =5 | 7=
w0 e W ()

(2.33)

Equation (2.33) is not analytically tractable. However, under some conditions, for
example when (I = k& = 1), this results in (a« = 2), and then the density function

can be analytically expressed as

N

- prsTh aa | op | 1om
fev L () =2"" =G | = (7). (2.34)
i1 i F(M)B? 1,1 86] 0

Using the Meijer G-function expression given by [44, equation 07.34.03.0271.01], and

expressed as

a
G| 2 =224+ 1)1 —a + D) (2.35)
b

then substitute equation (2.35) into equation (2.34) will generate
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_ -1 Pt o "

finally after some mathematical manipulation, evaluating the inverse Laplace

transform (£ ~!), the PDF of <Zf\;1 %i> can be expressed as

Np—1 u

Fsbt o, (1) = <Bﬁ[> g(NM)e_ 3 (2.37)

)

=]

For special cases, equation (2.37) can be reduced to generate different CCI models
such as Rayleigh and Nakagami-m. For N-number of [.LI.LD Rayleigh interferers

(o =2, =1) the PDF of Zf\;l Y, can be expressed as

AN

T(N)B;

=k

fw o () = (2.38)

this is the same as |9, equation 14|, for N-number of I.I.D Nakagami-m Interference,
the PDF of 3.~ 4, which can be reduced from (2.37) and identical to [45,

equation 9] with setting (o = 2, u; = pp =m)

5

|

m\ N ANm=1

where TI'(k) is the Complete Gamma function which is given by
(F(k’) = fooo tkile*tdt) and can be expressed in terms of factorial operation

as (k—1)! for k= N or k = Nm.

2.3.2 Effective SINR statistical characteristics

The interference affecting the destination node are denoted as v,, = FEi|gx|*/N,

ST

for k = 1,2,...,L. Let y¢// = ”ysr/ (1 + Zfil ”yhi), with f,, . is the PDF of the

source-relay SNR and fZN, s is the PDF of the sum of N-number [.I.D channel
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gains. In addition; %g;f = %«d/ (1 +Zk lvgk) , with de is the PDF of the
relay-destination SNR and fo—l Yoy Both of v¢// and ’yr represent the effective

SINRs at the relay and the destination node, respectively.

As a consequence, eq. (2.26) can be expressed as

eff eff ’ ( ’ )
Vsi® + Vg T 1

Ysrd =

In this section, I will derive the statistical characteristics of the effective SINR ~v¢//
and vef 7 of the links S — R and R — D, respectively, in terms of the PDF and the
CDF when both links are subject to a-u fading channel. The PDF of v¢// can be
derived using [40, equation 6-60] while the equality holds through the substitution

z=y-+1whichisz=1+ ZZ]L Yn;, the PDF can be expressed as

Fapr ) = [ iy, Wy = [ D+ D0y, W)

(2.41)
Using eq. (2.32) we obtain
o0 o Usr 1 Oésrltsr —1 1 OCsr/z
f’Y?g (’y) :/ (y _'_ 1) - ,LLST ((y —trﬂz'rl‘y) Qsrpsr eXp <_IIJ/ST <(ya;t/2>_r>;>sr/2 >
0 QF(/'I’ST‘)de ﬂST‘ 2 d#sr /Bsr
,,sf—l{ zul k212 E 55
Mg XqHi +h;—
i—1 21—‘(#1)61#22 Bz 2 ( ) 5 (2.42)

ki ) Qifl;
Gki,li Hi lil A(l“ b 2“ ) d
liski dai/g—aiﬂ gli i Y,
i Bz g A<ki70) Yh; =Y

Under some conditions where [; = k; = 1, ag = g = ; = 2 and p; = py and

3; = f3; since the interferes links at the relay node assumed to be LID links and all
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the parameters are identical for each interfere link, the PDF is reduced to

be por 1 e poo _psr(y) —y BL
fv:ff (7> = MST (V) (BI> / <y+ 1)#ST€ Bsr (y+1)€ y(BI)yMINldy7
0

(NST)BHSTF(NNI) B
(2.43)
after mathematical manipulation, the PDF of v%// can then be expressed:
Mng (fy)ﬂsr—l ( HIBI_'LLI)N e(%) [e%) _ (MST(’Y)_;’_H)
Fraps () = [ e U
. (Nsr)ﬁ F(NNI> 1
(2.44)
then using [46, equation 3.383.4], the effective SINR can be evaluated as
e ) ) e
f,ygff (v) = Sfisr (MST’Y + = a
I(ptsr) By B B (2.45)
_ [ Hsr M
pyusrfle (25577—"231) I/VHST_MN+1 N (MST’}/—{— NI) ’
2 2 p B

for Re(us;N) > 0ARe (‘” + 7;") > 0 A Re(ur) € Z. and the function W, ,(z) is

ST

the Whittaker Function which is defined in [44, equation 07.45.02.0001.01].

Since the PDF of v¢// is assumed to be identical for both the SR and the RD links,
with [; = k; =1, ag = ag = ap = 2 and pu = px and Bk = BK since the interferes
links at the relay node assumed to be I.I.D links, the effective SINR for RD link

vff;f (7) can be evaluated as

L EK
Hrd “K e \PK _ bR Ltppgtl
e (M <Mrd ,UK) :

frerr(y) = ; Tt
Vra F(M)ﬁ“ ¢ 3 Bx (2.46)
_ [ Hrd HK
7Md_1€ (Q’BMW—FQBK) Wﬂrd*MKLH —nKL=prg (Iurd * EK) ’
2 ’ 2 B 5[(

for Re(uxL) > 0ARe (“K + V;rd) > 0 A Re(ux) € Z.

5]{ rd
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Special cases for different values of p,.:

A. For (ps = 1), the PDF of 4¢// can be evaluated as

N_AN+L<L)N
R A

where (A = i ), is the average Signal to Interference Ratio (SIR) at the Relay
I

node. (2.47) is identical to [9, equation 16|, and this result is identical to [9,

Frer(7) = exp (——l) L (247)

/657“

|

equation 18] when (ps = fira)-
B. For (pus, = ms,) and (u; = my) the PDF of v¢// can be written as

L my"”(ggg@ ymy,
I'(me) B_ST B B

ST

My —Ilmr—m
> (”;;j (Im1)m <% + 771er> 7

m=0 I ﬁsr

Frerr(v) =

(2.48)

which is identical to [45, equation 10].

Cumulative Distribution Function (F,Yeff (’y)) is defined as the probability in which

the random variable (7¢//) takes a value less than or equal to (v), which is expressed

as

Foerr(y) = Pr {76” <~} . (2.49)

CDF can be mathematically presented by
-
F,yeff (’)/) = / f,yeff (t)dt , (2.50)
0

substituting (2.45) in (2.50), the CDF of the SR link can be expressed as

_ppNApsrtl
12 B v /Jgﬁr (%) Kr i Hsr Hr 2
~elt (v) = o 5 B € = = b+ =
0 F(MST)ﬁsr ﬁf 55T 51 (251)
—( Lsr g4 KL
thsr—1lg (2557' 251) WHST‘—H[N"Fl —niN—psr (&t + g) dt )
2 ’ 2 Bsr ﬁ[
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by using [40, equation 4.6] and [40, equation 4.6], the CDF can then be written after

mathematical manipulation as

~1
1 AN Npg Hsr tsr . [ —uN—psr+1
ny.iff(w =1- T 6(51) (_—) E =7 / () ’
(tsr) B v=0 Bar %::W_% (2.52)

pro pered
(Z — <_—I + _ST7)> 67(5) W/—‘ST_V‘[N"Fl —prN—psr (Z) dZ 5
51 657" 2 ' 2

applying [43, equation 2.19.5.12], therefore the CDF of ~,,*// can be evaluated as

Flegs(7) =1- 1 e(%) (W>NM uil (HSW)U U(psr — U)e%(uﬁgz:”)

F(MST) BI =0 ﬂsr
—pyN—v—1
Hr Hsr 2 Hr Hsr
= + pry /7) W—u N+v+1 —pyN—v (__ = ’y) .
<ﬁl Bs’/‘ ' 2 ’ 12 6[ 657’

(2.53)

Hence; the CDF of the RD link ~,4%// is evaluated as

Foe) =1 - () (ﬁ )LZ (5’"dv>vr<urd—v>e%(‘”;+”:?)

Yrd F(,urd) Bkz p—r ﬁrd
—pgL—v-1
193¢ Hrd 2 193¢ Hrd
jr—— + = ’y) W*M L+4+v+1 —pgL—v (__ ey fy) . (254)
(ﬁK Bra ST By B

This result can be reduced to special cases, such as

A. For (ps = 1) and (u; = 1), the CDF of v,,¢// is evaluated as

[ A Y
F . =l—e B |——| . 2.55
'stf (7) € |:,Y+A:| ( )
This result is identical to [9, equation 17], where (A = %’”), is the average SIR

at the Relay node. Since the RD is identical to the SR link, [9, equation 19]

can be evaluated by setting (¢ = 1) and (ux = 1) in (2.55)
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B. For (jus, = my,) and puy = my, the CDF of 4¢// can be evaluated as

(R e Y (e
F%e[f(’y) _1_F(m8,,)6 I (B_I vz:% Bsr’y [(mg —v)e

—myN—-v—1

mr = Mgy 2 Myrd
+ 'Y) me N+4v+1 —mjyN—v ( + ’Y) .
( /BI /Bsr . 2 ’ 12 /BI /887"

)

(2.56)

(2.56) can be used to express the CDF of the v¢// by setting (s, = m,)

2.3.3 Dual-Hop Relay SINR PDF

To derive the SINR for the relay link in (2.40), I have used a tight upper bound to

simplify the analysis of the network performance, i.e.,

Vsrd S 7up = min (’}/Sffa V:gicf) ) (257)
hence, f,,,(7) can be expressed as
P = Foggr ) (1= Foegr )| + Lepr () 1= Fs)] - (258)

after substituting equations: (2.53), (2.45), (2.54) and (2.46), which represent the

SR link CDF and PDF, and the RD link CDF and PDF, then the PDF of ,, can

be expressed after mathematical manipulation as

H[N+Msr+1

\w

+

u“”e(ﬁl ) (M (e usr p
Yup = Msr Hor = — = + =

.U"rd_l

Hsr rr Hrd KK

— 7’y+7)—(77+7) M Kr Hrd

e <2BST 281 e 2Brd 2Bk L[ psr—pyN+1 —pyrN—pgr _—ST’Y + — — ”}/
2T 2 Bo  Bi Bra

—pngL—j—1

. Hrd MK 2 Hord 123:¢

F(,urd - j) (— ¥+ —) W—uKL+j+1 —pgL—j (— ¥+ —)
Bra B 2 T2 B B

EI =
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HELtp,g+1

e () ) ()
F(Mrd)( ) Td 5k 31 Brd 5k

Hrd KK + = S~ 5) )
(257«(1 +2/3k) ( 5ST 251) Hrd L+l —ppL—pipg (:urd,y k ) (’UST’V)
) 2

2 B BK =0
—pyN-—v-1
Hsr M 2 Hosr K
F(MST —_— 'U) (_ 'y + __) W*p N+v+1 —p Nv(_ ’y ‘I— __) 5 (259)
5sr BI ’ 2 ’ 12 657“ BI

Assuming identical number of fading links N = L = M with identical coefficients
(b = Ji1, ftsr = fra = [1, and the average SNRs are identical for all links as 3; = 3, =
B, and B,, = B, = 3, the CDF of the Dual-Hop Relay network which represented
by (2.59) can be reduced to

9kl B 2Mpr (pr w — 2 (Mpg+p+1)
frw() = ] (i) (g) €<BI 6> <”I +7M>

I(p)? \ B By 51 B
fir | gy "
W%(u—Merl)é(—u—Mm) (B_ + f) Z P —v) (7) (2.60)
I v=0
1y
pry ) RO memy
B B A0 MertD s CeMe) \ 5 T )

applying the Whittaker properties, as in [41, equation 13.14.31] such that
(Wi (2) = Wy, (2)), the PDF can be rewritten as

(Mpp+pA41)

NI

; (/y) :nyufl (H)M (ﬂ)%uze(g;_g) <MI I Wi)_
I [(p)? B B[ 51 5
fir m) "
(et o) <61 B ; B

1y

pr ) e pro
%(U—M/u—ﬁ—l) % v+Mpur) + = )

B B

W%(u—Merl),

D=

by using Whittaker W function in [41, equation 13.14.3], the PDF can be written
as

1
Wy (2) = ¢33t (5 +pu—r,142pu, z) : (2.62)
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where U(a,b,z) is the Confluent Hypergeometric Function of the Second Kind or
also known as the Kummer’s function, and is defined as

(1 - b)

r'(-1)
I'l1+a—0b)

Ula,b;z) = o)

1Fi(a,b,2) + ARl 4a—0,2-0,2) ,

(2.63)

it can be related to the Whittaker Function by relationship [41, equation 13.14.5]

which is;

b (2) (2.64)

72

Ula,b;z) = 2ed nga

Confluent Hypergeometric Function can be expanded as [41, equation 13.2.8]:

Ua,a+n+1,2) =z i <"> (@), (2.65)

Jj=0

using identities in (2.64) and (2.65), the PDF of ~,, can be mathematically

manipulated as

_ Q,Vufl (H)M(ﬂ)%u %(%7%“/) H <M> v <ﬂ ﬂ)—Mw—j
frun () T2 \ 5 7, e jzo ; (Mpr); BZwLB

el v ~ 5 (o+Mpr+1)
TN (R R pr oy
£ I'(p— k) (? <:@ + T) W (0 My 1), 2 (04 M) (B_z + 7) ,
(2.66)
where (a); is the Pochhammer symbol and is defined as (—Fl(,a(z)] )>.

applying identities in (2.62) and (2.65), then the PDF of ~,, in (2.66) can be

evaluated as

2 (ﬂ)”(ﬂ)”” H#-2) (u) Y .(& m)‘M‘”‘j
f’Yup(’)/) F(,u)2 B B[ € Z j ( ,UI)] BI“‘ B

31
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Br B

0
P L+ (v+Mupyy) <m u/y)—MMI v (v> (,uf lﬂ) o
_ — ol I M B 7

(I—Fﬁ) 51+6 on( p)n ﬁl—i_ﬁ

(2.67)

the series index k is shifted by (1), which yield to express the PDF after mathematical

manipulation as

Frun (V) :ﬁ (%)ﬂ (%_:)m;u gzﬂ; n: (,;) (U - 1) )i B

This result can be reduced to give other PDF expressions for values such that:

A. For identical links: L=N, pp = p; =1, (7 = v = 71) and (y, = 74 = 7), the

PDF f,,, (7) can be expressed after mathematical manipulation as

NA2N +1( A )”V _
(’7+A)2N+1 B fy_i_A €

and this is identical to [9, equation 20], which corresponds to the Rayleigh

@y

Frp () =2 (2.69)

fading channel model.

B. For non-identical links, (2.68) can be reduced to be identical to [9, equation 21],

where the PDF f, (v) can be expressed as




where (A =

) is the average Signal to Interference Ratio (SIR) at the Relay

node, and (T = =), is the average Signal to Interference Ratio (SIR) at the

Q
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Destination node.

C. For identical fading channels, u = m,u; = my, and (y; = Y% = 77), the PDF

of 7, can be evaluated as

Rt =rz (5) (g—)mif (") (1) o,

T(m — v+ 1) (%)

2.3.4 Dual-Hop Relay SINR CDF

The density function for the Dual-Hop Relay network is expressed in (2.59), the
next step is to derive the Cumulative Distribution Function of the Dual-Hop Relay

network, starting from the definition of CDF:
Fo( / Jrw()dt (2.72)

The CDF of the Dual-Hop network is derived for the upper bound; i.e. the minimum

of two random variables as
F’Y'u,p (7) = F"Ys'r (7) _I_ F'Y7d(Py) - F'Ysr (V)F’Yrd (Py)? (273)

Substituting both (2.53) and (2.54) into (2.73) will result in the Dual-Hop Relay

network CDF to be expressed as
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after mathematical manipulation, the CDF can be evaluated to yield:

() O3 Y59 i)

F(y)=1- c 1 Pk
e (V) D) D (i)
psr—1 v _MIN o

Msr sr :U’ NST 'ul

= Mg, — = = vl —pN-k | = 2
;(ﬁﬂ) v (B a7 > s (mrwﬁ)
Hra—1 u _HkL —
Z(ﬁrd7> T(ptrg — u) ( TdV—i— ﬁ) —ppLtutl —ppLu (ﬁrd’V‘i‘&) :
w0 \Bra Bra k L B

(2.75)

for identical fading channel links, with N = L = Lu; = px = pur, B; = B = B

and B, = B,4 = B , the CDF can be evaluated as



B_[ 5 — IChll) 4
(2.76)

the Lagrange’s identity, which is identified by

(i akbk> = Z azby + 2 Z Z aba;b; (2.77)

k=1 =1 j=i+1

is applied to (2.76), the CDF can be evaluated after shifting the index k& by (1) as

1 uz)”‘” - (MI w)“”
F =1 - =—— | = B e
(1) =150 (61 5B

™
~

oIl pro o\ 2 T
e — Wj l,uI —J— lp1+l — 5
X(ﬁ) (61+6) : (ﬁ1+6))

the CDF can be manipulated to be expressed in a tractable form by shifting the

“=\G, B
— < v\ () (278)
+2 Fp—i+1) | = -+ =
ZZ -0 (§) (54 %)
pro |
Wi, ety | =4+= T (p—7+1
e (61 ﬂ) e

series indexes () and (i) by (1), then applying the Whittaker W-function property
in [41, equation 13.14.31], as
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Br B
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2 2 51 B 2 0 2 51 ﬁ

substituting the alternative expression of the Whittaker W-function in terms of the
Confluent Hypergeometric Function presented in (2.62), then applying the identity
as in (2.65), where the Confluent Hypergeometric Function is represented in Series

expression, the CDF is expressed after mathematical manipulation as

- ( ):1_ 1 <,UI)2””€ZI’YE (,UI_}_ﬂ)”” Z“:F o1 (’Y,U) 20—-2
vt P(w? \ 3, B, B 5
g_I_P)/__Iu)vx WQZ o (ﬂf_‘_M)_ 2 <£)2lu1
By B =T By B ['(p)? By
2

£ & E g (o (o ()"

(2.80)

This result can be reduced to special cases for the CDF of +,,, such that:
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A. For identical fading links with © = 1 , which corresponds to identical Rayleigh
fading channel, the CDF in (2.80) can be reduced to

_x A 2
qup(’)o =1—e€e & (m) . (281)

where (A =

=z) is the average SIR at the Relay node.
I

B. For non-identical fading links with 4 = 1 the CDF can be expressed as

Wup(v)zl—e”("; ﬁd)( A )N( ! )L , (2.82)

F
v+ A v+ 7T

where (A = %T), is the average SIR at the Relay node, and (T = Eﬁ ), is the
I k

average SIR at the Destination node.

C. For identical Fading links with ;4 = m which corresponds to the Nakagami-m

fading channel, the CDF can be expressed as

1 m\2" mam (i m T &
Fup(v)zl——(_—) efr P =—/—+4 —= L(m—ov+ 1)
! I'(m)* \ B, b1 B Z

20—2 —v
) (e Y, (T m) 2
<5> (ﬁ1+5> © e o NG T ) T )2
- 2Am;m—2 m—-1 i j 1
(__> ZF(m—i)F(m—j)( )(lmf) ()(lmf)
/81 i=0 j=i+1 n=0 s=0 n
I

2.3.5 Dual-Hop Relay SINR MGF

The Moment Generating function (MGF) is very useful for deriving the performance

metrics of the network, which is given as

M, ( / Jrap (V) dry, (2.84)



substituting the PDF of the dual-hope given in (2.60) while assuming identical
number of fading links such that N = L = [, and using [47, equation 2.3.6.9], the

MGF can be expressed as

w5 () () £ o) o

v—2lpr—j—n—1 IS " —2lpr—j—n
(pir)n (%) / ,yu+v—26—’y(2§+s) (7 N M) i,
0

using application in [47, equation 2.3.6.9], MGF can be evaluated as

M) =5 >y S (u— v+ DNt 1) () (" wnston,

ptv—j—n—1 )
(g) U(u+v—1,u+v—2lm—j—n;@(Qijts)),
pbr \ B

(2.86)

where the Ul(a, b, z) is the Confluent Hypergeometric Function of the Second Kind

and is defined generally as in [44, equation 07.33.02.0001.01].

2.4 Dual-Hop Relay Performance Analysis

2.4.1 Outage Probability Analysis

Outage probability (P,,) is a fundamental performance metric in wireless
communication systems that measures the likelihood of a communication link
becoming temporarily unusable due to severe channel degradation. It occurs when
the instantaneous SNR falls below a critical threshold () that is required to
maintain reliable communication. This threshold depends on factors such as the
modulation scheme, target bit error rate, and coding techniques being used. The

concept is particularly important in fading environments where signal strength can
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vary dramatically due to multipath propagation, shadowing, and interference.

Physically, outage probability reflects how often users at the edge of a cell or
in challenging propagation conditions might experience dropped connections
or unacceptable service quality. In practical system design, it helps engineers
determine the required transmit power, cell coverage areas, and the need for
diversity techniques to ensure adequate service reliability. For instance, a system
designed for voice calls might tolerate a higher outage probability than one designed

for critical emergency communications.

Mathematically, outage probability is derived from the cumulative distribution
function of the received SNR, representing the probability that the SNR remains
below the minimum threshold (7;,) needed for proper signal detection. From a
system perspective, outage probability is closely related to other key performance
indicators like coverage probability and capacity. It plays a crucial role in network
planning, particularly for emerging technologies like 5G and IoT networks where
reliability requirements are stringent. Techniques such as transmit diversity,
adaptive modulation, and cooperative communications are often employed to reduce
outage probability and enhance overall system robustness in challenging wireless
environments. In this section the Outage Probability of the dual-hop relay

network will be analyzed. The outage probability is defined as

Vth
Pout = Pr (P)/up < P)/th) = P’yup <7th) = / f’yup (7)d77 (287)
0
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which can be evaluated after substituting the PDF as
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(2.88)

Thus; the outage probability can be computed as

()" (3 ) ()

Pou — 1 — Bsr Brd Br
' F(NST)F(NM)
—pyN—v—1

psr—1 -
% ,U/sr . 1)) (,usr%5 +MI>
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This result can be reduced to different special cases such as
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A. For identical fading channel with 4 = 1 that corresponds to the Rayleigh

fading channel, the outage probability is:

A N oy
Py—=1— e F 2.90
' (AJF%h) ( )

where (A = %), is the average SIR at the Relay node. This result is identical
I

to [9, equation 22].

B. For non-identical fading channel with 4 = 1, outage probability is expressed

A N7 1 Y (s
Pautzl_( ) ( ) @7h<ﬁsr+ﬁm)‘ (2.91)

A+ v, T+ v

as

|

where (A = %), is the average SIR at the Relay node, and (Y = 24), is the
I

average SIR at the Destination node. This is identical to [9, equation 23].

=Y
>

C. For identical fading channel with g = m = 2 ;(2.89) can be reduced to:

2 Ay
e B

}%M':

1 ( A >4N (BI’Yth(QNB + 279 + B) + B@%h + B»

A+ vm 32 (B1ven + B)?
(2.92)

equation (2.89) can be used to generate many different formulas such as [9,
equation 22] which represents identical number of fading channel with x4 = 1, and as
in [9, equation 23] for non-identical number of fading channel with ¢ = 1, and many
other formulas for other fading channels such that with ¢ = m which corresponds

to the Nakagami-m fading model.

2.4.2 Average Error Probability Analysis

In wireless communication systems, the error probability P. for a given given
signal-to-noise ratio v, often measured as the bit error rate (BER), serves as a
critical performance metric that quantifies the likelihood of incorrect symbol or

bit detection at the receiver. The physical meaning of P, is deeply rooted in
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the impairments introduced by the wireless channel, including AWGN, multipath
fading, interference, and distortions caused by bandwidth limitations. When a
signal propagates through a wireless medium, it is subject to random fluctuations
in amplitude and phase, particularly in fading environments such as o — p fading
channel, where the signal strength varies unpredictably. These variations degrade
the SNR, leading to an increased probability that the receiver misinterprets a

transmitted bit.

For instance, in an AWGN channel with binary phase-shift keying (BPSK)
modulation, the theoretical P, is given by the Gaussian ()-function of the square

root of the bit energy-to-noise power spectral density ratio [35, 4.3-13]

r-q(vm)-0 (\/%) (2.99)

where (E,) is the energy per bit and (Np) is the noise power spectral density.
This equation illustrates how higher SNR reduces error probability. However, in
practical scenarios, factors like inter-symbol interference (ISI), CCI, and Doppler

spread further exacerbate (FP,), particularly in high-mobility or dense multipath

environments.

Advanced techniques such as error-correcting codes (ECC), adaptive modulation
and coding (AMC), and diversity combining are employed to mitigate these effects
and improve system reliability. Thus, (E) not only reflects the quality of the
communication link but also guides the design of robust wireless systems, balancing

trade-offs between data rate, power efficiency, and spectral efficiency.

The error probability P. denoted by 2.93 is considered as the conditional error

probability where the channel gain is considered fixed, in order to obtain the error
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probability for random channel gain, the P, should be averaged over the probability
density function of the end-to-end SNR f..,.,(7) the ”"Source-Relay-Destination”

link. And that can be achieved by evaluating the integral given by [35]

7= / P frons (1), (2.94)

where P, is the conditional error probability for a given signal-to-noise ratio v. For
Binary-Phase-Shift-Keying (BPSK) modulation, the average error roadability and

known as the average BER is expressed as
7= [ om ) (295)

substituting (2.59) into (2.95) will yield to express the average bit error probability

as
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using the alternative form of the Q-function expressed in terms of the MGF as in

[33, equation 6.44],
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2.4.2.1 Average error probability for different fading channel links

Result in (2.97) can be reduced to special cases of the error probability by setting

different values of the fading channel coefficients.

2.4.2.1.1 Average error probability for identical fading channel links with

p=1

Average error probability using BPSK modulation for identical links reduced from
(2.97) with assumptions as « = 2 and p =1, (L =N = M), (ftsy = fra = pt1 =
pr =1), (B, = B,q = B) and (B; = Bx = B;), can be expressed after mathematical

manipulation as
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where (A =

=) is the average SIR at the Relay node.
I

the inner integration can be solved using application [47, equation 2.3.4.2], average

error probability can then be evaluated as

- 2 [z v 9\ 2M 9 w2)a
P, —;/0 NA? <s + ?) r <—2M, (s + ?) A> o(+2)
M 2M—1 )
+ A; (s + %) r <1 —2M, (s + %) A) e<S+B)A] do

using the exponential integral in [48, equation 5.1.45]; i.e (E,(z) = 2" 'T'(1 —n, z)),

(2.99)

the average error probability for identical fading channel coefficient ¢ = 1 links can

be evaluated as

:% /02 ME2M+1 (AS + %) (AS+%) + %EQM (AS + %) <AS+21§\)] dgb s

s

(2.100)

where E,(x) is the generalized exponential integral, which is defined as in [48,

).

equation 5.1.4]; (E,(z) = [ &

For BPSK modulation technique, the average error probability is upper bounded as

[49, equation 9.27]:

B, = MEsy .y (A + %) (a+%) gEQM (A + %) LOF) o)

2.4.2.1.2 Average error probability for non-identical fading channel
links with p =1
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For non-identical fading channel links with (L # N), (usr = pra = i = . = 1),

(B, # B,q) and (B, # B,,), then the error probability can then be expressed as

NAN N 1 ( A )N
(M) B\ A

L_’“+L(L)L (L)N d
Y+ By \v+ T T+A T

()

(2.102)

where (A = %), is the average SIR at the Relay node, and (T = B“i), is the average
i k

=l

Signal to Interference Ratio (SIR) at the Destination node.

for BPSK modulation scheme , the Error Probability has an upper bound in [49,

equation 9.27] is evaluated and mathematically manipulated as
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using partial fraction, error probability can then be evaluated as
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applying the Partial fraction decomposition (2.104) is evaluated as
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using application in [47, equation 2.3.4.2] after applying the exponential integral
expression in [48, equation 5.1.45], the error probability can then be evaluated after

mathematically rearranged as

(2.107)

where the coefficients are defined in (2.106).

2.4.2.1.3 Average error probability for identical fading channel links with

fr=m

For identical fading channel links with (L = N), (s = pirqa = m), (1 = px = my),
(B, = B,q = B) and (B; = By = B;), the error probability for BPSK modulation is

given by
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j=0 v=1 n=0
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using application in [47, equation 2.3.6.9], the average error probability can be

expressed as

m)? i i T; (T) (U . 1) (tmy);(Img)nl(m — v+ DI (m +v — 1)

m4v—1—j—n )
2
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B mp3; Br

(2.109)

2.4.2.1.4 Average error probability for non-identical fading links with

fr=m

The average error probability for non-identical fading links with ps. = mg.,ptrg =
Myafli = My, Uy = Mg, 3; = B; and 3, = B can be expressed after mathematical
manipulation as
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using application in in [47, equation 2.3.6.9], the error probability function can be

expressed as
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where (p=v—1—p—mgL—j—m;N—f—1t), (a=v—p—mgL—j—miN— f—t).

2.5 Numerical results

In this section, we present numerical results to validate the analytical expressions
derived in Section 2.4 for the outage and error performance of the dual-hop AF
relaying system under a-pu fading with co-channel interference at both the relay and
destination nodes. The results highlight the impact of key system parameters —
fading severity (u), interference power (INR), and the number of interferers — on the
overall system performance. For consistency, the nonlinearity parameter («) is fixed

at (o = 2) which corresponds to Rayleigh fading when (u = 1) and Nakagami-m

20



fading when (@ = m), while (u) is varied to examine different fading conditions. All
links (dual-hop and interferers) are assumed to experience statistically independent

and identical fading channels.

2.5.1 QOwutage Performance Analysis

The outage probability, defined as the probability that the end-to-end SNR falls
below a predefined threshold (1), is evaluated for varying average SNR (dB). The

results are categorized as follows:

o Light Fading (@ = 1) with Moderate Interference (INR = 3dB):
Figure 2.2 illustrates the outage performance when o« = 2 and pu = 1
(Rayleigh fading), and equal-power interferers with IN = 3dB. The curves
demonstrate how the outage probability degrades as the number of interferers
(N = L) increases at both the relay and destination nodes. For instance,
with N = L = 2, the system achieves an outage probability of almost 10!
at SNR = 20dB, whereas for N = L = 10, the same performance requires
SNR > 25dB. This confirms that CCI induces a multiplicative degradation
effect, as the interference power scales with number of interferes links N and

L number of interferes at the relay and destination nodes respectively.

+ Moderate Fading (1 = 2) with Strong Interference (INR = 12dB):
Figure 2.3 examines a more favorable fading scenario (@ = 2) but under
stronger interference power with value of (INR = 12dB). Here, the diversity
gain from higher p mitigates fading severity, but the elevated interference

power dominates at high SNR, leading to an error floor. For example, with

N = L = 4, the outage probability value of 10~! for SNR > 25dB.,.

o Impact of Interference Power Disparity:

Figure 2.4 investigates the case where interferers have unequal power levels

(e.g., INR values of 3 dB, 6 dB, 9 dB, and 12 dB) for a = 2, x = 2. The results
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reveal that the high-power interferer (e.g., 6 interferers with INR = 12 dB) can
degrade performance more severely than multiple low-power interferers (e.g.,
5 interferers with INR = 12 dB each). This emphasizes how crucial the role

of dominant interferers are in system design
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Figure 2.2: Dual-hop outage probability for o = 2, u = 1,
INR = 3dB .

2.5.2 Error Performance Analysis

The bit error rate (BER) for coherent BPSK modulation is evaluated to further

quantify the system’s reliability. Key observations include:

« BER Floor Due to CCI:

Figures 2.5 and 2.6 demonstrate that the BER curves exhibit an irreducible
floor at high SNR. For = 1 and INR = 30dB presented in (Figure 2.5), the
BER floor rises from 1073 to 1072 as N = L increases from 1 to 10. This aligns
with the outage results, emphasizing that interference—mot noise—governs

performance at practical SNR levels.
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Average Error Probability

« Fading Severity Trade-offs:

Figure 2.6 (1 = 2) shows improved BER compared to Figure 2.5 (u = 1)
due to reduced fading depth. However, the interference-limited floor persists,
suggesting that while fading mitigation helps, CCI remains the primary

bottleneck.

o Interferer Fading Sensitivity:

Figure 2.7 highlights the impact of interferers fading parameters («, @) on
BER. When the interferers experience severe fading (e.g. u = 1), the system
performance degrades significantly compared to milder fading (x4 = 2). This
is because lower p increases the likelihood of deep fades in interferer links,

causing sever interference effect.
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Figure 2.5: Average error probability for identical number of
fading channel with o =2 and p = 1.
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2.6 Conclusion

This chapter has presented a comprehensive analytical framework for evaluating
the performance of dual-hop amplify-and-forward (AF) relaying systems operating
in generalized a-u fading channels with co-channel interference (CCI). The key
contributions and findings include the derivation of novel analytical expressions,
specifically exact closed-form expressions for the PDF and CDF of the upper-bound
SINR, which enable efficient computation of outage and error probabilities using the
moment generating function (MGF') approach to characterize aggregate interference
from N IID interferers. The generality of the a-p model was demonstrated, as the
derived results encompass classical fading scenarios such as Rayleigh fading (o =
2, p = 1) and Nakagami-m fading (o« = 2, g = m), with numerical validation
confirming exact alignment with prior literature for these special cases. The
study also examined the impact of interference, revealing significant performance
degradation with increasing interferers (N), including higher outage probabilities
due to reduced SINR and the formation of error floors in interference-limited
regimes. Additionally, the results provide practical insights by quantifying the
fundamental trade-off between diversity gain (determined by a-u fading parameters)
and interference-induced degradation, offering valuable guidelines for system design
in interference-heavy environments. Overall, the proposed framework serves as
a foundation for analyzing next-generation relaying systems in generalized fading

environments with practical interference conditions.
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Glossary — Chapter 2

Term
Ey
Pout
Je

gk

Description

The bit energy.

The Outage Probability of the dual-hop relay network

The carrier frequency of the transmitted signal.

The a-p flat fading coefficient of the k-th interference channel at
the destination node

The amplitude of the received signal from the fading link.

The a-p flat fading coefficient of the i—th interference channel at
the relay node

The channel flat fading coefficient of R — D link

The channel flat fading coefficient of S — R link

The complex envelope Gaussian noise with zero mean and power
spectral density N,.

The received equivalent lowpass signal in one signaling interval.
The complex envelope of the transmitted signal s(t)

The transmitted signal s(t)

The energy of the transmitted signal from the Relay node

The energy of the transmitted signal from the Source node

The i—th interference channel energy received at the relay node
The k-th interference channel energy received at the destination

node
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16

16
16
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Term

Description

The desired transmitted data from the source node with unit
energy

The transmitted data from relay node with unit energy

The k-th co-channel interferer’s data with unit energy at the
destination

The Additive White Gaussian Noise at the destination node

The Additive White Gaussian Noise at the relay node

The a-p flat fading coefficient of the i—th interference channel at

the relay node

The average SNR for each of the i.i.d interferers links at relay
node.

The average SNR for each of the i.i.d interferers links at
destination node.

The SNR for a single i—th interferer link.

The Gamma function

The MGF for each single i—th interferer link SNR (73,).

The normalized variance of

The error probability for a given given signal-to-noise ratio ~.
The PDF for each single i—th interferer link SNR ().

The PDF of joint sum of (75,) SNR.

The phase of the received signal from the fading link

(0 = —2mfer(t)).

The o« root mean value
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Chapter 3

Impact of co-channel interference
on the performance of cooperative

diversity systems



3.1 Introduction

Wireless communication has undergone a tremendous revolution in the recent years,
where cooperative diversity is a promising means to enhance the network coverage
and data throughput. Moreover, it can cope with the effected of the Small Scale
Fading where unpredictable and rapid fluctuations of the received signal levels can

cause the degradation of throughput.

Many researches targeted the cooperative diversity of the relay networks in
their investigations, such as the study in [18] where the authors investigated the
performance of cooperative diversity networks with amplify-and-forward (AF)
relaying and equal gain combining (EGC) techniques, which is used to combine the
signal from the source and the relay nodes at the destination node. The results
in [18] were extended to investigate the Nakagami-m Fading Channels case except
that several relay nodes were introduced to the cooperative diversity network under
investigation as in [19]. The authors of [18] and [19], focused on the cooperative
relay network without the presence of the co-channel interference (CCI) at either
node of the network under investigation, and they assumed that the source and
destination nodes are connected through direct link. In [20], best-relay selection
scheme was introduced, where the destination receives two copies of the source
signal; one from the source node (direct link), and the other from the best relay
node. Then the authors employed the maximum ratio combining (MRC) at the
destination node to combine the both signal copies received, the fading channel is
assumed to be Rayleigh model and the researches did not consider the effect of CCI

in their investigation.

The effect of the presence of CCI on the performance of cooperative diversity
networks was investigated in [21], assuming Optimum Combining (OC) technique

over Rayleigh fading channels and the authors employed the decode-and-forward

60



relaying schema in the network settings. Additional investigation of CCI was
considered in work [22], where the authors analyzed the performance of the DF
cooperative relaying systems over Nakagami fading channels in terms of the outage
probability, and implementing Maximal Ratio combining (MRC). Moreover, the
authors of [23], derived the exact-form expressions for the outage probability of the
cooperative diversity network over Nakagami-m fading channels while implementing
DF relaying schema. They studied the effect of CCI presence at both the relay and

destination nodes.

In this chapter, we extended the investigation in chapter 2 and represented in
paper [P2] by introducing cooperative diversity to the proposed network, we added
multiple relay nodes between the source and destination nodes. The impact of the
presence of CCI at the network was investigated by deriving the error and outage
probabilities of the network over a-p fading channels, while using the selective
combining schema to get the signal from the best relay link assuming that there is
no direct link between the source and destination nodes. In addition, we develop
the mathematical formulas of the probability density function in addition to the
cumulative distribution function of the signal-to-interference-and-noise ratio of the

cooperative diversity network.

The rest of this chapter is organized as follows. Section 3.2 describes the system
and channel models. Section 3.3 presents the analysis of the cooperative diversity
SINR. Section 3.4 presents the system performance analysis. Numerical results are

given in Section 3.5. Finally, Section 3.6 concludes this chapter.
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3.2 System Model

In this letter, we propose a cooperative network which consists of a source node S,
a destination node D and M-number active relay nodes R; for j = 1,..., M, shown
in figure (3.1). It is assumed that the j-th relay node is subjected to N-number
interferers, and the destination node is subject to L interferers, respectively. For the

proposed cooperative network, the transmission occurs in two stages as follows.

o The first stage represent broadcasting the signal from the source node, which
accordingly is received by the active relay nodes that are willing to participate

in the transmission.

o The second stage, each relay node perform amplification of the received
signal then forwards it to the destination node. Correspondingly the relaying

technique used in this stage is the Amplify-and-Forward relaying schema.

Figure 3.1: Cooperative Diversity Relay Network

The received signal at the j-th relay in the first stage of the

transmission, assuming that the relay and destination nodes are both corrupted by
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interference, is denoted by

ysrj (t) = Esrjhsr] srj + Z V ]Zhj’L d]z + nrj< ) (31)

where hg, is the channel fading coefficient of the transmitted data d,, (t) from the
source to the j-th relay node and with average transmitted energy of E,. . d;(t)
is the received data from the j-th interferer of the j-th relay node with average
transmitted energy of Fj;. hj is the channel gain of the Co-Channel Interference
link. Finally, the n,, represents the AWGN at the j-th relay node, and is considered

to have zero-mean and variance N, ~C'N (0, N,).

The received signal at the destination node from the j-th relay is denoted by

Yr;d ( ) GAF 7"7 hr]d dr] ( X ysrj + Z Ekgk dk + nd(t)a (32)

where h, 4 is the channel fading coefficient from the j-th relay to the destination link,
dy,;(t) is the transmitted data from the j-th relay node and has average transmitted
energy of E,.. And g is the channel gain of the Co-Channel interference link at the
destination node, di(t) is the k-th interferer’s data at the destination with average
energy of Ej. The AWGN is represented as n,4(t), and is modeled as zero-mean and
variance N, ~CN(0,N,). Gap, is the amplification gain of the j-th relay, and is
chosen to normalized the transmitted signal energy at the j-th relay node denoted

by E,., the amplification gain and known as the scaling factor is given by

B,
Garp, = + : (3.3)
’ \/Esrj [hsr, 17 + 325521 Ejillhyall* + No

The ||y, ||* and ||h;;]|* represent the channel gain of the S-R and the j-th interference

links respectively.
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Substituting equation (3.1) into equation (3.2) the signal received at the destination

is expressed by

yr]- ( ) GAF r] hrjd drj< ) Esrj hsrj dsrj + Z \V jlh]Z d]l + n'rj( )

+ Z Ergr di(t) + na(t),
(3.4)

In (3.4) by defining I, (t) to represent interference at the j-th relay node, and denoted
by

N;
= Z \/ Ej,’hﬁ dﬂ(t), for ¢ = 1, 2, oM (35)

By defining the interferences, equation 3.4 can be rewritten as

y'rjd<t) :GAF- E’r’jdh'rjd d'rj (t) ( Esrj hsr]- dsr]- <t> + Irj (t) + Ty (t))
(3.6)
+ Z Eygr di(t) + na(t),

and after some mathematical manipulation, the received signal at the destination

node D from the j-th relay node r; can be expressed as

Nj
yrj ( ) GAF r] hrjd hsr] d ( ) dsrj (t> + GAther drj (t) Z \V/ E]zd]z(t)h]
=1

+ Gapy A/ e heyade, (8) 1oy (8) + Y gidi(t) + ne,p(t).
The interference Ip(t) can be denoted by

Ip(t) = Garhe,p de) (1) Y/ Ejidji(Ohji + >/ Ergrdi(t), (3.8)
=1 k=1
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Finally, equation (3.7), can be represented by

yrjd(t> :GAFj hrjd hsrj Erj drj (t) dsrj (t> + GAFj hrjd Erj drj (t> nrj (t> (3 9)

+ ]D(t) + nTjD(t).

The best-relay and direct link statistical properties (PDF, CDF) will be derived in

the following section.

3.3 Cooperative diversity SINR analysis

In this chapter, I will introduce the Selective Combining (SC) technique at the
destination node D, where the branch with the highest SINR is chosen as the output
SINR to be used in the next stage of calculations. In this section I will derive the
end-to-end Signal-to-noise ratio which is mathematically defined as the ratio of signal
power to the noise power, measured within the same receiver bandwidth. The SINR
at the combiner output of the destination node is a result of the best-relay SINR,

and can be expressed as

Ya = mjax (f}/srjd) ) (310)

where 7,4 is the received SINR from the j-th indirect path (S — R; — D), and it

can be derived after substituting the value of the amplification gain G ar; which is

given in (3.3), then dividing both the nominator and denominator by N2 then by

(1 + Zjvzl ’m) X <1 + Zé:l ’yk>, the SINR can be derived and simplified as
Vel

Ysrid =
A

I (3.11)
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where the effective SINR for the S — R; and the R; — D links are defined as

eff Vsr;
’ysr- — ; ) (312&)
D R SR

eff Vrid
Vrd = 7> (3.12b)
i 1+ Zé:l Yk

To have an attractable mathematical for of the performance metrics as the outage
and error probability for the network, tight upper bound for v; was adopted such

that:

Y < max (mjin (vifjf it )) : (3.13)

The PDF of the relay link SINR <mjn (’yjff ,”yfff )) is evaluated and given by
J J J

equation 2.68. Moreover, the CDF is derived and expressed in equation 2.80. The

next step is to derive the statistical characteristics (CDF) of the best-relay node

SINR (74). The CDF of 74 is mathematically represented as

F’Yd (7) = H F’Yj (7) ) (3'14>

the S — R — D link CDF derived in section 2.3.4 and the formula computed in

equation 2.75,, then the best-relay CDF can be derived as
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Hr.d MUK Hsr; 22 g
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’ Brjd BK . 2] ’ ]2] ﬁsrj ﬁ[

X W*,U,KL{»'UA»I —pgL—u M’y+ EK
02 By Br

(3.15)

equation (3.15) can be expressed after substituting the definition of Whittaker

function in (2.62) as

Psr; Hr;d Hsr; i (3.16)
=L =5 | U/ ujN;, 1+ p;N; +u, v+ =
(ﬁsrj ) <5Tjd ) ( ’ J ﬁsri B

D(psr; — (g —0) U | i Ly 1+ px L + v, Erjdfy + HE
Brjd BK

using the series representation of the Confluent Hypergeometric function in (2.65),

the CDF can be evaluated as

Flu(v) —ﬁ [1_ (5, HJ) (P ) SERAEE <v—1>

; F(Msr]-)r(”?“jd) v=1 u=1 ¢=0 t=0

v—1 u—1
("7 ) Gl A, = 04 D = 1) (g ) (g)

_<Ms7‘j +”‘T‘jd>’y —q—uij —t—/,LKL

B., B B.a' Bk

(3.17)
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using the binomial expansion, the CDF is computed and manipulated as

M 1 ﬂsrj,ur]dvlu_loo 00 U_l u_l
SRS () ()

—q—1w:N:\ [(—t — upL
( q— 1 ]>( r“K )(MJNj)v<NKL>tF<NsTj_U‘i‘l)F(:U’Tjd_u_'—l)

v+p—1 ut+r—1 —q-p —t—p psry  Hrid
Fesr; Horjd Fhy, (/‘L_K) 7v+u+p+r72€_ Bsr; +E7‘jd K
Bsr ] Brjd Bj BK

(3.18)

|

The PDF can then be derived by taking the derivation of (3.15) with respect to 7,
both the definitions of Whittaker function W expressed in [41, Eq. 13.14.3] and
Confluent Hypergeometric function represented in [41, Eq. 13.2.8] were used. In
addition for applying the generalization rule for the derivation of collection product

of function defined as {f;}*_, and expressed in:

. [H fi<w>] = (%MHM) - (H fi<x>> (Z %) (3.19)

i=1 i
the PDF can then be derived and mathematically expressed as

fw(v)z%[ff[ [1—m§:§1” 1ii(v—1) (u;l)

( p ] ]) ( r i )(MJNj)v(#KL)tF(ﬂsm — v+ Dl(pra —u+1)

v+p—1 u+r—1 —q—p —t—p [ Bs7y +HT7’Jd
@ ﬁrjd & (E_K> ,yv-‘ru-‘rp-‘rT—?e ESTJ’ ETjd ! ,

applying the generalization rule for the derivation of collection product of function

in 3.19, the PDF can be mathematically expressed as
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(3.21)

3.4.1 Outage Probability

Outage probability is a fundamental concept in wireless communication that

quantifies the reliability of a communication link under varying conditions. It is

defined as the probability that the signal-to-interference-and-noise ratio falls below

a predetermined threshold necessary for successful data transmission, denoted

s (yrn). This threshold is critical for ensuring that the communication system

meets specific performance criteria, such as acceptable bit error rates (BER) and

overall quality of service (QoS). Essentially, outage probability serves as a measure

of the likelihood that a communication channel will fail to support the required
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information rate due to factors such as fading, interference, and noise.

The significance of outage probability extends beyond theoretical analysis; it has
practical implications for the design and optimization of wireless communication
systems.  Various factors influence outage probability, including the distance
between the transmitter and receiver, environmental conditions, and the presence
of obstacles that can cause signal degradation. For instance, in scenarios involving
unmanned aerial vehicles (UAVs), the height and distance from the communication
base station are crucial for maintaining a reliable link. Analytical models can
be employed to calculate outage probability based on these parameters, allowing
engineers to optimize system performance and ensure robust communication even

in challenging conditions.

Mathematically, outage probability can be expressed as the probability that
the SINR at the output of a selection combiner does not meet the threshold
(vrr). This relationship is vital for understanding how often the network fails to
provide adequate service levels, which can be influenced by factors such as fading,
interference, and the overall network architecture. By analyzing outage probability,
network designers can identify potential weaknesses in the system and implement
strategies to enhance performance, such as optimizing antenna configurations or
adjusting power levels. The outage probability presented in [33, equation 6.46], and

can be defined at output of the selection combiner as

Yth
Pout = Pr(ya < vn) = Py, () = / Jra(7)dry (3.22)
0
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substituting equation 3.15, the outage probability can be denoted by
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Equation (3.23) can be reduced for identical links with different values of fading
coefficients (v and g ), such as Rayleigh and Nakagami-m fading channels. The
outage probability can be evaluated for identical links with different values of fading

coefficients such that:

A. When p = 1 for all the non-identical links of the cooperative diversity network,

the Outage probability can be evaluated as

M N; L
—y( s+=2 A 4 T,
Pou — 1 — (’Ysrj ’Yr]-d> J J ’ 24
t H( ’ <7+Aj) <7+Tj> > (824

J

using the Binomial expansion, P,,; is expressed as

where (A; = gv ), is the average SIR at the j-th Relay node, and (Y

is the average SIR at the Destination node.

I
™|
Foag &,
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B. When p = 1 for all the identical links of the cooperative diversity network,

the Outage probability can be evaluated as

M 2~ A 2L
P = l—e 7 ] .
out H ( € (’Y + AJ) > ) (3 26)

J

applying the Binomial expansion to (3.26), the outage probability is evaluated

as
M . 2%k; L
M i A ;
Pout = ( )(_1)% z ( ; ) , (3.27)
ka:l kj ¥+ Aj
where (A; = Bg_j ), is the average SIR at the j-th Relay node.
J

C. For different values of u = m, the outage probability for identical links can be

evaluated as

M 1 2Lmj e ym; —Lmj m;
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Vi t=0 j=t+1 n=0 s=0

i+j 2m s —2Lm;—n—s
(@) I (”3— i @) ) (3.28)
Y5 Y i

3.4.2 Average Error Probability

Average bit error probability (F,) is a critical metric in wireless communication
that quantifies the likelihood of errors occurring during data transmission. It is
particularly important for assessing the performance of communication systems

under various conditions, including noise, interference, and fading.

Average bit error probability can be defined as the expected value of the probability

of error for a given communication system. This metric is essential for evaluating the
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reliability of the system and ensuring that it meets specific performance criteria, such
as acceptable bit error rates and overall quality of service. In mathematical terms,
the average bit error probability for Binary-Phase-Shift-Keying (BPSK) modulation,
where the symbol error rate is the same as the bit error rate, can be expressed by
[33, equation 6.50] as

7 - / T B 1) dy (3.20)

where Py(7) is the conditional bit error probability for a given SINR (v), and is
defined in [33, table 6.1]. For BPSK modulation, the average BER at the selection

combining output is expressed as

P — / T QT foul) dr (3.30)

where f,., is defined in equation (3.21), the average error rate can be expressed

after the substitution as
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The average bit error probability P, can be upper bounded as [49, Eq. 9.27].
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Finally, P. can be reduced for identical fading channel with coefficients of @ = 2 and

J

(3.32)

s=1

1 =1, and using the binomial expansion and some mathematical manipulation, as

oS () () e ) o

Where L is the interferes number at the j-th relay which is identical as the same

. . . ﬁS’I"
number of interferes at the destination node, and (A = B-]) represents the average
J

Signal to Interference Ratio (SIR) at the Relay node. In addition, (T = %j %), is the
K

average SIR at the relay and Destination node respectively.
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3.5 Numerical results

3.5.1 Outage Probability Performance

Outage probability and error probability behavior are illustrated in this section
over different conditions and fading channel parameters (o and p). The results
shown in figures (3.2) and (3.3) illustrate the behavior of the outage probability
versus the normalized average SINR when there is no interference affecting any
node of the network, for different values of (u = 1) and (u = 2) with the value of
(v = 2) fading parameter correspondingly. It’s been illustrated that for different
values of u the outage probability decreases by increasing the number of diversity
paths M that are received at the input of the selection combiner. On the other
hand, it is noticed that increasing the value of p decreases the outage probability
over the same given conditions, thus; improving the performance of the network in

the case of no interferers affecting any of the network nodes.

3.5.2 Effects of Interference on System Performance

As for the impact of interference at the cooperative diversity which is illustrated
in figures (3.4) and (3.5), given that the number of interferers at the relay
and destination nodes N = L = 5 with INR = 3dB for different values of p,
improvement is clearly noticed in the network performance by increasing the
number of combined branches when compared to the direct link transmission.
Accordingly, increasing the number of diversity paths and increasing the value
of p for identical link, decreases the outage probability therefore improving the

performance of the network compared to the direct link transmission.
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3.5.3 Error Probability Analysis

The region of investigation in this chapter is the high SINR region, where a tight
upper bound is considered to derive an approximated expression for the average
error probability of the cooperative diversity where BPSK modulation technique
is used, as illustrated and derived in section (3.4.2). Considering the relationship
between the average bit error probability and the average SINR, it is found that the
performance of the network is improved by increasing the number of diversity paths
at the combiner input, though the interference affect the average error probability
with adverse manner, as shown in figure (3.6) where different number of interferers
are considered with SINR = 30 dB and links are identical with fading channel
parameter p = 1. While maintaining a fixed number of interferers N = L = 10 with
a value of INR = 3 dB, the average error probability is enhanced by increasing the
number of diversity paths even in the presence of interferers at the nodes. As can

be observed in figure (3.7).

1 = * . . . . * . . . . H
R Identical links, with a=2, y=1 Fading Ch. {
No Interference, N=L=0 H

e
-_—

—
o
S

Outage Probability
o o
IN &

107°¢

0 10 20 30 40

Normalized Average SNR [dB]

Figure 3.2: Outage probability of identical Fading channels
with different coefficients, Selective Combining and without
interference. Fading channels coefficients: a =2, u = 1.
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Outage Probability

No Interference, N=L=0

Identical links with a=p=2 Fading Ch.

30 40
Normalized Average SNR [dB]
Figure 3.3: Outage probability of identical Fading channels
with different coefficients, Selective Combining and without
interference. Fading channels coefficients: o = 2, u = 2.
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Figure 3.4: Outage probability of identical Fading channels
with Selective Combining and 5-interferers and INR = 3dB.
Fading channels coefficients: o = 2, p = 1.
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Figure 3.5: Outage probability of identical Fading channels
with Selective Combining and 5-interferers and /N R = 3dB.
Fading channels coefficients: o = 2, p = 1.

Identical links, with a=2, y=1 Fading Ch.

N=L=0,5,10, withSNR =30dB

Average SNR [dB]

Figure 3.6: Average error probability of identical Fading

channels with SINR = 30 dB and SC scheme and various

number of interferers (0,5,10). Fading channels coefficients:
a=2,u=1
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Average Error Probability

Identical links, with a=2, y=2 Fading Ch.
N=L=0,5,10, with SNR =30dB

Average SNR [dB]

Figure 3.7: Average error probability of identical Fading

channels with SINR = 30 dB and SC scheme and various

number of interferers (0,5,10). Fading channels coefficients:
a =2, u=2.
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3.6 Conclusion

In this chapter, I have investigated the error and outage performance of cooperative
diversity networks over a-p fading channels in the presence of co-channel
interference. Both the probability density function and the cumulative distribution
function of the upper bound of the SINR were developed in this chapter. In
addition, the derived expressions of both the outage and error probability were
used to investigate the performance of the proposed cooperative diversity network,
where the relaying technique is assumed to be the amplify-and-forward, while the
selective combining technique is introduced at the destination node. The derived
expressions were used to extract other fading models such as Rayleigh (e = 2 and
p = 1), Nakagami-m (« = 2 and p = m), and other fading models where the value

a = 2 with different values of p.

Furthermore, as proved in the results, interference can majorly impact the system’s
performance. As the number of interferers increases, the outage probability
increases, leading to a corresponding degradation in system performance. The
same finding holds for the error probability, the system performance degrades
by increasing the number of interferers introduced to the system nodes; also,
interference caused the error probability curve to floor. Nevertheless, the average
error probability can be enhanced by increasing the number of diverse paths even

in the presence of number of interferers at the nodes.
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Glossary — Chapter 3

Term

Description

The average received energy from the j-th interferer of the j-th
relay node.

The average received energy from the k' interferer node at the

destination node.

The average transmitted energy from the source to j-th relay node.

The amplification gain of the j-th relay.

The interference at the destination node.

The interference at the j-th relay node.

The number of interferes at the destination node.

The number of interferes at the j-th relay node.

The j-th relay node.

The channel gain of the i* Co-Channel interference link at the
j-th relay node.

The channel fading coefficient from the j-th relay to the

destination link.

The channel fading coefficient of the source to the j-th relay node.

The AWGN at the destination node, and is considered to have
zero-mean and variance N, ~CN (0, N,).
The AWGN at the j-th relay node, and is considered to have

zero-mean and variance N, ~C'N (0, N,).
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-9

vsc

Yo

IYT‘jd

Vji

Ysc

f Vsc
Yer,;
Vsrjd
Hr;

M

Description
The average received energy from the j-th relay node.
The received data from the j-th interferer of the j-th relay node.

The transmitted data from the j-th relay node.

The transmitted data from source to the j-th relay node with unit

energy
The average SIR at the j-th relay node from the i** interferes.
The average SIR for the k" interferes at the destination node.
The average SINR of the j-th relay to the destination R; — D
link.

The average SINR from the source node to the j-th relay node
S — R;.

The average bit error probability .

The S — R — D link average SINR accumulative deinsity
function (CDF).

The SINR of the £ interfere at the destination node.

The SINR for the j-th relay node and the destination node
link(R; — D).

The SINR for the i*" interfere at the j-th relay node.

The SINR at the combiner output of the destination node which
is the result of the best-relay SINR.

The S — R — D link average SINR density function (pdf).

The SINR for the source and the j-th relay node link(S — R;).
The SINR for the j-th indirect path (S — R; — D).

The a-p coefficient for the j-th reply node.

The a-p coefficient for the k" interfere at the destination node.
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Chapter 4

Deep Reinforcement Learning for
Jointly Resource Allocation and
Trajectory Planning in

UAV-assisted Networks



4.1 Introduction

The beauty of Unmanned Aerial Vehicles (UAVs), which include drones, has recently
attracted lots of researcher’s attention in the industrial fields due to their ability
to operate and monitor activities from remote locations; moreover, UAVs are well
known for their portability, lightweight, low cost and flying without a pilot. UAV
features make it suitable to be integrated into the fifth-generation (5G) and the
networks beyond 6G wireless networks, where UAV can be deployed as aerial base
stations into what is called the UAV-assisted [1], [50]. Such situations include quick
service recovery after a natural disaster and offloading base stations or the Next
Generation Node B (gNBs) at hotspots in case of failure or malfunction of the
ground base station or the gNB. In addition, UAV can be used to enhance network
coverage and performance, where the location of the UAV can be controlled and
dynamically changed to optimize the network performance according to the users’

needs and their mobility model. Such scenarios are represented in Figure 4.1.

|
) ,r/“ dz/ A\ di huav

(=)

Figure 4.1: UAV emergency model.

A UAV-assisted application was investigated in terms of performance analysis,
resource allocation, UAV placement and position optimization, channel modeling,

and information security as in [51], [52] and [53].  UAV-assisted wireless
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communications have three main types; the first type is called UAV-carried Evolved
Node B (eNB) or gNB, where the UAV acts as an aerial base station and is used
to extend the network coverage [2], [3] and [4]. The second type is called UAV
relaying, where the UAVs are used as aerial relays to provide a wireless connection
for users that cannot communicate with each other directly [5]-[6]. Finally, the
third type is identified as a UAV-assisted Internet-of-Things (IoT) network, where
UAVs assist the IoT network in collecting/disseminating data from/to its nodes or

charging its nodes [7] and [§].

However, due to the UAV’s limitations, only some applications use UAVs in the
existing systems. The fundamental limitation is the battery life of the UAV, which
is affected by the high power consumption dissipated in the hovering, horizontal,
and vertical movements of the drone. Besides the battery life, the position of the

UAV is also a significant concern in implementing real systems.

One of the significant applications of using the UAV in the communication system is
during emergencies (such as floods or earthquakes, ... etc.) while the infrastructure
is partially or totally unavailable, and the need to provide mobile service to the
users is highly required. In these situations, the UAV can perform this task and
provide mobile services to the user equipment (UEs) while granting the required
quality-of-service (QoS). The main challenge for using the UAV-assisted network
is to find the optimal position of the UAV in the cell area before getting a
dead battery. Which is very complicated and challenging to determine, and the
traditional optimization methods of artificial intelligence (AI) cannot solve those

complicated optimization problems.

In order to address those two concerns, Reinforcement learning (RL) algorithms

are applied, especially deep reinforcement learning, which has been proven to
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outperform the existing traditional algorithm. In this chapter, we introduced deep
RL algorithm to solve the UAV-assisted joint position and radio resource allocation
optimization problem. The main target is to find the optimal position of the UAV
that is dynamically changed concerning the UEs required QoS and consider the
UAV battery energy level in each time step, in addition to the required energy to

get back to the start point.

Our main contribution in this study is presented as follows. We developed a
method that collaboratively optimizes communication resource allocation and
position for the UAV based on reinforcement learning, where the position and radio
resource allocation joint optimization problem is formulated to obtain the maximum
cumulative discounted reward. For the non-convexity nature of the optimization
problem, we designed and applied deep reinforcement learning algorithm which is
Proximal Policy Optimization (PPO), for the UAV to solve the joint optimization

issue.

Section 4.2 reviewed the related literature on optimizing the position and resource
allocation in UAV-assisted networks. Also, we review the reinforcement learning
application in such optimization problems for UAV-assisted wireless networks.
System model and problem formulation are illustrated in Section 4.3, and simulation

and results are presented in Section 4.4. The conclusion is discussed in Section 4.5.

4.2 Related work

The design of UAV position for improving various communication performance
metrics has gained significant attention, as shown in various studies such as in
[24], which focused on optimizing the spectrum efficiency and energy efficiency of a

UAV-enabled mobile relaying system by adjusting the UAV’s flying speed, position,
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and time allocation. [25] aimed to optimize the global minimum average throughput
through optimized UAV trajectories and OFDMA (orthogonal frequency-division
multiple access) resource allocation. [26] explored the UAV-enabled wireless
communication system with multiple UAVs and aimed to increase the minimum
user throughput by optimizing communication scheduling, power allocation, and
UAV trajectories. In [27], UAVs served as flying Base Stations (BSs) for vehicular
networks, delivering data from vehicular sources to destination nodes. The authors
determined the optimal UAV position and radio resource allocation by combining

Linear Programming and successive convex approximation methods.

Despite the deployment optimization of UAVs, machine learning (ML) algorithms
have been introduced to optimize different QoS network requirements. The
reinforcement RL and deep learning (DL) received the foremost researchers’
focus in this field. Such researches as in [28], where the authors proposed UAV
autonomous indoor navigation and target detection approach based on a QQ-learning
algorithm. While in [29], the authors proposed multi-agent reinforcement learning
to optimize the resource allocation of the multi-UAV networks, and the algorithm
is designed to maximize the systems’ long-term reward. The authors of [30] have
considered RL algorithms to optimize UAV’s position to maximize sensor network
data collection under QoS constraints. Moreover, in [31], the researchers adopted
deep learning RL based to dynamically allocate radio resources in heterogeneous
networks. Moreover, in [P1], we addressed indoor localization based on the received
signal strength (RSS) and we introduced a weighted-coefficient-approach (WCA)

to estimate sensor positions by solving the compressive sensing (CS) problem.

Based on the related literature review, a limited number of researchers are solving the
UAV position’s joint optimization problem and the UEs resource allocation taking

the UE mobility model into consideration. Motivated by that, we applied the deep
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RL algorithms to solve this optimization problem using mainly the state-of-art PPO

algorithm.

4.3 An RL-based approach

We considered a multi-rotor UAV with total battery energy FE,,.. that is flying
at a fixed altitude of h,,,, from a base point denoted by sy = (x¢,yo), where
the UAV climbing movement to the fixed altitude is not considered in this study
simulation. The UAV has an onboard gNB that will serve K subscribers within a
specific area. At the beginning (7;) of time slot i, the gNB decides the assignment
of Resource Blocks (RB) for each customer according to specific criteria; in our
study, we adopt the customer’s QoS requirements, and the channel quality, where
the gNB can measure the channel quality of each user’s device and allocate the
RBs based on a minimum requirement to maintain the network performance.
We assume that the gNB receives the channel quality indicator (CQI) values.
(CQI(k,i) =[CQL;,CQILy,...,CQI;]) of k = {1, ..., K'} user equipment (UEs) at
time instance 7; where ¢ = 0, ..., which is in accordance with the time-slot operation
of the gNB, so 7;,1 — 7, = A. At each time step 7; = a x i X A, the UAV decides to
continue flying or get back to the base point while monitoring the battery level. For

this problem, we apply Reinforcement learning (RL) for flight control as follows:

o At each time step 7, the state s; = [(@i, ¥i, Ponaws Bi), [CQIxs)] VE €
[0, K] consists of UAV position, which can be denoted by the coordinates
(i, Yi, himaz) and the UAV battery energy level, in addition to the received
CQI values, form the UEs CQI;Vk € [1, K|, and the UAV battery level E;.

o We assume that the altitude of the UAV is fixed in this study, which can lead

to the possible actions: backward (BW), forward (FW), left (L), right (R),
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and hovering (HO) in the same location and (RE) returning to the base point.

The action space is A = {L, R, FW, BW, HO, RE}.

The reward function is defined as the logarithmic function for the joint
condition between the number of served UEs and the ratio of the allocated
RB NﬁB to the total RB in each time step, where the reward function is used
to maximize the number of served UEs with minimum allocated RBs, and

denoted as

r~:<ZK:U-k>><NUE+Nt—§tB (4.1)
l k=1 ’ ! Zi(:l Ni{%kB7 .

where the binary variables U, € {0,1},Vk, 4, which is asserted if the UAV
succeeded in serving the k-th UE at the i-th time slot, and allocated the
required resources to guarantee the minimum throughput required to provide
coverage for the cell in emergencies. Otherwise, U, is set to 0. In this
study, we adopt the max CQI scheduling allocation of the UEs, where the UEs
with the highest values of CQI are allocated while there are available resource
blocks in the radio frame. While the other variable N/i?, Vk represent the
sum of allocated RBs for the UEs that were allocated successfully and got
mobile services in time slot 4, the NP represents the total number of RBs in
the bandwidth. And finally, NJF denotes the total number of UEs that are

requesting the mobile service in a certain cell area.

The energy consumption of the UAV consists of mainly two parts: one that is

required to provide the onboard gNB with its energy to operate, and the other is

the propulsion energy of the UAV so that it can fly around. The UAV will decide

to get back to the base point by monitoring its battery energy level (E;) at each

time step 7;, and compare it with the energy required to fly back to the start point

so = (0,Yo) from its position point (E;;1,). The UAV battery energy constraints
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is assumed to be:

E; > E;, AND E; ., > Ei4,. (4.2)

4.4 Simulation and analysis

4.4.1 Models used in simulation
4.4.1.1 User Mobility

User mobility modeled in this research is based on the Gauss—Markov Mobility
Model [54]. Where the Mobile nodes (UEs) are located in random locations within
the cell area, these nodes will set their speed as for the k-th UE the speed is denoted
as (V;) and its direction denoted as (D, ) for each specific step (7). At every step 4,
the current position of the k-th UE coordinates (z;, yx;) depends on the previous
location (g1, Yk,i—1), previous speed Vi ;_; and previous direction Dy, ;_;, assuming
the directions values can be set to € [0,90,180,270], to follow the proposed grid
world model of the network cell. The k-th UE position at the i-th step, is expressed

as

Xpi = Xpio1 + Viic1cos Dy g,
(4.3)
Yii=Yrio1 + Viiisin Dy .

Parameters Vj, ;1 and Dy, ;_; are chosen from a random Gaussian distribution with

a mean equal to 0 and a standard deviation equal to 1.

4.4.1.2 RB scheduling algorithm

In our study, we adopt the best-CQI scheduling algorithm to allocate RB to the UE,
where the gNB Scheduler allocates the RBs to the UEs that reported the highest
CQI during Transmission Time Interval (TTI), where the higher CQI value means

a better channel condition.
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4.4.1.3 Energy Consumption Model for Multi-rotor UAV

In this chapter, we considered rotary-wing UAV, the UAV has four brushless motors
which are powered by the carried battery, and they rotate at the same constant speed
Wrotor- The UAV will fly to a specific position and hover or continue flying to the next
position. We follow the forces model in [55] to derive the energy consumption for
both UAV motion phases. The propulsion power of the UAV is essential to support
the UAV’s hovering and moving activities either the vertical movement, where in
our study, we assumed the UAV height is constant; thus, we will not consider this
movement phase, the other movement type is the horizontal movement from one

position to another in the cell grid.

Thrust(Fr)

Weight (F.) Weight(F.)

Figure 4.2: UAV hovering state forces. Figure 4.3: UAV forward state forces.

Hovering is a fundamental flight mode for drones, where the rotor-generated
thrust exactly counteracts gravitational forces to maintain a stable position.
The forces involved in this phase are illustrated in Figure 4.2. By applying the
principles from [56, equations 2.14 and 2.15], [57, chapter 2|, and [58], along
with implementing [59, equations 2.24 and 2.25], we consider the drone’s velocity
to be zero during hover. In this state, the resultant velocity equals the motor

speed, denoted as V},,,,, which corresponds to the induced velocity of the rotor blades.
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The total thrust force Fr produced during hover can be expressed by accounting for

all N,,tor rotors of the quadcopter as follows

1
FT - §erotorAuavVh20va (44)

where p is the air density and equals to (1.225 kg/ m?), the rotor propeller area is

2

- Where 7,4, is the propeller radius. Finally, the number of

A and is equal to 7wr

UAV rotors is represented by the variable N,ior.

In the hovering phase, the thrust of the drone motors must be equal to

the gravitational force (Fr = myy X ¢), where the value of Vg,

\/ Mot X G/(2pAuavNrotor), and the earth gravitational acceleration g and equals to
(9.81 ~ 10kg/ m?), and my,; represents the total mass of the drone and it’s cargo.
Hovering energy in time step duration A [s] and the power is equal to Pho, = FrViop,

with the UAV velocity V.., = 0, and the motor velocity represented by Vj,.:

Ehov = Fr x Vhov x A. (45)

Then substituting the weight force that the drone has to defy, the energy consumed
can be defined as

EhO’U = Mot X g X VhO’U X A (46)

The drone rotor velocity in the hovering state is derived from the thrust equation

and the force equilibrium as

[ 2Mmyor X g
Vi ov — . 4.7
" pAuaerotor ( )

Accordingly, the energy that the battery must supply is only that to defy the weight

force, is derived after substituting equation 4.7 into equation 4.6, then applying
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mathematical manipulation, the final energy formula is represented by

2(mtot X 9)3

E ov —
" pAuaerotor

x A. (4.8)
where my,; is the total mass in kg and equals to the sum of UAV mass (1,4, ), the

payload (the carried gNB) (my4) and the battery (mp), 1. Mt = Muyay +Mp + Mpia

To build a simulation that closely reflects real-world conditions, we account for
the system efficiency of the UAV. The primary power-consuming components are
the motors and propellers, whose efficiencies (9m0t) and (1,,,) dominate the energy
balance. The motor efficiency in this case is metric to measure how well the motor
converts electrical power into mechanical power, and the propellers efficiency is a
metric to measure how well the propeller converts rotational power into thrust.

Following [60, Chapter 7], the overall system efficiency is given by their product
Nsys = Thmot X Tpro (49)

Assuming the power draw of the flight controller and other electronics (e.g., gNB) is
negligible compared to the propulsion system, the total energy required for hovering

Eho. 1s derived as

2(myer X )3 1
(mtt g)x

E hov —
pAuav Nrotor Timot npro

x A. (4.10)

Maintaining steady horizontal flight requires the drone’s thrust force (Fr) to
precisely balance opposing forces, including aerodynamic drag (Fp) from forward
motion and the weight force (Fy = myy X g) from the combined mass of the drone,
battery, and payload (the carried gNB in our study). This equilibrium, derived
from Newton’s First Law, becomes particularly challenging to estimate due to the
nonlinear velocity dependence of Fp and complex interactions between propeller

wake, airframe geometry, and environmental factors, making horizontal motion
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the most demanding regime for accurate thrust prediction and energy estimation.
Accordingly, under equilibrium conditions and assuming the UAV is moving at a
constant velocity (steady flight), such that the vertical forces must balance. This

equilibrium can be expressed mathematically as
ZFz =0 = Fr X cos (dru) = Miot X g (4.11)

In steady forward flight, the horizontal equilibrium of a multi-rotor UAV is
maintained when the forward component of thrust exactly balances the aerodynamic

drag. This balance can be expressed as

Z F,=0 = Fp= Fr x sin (¢uy) (4.12)

where Fr is the total thrust force, ¢y is the tilt angle of the drone, and Fp represents
the drag force. The drag force is typically modeled using the standard aerodynamic

equation [61]:

uav

1
Fp=5Cpp AT 2 (4.13)

where Cp represents the drag coefficient, and A%/ represents the vertical projected

area of the UAV and can be evaluated as

AT — A%egin (90° — dypy) + AP sin (¢ ) (4.14)

uav uav uav

where A%9¢ and AP represents the side and top surface of the UAV, which can be

uav uav

approximated as A%J ~ AP sin (¢yy).
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This equilibrium relationship demonstrates that the UAV attains a constant forward
speed when the horizontal thrust exactly counterbalances aerodynamic drag. By
substituting Equation 4.13 into 4.12 and performing the appropriate algebraic

manipulations, we derive the steady-state velocity expression V,,:

Vi = 1| 50 Orae) %“t) (4.15)
pCDAZav

This formulation explicitly shows how the achievable forward speed depends on
both the UAV’s thrust capability and its aerodynamic properties. The square
root relationship indicates that velocity increases proportionally with thrust but
diminishes with larger drag coefficients or frontal areas, following fundamental

aerodynamic principles.

Thrust can be expressed from solving equation 4.11 which can be manipulated

mathematically as:
Mot X g

Fr=—"
T cos (dun)

(4.16)

To analyze the energy expenditure during the horizontal motion of the UAV
at constant velocity, we derive the required power expression by multiplying
equations 4.16 by the UAV velocity. The horizontal propulsion power (FPj,,) is

formulated as

Mot X g

P or — 7. N
" COS (Cbtilt)

X Vigaw (4.17)

After substituting the UAV velocity (from Equation 4.15) and the thrust force
(given by Equation 4.16), further mathematical simplifications were applied to

Equation 4.17, resulting in the following expression for (P,,.) as

Phor = (4.18)

Mot X g y Mot X g % 2sin (Prie)
cos (i) cos (Prnr)  pCpALs
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after further mathematical manipulation, equation 4.18 can be expressed as

2 3 1 .
Poor = (mt‘:}f o Sm3(¢“”) (4.19)
CDPAuav Nrotor COs (¢t7jlt)

The next step is to derive the energy for the horizontal movement Fj,, is presented
by
Ehor = Pror X A (4.20)

substituting 4.19, the electrical energy consumed by the battery while the drone is

in horizontal movement, can be expressed after considering the system efficiency:

2(muo 3 in (¢y 1
Ehor = (mt l}fx g> X Slns((bt lt) X X A, (421)
ODpAqeuw Nrotor COs (¢tilt) nmotnpro

Here, (mot) and (1,r,) denote the motor and propeller efficiencies, respectively. The
UAV simulation parameters, including its physical properties, are listed in table 4.1.
Additionally, the battery specifications — modeled after the DJI Matrice 600 Pro
drone’s power system [62] — are provided in table 4.2. Further details on the gNB’s
energy, frequency, and dimensions can be found in Table 4.3, while the network

configuration parameters are summarized in Table 4.4.

For a UAV following trajectory (x;, yi, Bmaz) With maximum battery capacity Eqq,

the remaining energy can be expressed as

E;=Epnw— Y _Ei. (4.22)

4.4.1.4 Energy model of gNB

Path loss is modeled as the probability model that consists mainly of two
components, i.e., Line-of-Sight (LoS) and Non-Line-of-Sight (NLoS). LoS connection

probability between the receiver and transmitter is an essential factor and can be
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Notations Physical definition Simulation value
Mauaw UAV Weight (6xTB48S batteries) [kg] 10
p Air density in [kg/ m?] 1.225
Chb Drag coefficient 0.044
Tuav Propeller radius in meter [m] 0.1905
Alor. UAV top area [m?] 0.3
Vaaw Max UAV speed [m/ s] 18
Nyrotor Number of rotors 6
drit Tilt Angle values 25°
Nyattery Number of batteries 6
Nmot Motor efficiency 0.8
Npro Propeller system efficiency 0.8

Table 4.1: UAV and Motor Simulation Parameters.

Parameter

Simulation value

Weight

Voltage
Energy

Battery model
Battery type

Capacity (Q)

TB48S
LiPo 6S
0.680 kg
5700 mAh

228 V
129.96 Wh

Table 4.2: UAV Battery Model Simulation Parameters.

Parameter

Simulation value

LTE Mode

TDD

Frequency Bands

Channel Bandwidth
Max Output Power
Power Supply

Power Consumption
MIMO

Dimensions

Weight

Users

Working Temperature
Throughput

400 MHz: (400-430) MHz
600 MHz: (566-626) MHz,
(566-626) MHz, (606-678) MHz
1.4GHz: (1447-1467) MHz
1.8GHz: (1785-1805) MHz
5/10/15/20 MHz
15 Watt
48V DC or 220V AC
150 Watt
2x2
330*260*110 mm
5.5 kg
200
—20° C to 60° C
DL: <80 Mbps
UL: <30 Mbps

Table 4.3: gNB Simulation Parameters.

formulated as [63]

PrLos.k (%)

1

1+ azos - exp (—bros (¢r(i) — aros))’

(4.23)
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Parameter Simulation value
Bandwidth 5 MHz,10 MHz, 15 MHz, 25 MHz
Transmitted power 23 dBm

Frequency 2 GHz

Noise power density -174 dBm

MIMO 2 x 2

Table 4.4: Mobile Network Simulation Parameters.

where (aros) and (bros) are environmental constants, and (¢g(7)) is the elevation

angle in degree, and it depends on the UAV height as well as the distance between the

UAV and user k, the elevation angle can be evaluated from (¢, = — % sin=!( };( L)),

™

Furthermore, (h(i)) is the UAV height, and (dg(7)) is the and defined by

di(i) = /R (1) + (2(0) — () + (y(0) — ye(2))?. (4.24)

The probability of having NLoS communication between the UAV and k-th UE is
denoted by

PNLoS, k(1) = 1 — Pros,k (7). (4.25)

Hence, the mean path loss model (in dB) I adopt the following equation from [63]

Ly (h, dy, 1) (AB) = Lros k(i) X Prosk () + Lnvos,k(2) X PNLos,k(%), (4.26)

where, Liosi(i) [dB] and Lnposk(i) [dB] are the path loss for LoS and NLoS

communication links and denoted by

. 47 fody (1

Lios k(i) = 10 X g NLos log (ffk()) + Oros, (4.27)
) 47 fodi (e

Lnrosk(2) = 10 X oy 1os log (%k()) + ONLoS, (4.28)

where (ay,r0s) and (o, nLos) are the path loss exponents for the LoS and NLoS

paths respectively and its environment-dependent variable. Both the 1,5 and dnros
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are the mean losses due to LoS and NLoS communication links, (¢ = 3 x 10®[m/ s])

the speed of light and (f,) is the network operating frequency.

With (v4()) represents the Signal-to-Noise Ratio (SNR) of the k-th UE at the i-th
step, while assuming (P, (7)) is the received signal power at the k-th UE, and (o)

represents the noise power which is assumed to be additive white Gaussian noise,

AWGN), the SNR is defined as

(i) = T (4.20)

The SNR can be rewritten in terms of the path loss and transmitted UAV power as

V(i) = M (4.30)

g

where (Py(7)) is the transmitted power from the UAV to the k-th UE at the i-th step.

The 5G NR maximum data rate of the k-th UE can be evaluated in ( Mbps) using
the formula defined in [64], and expressed as

. 6o . NP (i) - 12
Ry(i) =107°-) Qj k- My G Cromax - =2 (1= OHjz) |, (4.31)
j=1 B

where (J) represents the number of aggregated component carriers, (£2;5) is the
maximum number of layers, and (M, ;) is the modulation order. In contrast, (¢;)
is a scaling factor that has values of (1, 0.8, 0.75, and 0.4). The code rate is denoted
by (Crmax), and is can have the values in Tables 5.1.3.1-1, 5.1.3.1-2 and 5.1.3.1-3
in 3gpp.38.214 with a maximum value of (948/1024). The numerology p can have
the values of [0, 1,2, 3, 4] which responds to the subcarrier spacing (SCS) of 15 kHz,
30kHz, 60 kHz, 120 kHzand 240 kHz. The variable T* represents the average OFDM
103

symbol duration for certain 4 and can be evaluated as (T* = 1}2%5). The NP (i) is
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the number of allocated RBs to the k-th UE at the i-th step. Finally, OH;; denotes

the overhead and can have the values of (0.14, 0.18, 0.08, and 0.10).

Moreover, the data rate can have another formula to be evaluated according to [64],
as

J
Ry(i) =107 Y "TBS; (i) x 2",

J=1

(4.32)

where T'BS 1, is the total maximum number of DL-SCH transport block bits received

within a 1ms TTI for the k-th UE and j-th carrier.

4.4.1.5 NR frame Frame structure

The NR supports two frequency ranges of frame types (FR): FR1 (up to 6 GHz) and
FR2 (millimeter wave range: 24.25 to 52.6 GHz). Also NR uses flexible subcarrier
spacing (Af[kHz]) derived from basic 15kHzsubcarrier spacing used in LTE.
Where the numerology (u) is introduced to determine the subcarrier spacing with

the relation denoted as (A f = 2#x15[kHz]). The NR frame is presented in figure 4.4.

The NR radio frame consists of (10) subframes in the time domain, with subframe
length (1ms), each subframe can have 2* slots and each slot consists of and (14)

OFDM symbols. Slot length varies based on subcarrier spacing as presented in

table 4.5.
H Af [kHez] Slot length [ms] Max RBs No. slot per subframe No. slots per frame
0 15 1 275 1 10
1 30 0.5 275 2 20
2 60 0.25 275 4 40
3 120 0.125 275 8 80
4 240 0.0625 138 16 160

Table 4.5: NR frame slots and subframes based on numerology value.

4.4.1.6 5G frame Downlink Link Adaptation

Many link-to-system (L2SM) mapping approaches in 3GPP contributions and

standards have been proposed [65], these algorithms use the concept of the effective
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Figure 4.4: 5G NR Frame structure.

SNR (Signal-to-Noise Ratio) (7eg). Examples of mapping algorithms are the
Exponential Effective SNR Metric (EESM) and Mutual Information Effective
SNR mapping (MIESM), where the effective SNR is mapped another value that is
denoted the CQI instead of dealing with the SNR directly. CQI is an information
that is sent by the UE to the network to indicate its communication channel quality
and to use this metric to determine the required throughput. The CQI report is
a 4-bit word representing indices ranging from 0 to 15. NR defines four tables of

4-bit CQIs (Tables 5.2.2.1-2 to 5.2.2.1-5 in [66]).

The mapping procedure consists from two stages: 1) SNR compression, 2) Map
to CQI value. The general form of all the forms of compression functions can be

formulated for the single antenna case (SISO) as

NRB

N;B ; I <—z—z> (4.33)

Yot (a1, 0) = —ay I}

Herein, both (a;) and («az) are the parameters to be optimized. The function (1) is

the mapping function and its inverse function is denoted as (I~!'). The SNR for the
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k-th subcarries is represented by (v;) and the variable (N#5) is the total resource
blocks. In the case of the EESM algorithm which is widely used for its simplicity over
the other algorithms. EESM algorithm computes the information measure based
on the exponential function, where the mapping function in the equation (4.33) is

represented by exponential function as (I = exp{}) and its inverse function denoted

as (I7! =1In{}). The effective SNR then can be denoted as

NRB

Yerf(B) = =F1n % > exp (—%) (4.34)
k=1

here the variable (N75) is the allocated RBs, and (7y;) stands for the SNR measure
at the k-th resource and can be defined by equation (4.29). Moreover, (5 = a; =
ag) is the fitting parameter which needs to be optimized. The parameter (/) is a
calibration factor whose value is chosen to minimize the root mean square (RMS)
error between the effective SNR, that is derived from the fading channel, and the
average SNR which leads to the same BLER (block error rate) value in a AWGN
channel (AWGN reference). () can be calculated following [67, equation 4], and

denoted by

b= mﬂin RMS (vawan — Yet(5)) (4.35)

Then the effective SNR is to be mapped with the BLER, which is defined as the
ratio of the number of erroneous blocks to the total number of blocks transmitted
over the wireless channel. In addition, BLER depends on SNR, Modulation and

coding scheme (MCS), and resource allocation.

Modulation and coding scheme (MCS) and the code rates are predefined in the NR
with three tables: Tablel (up to 64-QAM), Table2 (up to 256-QAM), and Table3
(up to 64-QAM with low spectral efficiency), which are given by Tables 5.1.3.1-1 to
5.1.3.1-3 in [66]. Each MCS index is quantized by 5 bits. In this work, we focus

on MCS tables 1 and 2 to determine the modulation order (@);) and the code rate
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(Ri;). In NR the transport block size (TBS) determination process is described as

a sequence of algorithm summarized in the following steps.

To determine the TBS size the (Nj,f,) is to be calculated for the k-th UE, the

(Ninfo) is evaluated from equations in section 5.1.3.2 in [66], and denoted as
Ningoi = Nrpi X CRpi X Qi X vy (4.36)

where (Ngg,;) is the number of resource elements (RE) in the slot and is evaluated
from (Ngp; = argmin {156, N } X nprp), here (npgrp) is the total number of
allocated PRBs (Physical resource block) for the UE. Moreover, (Ngp ;) represent
the number of REs (Resource Element) allocated for PDSCH (Physical Downlink
Shared Channel) within a PRB, and determined by the UE. The (Ngp ;) is rounded
down to 156 i.e. the UE can never consume more than 156RBs within the bandwidth

of a single Resource Block, and it can be determined as

/' _ ARE sh PRB PRB
Ngpi = Nsc X Nggw — Nparrs — Non (4.37)

Herein, (N§%) equals 12 which is the number of subcarriers in a PRB, (N3 )
can have the values of 12 or 14 and represents the of symbols of the PDSCH
allocation within the slot. (N515,.) is the number of the REs for DM-RS per PRB
in the scheduled duration and includes the overhead of the DM-RS (Demodulation
Reference Signal) groups without the data. The parameter (NJHP) can have
the values of (0, 6, 12 or 18) and represent the overhead parameter. Finally, the
modulation order (@);;) and code rate (R;;) is determined from tables 5.1.3.1-1 and
5.1.3.1-2 in [66], by matching the MCS index value with the corresponding (Q;;)

and (Ry;).
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The next step is the TBS determination from the value of (N, f,;). in this stage
there are two approaches to calculate the TBS, the algorithm depends on the value
of (Ninfo,;) and where it larger os smaller than the value of 3824. If (N, z,; < 3824),

the TBS can be found from the formula:

N o
N . = 94 oni . | Llinfoi
an07z e ( ’ \; 2,”1 J )

where [n, = max (3, [logy (Ninfos)| — 6)], then find the closest TBS value from

table 5.1.3.2-1 in [66], but not greater than the value of N

info*

On the other hand, where (Nj,r,; > 3824), fist we need to check the code rate if
it is larger than (CR; < 0.25) or not, then evaluate (Njy,f,,; and check if the value
is lager than 8424 or not, the calculation algorithm for this stage is summarized in

figure 4.5.
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Figure 4.5: TBS size calculation algorithm flowchart.

4.4.2 Simulation results

In our case study, we considered one UAV that flies at a maximum altitude of
Rmaz = 200m over different grid area size (750 750), (1000 x 1000) and (1500 x 1500)
in [m?] units. The simulation parameters listed in tables 4.1, 4.2 and table 4.3 while

the network settings are listed in Table 4.4.

The study involved deploying and training the Proximal Policy Optimization
(PPO) deep reinforcement learning algorithm (DRL) in a UAV-assisted network
environment. In this setup, the UAV carries the gNB and flies around the cell to
provide mobile services to the maximum number of UEs. The battery capacity of the

UAV was initialized with a value denoted by FE,,.,. In the first simulation scenario,
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there were four number of UEs which are positioned at the corners of a cell grid
which has the dimensions of (750 x 750)m?. The maximum reward value, which is
denoted by R™* and is associated with the last position of the UAV before flying
back to the starting base station was at the coordinates (380, 380, 200) - the position
is plotted in the red square on the map. The gNB allotted 16 RBs to all the four
UE’s located at the cell corners. The bandwidth used in this scenario was 5 MHz.
Figure 4.6 depicted the UAV’s path within the cell (top view) as it searched for the
optimal position before returning to the base point, and Figure 4.7 it also illustrated

the total reward function for each step in the trained episode.

Figure 4.6: Cell grid with UAV trajectory path, for the
scenario of 4 UEs positioned at the corners of 750 m? cell grid,
BW=5 MHz.

In the second type of scenario, the UEs are randomly distributed within the cell
grid, but they remain stationary and do not move within the cell. The number of
UEs set to have 10 and 50 UEs. The results depicted in figure 4.9, and the UAV
trajectory path in the cell is plotted in figure 4.8. The cell grid size is assumed to be
(1000 x 1000)m?, and the BW value is 25 MHz. In this scenario, 10 number of UEs
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Figure 4.7: UAV trajectory and allocated RBs for the
scenario of 4 UEs located at the corner of 750m? cell grid,
BW = 5MHz.

are randomly distributed and stationary within the cell, with the maximum reward
value associated with the UAV positioned at (380, 190,200) and the gNB allocates
23 RBs for all the UEs positioned in the cell grid. Furthermore, in figures 4.8 and
4.9, the cell grid size is assumed to be (1000 x 1000)m?, and the BW value is 25 MHz.
In this scenario, 10 number of UEs are randomly distributed and stationary within
the cell, with the maximum reward value associated with the UAV positioned at
(475,665,200) presented by the blue square at the cell grid map, and the gNB
allocated 21 RBs for only 9 UEs out of the total number of UE which is 10. The last
UAV position was at (570,380, 200) allocating 20 RBs to 8 UE’s, the UAV position

presented by the red square in figure 4.8.

Figures 4.10 and 4.11 depict the UAV’s trajectory and reward-per-step function
within a 1000 m x 10000 m cell grid, showing maximum rewards at coordinates
(380,475,200) (blue square) and (950,285,200) (red square) with 10 MHz bandwidth

allocation, where 39 RBs were initially assigned to 20 randomly distributed
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Figure 4.8: Cell grid with UAV trajectory path, for the
scenario of 10 UEs randomly located and stationary in
1000m? cell grid, BW=25MHz.

stationary UEs; the UAV’s final position at (285,570,200) served 19 UEs with 38

RBs, demonstrating dynamic resource adaptation during the mission.

In the third type of scenario, the mobility of UE within a cell grid size of (1500 x
1500)m? is taken into account, with ground users moving at a different velocity
values. Figure 4.12 illustrates the cell grid map for the case where 10 UEs are
randomly distributed and moving at 10m/s velocity. The UAV achieves maximum
reward at the position of (665,665,200), and 11 RBs are allocated for 9 UEs out
of 10 in the cell grid. In this scenario, the bandwidth (BW) is set to 10 MHz. The
reward per step function is plotted in figure 4.13. The red lines in the map plot
illustrates the start and end point of the UE movement in the cell grid. Moving
on to figure 4.14 and figure 4.15, the best position of the UAV is at (380, 285, 200),
with 38 RBs allocated to 15 UEs, while the last UAV position was at (95,475, 200)
with 29 RBs allocated to 10 UEs. The bandwidth is set to 40 MHz.
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Figure 4.9: UAV trajectory and allocated RB, for the
scenario of 10 UEs randomly located and stationary in
1000 m? cell grid, BW=25 MHz.
Finally, in figure 4.16 represents the scenario in which the simulation allocated 100
UEs in a 1700 x 1700 m? cell grid size. The RL agent succeeded to allocate 51 UE

and served them with 151 total number of RBs. The step function is plotted in

figure 4.17.
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Figure 4.12: Cell grid with UAV trajectory path, 10 UEs
with randomwalk model, BW=10 MHz, cell grid
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Figure 4.16: Cell grid with UAV trajectory path, 100 UEs
with randomwalk model, BW=40 MHz, cell grid
size=1700 x 1700m?2.
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4.5 Conclusion

This chapter presented a PPO-based reinforcement learning (RL) framework for
autonomous UAV navigation in dynamic urban environments, addressing joint
trajectory planning and resource allocation under critical constraints such as battery
limits and user mobility. The algorithms ability to learn efficient policies in
stochastic settings was demonstrated through simulations, showcasing its potential
for real-world UAV service delivery. While the current approach focuses on
2D navigation with discrete actions, future work could extend the model to 3D
environments, incorporate real-time adaptive learning, and integrate multi-UAV
coordination for large-scale deployments. The results highlight RL as a promising
solution for intelligent UAV control, though further research is needed to bridge
the gap between simulation and practical implementation under unpredictable

real-world conditions.
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Glossary — Chapter 4

Term Description

(Xk.i, Yii) The k-th UE location coordinates at the i-th time slot.
Auan The UAV rotor propeller area.

Actt The vertical projected area of the UAV.

uav

CQI(k,i) The i-th time slot CQI value of the k-th UE.

Ch The drag coefficient.

D The k-th UE direction at the i-th time slot.

Ehor The horizontal propulsion energy.

Ehoy The required energy for the UAV hovering movement.
E; The UAV battery energy level value at each time slot.

Eas The total energy of the multi-rotor UAV battery.

Fp The UAV drag force.

E, The horizontal forces.

F, The vertical forces.

Fr The UAV thrust force.

NYE The total number of UEs that are requesting the mobile service in

a certain cell area.

N[EP The sum of allocated RBs for the UEs that were allocated
successfully and got mobile services in time slot i.

Nyotor The number of UAV rotors.

P The horizontal propulsion power.
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Wrotor
Qpl.LoS
Qpl,NLoS
OLos
5NsLoS
dr(i)

Je

g

hmax

k

Mot

PrLos.k(7)

PNLosk(2)

S0
RB
Ntot

T;

Description

The i-th time slot CQI value of the k-th UE.

The UAV hovering velocity.

The k-th UE speed at the i-th time slot.

The air density and equals to (1.225 kg/m?).

The UAV motors rotation speed.

The path loss exponents for the LoS path.

The path loss exponents for the NLoS path.

The mean losses due to LoS communication link.

The mean losses due to NLoS communication link.

The network operating frequency.

The network operating frequency.

The earth gravitational acceleration and is equal to

(9.81 ~ 10kg/ m?).

The UAV altitude (m).

The total number of subscribers that were located the served cell.
The total mass of the drone and it’s cargo.

The probability of having LoS communication between the UAV
and k-th UE.

The probability of having NLoS communication between the UAV
and k-th UE.

The i-th reward value.

The UAV start point in the grid.

The total number of RBs in the bandwidth.

The i-th time slot.
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Prine, 94
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D Destination node, 12
R Relay node, 12

S Source node, 12
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Acronyms

3GPP 3rd generation partnership project
5G Fifth-generation mobile system
6G Sixth-generation mobile system
AF Amplify and forward

AMC Adaptive modulation and coding
AWGN | Additive white gaussian noise
BEP Bit error probability

BER Bit error rate

BPSK | Binary phase shift keying

CCI Co-channel interference

CDF Commutative distribution function
CSI Channel state information

dB Decibels

DF Decode and forward

DPSK | Differential phase shift keying
ECC Error-Correcting Codes

EGC Equal gain combining

eNB Evolved node-b

GCD Greatest Common Divisor

gNB Next-generation node-b

LI.D. Independent and identically distributed
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[LN.I.D. | Independent and non identically distributed
IEEE Institute of electrical and electronics engineer
INID Independent but not identically distributed
ISI Inter-symbol Interference

LoS Line-of-sight

LTE Long term evolution

MCS Modulation and coding scheme

MDP Markov decision problem

MGF Moment generating function

MIMO | Multiple-input multiple-output

ML Machine learning

MRC Maximal ratio combining

MSK Minimum shift keying

NR New radio

PDF Probability density function

PPO Proximal policy optimization

PRB Physical resource block

QAM Quadrature amplitude modulation

QoS Quality of service

R-D Relay to destination link

RB Resource block

RL Reinforcement learning

RSRP | Received signal

S-R Source to relay link

SC Selective combining

SINR Signal to interference plus noise ratio

SISO Single-input and single-output

SNR Signal to noise ratio
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TBS Transport block size

TDD Time division duplex

TTI Transmission time interval
UAV Unmanned aerial vehicles
UE User equipment

WLAN | Wireless local area network
WPT Wireless power transfer
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