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CHAPTER 1 OVERVIEW

1.1 Introduction
The development of wireless communication technology has progressed
through various generations, from 1G, 2G, 3G, to 4G mobile communication
systems. This evolution continues with the ongoing refinement and
commercialization of 5G technology in several countries worldwide. The 5G
mobile communication system serves as a key enabler for unlocking the
potential of the 10T, meeting stringent requirements for speed, bandwidth, and
the capacity to support a vast number of users. Evidently, the number of users
and devices in loT networks continues to grow rapidly. According to a Cisco
report from February 2019, the number of connected devices could reach 28.5
billion by 2022 [1].
The radio environment is defined as a set of objects that significantly alter the
propagation of electromagnetic waves between communication devices [2].
These alterations in electromagnetic wave propagation may manifest as
attenuation or scattering, but such changes are generally unpredictable and
uncontrollable, except in simplified or idealized scenarios. The inability to
control the transmission environment substantially reduces the efficiency of
communication. Signal attenuation limits the coverage radius between nodes in
the network, while multipath effects degrade the quality and power of the
received signal. Notably, signal attenuation is a critical issue to consider when
deploying mmWave communication. Consequently, investigating the impact of
the wireless transmission environment to modify its characteristics in a manner
that enhances system performance is a significant research concern [3] [4].
In cooperative wireless communication networks, to enhance performance, DF
and AF techniques are employed to process received signals. In the AF
technique, relays amplify the received signal before retransmitting an amplified
version [5]. However, while the AF technique is relatively simple to implement,
it amplifies both the desired signal and the inherent noise at the relay, which is
then forwarded. Additionally, both AF and DF techniques actively process
signals, inevitably leading to energy consumption when evaluating the overall
system performance. Recent studies have primarily focused on examining and
proposing solutions to address the limitations encountered in the practical
deployment of communication systems. Additionally, research on intelligent
radio environments utilizing RIS or configurable reflective surfaces has
garnered significant attention. These studies explore models that offer



numerous advantages compared to conventional radio environments and
traditional AF or DF techniques.
1.2 Research Objectives
The objectives of the dissertation focus on the following key research areas:
= Develop a mathematical model for a wireless communication system
supported by RIS and evaluate the effectiveness of utilizing RIS in wireless
communication systems, such as mobile networks and mobile edge
computing systems assisted by UAVs.
= Propose an algorithm to optimize the total network throughput of a SISO
mobile communication system supported by RIS.
= Propose an algorithm to minimize total latency and offload computational
tasks in a MEC system supported by UAVs and RIS.
1.3 Research Tasks
= Investigate the impact of the radio environment on wireless communication
systems and the mathematical models used for analysis, simulation, and
application.
= Review and evaluate the current research on RIS.
= Develop a mathematical model for wireless communication systems
utilizing RIS, including wave propagation, attenuation, and physical
models.
Evaluate the energy and spectral efficiency of systems incorporating RIS.
= Propose applications of reconfigurable intelligent surfaces in wireless
communication systems employing various technologies.
Study the optimization of power allocation in wireless communication
systems using RIS.
Investigate the optimization of phase shift coefficients for RIS.
= Research the optimization of latency in mobile edge computing systems
supported by UAVs and RIS.
1.4 Research Scope and Objectives
Intelligent wireless networks and environments utilizing reconfigurable
intelligent surfaces, through the proposal of mathematical models and
performance evaluation of the network.
1.5 Research Approach and Methodology
The research approach begins with a comprehensive overview of fundamental
issues and the current state of the field, followed by an examination of the
proposed application of a novel model through mathematical simulation tools.



The theoretical foundation is established based on a review of relevant
scientific publications within the research domain, assessing the current
progress and identifying existing challenges. Based on these insights, a suitable
mathematical model is proposed for practical systems, and the effectiveness of
the proposed model is subsequently evaluated.
1.6 Scientific and Practical Significance of the Research Topic
This dissertation focuses on the application of RIS in wireless communication
systems—one of the most pressing and actively researched topics in recent
years. The study is highly relevant to the evolution of wireless networks in
general, and to the development of 5G and 6G wireless communication systems
in particular.

a. Scientific Contribution
A novel RIS-based model is proposed for application in linear communication
systems, including cellular mobile networks and MEC systems within UAV-
assisted wireless networks. The dissertation proposes and solves the problem of
maximizing the total network throughput in RIS-assisted cellular networks,
while also analyzing the worst-case user throughput under QoS constraints.
Furthermore, it proposes and solves the problem of minimizing the total latency
in UAV-assisted wireless networks for MEC systems.

b. Practical Contribution
The proposals studied in this dissertation are fully aligned with current trends in
the development and real-world deployment of wireless communication
networks, especially in the context of the continuously increasing demand for
services and the exponential growth in the number of connected devices.
Moreover, the proposed models are highly compatible with the ongoing 5G
network deployment initiatives led by the Ministry of Information and
Communications, as well as by major domestic telecommunications
corporations such as Viettel and VNPT.
CHAPTER 2 THEORETICAL FOUNDATIONS
This chapter presents the theoretical foundations of RIS, including RIS-assisted
wireless channel models and the applications of RIS in 6G wireless
communication networks. In addition, it covers the theoretical background of
UAV-assisted wireless communication systems and MEC systems. The chapter
also discusses key performance metrics in 6G wireless networks and various
optimization techniques for enhancing network performance.



CHAPTER 3 THROUGHPUT OPTIMIZATION IN
RECONFIGURABLE INTELLIGENT SURFACE-AIDED CELLULAR
NETWORKS

This chapter examines the application of RIS in cellular networks.
Specifically, the total network throughput is maximized under the constraints of
system power consumption and QoS requirements.

3.1  System Model of IRS-Assisted Cellular Wireless Networks
The downlink model in a SISO

cellular network serving multiple pag :_"@""2 T
users with the support of an RIS LY \E:*:v} I

is proposed in Figure 3.1. It
consists of a single-antenna base
station serving M ={1,...,M} " j
user groups, with a varying “"I‘i'igfﬁ ! —

number of users in each group, -H
uniformly distributed within the _—

Figure 3. 1 Cellular Network Model with
RIS Assistance.

3.1.1 Wireless Transmission Channel and Information

Throughput
Consider a coordinate system consisting of the BS and the users:
(%0, Y0, Ho)» (¢, Vo Hm), m € M (xy, yi,0), k € K, Hy and H,, represent the
height of the BS and the height at which the RIS is placed, respectively. The
communication path from the BS to the user consists of: the channel from the
BS to the RIS and the channel from the RIS to the user. The free-space
propagation model from the BS to the RIS is given as follows [63], [64]:
Bom = BoRomy m=1,.., M, (3.1)

In equation (3.1), B, is the channel gain considered at the reference position,
and R, is the distance from the base station to the m-th RIS.

A =

with dO,m = \/(xo - xm)z + (YO - Ym)z-
The reflection path from the RIS to the user (NLoS) [65], the path loss from the
m-th to the (m,k) user is as follows:

.Bmk — PLmk + T]LOSPLOS + .r’NLOSPNLOS

3.3
=10alog(/d2k+H >+APL + B (33)

coverage area of the base station.

(3.2)




Wherein n°S va nVLoS are the path loss coefficients for the LoS and NLoS
paths, with A = nt°5 —nNLoS and B = 10alog (%) + nVLos,
The path loss as a function of distance is given by the following expression in
equation (3.4):
AT R i\
PLy = 10log (@) , (3.4)

Where f, is the carrier frequency in Hz, c is the speed of light in meters per
second (m/s), and, a > 2 is the path loss exponent. The probability of LoS and
NLoS [66] is given as follows:

Prle = — / 35
1+ aexp [—b (arctan (dU”D — a)] (3.5)

m,
Pmic” =1~ P, (3.6)

where a and b are environmental constants.
When the phase shift effect on the RIS ®,, = diag[d1m Gomy - Prml-
Wherein ¢, = tme’®m with a,,, € [0,1] representing the amplitude and
phase angle of the reflected signal at the n element of the m RIS. It is assumed
that the amplitude of the reflected signal is not changed by the RIS elements, so
we set a,,, = 1 [67]. Assuming that the fading in the propagation from the BS
to the IRS are independent and identically distributed (i.i.d.) random variables,
with m € CN*1 gand h/f; € C™N where H denotes the Hermitian transpose
operator. kg, € C¥*" va hf}, , € C™N represent the channel matrices between
the BS and the m-th RIS and between the m-th RIS and the m-th user group,
respectively. The channel matrix between the BS and the (m,k)-th reflected via
the m-th RIS as follows [68]:

Imk = h?n,kq)mho,m' (3-7)

In equation (3.7), we have hg ., = \/Bomhom V& hi . = q/ﬁm,km.

Consider the Time Division Multiple Access (TDMA) technique in cellular
mobile networks, where the signal is transmitted from the BS to the m-th
reflecting surface, and the signal is reflected from the reflecting surface to the
m-th user group. The received signal expression at the user side is given by
equation (3.8):

Ymk = \/PmrkImikSmk T Nk, (3.8)



Assume the transmission channel has AWGN, and the BS transmits with power
Pmx to the user (mkK) and s, is the information transmitted from the BS.

Smll” < 1; mie ~ €N (0, 0%) represents the AWGN at the user (m, k) — th.

M Km .
Let Do = [Pom],,_,» Pom = [Pmi],my ®@m = [@m]ri=1. The SNR expression
at the receiver is given by equation (3.9):
2
Pm,k|8m,k
Ym,k(pm,k; q)m) = % (3-9)
k-
3.1.2 Total Network Throughput Optimization Problem

The information throughput of the k user in the m in bps/Hz is given as follows:

Rk (pm,kl q’m) = log, (1 T Ymk (pm,kr q’m))- (3.10)
The total throughput of all users in the network is given by equation (3.11):
M Km
Rtotar(Po, ®m) = Z Z R (Pmje Prm)- (3.11)
m=1k=1

The objective in equation (3.12) is to maximize the total system throughput
with respect to the transmit power at the BS and the phase shift coefficients of
the reflecting elements on the RIS. The constraints considered in equation
(3.12) include QoS requirements and maximum transmit power.

Jmax Reotar o, Pm) (3.12a)
M Km
st Z Z Pmx < PI¥,m € M, (3.12b)
m=1k=1
Rk (Prmjer Pm) = Tom € M,k €K, (3.12c)
0<6py<2m,¥n=12,.,NmeM, (3.12d)

In constraint (3.12b), the total power consumption of all RISs must not exceed
the maximum transmit power of the BS, denoted as PJ***. (3.12c) represents
the QoS constraint for the (m, k)-th user, (3.12d) specifies the upper and lower
bounds of the phase shift for the n-th reflecting element of the m-th RIS.

3.2 Joint Network Sum Throughput Optimization Problem
The optimization problem defined in equation (3.12) is non-convex due to the
non-convex nature of functions (3.12a) and (3.12b). Therefore, the power
control coefficients at the BS and the phase shifts of the reflecting elements on
the RIS are optimized using an iterative approach

3.2.1 Power Allocation Coefficient Optimization at the Base Station
Considering the system with a given phase shift matrix &, the power control
coefficient optimization problem is formulated as in equation (3.13a). Here, the
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constraints are as defined in equations (3.12b) and (3.12c¢), corresponding to the
maximum transmit power at the BS and the QoS requirements, respectively.

ngjﬁx Riota1 (o) (3.133)

s.t.(3.12b), (3.12¢) (3.13b)
Based on the approximation and logarithmic inequality transformation method

[69], using the concave function f(z) = log, (1 +§) > f(z), we obtain the
expression as in equation 3.15:
Fon 1 z (3.14)
f =tow: (14 3) + 5~ 7
where Vz > 0,z > 0, we can rewrite the expression as follows:

mk(pm k) = Efn\l)_k(pm,k), vk € Km: vYm e M, (315)

1 1 z

IOR 1 _ (3.16)
Roie(Pmyc) = log (1+z‘)+1+z‘ 1+2z

Then, the optimization problem in equation (3.13) can be reformulated as:

rrlljax Rtotal (po) (3.17a)
s.t.(3.12b) (3.17h)
R(l) w(D0) =T, mEMkEK, (3.17c)
Table 3. 1 Power Control Coefficient Optimization Algorithm
Algorithm 1: Power Allocation () _
Ing . Rtl;tal(pO)
put: " K TGO
i =0, dye=10"3 Yom=1 2y R i (Pmokc)-
Lax = 20 Equation (3.17) is solved using Algo
Repeat 1 in Table 3.1, with the CVX tool

Solve (3.17) to find (p{**)) using [70]- The values are set as i = 0, By,
va € = 1073, The maximum number

CVX. . . of iterations is Iqy = 20 and the
i=i+1 ! .
Until convergence or i > I output of thg glgorlthm is the power
p nax control coefficients.
Output: p,

Algorithm 1 is proposed to solve the convex optimization problem in (3.17),
maximizing the total achievable rate R;,:q:(po) With approximately O(K)
variables and O(K + N) linear constraints Utilizing the convex and continuous
nature of the objective function, it ensures fast convergence to the global
optimum using the CVX tool, with a stopping criterion of ¢ = 1073 or

Imax = 20 iterations and a computational complexity of O (K3)[84].



3.2.2 Phase Shift Coefficient Optimization for the RIS Reflecting Elements
When the power control coefficient p, is considered fixed, the phase shift
coefficient optimization problem for the RIS can be described as in equation
(3.18), with constraints related to QoS and the phase shift angle limits of the
reflecting elements.

rg?nx Reotar (Pm) (3.183)

s.t.(3.12¢),(3.12d) (3.18h)

Let hfln,kq)mho,m = lHInXTn,k where Y, = [Ygy, ., W17 and Y7, =

e/fmm(vn=12,..N),  xmx = diag(hfh)hom, and  a, = Py/oZ,
Considering [y% |2 = 1, the expression is as follows:

M Km
max Z Z log (1 + @i Xim,iXim, kW) (3.193)
m=1k=1 o
s.t UhXom kX e Wm = (27mk — 1) /ay, (3.19b)
WhI>=1vn=12.,N, meM (3.19c)

However, the above problem is not convex. Let X, x = XmxXhx Va

VXU = tr(Xm,qumlp%) = tr(Xm,kle) where Wn, = Yl must
satisfy the conditions W, > 0 and rank(¥,,) = 1.
M Km

max, Z Z log, (1 + aktr(Xm,k‘Pm)) (3.20a)
m=1k=1
sit tr(XppW®m) = Tk — 1) /ay, (3.20h)
¥oomm=1vn=12.,N, meM. (3.20c)
Y,>0 (3.20d)
Table 3. 2 Phase shift Optimization Algorithm
Algorithm 2: Phase shift Optimization The problem in equation
Input: (3.20) is solved using
i=0,pg,e=1073 4 = 20 Algorithm 2 in Table 3.2,
Repeat with the CVX tool. The
for m = [1: M] input parameters are set as
: (+DY | e i=0,py va =103,
Solve (3.20) to find (CDM ) using CVX. The output of the
end for . . algorithm is ®y,.
i=1i+1
Until convergence or i > I,
Output: ®,,




Algorithm 2 iteratively solves M subproblems in (3.20), each with
approximately O(N?) optimization variables and O(K,, + N) linear
constraints, where K,, denotes the number of users affected by the m-th
reflecting element. The overall computational complexity of the algorithm is
estimated at approximately 0(20. M. N®) [84].

3.3 Simulation Results and Discussion
The simulation program was implemented using Matlab software with the
support of the CVX library to solve the optimization problem. The simulation
parameters were set as shown in Table 3.3. The simulation results were carried
out and evaluated for the following cases: OOP, EOP, ORP, ERP.
Table 3. 3 Simulation Parameters

No. Parameter Value
1.| Number of antennas at the BS 1
2.| Location of the Base Station (BS) (0,0,30) m
3.| Near coverage radius 500m
4.| Far coverage radius 1500m
5.] White noise power spectral density -130dBm/Hz
6.| QoS threshold e=1073
7.] Number of RIS reflecting surfaces [4, 8, 12, 20]
8.| Number of reflecting elements on RIS | [100, 150, 200, 250, 300]
9.| Number of user groups considered [20, 30]
10 Channel bandwidth 10 MHz
11 Transmit power at the BS [43:46] dBm

3.3.1. Maximum network throughput

Figure 3.2 shows the evaluation of the network throughput achieved with the
transmit power of the BS varying between 43 dBm and 46 dBm, with the
number of intelligent RIS reflecting surfaces M =4, the number of user groups
K = 20 and a fixed number of reflecting elements N=200. The results indicate
that the total network throughput achieved with the support of RIS surfaces is
approximately 1.5 times higher when the phase shift coefficients of the
reflecting elements are optimized compared to the case where RIS is used
without optimizing the phase shift coefficients.

In Figure 3.3, the simulation results are considered for the case where the
transmit power at the BS and the number of reflecting elements on the RIS are
kept the same as in Figure 3.2. Here, the number of RIS is M=8, and the
number of user groups K=30. Compared to the case in Figure 3.2, the total

9



network throughput increases as the transmit power at the BS increases.
Additionally, when the number of RIS reflecting surfaces increases from M = 4
to M = 8, even though the number of users also increases, a significant increase
in the total network throughput is observed.

Figure 3.4 shows that increasing the number of reflecting elements on the RIS
significantly enhances the network sum throughput across all scenarios. The
OOP simulation curve demonstrates that the proposed joint optimization
method. Figure 3.5 illustrates the network sum throughput of the proposed
method when the number of RISs is varied, specifically for M=4, M=12, and
M=20. In this case, the network sum throughput increases substantially as the
number of RISs increases from 4 to 20. The throughput gap between M=4 and
M=20 becomes significantly more pronounced when the transmit power rises
from 44 dBm to 46 dBm, corresponding to an improvement of approximately
56 bps/Hz at the maximum transmit power of 46 dBm.

1640

= 200
= 140 o =
£ e 2 B o
T 2 -t 2 150
Sl S ST 5
R ¥ - EOP 2
= 80 - ORF = 100
z -4 ERP = e —=#4=-=z=Z=Z=CZ
| 3 E e==--=HTCSC =3
z e —m— =" 2 st
2 - R A A =
e SRy S B
£ £
el . . i . 0 + - - - !
13 | 3 3433 46 4 435 44 445 45 455 46

Transmit power at RS {dBim) Transmit power at BS (dBm)

Figure 3. 2 Total Network Throughput Figure 3. 3 Total Network Throughput

M=4, K=20 va N=200 M=8, K=30 va N=200
e e P e 7]
T 50 g EOP - |= 4= ~Jain J'—'
£ =+=0R} . ?_‘:..- e —

E a00 |2 FRE ++ » S| -
5 T E— R i |
2 Er
=] -
._: Zmr ]
'f; - ——" e - - %n. 'f
] R Sl - - Fus -
Ep-- - “ WL e
Y S A il . 13 |

100 1500 200 130 300 1 e = iz 43

; Transmir power ar BS sdim)
Number of RIS elements, N

Figure 3.4 Total Network Throughput  Figure 3. 5 Total Network Throughput
with N =[100:300], M =8, K =30,  with M =4, M =12, M=20
PJ*** = 46 dBm
3.3.2. Worst-Case User Network Throughput
Consider the user throughput (MU) in the worst-case scenario with varying
values of the number of users and RIS reflecting elements [71].
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The simulation results in Figure 3.6 show that the proposed OOP method
outperforms OPH, EOP, and ERP, in the worst-case user throughput with
M=8, K=30, and N=200, achieving 1 bps/Hz at P{"*** = 43 dBm and doubling
at P"** = 45 dBm with peak throughput at PJ"** = 46 dBm. While ORP
maintains 1 bps/Hz from PJ"** =43 dBm to Pm‘“‘ =46 dBm and EOP
reaches approximately 2.5 bps/Hz at P{"*** = 45 dBm and P§*** = 46 dBm,
ERP ylelds below below 0.5 bps/Hz falllng to meet the QoS constraint (3.12c).
T = ' EmEeRP

< o |mmonP [ mmoRe
£ |Zcor " leor
5 °|mmoop . Emoor

\-\ orst-ca L\-.' Mll llu\\.ugh[:lll -bp s/Hz)

Worst-case MU throu

a3 a 45 ) ] au

Trunsmil power al BS (dBm) \Umbﬂ‘ f [ [‘, elements, N
Figure 3. 6 Worst-Case Throughput M Figure 3. 7 Worst—Case Throughput
=8, K=30, N = 200. with N from 100 to 300.

Figure 3.7 illustrates the impact of N on the worst-case user throughput. With
PJ*** = 46 dBm, M=20, and K=30, while N = [100:300]. The throughput
achieved from the worst-case MU mostly satisfies the individual QoS
constraints, with values exceeding 1 bps/Hz, except in the case of
m“x-43dBm In the ERP, the worst-case MU throughput is nearly zero.

= Figure 3.8 shows the worst-case MU
¢ lM=12 | .
s [v=20) | throughput with respect to the number

of RIS (M =4, M = 12, M = 20),

N=200, and K=30. The MU

throughput of the proposed method is

always greater than 1 bps/Hz. The MU

throughput at M=20 is approximately
" Toumit power aBS (@) 2.5 times higher than the MU

Figure 3. 8 Worst-Case Throughput throughput at M=12.

withM =4,M = 12,M = 20.

3.4 Chapter Conclusion

First, a cellular mobile network model is proposed with the support of an RIS.

In this model, the cellular network supports multiple users divided into different

groups at various locations. Second, the wave propagation model for the

network is analyzed under the assumption that user groups are obstructed by

o

Worsi-cuse MU |m|ghpul El l.-"ll-f]
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obstacles such as buildings. Third, a power control coefficient optimization
problem at the base station is proposed and solved based on a power allocation
method, with constraints including the maximum total transmit power at the BS
and the QoS requirements for each user in each group. Fourth, an optimization
problem for the phase shift coefficients of the reflecting elements in the RIS is
developed and proposed. The optimization constraints are based on the
maximum transmit power of the BS and the phase shift conditions of RIS. Fifth,
the optimization problem of the transmit power at the BS is combined with the
optimization of the phase shift coefficients of the reflecting elements on the RIS
CHAPTER 4 OPTIMIZATION OF POWER ALLOCATION AND
COMPUTATIONAL OFFLOADING IN MEC SYSTEMS WITH UAV-
RIS
This chapter focuses on examining the application of the RIS in MEC systems
with the support of UAVSs. Specifically, the problem of optimizing the power
allocation of the MBS and offloading the computation of devices within the
system is addressed, with constraints on the computational resources of the
devices and QoS. Additionally, the optimization of the UAV’s trajectory is
considered, aiming to find the shortest and most energy-efficient flight path for
the UAV carrying the RIS.

4.1 MEC System Model with UAV-RIS Integration

4.1.1 Proposed System Model
Figure 4.1, the MBS is equipped with a multi-antenna array to communicate
with K single-antenna users. It is assumed that all users are divided into M
different groups, as denoted below Xy ={X;,..,Ky} VoI XK, =
{1,..,Kpm=1,..,M.
UAV-RIS (RIS: N
independent reflecting
elements) acts as a relay
station serving a small-cell.
The model consists of a group
of wusers, denoted as %,
directly connected to the
MBS, while the remaining
groups receive support from
UAV-RIS. The user (m, k)th
corresponds to the kth user in
T ouwvms g3sen - A teletory the mth group, with m =

12



Figure 4. 1 Proposed Model Combining UAV  1,...,M and k € X,,,.
and RIS in the MEC System
Uk 1S Used to determine whether it is necessary to offload the computational
task of the kth user in the mth group to the MEC server, as shown in (4.1).
u ={ 1 task of floading (4.1)
mk ~ 1o others
Uy = [um,k]lk(’:1 vau = [u,,]X_, represent the user associations.
4.1.2 Channel Model

Assume that the MBS is positioned in a 3D coordinate system xyz, RIS. The
RIS and the user are located at (xq,¥o,Ho), (Xm) Ym, Hm), m € M, and
(X1, Yk, 0),k = 1,2, ..., K. The antenna heights of the MBS and the RIS are H,
and H,,, respectively. These coordinates are determined using GPS and are
stored in the MBS. The path loss between the MBS and the RIS at the mth
position is given by [63]:

Bo (4.2)

o = 3y — e T
Bo is the power gain of the communication channel at dy and d,, o =
\/(xo - xm)z + (J/O - ym)z-
The path loss expression between the (m, k)th and UAV (m=1,..., M,k =
1,...,K,,) is given as [65]:
Bm,k = PLm,k + ‘rlLo.S‘Prel(,)ic9 + T]NLoSPrIX,LkOS' (4-3)

In (4.3), LoS refers to the line-of-sight (LoS) transmission between the MBS
and the RIS, while NLoS refers to the obstructed transmission. The coefficients
Nwos: NnrLos represent the average path loss factors for LoS and NLoS

transmissions, respectively. The path loss coefficient as a function of distance is
calculated as follows:

PL,,; = 10log
fe is the carrier frequency (Hz), c is the speed of light (m/s), and the path loss

(4T[fCCDm'k)a' (4.4)

exponent a = 2, Dy = /d,zn,k + HZ, is the Euclidean distance between the

UAV-RIS and the (m, k)th user. The probability of LoS is calculated as follows
[66]:

PLOS — 1 (45)
mk Hm
1+ aexp|—b|arctan T.o)—a
mk
a va b are environment-dependent constants, and P55 = 1 — PLo%. For users

receiving the direct signal from the MBS, the channel matrix from the (0, k)th
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user to the MBS is calculated as follows: G, o = /Bk,Ohk‘O € ct¥1 wherein

h, o are the small-scale fading coefficients. For users that require the assistance
of the RIS to ensure communication to the MBS, the channel between
the(m, k)th user to the UAV-RIS and from the UAV-RIS to the MBS are
represented as Ry, , € CV*" and hf , € N respectively, with (m € M,k €
K,,). Assuming the random variables are i.i.d with zero mean and unit
variance, the channel matrices from the (m, k)th to the UAV-RIS and from the
UAV-RIS to the MBS are represented as H,,; € (V1 and HE , e CL*N
whrein Ho, o = /Bmhmy V& HE o = \/Bm.oht . The channel matrix from
the (m, k)th user to the MBS, G,,, , € C-*L is given by [68]:

Gy = Hi (@, Hpp o, me M, (4.6)
where ®,, = diag[d1m, Gam, - Pyml 1S the phase-shifting matrix at the
UAV-RIS, dpm = tpyme’®mm, ay,,, € [0,1] and 6,,, € [0,2n] for all (vn =
1,2,...,N,m € M) representing the amplitude and phase shift coefficient of the
nth. reflecting element. Assuming that only the phase component of the signal
changes during the reflection process, we have a,,,,, = 1 [90].

4.1.3 Received Signal Model and System Throughput
When the (m, k)th user in the mth group requires offloading to the MBS, the
signal can be transmitted directly to the MBS or through the UAV-assisted RIS.
The received signal at the MBS from the (m, k)th user is given by:

Km
Ymse = A PmicGrmjef mjcSmyc + Z VPim Gl fimSim + 1o, (4.7)
1=Ti#k

intra-cell interference

In (4.7), Py is the transmit power of the (m,k)th, fn.. € CH la is the
beamforming vector at the MBS for the (m, k)th user, s, . s the offloaded data

transmitted by the user with (m, k)th with ||Sm,k||2 <1, and ny ~ CNV(0,03)
is AWGN at the MBS. To suppress intra-cell interference in expression (4.7),
the Zero-Forcing (ZF) technique is applied [91]. Let G, = [G1, -.o) Gk, | €
ctxKm(m = 0,1, ..., M).
Based on large-scale MIMO system assumptions, the ZF-based beamforming
matrix is computed as follows:

fm = Gm(anGm)_l' (4.8)
where fr, = [fm1 0 Fmk,| € C6m, o € CLm = 0,1, ..., M,k € Ky,
The normalized beamforming vector is then given by: £y, x = frui/||Fmx|| and
and the final beamforming vector f, . is expressed as:
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fok = PmsSfmpem=01,..,M,k € X,,, (4.9)
In (4.9), pm  is the power control coefficient for the (m, k)th user. Substituting
into (4.7), the received signal at the MBS becomes:

Ymk = +/ Pm,k pm,kG#l,kfm,kSm,k + Ny, (4-10)

The power control vectors are denoted as p,, = [pm_k]::’:l, p=[pmlM_p, va
® = [®,,]¥ _ the phase shift matrices of the RIS. The achievable throughput
(in bits per second) at the MBS is given by:

Pm kpmlefIn,kfm,kF)

Rm,k(pm,k' q)m) =W logz (1 + : : 2 (4'11)

0o

where W denotes the bandwidth allocated to the(m, k)th user.

414 Task Offloading Model
Let 7,, . (bits) denote the size of the computational task to be offloaded, and let
Fom s represent the number of CPU cycles required to compute one bit of the
task 7,,, . The local and offloading latency associated with processing the task
for the 7,,, 4 user is defined as follows:

414.1 Local Computation
Let c,,, denote the computing capacity of the (m,k)th user. If the user
executes the computation locally, the computation latency is given by:

Thy = Tt o001, Mk € Ky, (4.12)
Cm,k

4.14.2 Task Offloading to the MBS
The transmission time required to offload the task from the (m, k)th user
(m=0,1,..,M,k € X,,) to the MBS is given by:

:]/m,/a

T (P Prm) = , 4.13
m,k( mk m) Rm,k(pm,k'q)m) ( )

The computation time at the MBS for the offloaded task is expressed as:

:F
Teom(2hse % =0,1,.., M,k € Ky, (4.14)
mk
where (Zf,k denotes the computation resource allocated by the MBS for
processing the task of the (m,k)th user. For simplicity, we define ,, =

[2%5, :ml and {=[(,]M_, representing the overall allocation of

computational resources at the MBS. From equations (4.12) - (4.14), the total
latency for executing the task of the (m, k)th user can be derived accordingly.

Trfgli (pm,k' um,k' q)ml ifrfk
= (1 = Uni) T (4.15)
+ Um,k (Trgly,ck (pm,k' q)m) + Com(i ) .
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The time required to transmit the computation results from the MBS back to the
user can be neglected, as it is negligible compared to the total task execution
time [79], [92].

4.15 UAYV Trajectory
Table 4. 1: Shortest Flight Path of the UAV

Algo 1: The shortest path finding Assume that the UAV flight through

Requirements: (0,0, H,,), M stop points, each corresponding to

o Yo Him)y @inax one of the M user groups requiring

Constraint: T computation offloading. These points

Stop points of UAV. are located on a 2D rectangular grid at

forRin M a fixed altitude H,,.Algo 1 aims to

Compute the distance d from determine the UAV’s flight trajectory

UAV to the final stop point through fixed stop point positions,

if d <dp.then with the initial position (0,0, H,,),

T <R (Xm» Ym» Hyn) 1S the final stop point

Aoy = d with fixed coordinates and altitude,

end if d, .. is the maximum allowable
end for travel distance for the UAV 7.

4.2 Latency Optimization Based on Resource Allocation and
Computation Offloading
The problem considers a joint optimization framework that includes user power
allocation (p), user association (u), phase shift configuration of the RIS (®),
and computation resource allocation at the MBS (7). The objective is to
minimize the total system latency, subject to constraints on computational
resources and QoS requirements.

M Km
prgig)l( Z Z Trgglg (pm,k' um,k' q)m' (?rfk (4.16&)
T m=0 k=1
st 0<ppr =<1, (4.16b)
R (Pmpe ®m) =75, m=0,1,...,M, k € Ky, (4.16¢)
0<0,,<2rm,Vn=12,..,NmeM, (4.16d)
Z um,k(?rf,k < zmaxr (4.166)

k=1
4.2.1 Power Allocation Optimization
Given fixed values of @, u, ¢ expression (4.16) can be rewritten as follows:

M Km (4.17a)
min " > Tiek (pms)

m=0 k=1

st (4.16b), (4.16c) (4.17b)
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The optimization problem in expression (4.17) can be solved by leveraging the
following convex function: f(x) = log, (1 + l) withx > 0

f(x) =log, (1 + ) > f(x), (4.18)
For vx > 0,x > 0, we have:
f 1y, (9fx 4.19
f(x) = log, (1 + E) + ( ];Ef)) (x—X%) ( )
1 1 1 1 X
= ng( + ) T3 (1+f)f

The throughput at the MBS to transmit information to the user (m,k)th in
equation (4.11) is as follows:

Ronic (Pme) = R (pmyc), Y € M, VK € K, (4.20)
N, 1 x (4.21)
pD _
s (Pmc) = W(lng (1 * ) 1+xz (1 +f)i>'
Letr £ {ry,} (vm € M, vk € X) satisfy the condition: o) < Tk
m,k\FPm,k

ook (rmi) < Todk(Tmi) (4.22)
= (1 =t ) Tk + i (T Tm e + Trck)-
We can then rewrite the optimization problem in expression (4.17) as:

M Km (423a)
mln Z Z Ttk (Tmk)
m=0 k=1
Sit Pk < 1,Ppy < P (4.23b)
R(z) (pmk) > 7, (4.23c)
,(117 STmem=01,.,Mkex,, (4.23d)
Rm,k
Table 4. 2: Power Allocation Optimization
Algorithm 2: Optimal Power Allocation The problem (4.23) is a
Input: u, @, ¢ and initialization p(®, ¢ = 1073, standard convex
Lnay = 20 optimization problem,
form=1toM which can be solved
i=0 using the CVX tool
repeat [70] as shown in Algo
Solve (4.23) to find p(*D; i = i + 1 2.
until convergence or i > I,44;
end for
Output: p*
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4.2.2 Optimal Phase Shift Coefficient
With fixed values of p, u, C expression (4.16) can be rewritten as follows:

M Knm
min Z z T (&) (4.242)
¢ »
m=0 k=1
st (4.16c), (4.160) (4.24b)

With a fixed beamforming vector at the transmitter side (fm nVn =
1,2,..,N,m € M), define the phase shift vector v,, = [vk, ..., vl ]%, where
v = e/9m (vn = 1,2,...,N). The constraint in (4.16d) is as follows: Ivml2 =

1. Define x;n , = diag (Ha,O)Hm,kfm,ka Hrl;ll,od)mHm,kfm,k = anXm,k We can
apply the approximation (4.20) - (4.21) as follows:

Rnic (@) = RY, (@), Ym € M, Vk € K, (4.25)
RY (@, )=w (log (1+1)+ 1 __ ) (4.26)
e Ty 14y a+yy/ '

Define the variable 7 2 {7, ,} (vm € M,Vk € K)
Tk (Fonie) < Tk (i)

—_T
R (@) = 0K

4.27
= (1 — um,k)T,ln,k + um'k(fm’k:]m'k + Tcom . ( )
Thus, expression (4.24) can be equivalently rewritten as:
M Km
,min I (4.284)
m=0 k=1
st VEXmXihiVm = (27 — 1) /ay, m € M, k € K, (4.28b)
VhI2=1,vn=12,..,Nm€EM, (4.28¢)
1
R(—i) < ko m=20,1,..,M, keXx,, (4.28d)
m

The constraint in (4.28b) is equivalent to (4.16c), with ax = Py xPmi/0%.
Expression (4.28) is a non-convex QCQP, which cannot be solved directly
using the CVX library. We need to reformulate the problem, introducing
Xm,k = Xm,kaIn,k va VflnXm,ka = tr(Xm,kaVEn) = tr(Xm,ka)a VOl Vn =
v Vi must satisfy V,, > 0 and rank(V;,) = 1 [46] [49]. Therefore, expression
(4.28) is transformed into:

M Km
' F 4.2
vm,rrz,lrlr&M Z z (Tm'k) (4.29)

0k=1
st tr(XpmxVim) = (2 -1)/a, mE€EMkeX,, (4.29D)
Vm(n,n) = 1' vn = 1121 ey NI meE M: (429C)
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V=0 (4.29d)
1
o ST M=0L. M, k€K, (4.29€)
mk
Table 4. 3: Optimal Phase Shift Coefficient
Algorithm 3: Finding optimal phase ; _ as
0) Given Y Pm,kpm,ktr(xm,kvm)'

Input: u, ¢, p, and initial £,

mk

Constraints: f,,(lo,z

form=1to M
i=0

repeat

Solve the problem (4.29) to find d{*?

(i+1) . _ .
mk sL=1+ 1
until convergence or i > 4,

end for

£ =103, Iqx =20

)

expression (4.29) is an SDP
problem [41][46], and this
problem can be solved using
the CVX tool. The BCD
method is proposed for solving
the problem in expression
(4.29).

Output: @y,

4.2.3 Computation Offloading Optimization
With fixed values of p, u, ®, expression (4.16) can be rewritten as:

M Km

min ) > TiE(¢h) (4.30a)
m=0k=1

st (4.16¢) (4.30b)

Table 4.4 Iterative Optimization Algorithm

Algorithm 4: Iterative Optimization Since the objective function and the

Algorithm for Solving (4.16)

(0)

Input: u, ®, Tand initial p©@, £,.%,

m
Z(O)
Constraints:
£=1073, I, =20,j=0
repeat
Solve (4.23), for feasible pU+V

Solve (4.29), for feasible F&* Y

m,k
Solve (4.30), for feasible ¢ U+
j=j+1

until Convergence orj > L4,

Output: p*, fre ¢

constraint in expression (4.16e) are
convex with respect to , problem
(4.30) can be solved using the CVX
library.  Finally, an iterative
optimization algorithm is proposed to
simultaneously determine the optimal
power allocation, find the phase shift
coefficients, and perform
computation offloading optimization.
In Algo 4, the optimization result
from each iteration is used as the
starting point for the next iteration.
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4.3 Convergence Analysis and Computational Complexity of the
Proposed Method

For problem (4.16), an alternating optimization approach is employed,
iteratively solving subproblems for power allocation (4.23) using a convex
approximation of (4.18)-(4.21), RIS configuration (4.29) transformed from
QCQP (4.24) to SDP with V,, = v,,vil, and MEC allocation (4.30). The
algorithm terminates when the objective function change is less than ¢ = 1073,
or I,q = 20. Due to the successive convex approximation (SCA) in (4.23) and
the monotonic decrease of the objective function F(p, ®,7), the sequence
Fp®, @D, 7D converges to a stationary point of the relaxed problem with
rank(V,) = 1 [111].
With M user groups, K users per group, and N RIS reflecting elements, the
power allocation subproblem (4.23) has O(MK) variables with a complexity of
O((MK))3, while the RIS subproblem (4.29) involves O(N?) variables with a
complexity of @(MKN®). The MEC subproblem (4.30) has a complexity of
O((MK)?) . The total computational cost per iteration is O(MKN?®), leading to
an overall complexity of (1. MKN®) for I < I,,,,, = 20) iterations[84, 112].

4.4 Simulation Results
The simulation is carried out in MATLAB using the CVX tool, with simulation
parameters configured as shown in Table 4.4. The objective of the simulation
results is to compare the proposed optimization method with non-optimized
cases such as:
« Network total latency minimization, defined as X} _, ¥xm T20F.

* Worst-case total latency minimization, defined as: Y- max {T“’,ﬁ}

Table 4. 4: Simulation Parameters

No. Parameter Value

1 Number of MBSs 1

2 Near coverage radius 500m

3 Far coverage radius 2000m

4 Location of MBS (0,0,30)

5 UAV altitude range( H™", H™*) (50,150)m
6 Carrier frequency 2.4GHz

7 Channel bandwidth 1 MHz

8 Channel bandwidth P, 30 dBm

9 QoS threshold 7o = 1 Mbps
10 | Power spectral density of white 0? = -130dBm/Hz
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Gaussian noise
11 | Size of offloaded task [93] D,, = 100 kB
12 | Task complexity [93] Fop = 600 cycles/bit
13 | Maximum computing resource [93] Umax = 30 Giga cycles/s
14 | Maximum computing capability [93] cmk = 0.5 Giga cycles/s
441 Convergence Analysis
P e Figure 4.2 illustrates that the proposed
))w | —‘+ “T. + method requires a few iterations to

solve the optimization problem based

The wtal latzney (milisec)

Figure 4. 2 The convergence of the

proposed approach

[ k=100]
-O-0O -0
5 I3 7

[y k=sn

on Algo 4. Specifically, when K = 80
or K = 100, the algorithm converges
after 3 iterations, while more iterations
are needed when K = 120. This is
because increasing the number of users
corresponds to an

increase

number of optimization variables.
4.4.2Total latency of UE users in the system under varying computational

complexity F,, 4
s 1o 1 45g & 10°
== Convertional schzmz) - _ =+ Canventicnzl scheme
w @ Proposed schems . 3 5.588 [0 Proposed scheme e
2 56 - 4 2 -
= - = - L
= - = -
E - E 5586 -
= 5,638 Fas ) a7
2 - = -
o - G aomd -
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' L
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o2 alil a01E [iiel 600 G5 6l GillS &2
Frer (eweles bt o eveles T
(a) N =80 (b) N =100

Figure 4. 3: Total network latency with different resource allocation schemes
Fo o With K = 80, {10 = 30 Giga cycles/s.
Figures 4.3(a) and 4.3(b) compare the total latency with N = 80 and F,,, » =
600. The total latency of the proposed method is 5.632x10*ms. As the number
of reflecting elements increases, the total network latency decreases [44].

21

in the



i R _+

= I < Y

ER { ]

ol

o 10 TN T SRR L Y

g [ —— e o

= 3990 SEE == Comveniion:l seherme

g 8= Proprsen ] scheme

¥ 3980

&

= D-100

= 3070 =

- D - ———— + - ==

2. T

Rl T W T ———— &

o T T

= 3050} |
Ll Ol s il nlils i

Foai (oveles/ bit)

Figure 4. 4: The Total worst-case
latency with  different  resource
allocation schemes {pax, With K =
80,F,, » = 600 cycles/bit.

In Figure 4.4, the total latency is
evaluated in the worst-case scenario
with different values of CPU cycles,
Fo - From the simulation results, it
is observed that the total latency
increases with the number of CPU
cycles required to compute each bit of
the task, i.e., the computational
complexity of the task. Therefore, the
UEs (User Equipments) need to
offload their local computation to the
MEC server to reduce the latency.

4.4.3 Total Latency of Users with Maximum Computation Resources of

MEC server {4

In Figure 4.5, the total network latency is compared with other methods within
a computational capability range of the MBS (Mega cycles/s), (;nax- The
number of users and CPU cycles are set to K = 80 and F,,, ,, = 600 cycles/bit,
respectively. The results show that as the number of RIS elements and the
computational capability of the MBS increase, the total network latency
significantly decreases when the computational capability of the MBS is

enhanced.
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Figure 4. 5 The total network latency with different resource allocation schemes
varying {pmax, K = 80,F,, », = 600 cycles/bit

22



In Figure 4.6, the advantages of the
proposed method for the UAV-RIS
o Teed supported MEC system are

T demonstrated in terms of the total
latency in the worst-case scenario. It
... ~%  can be observed that the total latency in

-4 the worst-case scenario  significantly
decreases as the computational
capability increases.
Figure 4. 6 The worst-case latency with K = 80,F,, », = 600 cycles/bit and
varying {max-

4.5 Conclusion
In summary, the simulation results of the proposed algorithm for optimizing
resource allocation and offloading computation for the MEC system supported
by UAV-RIS outperform the case where the transmission power is the same
and the phase angle of the intelligent reflecting surface is random. However, the
simulation results in Figures 4.2a and 4.3a, when considering the total latency
of all users in the network compared to the computation complexity and the
maximum computational resources of the server, do not yet show the
superiority of the proposed optimization algorithm.
CHAPTER 5 CONCLUSION
5.1  Conclusion

This dissertation focuses on exploring the application of RIS in wireless
communication networks, specifically in cellular networks and MEC systems
supported by UAV-RIS. The dissertation has successfully achieved the
objectives outlined in the overview with the following key results:
First, the dissertation considers a wireless communication model supported by
RIS, where multiple RIS devices are deployed to assist the downlink for
different groups of users. For the proposed model, the optimization problem is
formulated with the goal of maximizing the total network throughput, subject to
constraints on the power consumption at the base station and the QoS. Since the
proposed problem is non-convex, the initial optimization problem is divided
into two subproblems. The first problem involves power control with fixed
phase shift values. In this case, the problem is convex, making it easier to find a
solution using supporting tools. Subsequently, a method for phase shift
coefficient search is proposed to solve the non-convex problem and determine
the optimal phase shift coefficients of the reflecting elements.

k. —+-Conventional scheme
+ - =0 Proposed schems

L o
]

tmilisec)

The wotal worst-case laency

1160 . " "
48 4515 431 4518 452 4525 453
Cone (Mega cycles/s) 1
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Secondly, the dissertation proposes an optimization problem for the MEC
system, situated within a large-scale MBS, supported by UAVSs carrying RIS
that are capable of flying within the network coverage area. The optimization
problem aims to minimize the total latency of the proposed system by
optimizing the power allocation for each user, user-linking, phase shift
configuration of the RIS elements, and computational resource allocation at the
MBS, subject to computational resource constraints and the QoS requirements
of the MBS. To solve this problem, an iterative algorithm has been designed to
efficiently solve the proposed optimization problem by applying several
approximation methods and inequalities, following the movement path and
BCD method. In addition, the dissertation also proposes a method to determine
the UAV’s flight trajectory based on the user density on the ground.
Indeed, RIS, with its numerous advantages, is considered one of the key
technologies for 6G communication. Specifically, 6G networks promise to
deliver various services in the future with stringent requirements for extremely
high data transmission speeds of up to 100 Gbps, ultra-low latency below 1 ms,
and high user density. The application of RIS in 6G networks helps enhance
signal strength and coverage due to its ability to adjust radio waves, improving
connection quality, reducing interference, and saving energy compared to
traditional transmission solutions.

5.2  Future Directions
In the first research problem, the case where the BS is equipped with multiple
antennas has not been considered. Additionally, the optimal number of
elements has not been addressed. The problem of continuous energy and
information transmission has also not been analyzed or evaluated in the system.
In the second research problem, the UAV-RIS is considered for serving specific
user groups, assuming the UAV-RIS is stationary. In practice, the issue of UAV
instability due to environmental effects should be considered. Specifically,
increasing the number of UAVs with the goal of supporting larger-scale
services needs to be explored. Furthermore, an important issue is the
optimization of the number of user groups and the flight path trajectory, with
the goal of minimizing latency and saving energy for the UAV. Additionally,
the doctoral candidate is currently researching the application of reinforcement
learning and deep reinforcement learning to solve optimization problems.
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