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Abstract
Due to geographical communication problem, aerial-to-ground wireless
communication is widely adopted. Normal ground-to-ground channel can be replaced
by aerial-to-ground channel using unmanned aerial vehicle (UAV) as relay. The high
mobility and flexibility of UAV provide advantages for building a wireless

communication system, especially as a mobile relay.

This report shows fundamental knowledge of wireless communication and the
features of UAV, and then describes a the fifth generation (5G) or beyond the fifth
generation (B5G) communication system model enabled by UAV and proposes a
formulation to maximize the energy efficiency (EE) of the system, which is known as
green 5G. After the calculation by using successive convex approximation (SCA) and
the iterative Dinkelbach method, the optimal resource allocation and trajectory could

be obtained and be shown by numerical results.
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Chapter 1

Introduction

A concept of using UAV in the 5G wireless communication is increasingly focused
due to its flexibility and potential coverage. The aim of this report is to study the
characteristics of UAV-enabled wireless system and to analyze the methods and
algorithm of resource allocation of UAV-enabled system to boost the energy

efficiency of 5G or B5G wireless communication.

1.1 The green fifth generation communication

Thanks to the dramatic popularity of smartphones and other electronic devices, new
demands, and the desire of having better user experience arise. As a result, the 5G
wireless networks is coming now as people and society’s expectation due to the high
transmit rate and the large amount of capacity. 5G network is a kind of digital cellular
networks, and the coverage range of the service can be divided into some small cells.
Its capacity will increase up to 1000-fold compared to last generation wireless
networks, and it can connect more and more devices increasing by the demand of
users, which is at least 100 billion devices with about 7.6 billion mobile users[1]. The
most important part of 5G is to increase the system throughput, which could be
achieved by several technologies, such as, utilizing mm wave, D2D communication

and massive multiple-input multiple-output (M-MIMO). Simultaneously, decreasing
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the energy consumption is also urgent no matter for the development of new
generation wireless networks or for the environment. The escalation of energy
consumption takes a major part of leading to greenhouse gas emission and the radio
access of the cellular network takes the main part of energy consumer. Some energy
saving devices were built to try to mitigate this phenomenon, such as ultra-efficient
power amplifiers, which could reduce losses of feeder. However, those single devices
were isolated, and their efforts were limited. Hence, an innovative solution Green
radio (GR), which is dedicated to build a top-down architecture as well as joint design,

which is covering all system levels and protocol stacks, was raised[2],[16]-[20].

1.2 UAV-enabled communication

There is a dramatic increase in use of unmanned aerial vehicle (UAV) in modern
applications due to their high-mobility, cost-effective, on-demand deployment nature,
and the advantages of its inherent line-of-sight, air-to-ground channels[5].
Nevertheless, it is an innovative technology to utilizing UAV in communication field,
especially being an application in 5G communication[6]. UAV-enabled
communication could provide a cost-effective and fast-respond wireless connection
without infrastructure coverage, which means that it is more feasible to construct a
communication network with UAV on some extreme situations[6]. For instance, after
the earthquake in the city, the infrastructure of communication was destroyed, and
the rescue team could build a temporary communication network for rescuing using

UAV. Moreover, UAV-ground link can easily achieve Line-of sight (LoS) channels
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compared to ground-to-ground channels, which makes it have a higher link
capacity[7]. The aim of UAV-enabled communication is to enable low latency, high
speed rate, and reliable features in the two-way communication in UAVs and ground
users[5]. To achieve it, Cellular-connected UAV integrates various applications into
cellular networks as aerial user equipment (UEs), which has several advantages,
such as ubiquitous accessibility, enhanced performance, monitoring and
management approach, and robust navigation as well as cost-effectiveness[5].
Nevertheless, the UAV-enabled wireless communication system could be easily
attacked by malicious eavesdropping because if it cannot distinguish eavesdropping
from legitimate receivers, those benefit will also be utilizing by eavesdropping.
Besides, there are few challenges associated with new technologies on UAV-enabled
communication system, for instance, physical layer security need to be guaranteed
against pilot contamination and malicious UAV attacks and an optimal joint trajectory
design with appropriate resource allocation method should be found[8],etc. Hence,
several technologies, aiming to design the optimal trajectory, to find the best
performance of resource allocation and to make UAVs cooperative are raised to

improve security and spectral efficiency simultaneously[8],[21]-[30].
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Figure 1. a) wide range of coverage in UAV-aided wireless communications; b) A communication
method using relay in UAV-aided wireless communications; c¢) principle of information dissemination

and data collection.

1.3 Resource allocation

When multiple UAV coordination as a dominant part in wireless communication
system, the resource allocation of them is essential. There is a typical question. It is

more likely to meet various tactical/technical constraints when trying to achieve the
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desired goals, and then, which UAV should execute which task is still an issue[33]. As
UAVs, there are many operation that need to execute, such as classifying, searching,
attacking or performing battle damage assessment on potential targets[9], and it must
be answered by resource allocation. The importance of resource allocation will
increase by the grows of numbers of UAV, the complexity, and capacities of the
communication system. Moreover, there are various parameters in resource of the
UAV system, such as cruising speed, transmit power, time allocation and frequency
bandwidth, which need to be allocated[8],[31]. It is vital to find the optimized resource
allocation option according to the tradeoff between trajectory and energy
efficiency[32]. It has more possibility that UAV system will work under the Green
communication circumstance. Furthermore, physical layer security of UAV wireless
system could be boosted by the approach of the joint of trajectory and resource
allocation. For example, the proper allocation of the distance to receivers and the
strength of transmission power could make UAV avoid from leaking information when
they are close to an eavesdropper[8]. In figure 2, it clearly demonstrates the trajectory
when a UAV is close enough to the legitimate receiver and eavesdropper, and the

speed as well as transmitting rate in the whole process[34]-[36].
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Figure 2. (a) and (b) show the optimized UAV trajectories when the eavesdropper moves
counterclockwise and clockwise around the legitimate receiver, respectively. (c) the achieved system
rate; (d) the corresponding cruising speed after an improvement of the physical layer security in

UAV-aided wireless communication by joint trajectory and resource allocation design method.

The function of UAV will be achieved in the system is as a mobile relay, which will
propose a new level of freedom for performance enhancement due to the high
mobility. However, the system should be designed carefully for the resource
allocation, transmit power and flight trajectory[37]-[40]. Besides, we should consider
practical mobility and transmission constraints, which are vital to design and optimal
the system. To achieve the maximum energy efficiency of the system, we should
maximize the throughput of the system and optimize the trajectory of UAV and power
allocation. The mobile relaying system could obtain a significant throughput gain
compared to the conventional static relaying system[54]. To be noticed, the design of

UAV’s trajectory should be a constrained trajectory optimization. Any unconstrained
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trajectory optimizations are vanishing the energy efficiency and become

energy-inefficient[52].
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Chapter 2

Literature review

The article[1] provides an outline of sustainable green 5G and introduces three
different paradigms, which is expanding spectrum availability, shortening Tx-Rx
distances, and boosting the spatial degrees of freedom, to enhance energy efficiency
(EE) through increasing spectral efficiency (SE). Firstly, a tradeoff between EE and

SE is introduced as figure 4 and formula (1) shown below.

D=PC1{ Pcz{ P[3

Figure 3. Fundamental tradeoff between EE and SE.

__ K*BxN+xlog,(1+SINR(d))

EE P (1)
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Where SE =K =B * N xlog,(1 + SINR(d)), K is the frequency reuse factor, B is
the signal bandwidth, N is the number of spatial beams or the spatial multiplexing
factor, P; is the consumed transmit power, P. is the circuit power, and d is the
distance of single link. SINR denotes the signal-to-interference-plus-noise ratio at

the receiver and will increase with the decrease of the distance of single link.

Secondly, millimeter wave (mmWave 30 to 300 GHZ) and Long Term Evolution in
unlicensed spectrum (LTE-U 5 GHZ) communications are two parts of spectrum that
could be used to expand the available radio spectrum for enlarging spectrum
availability by increasing the signal bandwidth. Besides, utilizing ultra-dense networks
(UDNs) as well as D2D communications are the effective approaches to boost the SE
by shortening the distances between Txs and Rxs. These methods could provide a
high spatial reuse factor and high-quality links. Furthermore, placing a huge number
of antennas at the base stations (BSs), by achieving multiplexing gain and array gain,
could increasing the spatial beams or spatial multiplexing factor’'s number, so that it
can achieve the goal. Lastly, there are two methods of energy harvesting (EH), such
as EH from renewable resources and from RF signal via wireless power transmission

(WPT).

For achieving a fundamental framework of green radio (GR), excepting for SE-EE
trade-off, there are three other trade-offs, deployment efficiency (DE)-energy

efficiency (EE) trade-off, bandwidth (BW)-power (PW) trade-off, and delay (DL)-PW
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trade-off[2]. The relationships of them with and without practical concerns are shown

in figure 5.

EE PW
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Figure 4. Four trade-off relations: (a) and (b) are ideal case; (c) and (d) are under practical concerns.

From shannon’s formula, the SE-EE relation, BW-PW relation, DL-PW relation, can

be expressed as formula (2), (3), (4), respectively.

_ n
Neg = (ZnSEs—El)NO (2)
L
P =WN,(2w ) (3)
P, = WNot, (28" ) 4)

Where ngz = log, (1 +WLNO) , Ngg = Wlog, (1 +WLNO) /(P), tbiw % ,
achievable transmission rate, P is the under a given transmit power, W is
system’s bandwidth and N, represents the power spectral density of additive white
Gaussian noise (AWGN). Those trade-offs provide opportunities to find the optimal

performance and lead to green evolution.
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For upcoming 5G and beyond, the UAVs could achieve a better performance in
reliability, latency, and power consumption aspects and this technology is testing in
many big corporations. In paper [6] it provides an overview of the structure of
UAV-enabled wireless communications and the channel characteristics of it. Besides,
it shows some important advantages of UAV-enabled system, such as cost-effective,
being swiftly deployed, useful short-range line-of-sight (LoS) communication, etc.
Furthermore, there are three typical use cases of this system, for example, the
coverage of UAV-enabled communication is wide, UAV can be used as relaying, and
it is more convenient to disseminate information and collect data. As for the
fundamental networking architecture of wireless communication with UAVSs, it can be
divided into two parts. One is control and non-payload communications (CNPC) link,
it supports the low-latency and highly reliable two-way communications, sometimes
with low data rate transmission requirements in all UAV systems. There are some
typical CNPC messages: One is telemetry report from the UAV to the ground, which
provide status of UAV, and real-time remote C&C and flight command update for
non-autonomous UAVs and (semi-)autonomous UAVs, respectively. Besides, there
are navigation aids as well as sense-and-avoid (S&A) related information, which is
necessary for UAV to travel with safety, and air traffic control (ATC) information
relaying[5]. Another is data link, which supports mission-related communications
between UAV-to-UAV and UAV-to-ground terminals. These links are achieved via
two channels, UAV-UAV channel, which is dominated by the LoS component, and

UAV-ground channel, which is complicated to achieve due to the environment with
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complex unknow factors.
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Figure 5. Fundamental structure of CNPC and data link.
It also presents several main design considerations. UAV deployment and path
planning are vital to design trajectory, and energy-aware deployment and operation
could make UAV become more energy saving. Besides, MIMO for UAV-enabled
communications would achieve several benefits of energy efficiency and security. An
optimal path planning may effectively shorten the communication distance and to
achieve the high-capacity performance. Besides, the limited onboard energy would
be the factor that affect the optimal plans, which can be fixed by two approaches.
Effective energy-aware deployment mechanisms for replenishment and
energy-efficient operation for minimum energy consumption are trying to address this
issue in cutting-down consumption and recharging perspectives. When utilizing
MIMO, one way is to acquire the spatial multiplexing gain and another way is to obtain
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the MIMO array gain[6].

For achieving the high-rate, low-latency and ultra-reliable performance, various
applications of UAVs are integrated into the existing cellular network. The
characteristics of cellular-connected UAV and its unique communication/spectrum
requirement are shown in paper [5]. It provides some design considerations, which
are different from conventional cellular communication system with ground UEs. For
instance, UAV system has 3D coverage, which has more dimension than terrestrial
system, so it also has its unique channel characteristics. However, these
characteristics make it has more troubles. Such as, a new aerial-ground interference,

and asymmetric uplink/downlink traffic requirement.

% Downiik ' E-"--

interference Uplink
Desired signal interference Desired signal

Figure 6. Interferences caused by characteristic of UAV-BS channels.

However, UAV system may be inevitably attacked by malicious eavesdropping. In
paper [8], it demonstrates how passive and active eavesdropping works to eavesdrop
the wireless communication. Resource allocation approach jointed with trajectory
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design arises to alleviate this issue by designing appropriate trajectories and
allocating parameters in UAVs resources. Besides, other two approaches, robust joint

design and artificial noise also work.

In paper [14], two algorithms are raised to maximize the energy-efficient resource
allocation by using Lagrangian optimization and gradient decent methods. The issue
of optimization of energy efficiency could be divided into two sub-problems. In UAV
positioning part, it optimizes the position of UAV, such as, the optimal distances and
elevation angles, to minimize the path loss of the air-to-ground channels, according to
ground node’s (GN) demand. In this part, 1 = [1; + 4,] as the vector of Lagrangian
multipliers is introduced and the value of A; can be simplified by introducing the
gradient decent method as follow:
2@+ 1) = [4(D) — Ay, (hymin — djcos(8))]* ®)
where 4;(i),j € {1,2}, is the value of 4; at the i*" iteration, A;; is the iteration step,
and [x]* = max(0,x). Another is energy-efficient resource allocation, the optimal
power and switching time could be determined by using the optimized positioning and
a closed-form expression, and subsequently, to achieve the energy efficiency. In this
part, the Lagrangian multipliers 9 = 0,¢ >0, > 0,¢; = 0,and ¢, = 0 are introduced
to formulate the lagrangian function and these variables can be solved by using the
gradient method as follow:
9 +1) = [0() — Ag(Pymax — P)]” (6)

G+ 1) = [() = A(Ttmax — D] (7)



e(i+1) = [e() — A1 —D]" (8)

@1(i+1) = [03() = B, (Ry (P T, 03,d) = Ty min)] " ©)

@2(i +1) = [@2(D) = A, Ry (P2, T, 03, d3) = Ty min)] (10)

where i is the iteration index, and Ay, A, A, A, and A, are the iteration steps.
After the simulation, the energy efficiency can be dramatically improved via these

resource allocation methods.

It also proposes a iterative algorithm to acquire an sub-optimal solution of the
nonconvex optimization issue of preventing UAVs from eavesdroppers in paper[15].
According to the result, this algorithm can effectively achieve the energy efficiency
when UAVs can keep their adaptive velocity and flexible trajectory, and

simultaneously, guarantee the secure communications.

In paper [54], it designs a UAV-enabled communication system, which has a UAV as
relay. The UAV works as a relay to communicate between the source and the
destination, and it aims to maximize the throughput of the system. In optimization part,
it divides the problem into two sub-problem and optimize those two problems
independently. The theory of Lagrangian optimization and successive convex

optimization are used in solving the problems.

Paper[52] shows different designs of UAV’s trajectory to achieve energy efficiency

maximization, such as unconstrained trajectory, general constrained trajectory,

20



circular trajectory. After simulations, unconstrained trajectory is energy-inefficient

compared to other two trajectories.
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Chapter 3

System model

3.1 motivation

To make sure the high quality of communication between two users and achieve a
maximum throughput of transmission, the UAV could be designed as a relay. Utilizing
the high mobility of UAV, it can travel between users. When the UAV gets close to a
user, it will transmit information or receive information. With a certain trajectory, the

UAV-enabled wireless communication system could be built.
However, what kind of trajectory is, when should the UAV transmit or receive

information, how to allocate resource and what the velocity of UAV is during the flight,

are still problems that need to be addressed[41]-[45].
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3.2 model of system

UAV (x[n, y[nl, H)

.userk (xx, V&, 0)

user2(xz,y2,0)

v

® userl(xy,y,,0)

(0,0,0)

Figure 7. A UAV relaying system between the source and several users.
As shown in figure 11, this wireless communication system includes a ground node
as source, a UAV as relay and some users. The ground node (GN) located at (0,0, 0)
and it transmits data to the relay UAV, flying at a constant altitude H. Assuming that
there is a data buffer inside the UAV, then UAV carries those data flying toward users.
When UAV gets close to or gets away from a user in a distance range, the user at
(%, Vi, 0) will receive information from UAV. If the time is not enough to completely
transmit data to user, UAV will hover above the user. The initial location of UAV is
(0,0,H) and the final location is (xg, yr, H). Hence, there is a complex trajectory from

initial location to final location when there are huge number of users. Besides, the

23



total duration T is divided into several time slot N. Then, the UAV’s location at every
time slot could be represented by (x[n],y[n],0). Thus, the time-varying distances
from the ground node to UAV and from UAV to users k € {1,...,K} at time slot
n € {1,...,N} can be expressed as[15],[46]-[48]:

dsg[n] = llq[n]ll* + H? (11)

drp[n] = V/llq[n] — qpll? + H? (12)
where q[n] = [x[n],y[n]]T € R?*! represents the horizontal location of UAV and
qr = [xr, yi]T € R?*1 represents the location of users. Assuming that both
air-to-ground channels are dominated by LoS links. Hence, the channel power gain at
time slot n from the source to UAV and from UAV to users can be expressed utilizing

a free-space path loss model [31]:

_ B _ Bo

horln] = Zo2m = Tamierm (13)
_ B0 _ Bo

hepln] = drp?ln] ~ llqin]—qpllz+H? (14)

where B, is the channel power gain per meter at reference distance. Thus, the data

transmission rate of these two channels are:

Rsg[n] = A(n) log, (1 + %)

= 200 log; (1 + ) (15)
Repln] = (1= () log, (1 ; M)

—(1— __Bslnlye
=(1 A(n))logz(1+”q[n]_qk”2+H2) (16)

where P,[n] and B.[n] represents the transmission power of the source and UAV,

respectively. o2 is the white Gaussian noise power. y, = % denotes the reference
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signal-to-noise ratio (SNR). A(n) is a binary variable. The source transmits data to

UAV when A(n) = 1, and UAV transmits data to users when A(n) = 0.

The power consumption of the whole system should be considered as follows. It can

be divided into two parts, communication power and flight power consumptions. The

flight power consumption for could be expressed with velocity
T

vin] = [v[nl v, [n]| € RZ¥1[57]:

= 3 C2
Pflight[n] - Clllv[n]” + llvnlll (17)

where c¢; and c, are two parameters related to UAV’s weight, air density, etc. Thus,

the total power consumption of the system is:

Protar = Priigne + AP + (1 — A(n))P;

= 2o (P + 250) + A Zhey Al + (1= AM) IR (18)

Thus, the energy efficiency of this system in bits-per-Joule (bits/J) could be

expressed as:
nE = ;-2 (19)
where B denotes the channel bandwidth. In this system, UAV can only transmit
data after receiving data from the source. Hence, the information-causality
constraint could be achieved as[53]-[54]:
N Rgpln] < XN_iRepln],vn e {1,...,N} (20)

Then, the system energy efficiency formula could be rewritten as:

1N K Ps[nlyo
B=)mn= _1(1-A(n)) o 1I+——
§Zn=1 2iea(1-2m) 92< ||q[n]—qk||2+H2>

nkE =

1yN
Nzn=1 Ptotal
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Chapter 4

Problem formulation

To maximize the energy efficiency of this model system, it is necessary to optimize
the user scheduling, power allocation, flight velocity and UAV’s trajectory[50]-[52].

Then, it can be formulated as the following optimization problem:

maximize

(PL) Al ps[nl py ], qlnl,v[nyy  "E

N N
s.t.C1: 2 Rep[n] < Z Reg[n],vn € (2, ..., N},
n=1 n=1

c2: L3N-iamIn[n] < By 1ENZIA - AlnDRn] < B,vn,

€3: A[n] € {0,1}

Ca: (xln + 1] — x[n)? + v + 1] — y[al)2 < V2,
vne{01,..,N -1}

€5: o[l < Vygr, v

c6: ql0] = o,

C7: q[N] = qp,
where C1 and C2 define the UAV’s initial and final locations, respectively. C3
shows that UAV can only transmit data after receiving data from the source. In C4,
P, and P. represent average power limits at the source and UAV. C5 makes a
velocity constraint that velocity at each time slot will not exceed a constant V and
C6 also limits the velocity change[wenxian6]. A[n] is a binary variable which is 0 or

1 in C7. However, (P1) is a non-convex problem, which cannot be solved by

conventional convex optimization methods. To address this problem, the problem
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can be divided into two sub-problems[55]. We aim to optimize the power allocation
ps[nl, p-[n] and user scheduling A[n] with fixed trajectory q[n] and velocity v[n]
in sub-problem 1. And then in sub-problem 2, we aim to optimize the trajectory q[n]
and velocity v[n] with feasible power allocation ps[n], p,.[n] and user scheduling

Aln] [15], [54].

4.1 Sub-problem 1 with fixed trajectory and velocity

In this part, we aim to optimize user scheduling and transmit power allocation. And
we introduce two variables P;[n] = A(n)B[n] and B.[n] = (1 — A(n))P:[n] to solve
this problem easily. Then, the sub-problem formulation could be expressed as

follows[54],[55]:

maximize B N Yn=1X81 Replnl

(P1.1) @[], palnl.pr[nl} ~ Iy
N n

=1 p totat[M]

N N
s.t. Cl: Z Repln] < Z Relnl,vn € (2, .., N},

Yo
llgln]—qyll2+H?

Rrpln (1 —A(n))logz(

where h[n] =

P[nlh[n] ) Vi
(1-2m))’

. B Cy - -
Petaalm) = (eallV P + i) + Blnd + B[], v

Then we can start to tackle this fractional-form objective function by applying the

iterative Dinkelbach method[15]. First, let q; be the maximum energy efficiency
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result of the objective function (P1.1), then the formulation can be expressed as

follows:

Rrp(Pr[n]A*(n)) maximize Rrp(Br[n]A[n])

Peotar(B[nlBr[n]) — {A[n], Bs[n], B[]} Protar®sn]br[n)) (22)

qi =
where 1*(n), P;[n], P*[n] are the optimal user schedule, power allocation of the
source and UAV, respectively. The optimal value of q; could be achieved if and
only if the function equals to zero[54]. Then, the fractional form objective function

could transform to a subtractive form:

maximize Rrp@r[n]An])  _ (23)
{/1 [n]; ﬁs [n]l ﬁ?‘ [n]} Ptotal(@s[n],pr[n])

= Rep (Br[n], A[n]) = q1Protar(Psnl, By [n]) = 0 (24)

for Rgp(Pr-[n],A[n]) =0, Piora(Psnl, pr[n]) = 0. Hence, the sub-problem 1 (P1.1)

(gAlgol)

N could be used

could be solved using this method by g4!9°1-th iteration and q

to acquire the optimal A[n], ps[n], pr[n]:

maximize 1
[n], Bs[n], Br[n]} v

s.t. C1~C3

- Algo1 1 -
Zg=1 Zf=1 Rgpln] — ql(g );Zg=1 Peotar [1]

{2 psln] B[]} = arg

(gAl901)  Rep(Br[n]An))

= ntil
1 Piotal(Ds[n],pr[n]) u

For each iteration of Dinkelbach method, updating q

convergence or g4l9°l = G,flffﬁfl. This can be solved by using numerical convex

program solvers. In this case, CVX is our first choice[15],[52].
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4.2 Sub-problem 2 with fixed user scheduling and power

allocation

In this part, the user scheduling and transmission power allocation are given. Hence,

the problem (P1) can be transformed by introducing a slack variable u,[n] as

follows:
lenv vk 5
(P12) maximize B N2n=1 Yt=1Rrp(n]
' nl,v|n 1
talrh vl Lon pyyyln]
s.t.C4~C7
N N
C1: Z Rep[n] < Z Rsr[n],vn € {2,...,N},
n=1 n=1
8: llq[n] — qill* + H* < wy[n], Vk,
= 8
where Rrp[n] = (1 —A()) log, (1 + ?["n]),

6o = Pr[n])/o,

We should solve the objective function because both the denominator and the
numerator are non-convex function[15]. For both numerator and denominator
functions, we could find the lower bound of data rate Rpp[n] and total power
consumption P,:q;[1] utilizing successive convex approximation (SCA). Firstly,

we handle the data rate as follow:

_ _ 5 (l—l(n))é‘o<uk[n]—ul(€jAlgoz)[n]>
Rep[nl = Rpp,,[n] = (1-2(m)logx | 1+ (]-AZQZZ) T T(jAlgor) (jAtg02) vk (25)
u, [n] u, [n](uk [n]+60>1n2
(jAlgoz) . . . . Aldo2 . .
where u; [n] denotes the feasible solution of u,[n] in the j*‘9°4-th iteration.

Then, the problem could be solved by convex program solver. For the total power
consumption[52], we could use the same method. However, we should find an

equivalent function as follow:
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Protaaln] = Zas (callvlnllP +25) + AG) oy Blnl + (1= 2) Zho Bl (26)

5.t.C9: ||v[n]||? = V?[n], Vn,

€10:V[n] = 0, Vn,
where V[n] is a slack variable. Then, as ||v[n]||? is differentiable, we should tackle
the non-convex constraint €9 with acquiring the lower bound of it in the j(4!9°2)th
iteration:
olnll? 2 [[o 2 ]| = 2 [/ [ (vln] - /" 1) (27)
Now, the lower bound of sub-problem 2 (P1.2) could be obtained by acquiring the
lower bound of data rate and the equivalent form of total power consumption. Then,

we could solve (P1.2) with its lower bound by solving the following problem[56],[57]:

1 _
maximize B Nzg=1 Y1 Rrp p[n]
(P1.2°9)
) ucln] vinl Vinl}  Lew 5
N &n=1 " total [n]
s5.t.C4~C7,C10

C8: |lq[n] — qill” + H? < w[n], vk,

co: [|[vr e || - 2 |7 | (vld = v/ 1) = V[, v,
After transformation, (P1.2¢9) satisfies the requirement of convex optimization, then
we still utilize the iterative Dinkelbach method[15]. The optimal value g; could be

obtained if and only if:

{q[n]’ZC[lrf]ilr:lj[ie]' V[n]}ERD_lb (w[n]) = @3 Prora(v[n], VInl)

= Rgp,, (ug[n]) — @3 Protar(v*[n],V*[n]) = 0
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Hence, the sub-problem 2 (P1.2) could be solved using this method by j49°2-th

.Alogz
iteration in inner loop and qgj”’"e’") could be used to acquire the optimal

q[n]luk [TL], U[TL], V[TL]:

N K N
imi 1 _ i 1 =
{aln) ) vl Ving) = arg gy " 2SS R ol - 0L B

5.t.C1,C4~C10

After the inner loop convergence, to acquire the tighten bound, we could still update

{ ], w, [n]7 "%, v[n ]JAlgoz,V[n]fAlgoz} in the main loop and obtain results

when the main loop convergence is true or jAl9o2 = 41992 [56]
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4.3 Overall solution of sub-problem 1 and 2.

In this overall solution, we name it as algorithm 3. To start it, we should set the
maximum number of iterations L;ifgfand the maximum tolerance e¢. Firstly, we use
the algorithm 1 for sub-problem 1 to obtain result g;and A[n], ps[n], p,-[n]. Secondly,
we use the given result and the algorithm 2 for sub-problem 2 to obtain the
sub-optimal result g, and gq[n],v[n] . If ¢, — ¢, (") <& | then
convergence is true and those results we got are the optimal results[54]. If there is

not a convergence, then continue the iteration until convergence is true or meets the

maximum number of iterations[15].
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Chapter 5

Numerical results

After simulation by using CVX, we obtained performances of optimizing the resource
allocation and UAV’s trajectory in this part. The simulation value settings are
summarized in table 1. Figure 8. shows the convergence of the algorithm after
iteration. Besides, we increase the induced power in hovering status as comparison.
When the induced power in hovering status increases, the energy efficiency will
dramatically reduce and will use more iterations to converge. We can notice that the
proposed algorithm converges within 8 iterations. Hence, using more power in

hovering status will have adverse impacts on the performance of energy efficiency.

Notations Simulation value Notations Simulation value
K 3 N 50
Vinax 50 m/s P; 790.67/2370 W
t [250;150] m t [50;400] m
ts [100;450] m to [0;0] m
tr [500;500] B 1 MHZ
12 1W Z TW
GAlgol
H 100 m max 10
Algo2 LAlgo3
max 10 max 8

Table 1. Simulation value settings
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Figure 8. Energy efficiency under proposed algorithm in different induced power in hovering status
versus number of iterations.
In figure 9. it shows the trajectory of UAV under proposed algorithm to transmit data
to multi-users between q, =[0;0] and qr =[500;500]. The location of user1,
user2 and user3 is [250;150], [50;400], [100;450], respectively. When the UAV
gets close to users, the velocity of it will become low and even in hovering status.

When it far away from users, the velocity becomes high[15].
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Figure 9. The trajectory of UAV under the proposed algorithm.

500

Thus, the algorithm1-3 are both convergence and the optimal solution of UAV’s

trajectory and the maximum of energy efficiency is obtained.
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Chapter 6

Conclusion

In this report, we proposed an algorithm to solve a non-convex problem, which is
trying to boost the energy efficiency in UAV-enabled wireless communication system.
Specifically, we optimized resource allocation strategy and trajectory of UAV. After
optimization, the UAV, as a relay, could work energy-efficient to transmit data
towards users at different locations. This also can be proved by numerical results,
which show the fast convergence of energy efficiency and optimal trajectory of UAV.
Thus, the system under this optimal solution can achieve a superior

performance[55]-[57].
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Appendix

The algorithm1-3 | used in this paper are referenced to algorithms in paper[15], which are as

follows:

Algorithm 1 Proposed Algorithm for Solving Sub-problem 1

I: Initialize the maximum number of iterations Gﬁ,]ﬁﬂ

2: Set the energy efficiency q&m = 0 and the iteration index g™#°1 =0
3: repeat {Main Loop}

Algol )

4 Solve (18) for a given qsg and obtain resource allocation
{A(gﬁlgulJT‘ﬁ(gﬂ|KU1}
1. - Algol Algol — - Algal
5. if RGAW™M™D U)o E D ppleTTy £ ¢ then
6: Convergence = true
. i i - (ghlsely = (g AlEoly
7 return {aj[n], p} [n]} = {A Y } and
8 B H(A(QAIgUI},E(gAlgUIJ}
: a1 = PP
9:  else B
10- Set g.l'\lgul — gAIgol +1
- {gﬂlgul-’ _ R[Atgﬁlgmjsz_fgﬁlgol])
: 4 P“_J(y.au;ul})
12: Convergence = false
13: end if

peaps «Algol
14: until Convergence = trueor y""]ﬁm = Gpie
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Algorithm 2 Proposed Algorithm for Solving Sub-problem 2

I: Initialize the maximum number of iterations Jyax

Algo2 jAIgoﬂ
“inner, max

2: Set the energy efficiency qgm = 0 and the iteration index jA'2°2 = ()
3: repeat {Main Loop}

4:

5
6:

e

13:
14:
15:

16:
17
18:

19:
20

21:
22
23: until Main Loop Convergence = trueor j

Set the inner loop iteration index j,‘:,l,,“;z =0

repeat {Inner Loop} G
Ao
Solve the problem in (fl?'} for a given q.i'“""’ and obtain trajectory
and velocity {TUinner ), Uliinner ), Yinner ), T inner )}

AlRD
i{“fg(g(-'iltl:ui?]} — qgjll::urzlIJUB(E(J,-":::I;!j‘I(JI:I"K;ﬂ')) e
then

Inner Loop Convergence = true

CAlgol . Algo2 L Algo2 ;Algol
return {I‘(J".m X E(Jlmﬁlr ), E(Jllllfur }} and qumnu: )

else
Algo2 _ .Algo2
S‘xilinnur = Jinnor + 1 Jm‘fﬂ
(J'".ha:rzl . R Yinnor 1
q2 = Algod

PUB{}{Uﬁt:ﬁﬂ:}, Hnnar ]:u
Inner Loop Convergence = fal
end if % a1
until Inner Loop Convergence = trueor jj #7% = J#02
Ao Algo2
irgld }—qé’ 1) < € then
ﬁlain Loop Convergence = true

m‘“m if[n‘J'V[ﬂ}} - {I(:‘ﬁimlﬁ}' H{J—ﬂlﬂwz}l Z{I‘J\IR\IQ}} md
Algo

@ = a5
. Algo2 Algo2 Algo2
Set jAIOD = jAIOD 1 (TR g GAE?) YAty o
- (1 . ] b o T ” Algo
LIFJ;}II#MQ}‘ H(J;:I'ﬁ'f)' E{J:hl'f"rn:l} H.l'ld "JEM“ 2) = Q£J|hnl-|r
ain Loop Convergence = lalse

end if Algo2 _ thlnl}‘u?

Algorithm 3 Overall Algorithm for Solving Problem (10)

Algod

I: Initialize the maximum number of iterations Lypax and the maximum
tolerance ¢ — 0
2: Set the iteration index [A1#93 — () and the initial trajectory {t[n], v[n]}

3: repeat ) )

4:  Using Algorithm 1 obtain the optimal result g, {a} [n], p}[n]}

5:  Using Algoriillm 2 obtain the sub-optimal result g2, {tn], v[n|}
: " {‘Algu ) “hlguil_l]

6: ifgq -y < ¢ then

T onvergence = true

8

10:
11:
12:

return. o} *[n] = o} [l }"[n] = B} [n), "] = ], v*n] =
. e
vin), and ¢* = q§

St 1Alo3 _ Akeos .
Convergence = false
end il

13: until Convergence = true or [A1293 — L#&m
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