Energy Efficiency and Hover Time
Optimization in UAV-Based HetNets

Sidra Tul Muntaha

2016-NUST-MS(EE)-8-00000172326

Supervisor
Dr. Syed Ali Hassan
Department of Electrical Engineering

A thesis submitted in partial fulfillment of the requirements for the degree

of Masters of Science in Electrical Engineering (MS EE)

In
School of Electrical Engineering and Computer Science,
National University of Sciences and Technology (NUST),

Islamabad, Pakistan.

(October 2019)



Approval

It is certified that the contents and form of the thesis entitled “Energy
Efficiency and Hover Time Optimization in UAV-Based HetNets”
submitted by Sidra Tul Muntaha have been found satisfactory for the

requirement of the degree.

Advisor: Dr. Syed Ali Hassan

Signature:

Date:




i

Committee Member 1: Dr. Fahd Ahmed Khan

Signature:

Date:

Committee Member 2: Dr. Hassaan Khaliq Qureshi

Signature:

Date:

Committee Member 3: Dr. Rizwan Ahmad

Signature:

Date:




Abstract

In this dissertation, we investigate the performance of downlink transmission
link in a three-tier HetNet. Our goal here is to enhance the edge capac-
ity of a macro cell by deploying unmanned aerial vehicles (UAVs) as fly-
ing base stations and small cells (SCs) for improving the capacity of indoor
users in scenarios like temporary hotspot regions or during disaster situations
where the terrestrial network is either insufficient or out of service. UAVs
are energy-constrained devices with a limited flight time, which makes it vi-
tal that we utilize that energy in the most optimum manner. Our approach
here is to formulate this as a two layer optimization scheme, where we first
optimize the power consumption of each tier for enhancing the system en-
ergy efficiency under the minimum QoS requirement, which is followed by
optimizing the average hover time of UAVs. We can find the solution to
these nonlinear constrained optimization problems by first utilizing the La-
grange multipliers method and then implementing sub-gradient method for
obtaining convergence. The results show that through optimal power alloca-
tion, the system EE improves significantly in comparison to when maximum
power is allocated to ground users. The hover time optimization results in

increased flight time of UAVs thus providing service for longer durations.
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Chapter 1

Introduction

Over the past few years, the demand for higher data rates and uninterrupted
data communication has radically increased. The number of data users are
increasing enormously with each passing year. With the latest research and
development in 5th Generation (5G) technology, we appear to be achiev-
ing that milestone sooner than expected. Unmanned Aerial Vehicles (UAVs)
have become very popular lately. UAVs provide cost-efficient and easy to im-
plement solution for improving data rates of ground users. Small Cells (SCs)
are low-powered base stations which provide high data rates for indoor users
and to users in a small region. But dense deployment of SCs comes at the
cost of increased interference. If a Heterogeneous Network (HetNet) is formed
consisting of Macro Base Station (MBS), Unmanned Aerial Vehicles (UAVs)
and Small Cells, then optimizing it can result in better system efficiency and

extended network coverage [1-3].
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1.1 Heterogeneous Networks

With the versatility in data demand, heterogeneous networks can provide bet-
ter energy efficiency of the system as compared to homogeneous networks.
In homogeneous networks, the entire network consists of similar base sta-
tions with one tier complexity. This energy can be wasteful where user data
demand is minimal. We can make an energy efficient system by exploiting
the heterogeneity of multi-tier networks. Low-powered base stations can be
deployed where user demand is less and hence improving overall network per-
formance [3] and [6]. The system model defined in this thesis is a three-tier
heterogeneous network (HetNet) consisting of macro base station (MBS),

unmanned aerial vehicles (UAVs) and small cells (SCs).

1.2 Unmanned Aerial Vehicles

The emerging trend in 5th Generation Networks is Unmanned Aerial Vehicles
(UAVs). UAVs are gaining popularity mainly because of their agility, effort-
less deployment, and ability to make LoS connections with ground users, thus
giving better data rates than terrestrial cellular networks [1] and [4]. UAVs
have vast applications as they can utilize their ability to provide coverage
to users based on their locations by hovering over the area with denser user

distribution, hence superseding the performance of terrestrial base stations.
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1.2.1 Applications of UAVs

Apart from the extensive applications in navigation, Internet of Things (IoT)
and Wireless Sensor Networks (WSN), UAVs have vital applications in pro-
viding network coverage during disaster situations and crowded regions when
the traditional infrastructure is either not operational or adequate to cater
for the needs of all users [1], [2] and [4]. During disaster situations like
earthquake, when either the whole communication infrastructure is down or
some of the base stations are out of work, then UAVs can provide coverage
to users under such scenario. UAVs can form backhaul network in case of
severe damage to terrestrial network and they can also work as relay between
two base stations. Drones have the advantage of making better LoS connec-
tions than MBS or SCs. They can be used to enhance the edge capacity
in a macro cell tier. The users on the edge of the cell get lower data rates
due to increased path loss and signal attenuation. UAVs can provide on-
demand service to users which are in outage. And in hotspot regions where
terrestrial network is not enough to accommodate the increased number of
users, UAVs can provide economical and reliable service to ground users [1].
In wireless sensor networks (WSN), a reliable and a low latency uplink con-
nection is required for effective transmission of gathered data from sensors
to control center. UAVs act as low-powered base stations and they provide
better data transmission due to their ability to make LoS connections [7].

Different applications of UAVs are shown in Fig. 1.1.
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Figure 1.1: Applications of UAVS: (a) UAVs in disaster situations. (b) UAVs
in WSNs. (c) UAVs acting as backhaul and relays. (d) UAVs for improving
edge capacity in macro cell tier.

1.3 Small Cells

Despite the increase in data demand, the available spectrum is exhausted,
and it cannot be further enhanced in efficiency. We need a larger spectrum
to cater for the increasing data requirements. But as the frequency increases,
the signal propagation decreases. But higher frequency translates to higher
data rates. Small cells (SCs) are low-powered base stations having small
range and providing higher data rates. SCs are used to enhance and extend
the edge capacity of macro cell tier. SCs are used specifically for indoor users

[8].
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Figure 1.2: Small cells extending coverage of macro cell.

1.4 Challenges in UAV-Based HetNets

Unmanned Aerial Vehicle deployment as a base station has many challenges
of its own. In a heterogeneous network, the UAV deployment as a separate
tier under macro cell tier poses its own challenges. In a HetNet, managing
the overall system energy efficiency, the hover time management of UAVs

and the interference caused on all three tiers are some of the few issues [1].

1.5 Motivation

In the last ten years, the number of mobile users has drastically increased,
and hence the demand for data. Everything revolving around our lives is
connected to internet in some way. The terrestrial networks have a limited
bandwidth and capacity for serving the growing number of users. Also, with
the increase in high rise buildings and population density, the edge users do
not get adequate cell coverage. In a multi-tier system, each added tier can
enhance the capacity of terrestrial network. Small cells are there to increase
the coverage of indoor users. While UAVs have multiple purposes, they can

be deployed on-demand in certain disaster scenarios, in crowded places and
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to enhance the coverage of edge users. The motivation behind this thesis is
to improve the overall system energy efficiency and hover time of UAVs in a
three-tier heterogeneous network consisting of macro base station, small cells

and UAVs.

1.6 Thesis Organization

The remaining part of the thesis is organized as: In chapter 2 the relevant
review regarding Heterogeneous networks, Unmanned aerial vehicles, small
cells, EE and hover time of UAVs is discussed. In chapter 3, system model is
presented along with the problem formulation. And then later in chapter 3,
we present the optimal power allocation schemes for the HetNet and hover
time optimization for UAVs. Chapter 4 presents the simulation results and
discusses the outcomes. Chapter 5 conclude the thesis along with giving a

way forward for the future work in the related area.



Chapter 2

Literature Review

The popularity of unmanned aerial vehicles (UAVSs) is increasing due to its
vast applications. UAVs have the capability of making better line of sight
connections as compared to terrestrial base stations. UAVs can be easily
deployed hence can be beneficial to provide network coverage in the case
of disaster and emergency information dissemination scenarios. A lot of
work has been done this field. UAVs face several key challenges such as 3D
deployment of UAVs, Air-to-Ground (A2G) channel modeling, performance
analysis, hover time optimization and energy efficient operation of UAVs [1].

In this chapter, a summary of the relevant literature review is presented.

2.1 3D Placement of UAVs

The authors in [9], has taken into consideration the power efficient deploy-
ment of UAVs in an all-UAV network. UAVs are deployed in such a way as

to minimize the power consumed by the UAVs while satisfying the users’ rate



CHAPTER 2. LITERATURE REVIEW 8

requirement. The authors in [10] deploys UAVs in such a way as to maximize
the coverage area and service maximum number of users while minimizing
the power in an all-UAV network. UAVs are used as flying base stations in
this work. The work in [11] focuses on deploying UAVs on need basis in case
of crowd scenarios. By creating a heterogeneous network in which UAVs act
as flying base stations to augment the network coverage. In [12], UAVs are
put on standby on a microcell, and they are flown to the desired location to
provide coverage to the macro cell users in case of outage or to improve data
requirements. The authors in [13] deals with the 3-D placement of UAVs in
order to enhance network capacity of terrestrial networks. UAVs are typi-
cally designed for servicing outdoor users. But in [14], UAVs are placed in a
manner to provide coverage to indoor users in a high rise building when the

terrestrial network is out of service.

2.2 Air-to-Ground Channel Model

The traditional channel modeling for terrestrial networks is not suitable for
UAVs, due to factors like mobility, varying altitude and distinctive power
constraints. Therefore Air-to-Ground (A2G) channel models are formed for
the operation of UAVs. The authors in [15] describe what all factors effect the
A2G channel model as shown in figure below. The probability of having line
of sight (LoS) and non-line of sight (NLoS) signals depend upon the environ-
ment, small-scale and large-scale fading, shadowing, and most importantly

height and placement of UAV.
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UAV
TX/RX

GS  Ground reflected path Scatterers

TX/RX

Ground level

Figure 2.1: Air-to-Ground signal propagation using a UAV.

2.3 UAYV Performance

The authors in [16] discuss the performance of UAVs when they are used
as flying base stations (FBS). FBS are proven to provide enhanced perfor-
mance as compared to ultra-dense fixed small base stations. The authors
have considered the mobility of users as well as the variation in their data
requirement, to get more realistic results. Which hence makes the FBS a far
better choice than static base stations. In [17] the authors investigate the
effect of offloading user data from ground base stations to UAVs in case of
crowded situations and show that the overall data delivery improves this way.
In [18-30], the UAVs acting as flying base stations are repositioned so that
the spectral efficiency of the network increases. When UAVs are repositioned
according to changing user locations, then there are better chances of LoS

connections and fewer packet losses.
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2.4 UAYV Hover Time

In [2], the hover time of UAVs is optimized through efficient cell partitions of
UAVs in an all-UAV network. Cells are formed on the basis if user density, so
that user fairness is obtained. The area with high user density gets smaller
partition and vice versa. This way the UAVs hover on their respective par-
titions for almost equal times. The work in [19] and [31-40] is very similar
to the one in [2]. In this paper, flight time is optimized through optimally

partitioning cells of UAVs to ensure load fairness among users.

2.5 Energy Efficiency Analysis in UAV-based
Networks

In [7], UAVs are deployed as flying base stations with the purpose of collecting
data from the Internet of Things (IoT) devices. This kind of network requires
an energy efficient system, so that UAVs can operate for longer durations.
The authors in this paper have adopted several techniques to make this an
energy efficient system by optimizing the deployment, mobility, trajectory
and power of UAVs. Due to optimal placement and mobility of UAVs, the
UAVs as well as the IoT devices consume much less power. The authors in [5]
have considered a HetNet comprising of three tiers that is macro cell, small
base stations (SBSs) and UAVs. Ultra-high frequency (UHF) band is used
for macro cell and UAVs, while SBS utilize the millimeter wave (mmWave)
band. The number of UAVs and SBSs are fixed. In this paper, the authors

have enhanced the energy consumption of the system and power is optimized.
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In [19], the system in which UAVs are being used as FBS is made energy
efficient by optimizing the trajectory of the UAVs in an all-UAV network
[41-50].

To the best of my knowledge, no work has considered energy efficiency and

hover time optimization of a multi-tier UAV-based heterogeneous network.



Chapter 3

Implementation

3.1 System Model

Consider downlink transmission in a multi-tier HetNet consisting of k tiers
such that k e K = {m,u,s} where m is for an MBS, u € {1,2,...,U} UAVs and
se{1,2,....,5} SCs placed randomly in a geographical area which has N users
distributed according to a random distribution. There are a total of M base
stations such that My e M = {M,,, M, M} where k e {m,u,s}. All three tiers
are operating on ultra-high frequency (UHF) band where each tier k shares
the same bandwidth B with the other two tiers. The bandwidth B is divided
into L subcarriers and exclusive subcarriers are assigned to each user within
a tier k, hence no co-tier interference exists but the cross-tier interference is
present. The user coordinates are given by (z,, Y, 2,) where n e {1,2,....N}.
The location of MBS is denoted by (Z,,, ¥ ), while the locations of SCs are
denoted by (z;, ys,) where j e {1,2,...,5}. The UAVs’ locations are given by

(Tujs Yujs Puj), where h, j represents the altitude of UAV and je {1,2,...,U}.

12
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7, represents the hover time of j* UAV base station. Hover time is the time
that a UAV consumes while making connections and transmitting data to the
users. Optimizing hover time extends the total flight time of UAVs. Each
base station has a maximum power of P,/ for j e {1,2,....,M} where M ¢
M.

" user associated with 5% base

The path loss equations as given in [3] for n’
station of MBS tier k,, and for n* user associated with j#* base station of SC

tier k, are respectively given by

4
PL, " [dB] = zozoglo< ch ) + 10alogio(dy) + ¥ (3.1)
ks 47ch
PLy,*[dB] = 20logio( =) + 108loguo (d:) + (3.2)

where o and ( are the path loss exponents for MBS and SC tiers respec-

tively, f. is the carrier frequency, and ¥ is the log normal shadowing vari-

h

able. Whereas d; is the distance between n'* user and j** BS of tier k,, while

h

dy is the distance between n user and j* BS of tier k, and are given as

dl = \/(xm - xn)2 + (ym - yn)2 and d2 == \/(Z’S’j - IL‘n)2 + (ys,j - yn)Q respec-

tively.

The path loss equation for UAV tier k, as given in [2] and [4] for n'" user

associated with 5 BS is

P Ly, = Kod® (Pros nfiLos + PNLos n/NLos ) (3.3)

47I'fc

2
p ) , MLos and pnros are the additional attenuation factors

where k, = (

h

for LoS and NLoS connections, and d is the distance between n'* user and
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7" BS of tier k, and is given as d = \/(xuj - l’n)2 + (yu,j - yn)2 + hu,f. The
probability of having LoS and NLoS connections depends upon certain factors
like elevation angle between user and UAV, the atmospheric effects and the
position of UAV with respect to users. The probability of LoS connection is

given by
1

1+ aexp( — b[f — a]) (3:4)

PLOS,n =

where a and b are constants to incorporate the atmospheric effects(rural,
urban, or dense urban etc.). The angle of elevation € is given by 6 =

180 i =1 (s
7TSlIl (d

). UAV forms better LoS connections when the angle of eleva-
tion is 90°, but as the value of 6 decreases the probability of LoS connections
decreases as well. Also, the probability of NLoS is given as Pnros = 1 — Pres-

Each user associates to a BS of any tier k£ ¢ K based on the maximum

received power given as

Prn,jk[é] =

(3.5)

where P,/ is the maximum transmit power of any ;% BS. The achievable
rate between user n using subcarrier £ and j BS of tier k € K = {ky,ky,ks}
is

Rn,jk[f] = BglogQ(l + 'yn,jk[é]pn,jk[é]) (3.6)

where By is the bandwidth assigned to each subcarrier. Considering that the
total bandwidth that each BS gets is B and the total number of subcarriers
available to any BS are L, then B, = %. The transmit power of user n using

subacarrier ¢ associated with 5 BS is p, *[¢], and ~,,;*[¢] is the channel-to-
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interference and noise ratio which is given as

| o 10
N By + Inyjk[f]) PLWJC

|2

Vnyjk[f] = ( (37)

R, 1¢] !2 is the squared envelope of multipath fading,

In the above equation,
N, is the thermal noise power, and PL,, ;* is the average path loss between user
n and j BS. I, *[¢] is the total cross-tier interference caused on subcarrier
¢ of user n associated with j%* BS of tier k& which is being shared by a user
associated with any other two tiers. The interference caused on subcarrier ¢

is given by

My Ni L

Lm0 =333 0u 1pa 1on 1] (3-8)

keK j=1 n=1 (=1
kZko

where o, #[¢] = 1 if the subcarrier is being shared by any other user, oth-

|t

erwise o, f[(] = 0, and p, [{] is given by p, *[f] = pr, 7 Bach user

consumes a circuit power equaling to P. when a connection is established

between user n and j%* BS. Total system power can be calculated as,

M, N Ly

Ptotal = Z Z Z an,jk[e] + (N X PC) (39)

keK j=1 n=1 (=1
whereas the system EE is defined as

My N Ly

>3 Y > Rl

keK j=1n=1/¢=1
My Ny Ly

322 2 > a1l + (N x Pe)

keK j=1n=1/¢=1

EFE =

(3.10)
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3.2 Problem Formulation

The proposed methodology here is to optimize the power consumption of each
tier simultaneously hence forming a sub-optimal system which will lead to
the optimization of hover time of UAVs. Optimizing hover time will enable
us to provide service to more users and for a longer duration. Power of
each tier is optimized so that the system energy efficiency can be increased.
Each user n associates to the tier £ which reduces the cross-tier interference
caused by the other two tiers on user n. The EE of each tier is optimized
by putting a constraint on the maximum transmit power P,/ of the j** BS,
minimum rate requirement R,,;, of user n, and a threshold on the cross-tier
interference caused on user n associated with 5" BS of tier k caused by the
users associated with other tiers. The power of each tier is optimized to form

an energy efficient system.

3.2.1 Power Allocation for MBS Tier

The objective equation for solving the EE optimization problem for MBS tier

is formulated as

M, Ny, My, Nk,
maXEE:maX{ Rn-’w—( Png™ [0 +(N><PC>], Ve
Pn,j Pnj ; ; 1] ; ; Pl )

(3.11)
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under the constraints

My, Ny,
Z an,jkm [6] S Pmaasj) Vg
j=1 n=1
Roi"[0] > R, Vn,j (3.12)
My Ny

SN 0 s o 1) < Tl Ve

ke K j=1 n=1
k#km

where the first constraint puts limit on the total transmit power of users
associated with 7 BS, the second constraint ensures the minimum rate re-
quirement of user n, and the third constraint puts a limit on the interference
experienced by the user.

We solve the above optimization problem through the Lagrangian func-

tion which is given as

My, N, Lk, My, Ny, Ly,
L(p, o, A, @) = ZZZB[ZOQQ 14+7n,; '”[ Pnj m < Zzpn] m
j=1 n=1 /=1 j=1 n=1 ¢=1
My, Ny, My,
H(NxP,) )+Z > iy ( Z Bylogs (147 [(]ps,10]) —Rmin> +3 N (PWJ‘
1 n=1 =1
N, Lkm] Ly My Ny ’
=SS e 1) o (Tall = 30 DY 0n st 1 10en, 1)
n=1 (=1 (=1 keK j=1 n=1
Ktk
(3.13)

The above Lagrangian function is solved as two sub-problems. Firstly
the optimal power is calculated by applying the KKT (Karush-Kahn-Tucker)
conditions and then solving the Lagrange multipliers through the sub-gradient

method. The partial derivative of the Lagrangian function with respect to
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the power is given as

8£(p7l'l'7A7 ¢>

=0, 3.14
pms (3.14)

which results in the optimal transmit power p,, j*"[¢]* for user n of MBS tier.

(1 + ftn;)Be 1 r
4]

- 3.15
L+ X)) + depnf 0] In2 (3.15)

Pl = |
where [a]t = max(0,a). The Lagrange multipliers p, A, and ¢ can be com-

puted using sub-gradient method and are given as follows

+
(i 1) = [un,ju) — (R [f] - Rmm)] |
Nkm Lkm

N(i+1) = [Aj () = co(Prs’ =33 pas™ [M , (3.16)

doli + 1) = {qsé(i) A ZZan,/‘“[ﬁ]pn,ﬁ[ﬁ]pn,/“[ﬂ)} :
k];flgn j=1 n=1

where c1, co, and c3 are the step sizes for updating Lagrange multipliers until
they converge and 7 is the iteration number.

The algorithm for MBS power allocation scheme is given below:

Algorithm 3.1 Power allocation for MBS tier
Input: fin,j, A, @¢, Be, pu g IL), v g™ 0],
Output: p, ;/[(].
Set pin; =N = ¢r=0.01, ¢c; =co=c3 =001, i =1, Gy = 10°
while (i, ;, A;, and ¢y have not converged or ¢ < iy, do
Calculate p, ;*[] from (3.15).
Update fin, 5, Aj, and ¢, from (3.16).
end while
End
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3.2.2 Power Allocation for UAV and SC Tier

The power allocation for UAV and SC tiers is optimized in a similar way as

the MBS tier. The optimal transmit power for UAV and SC tier is given as:

(1 + ,un,j)BE . 1 *
(L4 X)) + GepnF ] 2 7,40

o )" = [ (3.17)

where ke{ky,ks}.

3.2.3 UAYV Hover Time Optimization

A UAV has finite source of energy, which elevates the need to optimize its
battery usage so that it can service the users for longer duration. Hence it
becomes vital to optimize the hover time of UAVs. Hover time of a UAV is
the time it takes to associate with the users through control signaling and
then transmitting data. The hover time of a j UAV is represented by 7,

where
N, Lg,

=YY T. [0+ Nit.. (3.18)

n=1 (=1

In the above equation, t, is the control time of user n and its a constant
value for all users. But the total control time of a UAV depends upon the
number of users N; associated with 5% UAV. T, (/] is the data transmission
time of user n associated with j#* UAV. The data transmission time of user

n is related to the rate as

B0

Rn, e [E] - )
’ T (]

(3.19)
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where f3,,;%[(] is the data requirement of user n in bits. The achievable rate

of user n using subcarrier ¢ and associated with j* BS of tier k, is

R,/ [0) = Biloga (1 + v, [(]ps,;™[(]) (3.20)

From equation (3.19) and (3.20) we get

B [4]
ku
2Bng,j [€] -1

sLyaatd

P[0 = (3.21)

The objective equation for solving hover time optimization problem is

formulated as

My, Ny, anku é My, Ny, ZBZTJ km[é 1
max EFE = max E E R (] E E , V0 (3.22)
n,j ’yn]
Jj=1 n= 1 j=1 n=1

under the constraints

ﬁn;jku M]Tn,jku [ﬁ] > Twin, YN, 5, ¢
Ny, L, (3.23)

where first constraints determines transmission time based on the minimum
rate and load of user, while the second constraint ensures that total data

transmission time does not exceed maximum hover time.
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The Lagrangian function of the above optimization problem is given as

My, Ny, L, 5 My, Ny, Ly, )7 Zmu[ _1 My, N,
ESTENED 95 3) B0 95 3 B et B 9) SI¥
j=1 n=1 ¢=1 =~ ™J j=1 n=1 (=1 j=1 n=1
B, ] My, Ny, Li,
(Twhw——nm) }:A( —Tm)—EZE:Tm%m) (3.24)
] n=1 (=1

This kind of dual-optimization problem is solved by first applying the
KKT conditions to the above Lagrangian function and then utilizing the

sub-gradient method to obtain the Lagrange multipliers.

OL(T, p, N)
—= =0 3.25
o (3.25)
Simplifying (3.25) will give us,
B €]
0] [In(2).28¢Tn" 1
fni ] [In2) — (1 + png) | =X =0 (3.26)

(T f10)° L Beva™[d]

Equation (3.26) is a nonlinear equation and it has no direct solution, hence we
solve the equation through numerical methods to obtain the optimal hover
time for UAVs. The Lagrange multipliers p and A are updated using the
sub-gradient method as given below

o)

Ne, L, . (3.27)

V1) = [V = (7= o) - 3 TM)

n=1 (=1

where c¢; and cy are step size and i is the iteration number.



Chapter 4

Simulation Results

In this chapter, the simulation results for the energy efficiency analysis of a
three-tier HetNet along with hover time enhancement of UAVs are discussed.

Consider a 1000m x 1000m rectangular region where N ground users are
distributed randomly over the area. A macro base station is located at the
center of region with U number of UAVs and S number of SCs located at
random locations. The bandwidth B given to each tier is 20 MHz and each
band is divided into 64 subcarriers. The maximum transmit power for MBS
is 45 dBm, and the maximum transmit power for UAVs and SCs is 30 and
27 dBm respectively. The minimum rate requirement of a user is 0.25 Mbps
and the interference threshold is set to be 10~ W. Each user has a load of
10 Mb and the maximum hover time of each UAV is 30 minutes. The path
loss model parameters are tabulated in Table 4.1.

We have analyzed how the energy efficiency of a HetNet changes when
the number of UAVs in the system are increased and how to optimize the

hover time of those UAVs for even better performance of the network.

22
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Table 4.1: Simulation Parameters

Parameter Description Value
fe Carrier frequency 2.4 GHz
N, Thermal noise power -174 dBm/Hz
Q Path loss exponent for MBS 2.6
15} Path loss exponent for SC 2.5
(0 Log normal shadowing 4 dB
HLoS Additional path loss by LoS connection 1.6
KNLoS Additional path loss by NLoS connection 23
a,b Dense urban environment constants 12.08, 0.11

Fig. 4.1 shows the distribution of users and base stations on a 3-D plane,
where users are associated to their respected BS based on the criterion of
maximum received power. All UAVs have same height and as the transmit
power of MBS is highest among other BSs of the system, most of the users
associate with MBS.

Fig. 4.2 reveals that when the number of UAVs increase in our three-tier
HetNet, then the proposed optimal power allocation scheme results in an
increased system EE as compared to when maximum power is allocated to
each ground user. System power consumption is lower in case of optimal
power allocation which contributes towards a higher EE. When the number
of UAVs increases, the users associated with each UAV decreases, which
enables the UAVs to make better LoS connections with their associated users
resulting in increased data rates. As more UAVs are inserted in the network,
the edge capacity of the macrocell enhances resulting in lesser users in outage,

hence better system EE.
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Figure 4.1: User distribution in a three-tier HetNet.
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Figure 4.3: System energy efficiency with varying UAV heights for UAVs =
3,5,7 and 10.

Fig. 4.3 shows that how the change in height of UAVs affects the system
EE. We can observe that for lower number of UAVs in the network, system
EE is maximum for moderate heights between 120m and 140m. This is due
to the fact that when number of UAVs is less, then the users associated per
UAV are higher than the users associated per UAV for higher number of
UAVs. So in this case, a moderate height is suitable. So at lower heights
when users are scattered, the probability of LoS connections decreases. But
at higher heights, the probability of LoS connections increases and so does
free space path loss. When there are 10 UAVs in the network, then system
EE is maximum for lower heights like 80m. As users are not much scattered
so it gives rise to higher LoS connection probability resulting in increased

data rates and enhanced EE.
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Figure 4.4: System energy efficiency with varying number of UAVs for UAV
heights = 80, 140, 200 and 260 m.

We have chosen 140m as the optimal height for all UAVs in our simu-
lations, which can be observed from Fig. 4.4. The figure shows that how
the system EE changes for different heights of UAVs as the number of UAVs
increases in the network. Till the number of UAVs is 7 in the network, the
height of 140m outperforms all other heights and gives the maximum system
EE. But as the number of UAVs increases even more, the users associated
per UAV decrease and then lower heights are more beneficial. Less scattered
associated users of a UAV makes it easier to have better LoS connections at
lower heights. UAVs are inserted in the network in case of user densification
and increase in user outages at the edge of the cell. This analysis with vary-
ing number of UAVs helps us to adjust the system parameters according to

our requirements.
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Figure 4.5: Average hover time of UAVs with varying number of UAVs.

Hover time of a UAV is the time which it takes to serve the ground
users. As UAVs are battery powered so their energy source is limited, hence
it is essential to utilize that energy in the most optimal manner. Fig. 4.5
shows how the average hover time of UAVs changes with varying number
of UAVs. It can be observed that the time it takes for a UAV to serve its
users when equal time is allocated to the users is significantly higher than
the time it takes with optimal hover time allocation. As the number of UAVs
increase, fewer users get served by each UAV. And due to optimal hover time
allocation, data rates of users increases resulting in quicker data transmission

time, and hence UAV has to hover for shorter duration.
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Figure 4.6: Average flight time of UAVs with varying number of UAVs.

Flight time of UAV is the total time that a UAV takes to serve the
users. UAVs have maximum flight time of 30 mins, but we can observe
in Fig. 4.6 that the flight time has significantly increased in the case of
optimal hover time allocation of ground users. When the number of users
associated with a UAV increases, then the energy of UAV dissipate rapidly
due to performing additional control signaling and data transmissions. As
we increase the number of UAVs in the network, the average flight time of
UAVs increases due to reduction in the user associations per UAV. We can
service ground users for longer durations in the disaster scenarios or crowded

regions if we keep on increasing the UAV density.
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In our simulations, each user has a fixed load requirement of 10 Mb. In
Fig. 4.7 we analyze how the changes in load requirement of each user affects
the average hover time of UAVs when number of UAVs are varied. When
the data demands of a user increase, then UAV will have to hover for longer
duration to serve that user. But for the same data demands, if we increase
the number of UAVs, then the average hover time decreases. The energy of
a single UAV servicing 20 users with load requirement of 20 Mb each will
dissipate quickly as compared to 2 UAVs each servicing 10 users. When the
load is shared among UAVs, then average hover time decreases significantly.

While in Fig. 4.8 effects on average flight time of UAVs is observed under
the variation of user load requirement and number of UAVs in the network.
As discussed earlier, flight time is the total time that a UAV can serve the
users. When load of each user increases, then the UAV will have to hover for
longer duration to serve the users, hence the average flight time of UAVs will
decrease, as hovering for longer durations will consume the energy quickly.
But if we cannot compromise on our load requirement of user and to maintain
a certain flight time of UAVs, then we will have to increase the number of

UAVs in the network.
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Figure 4.9: System EE with varying number of users and UAVs.

Fig. 4.9 shows the effect of varying number of users and UAVs on system
EE. We can observe that when the user density is lower, then the system
EE increases. For fewer users, power share for each user increases, and this
results in higher data rates. If the user density increase, then to have better
system EE, we will have to increase the number of UAVs in the network.
System EE drastically decrease if users are increased and there are few UAVs
in the network. For situations like providing coverage in hotspot regions like
stadiums or arenas, when number of users go beyond the coverage capacity
of MBS, then to enhance the system EE and provide coverage to the added

users, we will have to place more UAVs in the network.
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Figure 4.10: Average hover time of UAVs with varying number of users and
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Hover time of a UAV is dependent on the number of users associated
with the UAV. With each additional user, the control signaling time as well
data transmission time increases. Fig. 4.10 shows how the change in user
density affects the average hover time of UAVs with varying number of UAVs
in the network. It is evident from the figure above that as the number of
users increase, then the users associated with each UAV increase as well,
which gives rise to increase in data transmission time and hence UAV will
have to hover for longer duration to service the ground users and its energy
will dissipate quickly. If we have disaster scenarios where we want UAVs to
provide coverage for longer durations then we will need lower hover time and
depending on the number of users, we can adjust the UAV density.

Fig. 4.11 shows that how change in user density affects the average flight
time for varying number of UAVs. As discussed above, increasing the number
of users depletes the energy quickly and hence UAVs will have to hover
for longer duration and perform additional control signaling, which means
that UAVs’ flight time will decrease drastically. But if we have to serve the
additional users for longer durations, then we will have to place more UAVs

for higher average flight time and hence increase the service span.
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The goal of this research was to enhance the edge capacity of an MBS
in case of scenarios like crowded public gatherings or during an emergency
situation to provide coverage for users which cannot be served by the terres-
trial network. And while doing so, utilizing the available resources to their
maximum potential and conserve the energy of the system. In Fig. 4.12, we
have plotted system EE and average hover time of UAVs for different user
densities, while the number of UAVs is fixed at 3. We can see that as number
of users are increasing, the system EE starts decreasing and average hover
time of UAVs is increasing. As the resources are same so added users come
at the cost of degrading the system. In Fig. 4.13, we have UAVs fixed at
5. Here we can observe that addition of more UAVs in the network have
significantly improved the efficiency of the network even with the additional
user load. In Fig. 4.14 and 4.15, we have 8 and 10 UAVs in the network
respectively. Comparing these figures can help us determine that if we want
to have the energy efficiency above a certain level while also requiring the
UAVs to service the users for longer durations, then how much resources to

utilize.
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Figure 4.16: System EE vs average flight time of UAVs with varying number

of users for UAV = 3.
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The results in Fig. 4.16, Fig. 4.17, Fig. 4.18 and Fig. 4.19 helps us
evaluate the pattern between system EE and average flight time of UAVs
when number of users are varied. All the three tiers are utilizing the same
bandwidth, hence cross tier interference occurs and can affect the system
EE. As number of users increase, we can observe that system EE starts to
drop. But with the increase in users, load on each UAV increases as well,
which results in consuming the UAV energy faster and hence we get a lower
flight time. In situations like earthquakes or tsunamis, when we have to
provide service to users who are disconnected from terrestrial network, then
we want to cover them for longer durations. In such cases, our requirement is
to have higher average flight time while connecting as many users as we can
afford as per our resources, hence we increase the number of UAVs to provide
coverage to such areas and for longer durations as evident from the results
above. From Fig. 4.16 and Fig. 4.19, we can observe that when number
of users are maximum, then the average flight time goes from 3 mins to 30
mins when UAVs are 3 and 10 respectively, which is a significant increase.
With the help of results obtained, we can adjust our resources according to

the requirement of the network.



Chapter 5

Conclusions and Future Work

With the increase in mobile users and data demands, it has become challeng-
ing to satisfy users with the available terrestrial framework. In this research
we have formulated a heterogeneous network consisting of UAVs and SCs to
enhance the capacity of a macro cell. We have presented a two layer scheme
to form an energy efficient system which consists of firstly optimizing the
power consumption of each tier and then optimizing the hover time of UAVs.
This way we can conserve the energy of the system and utilize it in the most
optimum way. We formulated the optimization scheme in the chapter 3 of
this dissertation, in which we defined the Lagrangian multipliers method and
sub-gradient method to achieve the optimal power for each user and the op-
timal hover time for UAVs. The results show a significant enhancement in
the system EE and the flight time of UAVs. This is particularly beneficial
in the cases of temporary hotspot regions and emergency scenarios where we
are more concerned with connectivity for longer durations rather than high

data rates.

40
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5.1 Furture Work

e In our work, we have not considered a data driven bandwidth allocation
that is to allocate bandwidth according to user’s data requirements. We
have allocated equal bandwidth to each user irrespective of their data

needs.

e Secondly, for hover time optimization, we have considered load require-
ment of each user to be the same. We have not taken into consider-
ation that each user could have different data requirements, like one
user could only be web browsing while the other one could be watching

a 4K video.
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