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Abstract

In this work, we present a framework to provide network services to fixed home users in rural areas through joint utilization
of fifth-generation (5G) next-generation node B (gNB) and an unmanned aerial vehicle (UAV), wherein, users outside the
service area of gNB are served by the UAV. In this regard, we propose an optimization framework to maximize the coverage
radius of the gNB considering the 5G rural macro (RMa) propagation scenario. Next, we propose optimization frameworks for
UAV-assisted non-orthogonal multiple access (NOMA) and orthogonal multiple access (OMA) data transmission schemes. The
aforementioned frameworks for UAV-assisted data transmission schemes minimize the communication power and compute the
optimal UAV hovering height to meet the desired QoS requirements of the users. Thereafter, we investigate a framework to
design a wide elliptical beam to serve the users under the coverage of the UAV. Next, in this paper, we present an exhaustive
mathematical framework to determine the angular velocity of the rotors, the total current consumed by the rotors and the
hovering power consumption of the UAV, wherein the UAV hovers at the optimal height depending upon the NOMA or OMA
data transmission scheme. We propose a graphical methodology to compute the battery life of the UAV. The simulation results
demonstrate that the proposed method of UAV-assisted NOMA and OMA data transmission coupled with the wide elliptical
beam significantly reduces the communication power requirements to meet the desired QoS requirements of the ground users as
compared to the conventional UAV-assisted NOMA and OMA transmission schemes. Furthermore, the proposed methodology
considerably enhances the battery life of the UAV, thereby resulting in a greater hovering time of the UAV compared to the
conventional UAV-assisted NOMA and OMA transmission schemes.
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Abstract—In this work, we present a framework to provide
network services to fixed home users in rural areas through joint
utilization of fifth-generation (5G) next-generation node B (gNB)
and an unmanned aerial vehicle (UAV), wherein, users outside the
service area of gNB are served by the UAV. In this regard, we pro-
pose an optimization framework to maximize the coverage radius
of the gNB considering the 5G rural macro (RMa) propagation
scenario. Next, we propose optimization frameworks for UAV-
assisted non-orthogonal multiple access (NOMA) and orthogonal
multiple access (OMA) data transmission schemes. The aforemen-
tioned frameworks for UAV-assisted data transmission schemes
minimize the communication power and compute the optimal
UAV hovering height to meet the desired QoS requirements of
the users. Thereafter, we investigate a framework to design a
wide elliptical beam to serve the users under the coverage of the
UAV. Next, in this paper, we present an exhaustive mathematical
framework to determine the angular velocity of the rotors, the
total current consumed by the rotors and the hovering power
consumption of the UAV, wherein the UAV hovers at the optimal
height depending upon the NOMA or OMA data transmission
scheme. We propose a graphical methodology to compute the
battery life of the UAV. The simulation results demonstrate that
the proposed method of UAV-assisted NOMA and OMA data
transmission coupled with the wide elliptical beam significantly
reduces the communication power requirements to meet the
desired QoS requirements of the ground users as compared to
the conventional UAV-assisted NOMA and OMA transmission
schemes. Furthermore, the proposed methodology considerably
enhances the battery life of the UAYV, thereby resulting in a greater
hovering time of the UAV compared to the conventional UAV-
assisted NOMA and OMA transmission schemes.

Index Terms—Unmanned aerial vehicle (UAV), Wide elliptical
beam, UAV-assisted NOMA and OMA, UAV Battery life.

I. INTRODUCTION

The present-day fifth-generation (5G) networks provide
high data rates, massive connectivity, and support advanced
applications such as augmented reality and virtual reality.
However, the digital divide, i.e., the availability of internet
and communication technologies (ICT) between rural and
urban areas, continues to widen [1], resulting in the risk of
deprivation of advanced technologies derived from ICT in
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Fig. 1 System model: the spatially separated users over a geographical area
of interest have to be provided network services where (a): shows that the
users outside the coverage radius of gNB are served by UAV and (b):
depicts UAV-assisted NOMA or OMA data transmission through the design
of a wide elliptical beam.
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rural areas. Compared to urban cities rural areas suffer from
poor infrastructure and limited power, making the return on
investment (ROI) difficult for telecom operators in rural areas.

Numerous technologies such as satellites, optical fiber links,
microwave links, and unmanned aerial vehicles (UAVs) have
been investigated to provide network services to rural areas,
thereby promoting the reduction of the digital divide. Satel-
lites can provide a direct communication link to rural areas
without the need for infrastructure, i.e., without the need
for 5G next-generation node B (gNB) and electricity grid.
However, satellites incur high deployment costs and relatively
high latency compared to other technologies [2]. Transmission
through optical fiber is a promising technology for long-
distance communication in rural areas. However, challenging
terrain and the low population density of rural areas result
in high maintenance costs and a low ROI for optical fiber
deployment in rural areas. Providing wireless connections
through microwave links utilizing gNBs is an effective solu-
tion. However, the lack of proper infrastructure for the electric
grid and energy storage facilities makes the installation of
multiple gNBs challenging in rural environments.

The cost-effectiveness and flexible deployment of UAVs
make them a promising solution for providing network ser-
vices to rural areas. Furthermore, the high payload-carrying
capacity of present-day UAVs enables them to carry base
stations (BSs) and servers to remote rural locations. Further,
fewer buildings and scatterers in rural scenarios enable the
UAV to establish direct line of sight (LoS) communication
with the users, thereby enhancing the overall quality-of-service
(QoS). Moreover, the UAVs can act as an aerial relay to
provide network services to users outside the gNB.

Motivated by the aforementioned benefits of UAV to provide



ICT in rural areas, we investigate a joint framework of utilizing
a UAV along with a gNB to provide network services to the
fixed home users present over a geographical area of interest.
Depending on the users’ request for network services, a UAV
is deployed to serve the users outside the coverage of gNB. In
this paper, we investigate both UAV-assisted non-orthogonal
access (NOMA) and orthogonal multiple access (OMA) data
transmission schemes. Furthermore, we investigate a frame-
work for wide elliptical beam generation to serve the users
under the coverage of the UAV. In this work, we also present
a detailed study regarding hovering and the communication
power requirements of the UAV.

The rest of the paper is organized as follows: Section II
discusses related works and our contributions. Section III
presents the system model of this work. In Section IV, we
discuss the mathematical optimization framework to maximize
the coverage radius of gNB. Section V, discusses the channel
model for communication between the UAV and ground users.
We present the optimization frameworks of UAV-assisted
NOMA and OMA data transmission to compute the minimum
communication power and optimal UAV height in Section
VI. In Section VII we present the framework for designing
a wide elliptical beam to serve the users associated with the
UAV. In Section VIII, we present a mathematical framework
to compute the hovering power and battery life of the battery-
powered UAV hovering at an optimal height for NOMA
and OMA data transmission schemes. Section IX simulation
results and performance evaluation of the proposed framework.
Finally, Section X concludes this paper.

II. RELATED WORKS AND CONTRIBUTIONS

In this section, we discuss the related works and our
contributions pertaining to UAV-assisted network deployment
in rural areas.

A. Related Works on Enhancing ICT in Rural Areas Utilizing
UAVs

Authors in [3] utilized a stochastic geometry-based frame-
work for coverage analysis in UAV-assisted cellular networks
in rural areas. However, optimization of height and commu-
nication power of UAV, and UAV-assisted NOMA and OMA
transmission were not widely considered in [3]. Authors in [4]
explored path planning for autonomous UAV motion in rural
areas experiencing weak communication signal strength. The
authors in [5] used the long-term evolution (LTE) network as
the infrastructure for UAV communication and data transfer
in rural areas. The authors studied the communication charac-
teristics of an LTE-connected UAV at different altitudes and
showed that a higher elevation of the UAV benefits from better
signal quality and experiences fewer handover processes.

B. Related Works on UAV-Assisted NOMA and OMA Data
Transmission

In recent years, various studies have been undertaken for
UAV-aided NOMA data transmission. Authors in [6] carried
out a stochastic geometry-based performance evaluation of
NOMA-aided UAV networks. The authors investigated a joint

trajectory design and power allocation for static NOMA users
based on a simplified two-dimensional (2D) model of a UAV
flying at a fixed height. However, in the framework of [6]
optimization for communication power and height of UAV for
desired QoS was not widely studied.

Authors in [7] presented a performance evaluation frame-
work for UAV relays utilizing amplify-and-forward and
decode-and-forward relaying protocols employing the NOMA
technique. In their work, the authors consider the UAV relay
to harvest energy from nearby BS and present the closed-
form expressions of outage probabilities and ergodic capacities
for each UAV relaying protocol. However, the work of [7],
considered only two NOMA-assisted users and further the
height optimization of the UAV, and communication power
minimization were not widely studied. Recently, authors in
[8] maximized the UAV-BS energy efficiency for data traffic
collection from the gateways under the constraints of total
serving delay, UAV-BS flying speed, and transmitting power
of gateways. The authors considered NOMA transmission to
the UAV-BS and proposed theorems for optimizing the UAV
hovering height to minimize the transmitting power of the
gateway. However, the rotor velocities, current drawn by the
rotors, battery discharge of hovering UAV and wide beam
design were not widely studied. Authors in [9], investigated the
application of the NOMA technique into the UAV aided relay
networks. Specifically, the authors formulated a joint UAV
height optimization, channel allocation, and power allocation
problem to maximize the total data rate of the cell edge
users under the coverage of the UAV. However, the power
consumption of hovering UAV, and the battery life of UAV
were not widely considered in [9]. In another recent work,
[10] the authors maximize the data collection throughput from
ground nodes utilizing a NOMA and OMA-assisted rotatory-
wing UAV.

From the above analysis, it can be deduced that a joint
holistic framework (wherein the spatially separated users in a
given area are served via a UAV along with a gNB), incor-
porating the determination of the optimal coverage radius of
gNB, location of gNB, and the optimal location of the UAV to
serve the users outside the coverage area of gNB coupled with
height optimization and communication power minimization
of the UAV for NOMA and OMA transmission schemes to
serve multiple users, along with a wide elliptical beam design,
has not been widely considered. Further, the battery life of
the UAV hovering at an optimal height, depending on NOMA
or OMA transmission incorporating the rotor velocities and
current drawn by the UAV has not been widely studied.

C. Contributions

The main contributions of this paper are summarized as
follows:

o We present an optimization framework to compute the
optimal coverage radius of gNB, to serve the fixed home
users present in a rural area, by utilizing the 5G third-
generation partnership project (3GPP) rural macro (RMa)
propagation scenario. For users outside the coverage area
of the gNB, we compute the optimal 2D location of the



UAV through an unsupervised machine learning (ML)
framework.

e We propose optimization frameworks for UAV-assisted
NOMA and OMA data transmission schemes. To promote
an energy-efficient UAV deployment, thereby increas-
ing the service time of the battery-powered UAYV, the
optimization framework minimizes the communication
power requirement for NOMA and OMA-assisted data
transmission to satisfy the users’ desired QoS outside the
gNB coverage. Moreover, the optimization frameworks
also compute the optimal hovering height of the UAV to
meet the QoS requirements. Furthermore, the optimum
height of the UAV is computed by taking into account the
maximum height of buildings and the flight regulations
of the geographical area of interest.

o To compute the optimal power and height of UAV we
utilize a realistic air-to-ground (ATG) channel model
incorporating LoS probability, non-line of sight (NLoS)
probability, LoS and NLoS pathloss (PL), variation of
Rician factor with the elevation angle of UAV, and
variation of PL exponent with the height of the UAV.

« We propose the design of a wide elliptical beam to serve
the users outside the coverage of the gNB present in a
given geographical area of interest.

« We present an extensive mathematical framework to com-
pute the angular velocity of rotors, total current consump-
tion, and the hovering power consumption of the UAYV,
wherein the UAV hovers at an optimal height depending
upon the NOMA or OMA transmission. Furthermore, we
propose a graphical methodology to compute the battery
life of the UAV.

o The proposed methodology of the utilization of a wide
elliptical beam along with UAV-assisted NOMA and
OMA data transmission yields better performance in
terms of communication power requirement and battery
life of the UAV as compared to the conventional UAV-
assisted NOMA and OMA transmission schemes.

III. SYSTEM MODEL

The system model used in this study is shown in Fig.
1. We consider that fixed home users over a geographical
area of interest have to be provided with network services.
Primarily, the users are provided network services through a
gNB, whereas the users outside the coverage radius of gNB are
served through a UAV. The UAV hovers at an optimal location,
consuming minimum transmit power to meet the users’ desired
QoS. We consider the ground to be a 2D x — y plane and the
hovering height of the UAV is considered to be along the z
axis.

The set of all users requesting network services in the
geographical area is referred as the user set and denoted by
U®, where U* = {uf,u, - ,uf, -~ ,u% }. The i user in
the user set is denoted by uf, and N, is the total number
of users in the area. The set of users served by the gNB
is represented as the gNB set and denoted by UY, where
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,u'}’vg}. The ™ user in gNB set
is represented as uf , and the total number of users under the
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coverage radius of gNB is N,. The set of users served through
the UAV is referred to as the UAV set, and denoted by U d,
Here, U = {u{,ug,--- ,uf,---  uf }, where the ™ user in
UAV set is uf, and Ny is the number of users served by the
UAV. The relations among sets U¢, U9, and U¢ is given as

UvIuud=ue (1)
Uinu?=q. )

Equation (1) signifies that all users in the area are served
either by the gNB or UAV. Equation (2) indicates that a given
user in the geographical area of interest (uf € U®) is not
simultaneously served via both the gNB and UAV.

The x coordinates of user w7, uf , and ug is denoted by u¢

1’

g

uy,,, and ud, rispectively. Similarly, the y coor;linates of user
g : g .
ui, uy, and uf is denoted by ug, u;,, and uj, respectively.

The location of gNB incorporating the spatial distribution of
users in the geographical area is denoted by (x¢, yg). The z
and y coordinates of the optimal 2D projection of the UAV on
the ground are denoted by xp and yp respectively. The UAV
hovers at a height of Ap along the z axis to provide network
services to users outside the gNB.

IV. COMPUTATION OF OPTIMAL COVERAGE RADIUS OF
GNB

The optimal radius of the gNB placed at (zg,ya)
is computed such that the desired QoS characterized by
the coverage probability is satisfied within the coverage
radius of the gNB. The LoS and NLoS probabilities
(P and PI"e, respectively) for the RMa propagation sce-
nario are expressed as

(rg—10)

P — ¢~ 1000 &

rma __ 1 _ prma
los =1 P

nlos los

where, (3)

ry is the radius of the gNB. We consider the operating
frequency of gNB as 28 GHz, and utilizing the parameters
in [11], we derive the PL for the LoS propagation scenario
(PL]™®) as

los

PLje = 60.684 + 0.00139,/1122.25 + r2+ @

4.4461og, (1122.25 + 1) .

The PL for NLoS propagation scenario (PL77%) is derived
as

PLIMe = 32,5765 + 8.38log, (1122.25+72) . (5)

nlos

The combined PL (PL"™™%) incorporating LoS and NLoS
probabilities for RMa propagation scenario is expressed as

PLT’ma — f)lzzl,(l X PLTmCL + Tma X Pera (6)

los nlos nlos*

The received signal power (P/™®) is computed as
prme = prme — pL™® — X, where, (7)

P/™% is the transmit power of the gNB, and X, is the
log-normal random variable representing the shadowing phe-

nomena. The coverage probability (P®) is defined as the
probability of the received signal power being greater than
the threshold P,,;,. Mathematically, P.’"® is expressed as

cov

PT’ma — P (Pt’(‘ma

cov

— PL™™ — X, > Ppi). (8



The closed-form expression for P/'"® is written as

Prma
pme=1— ferf (

pL™* — P, min
cov \/§O'
er fc is the complementary error function and o is the standard

deviation of X . The optimization problem for maximizing the
coverage radius of gNB is formulated as

) where, (9)

R} = Maximize r, (10)

Subject to: P > ~eow »

cov

rg > 0. (11)

As shown in equation (10), the optimization problem maxi-
mizes the coverage radius of gNB R}. Equation (11) ensures
that the coverage probability is larger than the coverage prob-
ability threshold .,,. We solve the proposed gNB coverage
radius maximization framework by utilizing the constrained
Nelder-Mead optimization technique [12]. The coverage area
of the gNB is a circle with radius R} centered at (z¢,yc)-
The users inside the coverage area of the gNB constitute the
gNB set (i.e., UY).

V. CHANNEL MODEL FOR UAV TO GROUND
COMMUNICATION

In this section, we present the mathematical framework of
the ATG channel for communication from UAV to ground
users.

A. ATG Channel

The received signal from the UAV to the ground users
consists of a strong LoS and scattered signal components. The
channel from UAV to the ground users is modelled suitably
by Rician distribution [13]. The ATG channel bﬁi from UAV

to user u¢ is expressed as

g
d u;
u = ' where,

PLZ.

(12)

gu is a random variable corresponding to the small-scale
fading effects and PLd_ is the large scale PL between UAV
and u¢. The channel gain ] [l ‘ follows a non-central chi-
square distribution with probability density function given as

d\ —Ki, 4 Vo
fgd_Q(x):—(1+Kg)e WG ALY
d d
Io % where. (13)
Q=E “gi’ﬂ =

K;fi is the Rician factor, E denotes the expectation operator,
Q is the normalized average fading power, and Iy (.) is the
zeroth-order modified Bessel function of the first kind. The

e . 2.
cumulative distribution function of ‘gﬁi| is expressed as

2 (2)=1-Q <\/2 ,\/2(1+K31)x) where,

(14)

F

d

u;

@ denotes the Marcum () function of first order and is
expressed as

o [0 _vitu
Q(yl,m)ff/ e

2
“ Iy (yr12) da. (15)
Y2

B. Model of Rician Factor

The Rician factor is defined as the ratio of the power of the
LoS component to the power of multipath components and is
modeled as a function of the elevation angle [14]. As observed
from Fig. 2, the elevation angle of user u¢ (uf € U?) with
respect to UAV can be expressed as

h
0¢ = arctan (f) ,95, € {0, g} where,
T 71u1 k2

u
vt =/ (ep —ut)* + (yp —ut ).
d

The Rician factor Kffi for user u;

(16)

d

as a function of elevation

(xp,¥p) (ufr,u‘i,)

Fig. 2 Elevation angle of a user uf with respect to UAV.
angle is given as [13]

Kffi =a X ebeii where, an

a and b are the environment-dependent constants expressed as
2 k=
a=ky, and b= ;loge <k;) .
d

As observed from equations (16) and (17), each user u;
served by UAV experiences a different Rician factor K ffl The
difference in K;f% arises as the LoS condition of users differs
with respect to UAV. The difference in the LoS condition
arises by virtue of the different spatial locations of the users
(u¢ € Ui =1,2,---, Ng) with respect to UAV.

(18)

C. ATG PL Model

The LoS probability of user u¢ with respect to UAV is
modeled by using a sigmoid function and is expressed as [15]

ud 1

1+ Ae_B@gi —4)

where, 19)

los —

Pu? denotes the LoS probability of u¢ with respect to UAV. A
and B are constants depending upon the propagatlon environ-
ment. From equation (19), it is observed that P . depends on
the elevation angle Hu , which in turn depends on the height
hp of UAV and the spatlal location of ug w1th respect to UAV.

The NLoS probability P*/ is given as P.7 —P"  The

nlos nlos — los*®



PL encountered for communication from UAV to ud for LoS
scenario (PL ) is given as [15]

PL}, = 20a¢ 1ogy (/12 + h,) +2010g,, () +

A (20)
20logq <W> ~+ Mios Where,

c
f is the operating frequency of UAYV, c is the speed of light,
and 7, is the excessive PL due to LoS propagation. The PL
exponent (af ) between u¢ and UAV is typically proportional

to the density of obstacles Therefore, aﬁl is characterized by

utilizing the notion of Pl and is expressed as [13]

0s’

@Zi =P + B1 where, (21)

a1 and (37 are constants depending upon the environmental
characteristics and the operating frequency. a; and (; are
expressed as a; = az — and 81 = ap. The PL encoun-
tered for communication from UAV to u¢ for NLoS scenario

(PLI

nlos

PLn;OS = 200¢ logy (1 /rid + hQD) +201logy, (f) +

4
201ogy, (:) + Nnios Where,

) is given as

(22)

Nnlos 18 the excessive PL due to NLoS propagation condition.
PL for communication from UAV to u¢ incorporating the
effects of LoS probability, NLoS probability, PL due to LoS
and NLoS is denoted by PLY% and is expressed as

PL t= ‘Plols x Ples Pn[os x PLn}os (23)
Utilizing equation (12), the channel from UAV to u¢ incor-

porating the effects of the LoS probability, NLoS Probability,
PL due to LoS and NLoS, and small scale fading is written
as

ge,

(24)

P i

los nlos

LR L x PLY

VI. UAV-ASSISTED NOMA AND OMA DATA
TRANSMISSION

nlos

This section presents the mathematical frameworks for
communication power minimization and height optimization
of UAV-assisted NOMA and OMA data transmission.

A. UAV-Assisted NOMA Transmission

The users outside the coverage radius of gNB Rj are served
by the UAV placed at (2p,yp). For NOMA transmission, the
UAV serves all users in the UAV set U¢ simultaneously via
power domain NOMA, utilizing the entire system bandwidth
[16]. To deploy NOMA, the channels of the users in U? are
sorted in the order: ’bd | |h ’bd | - <

2

uwd‘ . UAV transmits the superlmposed information signal

= vazdl ad Pqu , where P, is the power transmitted

by UAV, a? is the fraction of P, transmitted to u, and x¢_
¢ receives signal y? given by

is the signal for u¢. User u¢
Ng
yii = hﬁt E :\/agiipd X Xzi + ’wzi where,
i=1

wd s the additive white Guassian noise at u¢ with zero mean

Us
and variance o2. The power allocation factor aﬁi as

(25)

d
al = i

U1 Zi\ffd 1 ng‘
After receiving the signal y“ , each user u¢ performs SIC.
User ud decodes the signals from the Weaker users, i.e., each
user u decodes the signal for each um, where m < i. To
decode the signal of user u, the signals from the weaker
users are subtracted from the recerved signal yui, treating the
signals from the stronger users ul,m > i as interference.
Therefore, following the principle of SIC, the achievable rate

(26)

of user ul,i < Ny denoted by Rmma is expressed as
2
d Py xa?% d.
Ribma = logy | 1+ —3 ~7 “ld . @27
Py ’f)u,; Zmii+1 Ay, t o
d
. u .
The achievable rate of user u‘}vd denoted by Ruofha is ex-
pressed as
d d
d Pd X a
U UN, UN,
Rn]ov'r%a = 10g2 1+ O'; = (28)

The outage probability of user u
is derived as

nﬂm:1—Q<quﬂ

is denoted by PHOMG and

2(1+ Kd)¢d PL“ 02 (29)
Paad, = 6, (Yot e ad,.) )
qbﬁl = 2R:7 —1 & i# N4 where,
Ry " s the target rate (or the desired rate) of u served by

the UAV. The outage probablllty of user u‘f\, utrlrzmg NOMA

transmission, is denoted by Pnoma and is derived as

d d ul, 2
Pnoma—l_Q \/W 2(1+KuNd> uNdPL Ndo-"
Ng’ P, x aﬁNd
ul
ﬁN —9R ' where,
d
(30)

d
R? N is the target rate (or the desired rate) of user Ny served
by UAV.

From equations (29) and (30), it may be observed that
the outage probability is a function of the transmit power
and the height of UAV (as Rician factor, LoS probability,



NLoS probability, and PL are functions of UAV height).
We formulate the optimization problem for transmit power
minimization for UAV-assisted NOMA transmission as

Prznomaa *D,noma = Minimize Pd (31)
ud d d

Subject to:  Préma < € Vu; € U (32)

hmin S hD S hma:c (33)

Py >0 (34)

The objective function (31) minimizes the communication
power requirement of UAV under the NOMA transmission
scheme. The output of the optimization problem is the optimal
communication power Py, ., and the optimal UAV height
RD noma- Constraint (32) ensures that the outage probability
of all users served by UAV should be less than or equal to
the threshold ¢;,, thereby ensuring the QoS characterized by
outage probability. Constraint (33) ensures that the hovering
height of UAV is between h,,;, and hue., Where Ao,
denotes the maximum height of the buildings in the area of
interest and h 4, the maximum permissible height of the UAV
governed by the flight regulations in the geographical area.
Constraint (34) puts the lower bound for the communication
power requirement. We utilize the differential evolution al-
gorithm [17] to solve the proposed optimization problem of
UAV-assisted NOMA transmission.

B. UAV-Assisted OMA Transmission
The rate of user u¢ utilizing UAV-assisted OMA transmis-
d
sion is denoted by Roiq and is expressed as

Py |pd |2
d|2b“1> . (35)
Un

The outage probability of u¢ utilizing OMA-assisted transmis-
d

ud 1
Ro';na = Fd 10g2 1 +

sion is denoted by Poina and is expressed as

2(1+ Kd) ¢d PL% 52
’ngia=1—Q 1/2K3i,\/ ( + ul)quul Tn
d

ud
d —oR" _1q.

u;

(36)

The optimization problem for communication power mini-
mization for UAV-assisted OMA data transmission is formu-
lated as

Ptj,omav *D,oma = Minimize Py 37
uf d d

Subject to: P(nln,a S €th VUZ e U” (38)

hmin S hD S hma:r (39)

Py>0 (40)

The objective function (37) minimizes the communication
power requirement of the UAV for the OMA transmission.
The output of the optimization problem for OMA-assisted
transmission is the optimal communication power Fj , , and
the optimal UAV height h} Constraint (38) ensures that

D,oma*

the outage probability of all the users served by UAV should be
less than or equal to the threshold €;. Constraint (39) ensures
that the hovering height of UAV is between Ay, and hqq-
Constraint (40) puts a lower bound on the communication
power requirement for D to serve users utilizing the OMA
transmission. Similar to the UAV-assisted NOMA transmission
we utilize the differential evolution methodology to solve
the proposed optimization formulation for UAV-assisted OMA
transmission.

VII. COVERAGE OF USERS THROUGH WIDE ELLIPTICAL
BEAM

This section presents the mathematical framework for cov-
ering the users through a wide elliptical beam. We first
present the methodology to compute the minimum area ellipse
enclosing the convex polygon formed by the users served
by UAV. Next, utilizing the parameters of the minimum area
ellipse we present the mathematical framework for designing
a wide elliptical beam to serve the users on the ground plane.

A. Computation of Minimum Area Ellipse

The convex hull of the UAV set U? is the smallest convex
set in R? (set of real numbers in 2D -y plane) containing
the users u{,ud, --ud, .- u‘}vd. The convex hull of set U? is
denoted by H?. As shown in Fig. 3 H? is a convex polygon
whose vertices are from U¢ and contains all the elements of
U. The vertices of H? are denoted by (z;,v;), where i =
1,2,---, N,. The boundary of H? consists of N, straight line

segments. The area A,, of the convex polygon H? is given as

Xi yi)

x3 y3)

Xp yp)

(1 y1 x2y2)

Fig. 3 Pictorial depiction of the convex hull H4.

Np—1

Z (TiYi+1 — Tit1Yi) + TN, Y1 — TIYN,
i=1

1

Ap =<

P2

(41)

The z coordinate of the centre of gravity (z.,) of H? is
expressed as

N,—1
1 P
Leg = @ ; (@i + i) (TYig1 — Tig1ys) +

(42)

(o, + 1) (a1 — xlym] |

Similarly, the y coordinate of the centre of gravity (y.,) of
H%s expressed as

Np—1
1 P
Yeg = 64, ; (Yi + Yit1) (TiYir1 — Tit1yi) +

(43)

(yn, + 1) (2N, 91 — xlpr)] :



To compute the minimum area ellipse enclosing H¢, we
utilize the method of moments [18]. In this regard, we derive
the closed-form expressions for the relevant first and second-
order moments of #H?.The first-order moments mo and mo;
are expressed as x.q X A, and y.4 X A, respectively, whereas
the moment mq; is given by

Np—1

1
mi = Z Byl (Yiv1 — ¥0) [(Wi + Yir1) 2ziwia+
i=1
(Byi + yir1) 27 + (yi + 3yit1) TP |+
1
ﬂ (yl - pr) [(yNP + yl) 21‘pr1+

(Byn, + 1) 2%, + (yn, + 3y1) #7].

(44)

The second order moments mog and mgs are expressed as

Np—1
- Z 1 <($§1+1 —2}) (i1 — yi)) n

12

i—1 Lit1 — Ly
(45)

1 (9331 - 33§1vp) (yl - pr)
ﬁ xr1 — .er

Nyl
mep =y 13 Wit1 = i) (B2 + wi1) Y7 +

i=1
2yt (@ + @ig1) + (2 + 3@ig) y?H] + (46)

1
13 W1 —uw,) [Ban, + @) vy, +

2yn, 1 (zn, +21) + (N, + 321) 5]

Utilizing the first and second-order moments the parameters
of the minimum area ellipse enclosing H? is given as

N|=

mag + Moz + \/(m20 — mo2)? + 4m3
Ap

2

moo —|— mop2 — \/(mgg — m02)2 + 4m%1 (47)

Ap

2

1 2m
¢. = — arctan (11) where,
2 Moo — Mo2

e, be, and ¢, denote the semimajor axis, semiminor axis, and
tilt angle of the ellipse, respectively. Utilizing the aforemen-
tioned parameters, the parametric equation of the minimum
area ellipse in z-y plane enclosing H? is expressed as

T = Teg + Qe €OS (B ) cos (pe) — be sin (0. sin (@)
Y = Yeg + e 08 (0) sin (@) + be sin (0.) cos (@) ,
where, 0. € [0,27].

(48)

B. Wide Elliptical Beam Design

The wide elliptical beam is designed such that the gain of
the beam is maximum at the center of gravity (z.q,ycq) Of

H<. The beamwidth (w) of the elliptical beam is given as
given as [19]

h\ 2 [ 2
w = wWo 1+ <d> Where, Wy = s a—
20 ac” +be (49)
_k 2 2m

w,
20—707 andkzrd

hy is the optimal hovering height of UAV depending on
the NOMA or OMA transmission and A\; is the operating
wavelength of UAV. The wavefront curvature radius (R) and
the Gouy phase (¢) of the elliptical beam is expressed as [19]

2 *
R=h} (1 + (z0> ) & ¢ = arctan <hd> .
h; Z0

As the elliptical beam is designed to obtain maximum gain
at point (zg,Ycq) at the ground, therefore with respect to
UAV the beam gain is maximum at the point (xgg, ygg) where
xfg = Ty —Tp and y‘cig = Ycg — Yp- To obtain the maximum
beam gain at point (z%,,y%,) the coordinates of the beam
center (xf),yg) in the source plane (i.e, at the UAV) is given

[acg] _ {cos(() sin (C)] [chg}
y(b) —sin (C) cos (C) Yeg '
The electric field at the source plane Ej as a function of z,y
is given as

here,

(50)

(S

EO (:L-,y) — A()e_ [(Cos(z)ae)2+(cos(i)be)2] X
B [( (z—af) cos(de)+(w—vf ) sin(e) ) 2+ ( (s-v§) cos(de)—(w—af) sin@e)
e o

(52)

Here, A is the amplitude of the electric field. The electric
field E as a function of x,y at the destination plane (i.e, at
the ground) is given as

12+y2
2

E (2,y) = Age™"*"a liﬁ@( > + k (m2 + yz) —1(—

2R

b b
Ty + Yo 2 b b
— — where,
w2+ gz (@) (26— )

h*
g=1+1—2 &1 =+—1.
20
(53)
The gain at a point (z,y) on the ground is given by

G (z,y) ~ |E (z,y)|* where, (54)

|.| denotes the magnitude. The beamforming gain observed
at user ul is obtained by substituting * = ul, — rp and
y = ug, — yp in equation (54).

VIII. COMPUTATION OF HOVERING POWER OF UAV

In this section, we discuss the framework for computing
the angular velocity of the UAV rotors, the total current
consumption by the rotors, the power requirement of the UAV
and the battery life of the UAV hovering at an optimal height
depending on the NOMA or OMA transmission.



A. Dynamic model of a Quadrotor UAV

The quadrotor UAV has four rotors and by adjusting the
speeds of the rotors the UAV can hover at a desired height.
The steady-state thrust (i.e., the UAV has no horizontal or
vertical motion) generated by the rotor of a hovering UAV is
modelled by momentum theory and is expressed as [20]

T,, = CipAy, R2 w2, Ay, = TR here, (55)

T,, is the thrust generated by rotor r;, ¢ = {1,2,3,4}, and
wy, are the radius and angular velocity, respectively, of the
rotor ;. Further, C; denotes the thrust coefficient depending
on rotor geometry and p denotes the density of air. The density
of air as a function of height is given as [21]

—uohj
b

p = poe uo = 9.7 X 107° where, (56)

po is the average density of air. The relation between the pitch
angle () of rotor blades and thrust coefficient C is expressed

as [22]
6C, 3 /C, Nycy
0y = _—— = here,
0 o Cl, + 2V 27 7 TR,, ere

o, denotes the rotor solidity, N, is the number of blades, ¢;
is the chord length and Cj_ is the 2D lift curve slope of the
airfoil section(s). Using equation (57) we derive the closed-
form expression of C; as
6012012 sz + 64ClClQNb7TRri6‘U 1
t = < - X
384m2R2, 128+/372

V12¢/CE N + 2566} C3 N Ry, 0.

(57)

(58)

The reaction torque (Q,,) due to rotor drag acting on the
airframe generated by hovering rotor is expressed as [20]

Ct% 1 NbCl
V2  87R,,
C, is the drag coefficient and Cq, is the zero-lift drag
coefficient. Specifically, for a quadrotor UAV wherein R,, =
R,, Vi =1,2,3,4 the total thrust and torques leading to roll,
pitch, and yaw movements of the quadrotor UAV are related
to the rotors’ speed w,, by the following equation:

& @ &

Qr, = quAT‘iRg»WQ &Cq =

Ty T

Cy, here, (59)

c, 2

TZ e wrl
1 . 0 —Ctd 0 Ctd wf
Y I e B S R P e
T3 -c, C, -C, C,| lwn
T

6’; = Ctpoe_“‘)thwaf & 'CTI = qpoe_“"héﬂRf here,
(60)

TE is the total thrust generated by the rotors, and 71, T2, and
73 are the torques for roll, pitch, and yaw movements of the
UAV. Further, d is the distance of each rotor from the center of
the UAV. For a steady-state UAV hovering at a given height,
the angular velocity of the rotors w,, is obtained by inverting
[ such that Ts~ = Mg, where M, is the mass of the UAV
and ¢ is the acceleration due to gravity, and 7, = 72 = 73 = 0.

For a quadrotor UAV with R,, = R,,Vi = 1,2, 3,4, hovering
at an optimal height i} (depending upon NOMA or OMA data
transmission), we derive the angular velocity wy, of the rotors

as
ehguogkjd
Cipo R
NG

From equation (61), it is observed that the hovering velocity
of the rotors depends on the hovering height of the UAV, the
mass of the UAV, air density, the radius of the rotors and the
thrust coefficient.

wp = , Wpy = Wpy = Wpy = Wy, = wp. (61)

B. Hovering Power Consumption and Battery Life of UAV

The voltage and current drawn by the rotor r; of UAV
hovering at the optimal height A} (depending on NOMA or
OMA data transmission) with an angular velocity of the rotors
wp, are given as [23]

1
Ury = R, + kewn & i, = - (Ty + kowj, + Dywy) . (62)
t

Here v,, and %,, denote the voltage and current drawn by the
rotor 7; respectively; R denotes resistance. ke, k¢, Ty, ko, and
Dy denote the motor’s voltage constant, torque constant, motor
friction torque, drag coefficient, and motor viscous damping
coefficient. The hovering power (P,‘fov) and the total power
(Pd) consumed by the UAV is written as

to
4

Pgov = Z’Unin & Ptdo = Pgov + P(; here’ (63)
=1

P7 is the optimal communication power required depending
upon the NOMA or OMA transmission.

Lithium polymer (LiPo) batteries have been widely utilized
to power UAVs, therefore, we consider that the total power
requirements PZ of the UAV are met by LiPo batteries. The
discharge of these types of batteries is suitably modelled
by utilizing the kinetic battery (KiBa) model [24]. In the
KiBa model, the battery charge is divided into two wells: the
available charge well (y;) and the bound charge well (ys).
The differential equations governing the change of charge in
the wells for a constant current discharge of Z,; are given as

dyi () y2 (1) v (?)
Cllt = —Ta+ky (12—u_1u> ,pe o, 1] (64)
dy2 ()~ (92() (D)
dt ks <1 —u u ’ 65)
Y1 (0) = tChatt, Y2 (0) = (1 — p) Chare and, (66)
4 *
Iy = ; i, + % here, (67)

t denotes time, and k; is a parameter limiting the rate of flow
of charge between the two wells, and p is the splitting factor.
Chatt 1s the battery capacity, and vy, is the UAV’s transceiver



voltage. We solve the coupled differential equations and derive
the closed-form expression of y; and ys as

Cha -1 —Zgt(p—1 “kyt
1" (t) _ M( batt (lu ) d (,U/ )) _ 6“7“2
w—1
_ut_ 68
(=) Zap ~ Tap®) | Zapers (u—1)] @
+
kg kg
9 k‘ft
“kyt - 1) (Zap — 7, Taper—n?
o (1) = i3 (1 )(kdlt an?) N duk (14— 1)
f f
— Cbatt (,u — ].) -I-Idt (/J — ].) .
(69)

The battery is considered to be completely discharged when
there is no charge left in the available charge well (i.e.,
y1 (t) = 0). In this paper, we propose a graphical methodology
to compute the battery lifetime of the UAV (i.e., time ¢ at
which y; (t) = 0) hovering at an optimal height to meet
the desired QoS depending upon NOMA or OMA-aided
transmission.

IX. SIMULATION RESULTS AND DISCUSSIONS

A. Numerical Analysis of Optimal gNB Coverage Radius and
Optimal Location of UAV

Network Scenario: A rural scenario, wherein, 24 users are
distributed uniformly over a 200 x 200 m? rectangular area is
considered. Similar to the works of [25] and [26], we consider
the ground users at random positions. The density of users
per square kilometer is along the lines of [27]. The optimal
location of gNB (z¢, y¢) incorporating the spatial distribution
of users in A is computed by utilizing the k-means algorithm
of the unsupervised ML framework [28].

Optimal coverage radius of gNB: The simulation parameters
utilized to compute the optimal coverage radius of gNB are
listed in Table I. The graphs of LoS probability (P/7%)

TABLE I: SIMULATION PARAMETERS FOR COMPUTATION OF OPTIMAL
GNB RADIUS

Parameters Values
Transmitted power by gNB (P, """) 43 dBm
Received signal strength threshold (P, i) -75 dBm
Standard deviation of shadowing (o) 8 dB
Coverage probability threshold (vVeowv) 0.96

and NLoS probability (P¢) are illustrated in Fig. 4(a).
From Fig. 4(a) it is observed that as the distance from
gNB or coverage radius of gNB (i.e., ry) increases, the LoS
probability decreases and the NLoS probability increases. Fig.
4(b) illustrates the PL for the LoS condition (PL]™%), the

los

NLoS condition (PL[""%), and the combined PL (PL"™")
incorporating the effects of the LoS and NLoS conditions.
From Fig. 4(b), it is observed that the PL is minimum for the
propagation scenarios where LoS dominates, whereas the PL
is maximum for dominant NLoS scenarios. Fig. 4(c) illustrates
the variation of coverage probability (P[;n*) with r,, as
observed from Fig. 4(c), P.)"* decreases with the increase
in 4. To compute the maximum coverage radius of gNB
utilizing the constrained Nelder-Mead optimization technique,

we consider the values of contract ratio, expand ratio, reflect

1 160
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Fig. 4 Variation with respect to coverage radius of gNB (rg4) (a): LoS
probability 7" and NLoS probability P77 ,(b): PL for LoS condition,
NLoS condition and combined PL PL""™, (c): coverage probability P/[¢.

1000

ratio, shrink ratio, and tolerance for constraint violations as
0.5, 2, 1, 0.5, and 0.001 respectively. For ~.,, = 0.96,
the optimal coverage radius of gNB i.e., R} is obtained as
109.097 m.

The network deployment, considering the optimal location
of gNB, the optimal coverage radius of gNB and the optimal
2D location of the UAV is presented in Fig. 5. As observed

n
o
o
\
\
/
/

y-axis (m)
N
o
o

0 ,
-50 0 50 100 150 200
z-axis (m)

Fig. 5 Network deployment considering optimal coverage radius of the
gNB, optimal location of gNB and optimal 2D location of the UAV. The
blue dots represent the users over the geographical area of interest. The red
cross represents the optimal gNB location, the red circle represents the
optimal coverage radius of gNB, and the black cross represents the optimal
location of UAV.

from Fig. 5, all the users in the geographical area of interest are
not served by the gNB. For the simulated network scenario, 5
users lie outside the coverage of gNB, thereby resulting in the
need for UAV-assisted data transmission to provide network
services to all the users over the geographical area of interest.
The users outside the effective service area of gNB are served
by the UAV. The optimal 2D location of the UAV is obtained
by utilizing the location information of the users outside the
gNB through the k-means algorithm.

B. Numerical Analysis of ATG channel and UAV-Assisted
NOMA and OMA data transmission

ATG channel: The parameters used for the simulation of
the ATG channel are listed in Table II. As observed from Fig.

TABLE II: SIMULATION PARAMETERS FOR ATG CHANNEL

Values

2 GHz

3 x 103ms ™1
3 dB and 15 dB

11.95 and 0.136

Parameters

Operating frequency of UAV (f)
Speed of light (c)

Constants kg and k%

Constants A and B

Excessive PL due to LoS propagation (7;,s) 0.1 dB
Excessive PL due to NLoS propagation (7),,10s) | 21 dB
3.5 and 2

Constants g and an




5, 5 users are served by the UAV. The distances of these 5
users from the UAV are arranged in descending order such that
rd >rd o >rd o>l > rd e, the user farthest from the
UAV is labelled as user 1 and the nearest user from the UAV
is labelled as user 5. The variation of the Rician factor of the
users (K¢ ) as a function of UAV height (hp) is illustrated
in Fig. 6. As observed from Fig. 6, Kffi increases with the

o 30
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©
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UAV height (hp),(m)
Fig. 6 Ricain factor (K;fi) of users with respect to UAV height hp.

increase in hp. This increasing trend of Kffi, is observed
as, with an increase in hp, the LoS probability increases,
thereby resulting in increased signal power through the LoS
component. Further, as observed from Fig. 6 various users
served by the UAV experience different Rician factors, owing
to the different spatial locationcsi of the users with respect to
UAV. The LoS probability P;;’g of the users served by the
UAV as a function of UAV height (hp) are illustrated in

d
Fig. 7(a). Fig. 7(b) illustrates the NLOS probability P";
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Fig. 7 Variation with respect to UAV height hp (a): LoS probability P,
d
of different users, (b): NLoS probability pYi

nlos
PL exponent agi of different users, and (d): PL PL“ encountered by
users, incorporating the effects of LoS and NLoS probabilities, PL exponent,
LoS and NLoS PL.

os

of different users, (c): The

of the users served by the UAV as a function of hp. From
Fig. 7(a) and Fig. 7(b),
and P:l;j)s decreases, respectively, with the increase in hg.
The variation of the PL exponent c,,« with variation in hp
is illustrated in Fig. 7(c). As indicated by Fig. 7(c), higher
UAV altitude results in a smaller value of the PL exponent,
owing to the increase in LoS probability with UAV height.
Fig. 7(d) illustrates the PL experienced by the users served
by the UAV as a function of hp, incorporating the effects of
LoS probability, NLoS probability, PL. exponent, and PL due
to LoS and NLoS propagation conditions.

d
it is observed that P;:)Z increases

UAV-assisted NOMA and OMA data transmission: The
simulation parameters used for UAV-assisted NOMA and
OMA data transmission are presented in Table III. The target
rate of the strongest user, i.e., the user at the least distance
frorgl UAV, is considered 1 bit per channel use (BPCU), i.e.,

R:Nd = 1 BPCU. For users u;i # Ng, the target rate is

considered as R, - B x R, ™4 i # Ny, and Ba is given
as

P (70)

R SRR
For the simulated network scenario, the considered target rates
of the users are along the lines of [7]. To solve the proposed
optimization frameworks of UAV-assisted NOMA and OMA
data transmission utilizing the differential evolution methodol-
ogy, we consider cross probability, scaling factor, and tolerance
for constraint violations as 0.5, 0.6, and 0.001 respectively. The
graphs of optimal (minimum) communication power P;
and optimal UAV hovering height A}, .., for UAV-assisted
NOMA transmission are illustrated in Fig. 8(a) and Fig. 8(b)
respectively. From Fig. 8(a) it is observed that as the value of
the outage probability threshold €y, reduces Py, increases
owing to the requirement of higher communication power
for satisfying the stringent QoS requirements of the users
(signified by the smaller values of €;,). From Fig. 8(b), it is
observed that 7, ,,,,, for UAV-assisted NOMA transmission
increases with the reduction in €. This trend of hp, .o
is observed as greater UAV height results in better LoS
probability, thereby ensuring the stringent QoS requirements
of the users associated with the UAV. The trends of the optimal
communication power Pj . . -and optimal UAV height 7 ..,

for UAV-assisted OMA data transmission are depicted in Fig.
9(a) and Fig. 9(b) respectively.

TABLE III: SIMULATION PARAMETERS FOR UAV-ASSISTED NOMA AND
OMA DATA TRANSMISSION

Parameters Values
Maximum height of building (Amin ) 5 m
Maximum permissible height of UAV 1000 m

(}Mnaz)
stants 3¢ . B¢ . B2 B
Constants 87, Buy» Buys Buy

0.2469, 0.2246, 0.2231, and 0.1777

Power allocation factor af , af , al_, | 0.2469,0.2246,0.2231,0.1777, and
af . and al_ 0.1277
=60
E g 120
=
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Fig. 8 Variations with outage probability threshold €, for UAV-assisted
NOMA transmission (a): Minimum communication power requirement
Py , (b) optimal UAV hovering height h*

d,noma D,noma"

C. Numerical Analysis of Wide Elliptical Beam Design

The convex Hull H, formed by the set of users in the UAV
set (i.e., the users that are outside the coverage of the gNB)
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Fig. 9 (a) Minimum communication power requirement deoma for

UAV-assisted OMA transmission for variations in outage probability
threshold €;,. (b) Optimal UAV hovering height h7, .~ for OMA
transmission for variations in €gp,.

is depicted in Fig. 10(a). The minimum area ellipse enclosing
H? is illustrated in Fig. 10(b). Utilizing the parameters of the

total current drawn by the rotors, and the total hovering power
consumption (P ) of the UAV for variations in the hovering
height (hp) of the UAV. Fig. 12(a) illustrates the plots of
wp, required for the UAV to hover at different altitudes hp.
As observed from Fig. 12(a), wy, increase with an increase in
hp. Fig. 12(b) illustrates the total current consumption of the
UAV for hp. The total current consumption increases with

the increase in hp, as wy, increases with hp. The variation in

P}‘fov with hp is illustrated in Fig. 12(c). As observed from
Fig. 12(c), P;fm) increases with an increase in hp, owing to

the increase in wy, and the corresponding increase in the total
current consumption.

TABLE IV: SIMULATION PARAMETERS FOR DYNAMIC MODEL OF UAV

180 200 Parameters Values
e /\ B Average density of air (pg) 1.2255 kgm ™ >
- 120 _— \\ - 100 Pitch angle of rotor blades (6¢) 15
E " % Thrust coefficient (C') 0.02
L 60 x L0 2D lift curve slope (C,,) 5.73
0{7777777777——777* 100 Number of blades (IN},) 6
0 60 120 180 -180 0 180 360 Cord length (c1) 0.0157 m
z-axis (m) z-axis (m) Radius of rotor (R, = R,)Vi=1,2,3,4 | 0.4 m
(a) (b) Rotor solidity (o = 247L) 0.0750
Zero-lift drag coefficient (Cdo) 0.01
Fig. 10 (a): Convex hull ¢ formed by the users outside the gNB, here, the Mass of UAV (M) 1.3 kg
red polygon represents 7% and the black cross represents the optimal 2D
location of the UAV serving the users outside the gNB. (b): The minimum 220 17
area ellipse enclosing H, herein the black ellipse shows the minimum area |y, 216 8
ellipse enclosing H?. "g .5 =
.. . . ~16.6
minimum area ellipse formed on the ground plane (Fig. 10(b)), \2 s
the plots of the designed elliptical beam are illustrated in Fig. 3,/ 164
; ot 0 300 600 900 0 300 600 900
11. The' contour plot of 'the? wide elhptlcal' beam at the.source UAV height (hp) (m) UAY height (hg) (m)
plane, i.e., at the UAV is illustrated in Fig. 11(a), while, the
. . L L : (a) (b)
3D gain pattern of the wide elliptical beam is illustrated in 18
Fig. 11(b). The contour plot and 3D gain of the propagated g
wide elliptical beam on the ground plane are illustrated in Fig. ‘-j17
11(c) and Fig. 11(d), respectively. %216
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Fig. 11 (a): Contour plot of the 3D pattern of the wide elliptical beam at the
source plane, i.e., at the UAV. (b): The 3D gain pattern of the wide elliptical
beam at the source plane. (c): Contour plot of wide elliptical beam gain at
the destination plane, i.e., the ground plane, wherein the users under the
coverage of the UAV are served by the wide elliptical beam. (d): The 3D
gain of the designed wide elliptical beam on the ground plane.

D. Numerical Analysis of Dynamic Model and Battery Life of
UAV

Dynamic model of UAV: The simulation parameters utilized
for the dynamic model of the UAV are listed in Table IV.
Fig. 12, illustrates the variations of angular velocity (wp,), the

Fig. 12 Variation with respect to UAV hovering height hp, (a): angular
velocity (wp,) of the rotors of the UAV, (b): total current consumption by
the rotors, and (c): hovering power consumption.

Battery life of UAV: The parameters utilized to compute the

battery life of the UAV are presented in Table V, here, the
parameters pertaining to the battery life of UAV are along the
lines of [24]. The proposed graphical methodology to compute
the UAV battery life is illustrated in Fig. 13.

TABLE V: SIMULATION PARAMETERS FOR BATTERY LIFE OF UAV

Parameters Values
Resistance (R) 0.2Q
Voltage constant of motor (k) 0.0104
Torque constant of motor (k) 0.0104
Motor friction torque (T ) 0.04 Nm

2.2518 x 10~ %
2% 10~ % Nmsrad— ©

Drag coefficient of motor (ko)

Motor viscous damping coefficient (D)
Transceiver voltage of UAV (vy,.)
Parameter k ¢

Splitting factor (p) 0.9
Battery Capacity (Cpatt) 72000 As

E. Performance Evaluation of the Proposed Framework

The comparison of optimal (minimum) communication
. N .
power requirements Pj, .. using our proposed framework
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Fig. 13 Proposed graphical methodology to compute the UAV battery life,
herein, the intersection of the blue and red line gives the battery life.

of UAV-assisted NOMA data transmission coupled with the
generation of a wide elliptical beam is illustrated in the bar
graphs of Fig. 14(a). From Fig. 14(a), it is observed that the
desired QoS of the users is met with lesser communication
power using the proposed framework, thereby resulting in
enhanced battery life of the UAV. The comparison between
the proposed methodology in terms of the optimal UAV
hovering height 17, ,,,,, required to meet the desired QoS
of ground users is illustrated in Fig. 14(b). It is observed
from Fig. 14(b), that the desired QoS requirements of the
ground users are met at smaller values of A}, ., using
our proposed approach, here, the smaller value of h* D .noma
results in lower PL, thereby resulting in less communication
power consumption and an enhanced battery life of the UAV.
The comparison between the proposed methodology and the
NOMA-assisted data transmission in terms of the angular
velocity wy, of the rotors of the UAV and the total current
consumption by the rotors of the UAV at the optimal UAV
hovering height is illustrated in Fig. 15(a) and Fig. 15(b), re-
spectively. Fig. 15(a) and Fig. 15(b) illustrate that by utilizing
the proposed methodology, marginally less wy, is obtained at

! thereby resulting in lower total current consumption

D ,noma’
by the rotors. The performance comparison of the proposed
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Fig. 14 Comparison of the proposed UAV-assisted NOMA transmission in
terms of (a): optimal communication power and (b): optimal UAV hovering
height.
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Fig. 15 Comparison of the proposed UAV-assisted NOMA framework in
terms of (a): angular velocity of the rotors and (b): total current
consumption by the rotors of the UAV.
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methodology in terms of the total hovering power consump-
tion P by the UAV and the battery life of the UAV is
illustrated in Fig. 16(a) and Fig. 16(b), respectively. Fig. 16(a)
shows that utilization of the proposed methodology results in
marginally lower P . Fig. 16(b) illustrates that the proposed

methodology significantly enhances the battery life of the
UAV owing to the reduction of communication power, UAV
hovering height, angular velocity, and current consumption by
the UAV. The comparison of minimum communication power
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Fig. 16 Comparision of the proposed UAV-assisted NOMA transmission in
terms of (a): hovering power consumption, (b): UAV battery life.

requirements using our proposed framework of UAV-assisted
OMA transmission is illustrated in the bar graphs of Fig.
17(a). From Fig. 17(a), it is observed that the desired QoS
of the users is met with lesser communication power using
the proposed method. The comparison between the proposed
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Fig. 17 (a): Comparison of the proposed UAV-assisted OMA transmission
framework in terms of (a): optimal communication and (b): optimal UAV
hovering height.

methodology and the OMA-assisted data transmission in terms
of the optimal UAV hovering height is illustrated in Fig. 17(b).
From Fig. 17(b), it is observed that the ground users’ desired
QoS requirements are met at lower UAV heights using our
proposed approach. The comparison between the proposed
methodology and the OMA-assisted data transmission scheme
in terms of the angular velocity of the rotors of the UAV
and the total current consumption by the rotors of the UAV
at the computed optimal UAV hovering height is illustrated
in Fig. 18(a) and Fig. 18(b), respectively. The performance
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Fig. 18 Comparison of the proposed UAV-assisted OMA transmission
framework in terms of (a): angular velocity of the rotors and (b): total
current consumption by the rotors of the UAV.

comparison of the proposed methodology in terms of the total
hovering power consumption by the UAV for OMA-assisted
transmission and the total battery life of the UAV for OMA-
assisted transmission is illustrated in Fig. 19(a) and Fig. 19(b),
respectively, herein, a significantly longer UAV battery life
is achieved for UAV-assisted OMA transmission utilizing the
proposed framework.
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Fig. 19 Comparison of the proposed UAV-assisted OMA transmission in
terms of (a): hovering power consumption of UAV and (b) UAV battery life.

X. CONCLUSIONS

In this paper, we presented a joint framework incorporating
gNB and UAV-assisted NOMA and OMA data transmission
schemes to serve the spatially separated users in a given rural
geographical area of interest, wherein the users outside the
gNB are served by the UAV. In this regard, we first presented
an optimization framework to compute the optimum coverage
radius of the gNB constrained by the coverage probability
utilizing the RMa prorogation scenario. Thereafter, we pre-
sented optimization frameworks to compute the minimum
communication power and optimal UAV hovering height to
meet the desired QoS of the users characterized by outage
probability for UAV-assisted NOMA and OMA transmission.
Going, further, we studied wide elliptical beam design to serve
the users under the coverage of UAV and further, we analyzed
the angular velocity of rotors, the total current consumption by
the rotors, and the hovering power consumption of the UAV.
Furthermore, we proposed a graphical methodology to deter-
mine the battery life of a LiPo battery-powered UAV. The per-
formance evaluation demonstrated the superior performance of
the proposed framework in communication power requirement
and battery life of UAV compared to the conventional UAV-
assisted NOMA and OMA transmission.
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