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Abstract—The recent proliferation of light-emitting diodes
(LEDs) in unmanned aerial vehicles (UAVs) for inspection, first
response, environmental protection monitoring, surveillance and
urban safety especially at night time, have paved the way for
visible light communication (VLC) enabled UAVs. Since UAVs
are power limited and size constrained devices, the utilization of
visible light for communication and illumination in UAVs help in
reducing energy and air-frame cost. Further, when the ground
users are mobile, UAV placements require regular updates at
optimized update intervals. Consequently, we propose energy
and user mobility aware three-dimensional (3-D) deployment of
VLC enabled UAV-base station (UB,) so that maximum coverage
of users while ensuring fairness is achieved. The farthest user
and shifting UAV based solutions have been proposed for the
joint optimization of UB, placement and the update interval.
The complexity of the proposed approaches is lower than the
exhaustive-search based solution, thus, making the UB, network
energy-efficient. The UB, coverage area to serve ground users has
been enhanced with holographic light-shaping diffusers (LSD).
The optimum angle of the LSD has been obtained based on LED
optical transmitted power and desired UB, maximum coverage.
A novel red, green and blue (RGB) LED solution based on light
sensitivity to the human eye is proposed to increase the coverage
area for the night scenario. Moreover, we derive the analytical
expressions to determine the maximum coverage radius and UB,
optimum altitude for the defined quality-of-service (QoS) metrics.
Finally, the proposed UB, network is evaluated in terms of update
instant, service time and effective users covered.

Index Terms—Visible Light Communication (VLC), Un-
manned Aerial Vehicle (UAV), holographic light shaping diffuser
(LSD), RGB LED, User Mobility, Coverage Probability

I. INTRODUCTION

HE demand for unmanned aerial vehicles (UAVs) have
been snowballing over the last few years. The real-time
aerial video transmission is one of the myriad applications of
wireless communication through UAVs, which is convention-
ally utilized for remote sensing, surveillance, aerial inspection,
and monitoring [1]]. UAVs can also be deployed as aerial base
stations (BSs) or relays in communication networks [1]], [2]].
These aerial base stations are referred to as UAV-BS. UAV-
BSs can augment the performance of desired communication
network owing to their high mobility, maneuverability in the
three-dimensional (3D) space, fast deployment and ease of
accessibility in remote areas.
Wireless communication based on radio frequency (RF)
faces a spectrum crunch due to increased demand on its limited
bandwidth. Therefore, visible light communication (VLC) can
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play a significant role as it provides ample unlicensed band-
width and offers various advantages such as free from electro-
magnetic interference, utilization of existing illumination in-
frastructure to support green communication, along with high
level of security over RF communication [3]], [4]. VLC relies
on light-emitting diode (LEDs) for signal transmission which
makes them particularly suitable for scenarios like search and
rescue in which both illumination and communications are
required. LEDs outperform the other light sources with their
high electrical-to-optical conversion efficiency, long life span,
small size, light weight, low cost and modulation performance
[S[l. Therefore, the energy-efficient LEDs further reinforce the
emerging VLC technology. Further, the authors in [6] have
proposed the concept of integrating LEDs in UAVs, for illu-
mination in applications such as disaster recovery and urban
safety. For night time UAV operations, Draganfly Innovations
[7] are designing and manufacturing UAVs equipped with
LEDs. Therefore, the recent use of LED mounted on a UAV
inspires the researchers to combine VLC and UAVs to provide
simultaneous communication and illumination for inspection,
environmental protection monitoring, first response, urban
safety especially at night and emergency communication for
disaster recovery [6], [8]l, [9]. The active interest in VLC
enabled vehicular networks has further pushed the research in
VLC enabled UAVs, which can satisfy the dual requirement
of illumination as well as communication of ground users
through visible light. Further, above mentioned utilization of
LEDs in UAVs for communication and illumination eliminate
the extra cost and energy required in UAVs for RF-based
communication [10]], [[11]]. Owing to the numerous advantages
of VLC, VLC-enabled UAV-BS (UB,) communications can
become a promising technology. However, three-dimensional
(3-D) placement of UB, is one of the crucial challenges in
UAV-assisted communication networks [1]], [2].

A. Literature Review and Motivation

Deployment of UB, networks is challenging, as it depends
on many factors such as deployment environment e.g., geo-
graphical area, locations of ground users, air-to-ground chan-
nel characteristics, etc. The literature is replete with RF-based
UAV-BS (UB;) networks and its deployment. The optimized
deployment of static and mobile UB, has been discussed
in [[12]]. In case of static UB, deployment, the position of
UB; remains same for the entire duration of operational time
whereas for mobile UB,, the deployment position changes
many times during allotted operational time [13]]. However,
for vertical deployment in UB,, one cannot consider the same
height as UB, since in UB, the aim is to simultaneously
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provide communication and illumination. In case of UB,,
the altitude is mostly fixed based on certain communication
parameters such as achievable data rate, error rate or signal-
to-noise ratio (SNR). Therefore, a plethora of works in RF-
equipped UAVs are for two-dimension (2-D) deployment.
However, in UB,, the vertical deployment depends on two
factors communication and illumination especially for night
scenario or say low light scenarios. Further, VLC channel
gain is different from the RF channel gain. Therefore, UB,
can not be deployed at the same altitude as of UB,. Secondly,
for the user mobility aware 2-D deployment one may expect
that similar deployment technology can be used for both UB,
and UB,. However, the maximum coverage radius changes
for UB, from UB; because the altitude and quality-of-service
(QoS) metrics are different in both cases.

Next, we would like to emphasize on the novel optimization
problem being solved in this work: a joint optimization of
the UB, 3-D positioning and the update interval has been
proposed to maximize the number of covered users with
VLC specific QoS constraints (i.e., illumination and reliable
communication) at an update instant by ensuring user fairness
and flight time constraint. In [14]], the joint optimization of
the UB; 2-D positioning and the update interval has been
done with the standard exhaustive search based strategy (ES)
algorithm integrated with the greedy approximate approach
[15] which is extended to UB, deployment in our work.
Further, the optimization of UB; deployment becomes even
more challenging when mobility of ground users is taken into
consideration as it requires multiple updates based on the user
mobility [[16]. A reinforcement-learning (RL) based technique
has been utilized for dynamic heterogeneous network to update
the UB, deployment [17]. In [18]], a multi-agent Q-learning
based algorithm is used to obtain the UB; trajectory which
is based on the prediction of users’ position. In [19], RL
technique has been adopted in fair maximum coverage de-
ployment of UAVs, where the convergence of the proposed
algorithm takes training episodes of the order of 10%. The
time complexity of RL depends on its training convergence.
Further, highly complex algorithms are less preferred for UB,
networks owing to the power limitations and size constraints of
UAVs. Therefore, motivated by the aforementioned issues, this
paper presents two energy-aware algorithms (i.e., farthest user
based strategy (FU) and shifting UAV based strategy (SU))
to achieve performance close to the exhaustive one whilst
reducing the complexity. The focus of this work is to minimize
flight time of UB, and maximize coverage probability of users
with energy-aware and low complex methods. Concept of
fixed update interval has been introduced in [16] and [18]]
to quantify the repeated updates for mobile UB,. However,
there is a lack of literature on UB,s which takes into account
the flexibility of update interval, flight time, service time and
coverage probability together with user mobility awareness.
In [20], the multi-UAV-based heterogeneous flying ad hoc
networks (FANET) has been surveyed with more focus on the
concept of gateways in the network to connect small and mini
UAVs via a communication network, whereas in this work
the focus is on the reliable communication between UB, and
mobile ground users. Additionally, two of the challenges and
open issues presented in [20] have been investigated in this

work for UB,, which is mobility modelling of UB, with user
mobility awareness and energy-efficient scheme.

The existing work in UB, system primarily focuses on
its power efficient deployment. In a multi-UB,, multi-user
scenario, to jointly satisfy the users’ data rate and illumination,
location of UB,s and the cell associations (different sub-
regions corresponding to the deployed UB,ys) are optimized
under illumination and communication constraints in [8].
However, effect of interaction among different UBys has not
been considered. In [9], interaction amongst different UBys is
taken into account. An optimization problem is formulated to
improve the performance by minimizing the transmit power
consumption of interacting UAVs to meet different data rate
and illumination requirements of ground users. The work in
[21] describes the deep learning (DL) based approach for
power efficient deployment of UB,s. Specifically, they use a
machine learning framework of gated recurrent units (GRUs)
with convolutional neural networks (CNNs) to model the long-
term historical illumination distribution and predict the future
illumination distribution of the ground users. In these works
the power efficient deployment of UAVs has been done in 2-
D with fixed altitude of UB,. However, in our proposed work
the 3-D UB, deployment has been done to cover maximum
number of mobile users with low complexity. The work in
[22] discusses integration of non-orthogonal multiple access
(NOMA) with UBys to realize massive connectivity require-
ment for 5G and beyond. This technique also helps to serve
more users compared to the VLC system without NOMA.
A joint problem of power allocation and UB,’s placement
is solved to maximize the sum rate of all users, subject to
constraints on power allocation, QoS of users as well as UB,’s
position. Nevertheless, the benefit of multiple access provision
in UBys comes at the cost of higher complexity. UB,s meant
for communication should avoid lag and latency, therefore
most of the decision should be taken by UBys only. Since,
UAVs in general are resource constrained devices, therefore
the aim of this paper is to reduce the complexity of computing
the optimal UB, placement to cover maximum possible users
with energy awareness. The research aim in most of the prior
work is to reduced power requirement at UB,. However, the
3-D deployment of UB, so as to maximize the number of
covered users and minimize the UB, flight time with energy
and user mobility awareness has not been studied before.
Further, no existing work in UB, has considered the variation
of day and night scenario in coverage. This paper for the very
first time investigates UB,, coverage radius with respect to its
altitude to provide reliable communication for day scenario,
and both reliable communication and illuminance for night
scenario. Further, energy-aware techniques have been proposed
to enhance the maximum coverage radius of UB,. A novel
RGB LED solution based on light sensitivity to human eye
have been proposed specific to night scenario which increases
the coverage radius by increasing the illuminance, thereby
supporting green communication. For both day and night
scenarios, the coverage radius has been increased with the
inclusion of holographic light shaping diffuser (LSD) [23]-
[25] as LED front end. The optimum angle of the LSD has
been obtained based on the LED optical transmit power to
achieve maximum coverage radius and its optimum altitude
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for the desired QoS metrics. Further, the 3-D deployment of
UB, in an outdoor scenario provides flexibility to vary altitude
(L) of UB, for enhancing the coverage radius (). Therefore,
the proposed work thoroughly investigates the relationship
between L and r which has not been extensively studied in
literature for a UB, network. This work is first of its kind
to derive and provide the theoretical expressions of enhanced
coverage radius as a function of L for the two QoS metrics to
ultimately obtain optimal altitude and its respective maximum
coverage radius analytically.

B. Contributions

The key contributions of the proposed work can be summa-
rized as follows:

1) In this work, the altitude deployment of UB, have been
optimized for maximum coverage of ground mobile users
while fulfilling illumination and reliable communication
requirements.

2) The maximum coverage radius has been enhanced with
energy-aware techniques: novel RGB LED based solu-
tion and holographic LSD. The analytical solution for
optimum coverage radius with the proposed techniques
has been derived.

3) A joint optimization of the UB, 2-D positioning and the
update interval has been proposed to maximize the num-
ber of covered users with VLC specific QoS constraints
at an update instant by ensuring the user fairness as well
as UB, flight time constraint.

4) This paper proposes two energy-aware solutions based on
farthest user and shifting strategy for the above mentioned
joint optimization problem. The proposed methods have
been compared with the standard exhaustive search based
strategy.

The rest of the paper is organized as follows. Section II
presents the UB, network model and QoS metrics. Section III
formulates the problem and discusses the solution. Section IV
discusses the results obtained. Finally, Section V concludes
the paper with future work directions. Table [] summarizes
the notations, acronyms and abbreviations used throughout the

paper.

II. VLC ENABLED UAV NETWORK MODEL

In literature, mainly two types of UAVs have been consid-
ered, i.e., multirotor (or rotary UAVs) and fixed-wing UAVs.
Rotary UAVs have greater manoeuvrability, compact design,
and are easy to control and fly in any direction, whereas
fixed-wing UAVs are less manoeuvrable, cannot hover, but
can provide increased range and payload capacity [26]], [27].
Therefore, rotary UAVs become more suitable for commu-
nication and illumination purposes because of their greater
manoeuvrability and ability to hover in a stationary position.
Further, the reduced range of rotary UAVs is not an issue
as UB, are capable of providing service only within a small
area (in hundreds of meters). However, it is crucial to reduce
the energy consumption in rotary UAVs due to their limited
energy. Therefore, energy-efficient schemes are required for
the 3-D deployment of rotary UAVs.

We consider a UB, network model which serves N mobile
ground users as shown in Fig. [I] The total operating time

[} Ground Users

7% VLC enabled UAV-BS (UB,)

O UB, Coverage Area L\ y
@® 2-D Projection of UB, f
o(g
iy x

Fig. 1. VLC enabled UAV Network Model.

TABLE I
NOTATION/ABBREVIATION/ACRONYM AND ITS DEFINITION.
Notation / Definition
Abbreviation /

Acronym
UAV-BS UAV-Base station
VLC Visible Light Communication
UBy VLC enabled UAV-BS
UB; RF enabled UAV-BS
RGB Red, green and blue
LSD Light Shaping Diffuser
ES Exhaustive search based strategy
FU Farthest user based strategy
SU Shifting UAV based strategy
R Maximum coverage radius
Lo Optimal altitude
SN R, Signal-to-noise ratio threshold
FEup, Illuminance threshold
Py, Transmitted optical power
Ue Average number of effective users covered
S Average service time

of UB, is considered as “I” seconds to serve N ground
users. The users are moving around following a random walk
mobility model. The communication network decides UB,
altitude (L) and its maximum coverage radius (R) as shown
in Fig. [I] based on two QoS metrics: desired illuminance and
reliable communication. The reliable communication metric is
decided based on the SNR at the edge of the coverage area.
Therefore, reliable communication and SNR has been used
interchangeably in this paper. This work considers illuminance
(in Lux) and SNR (in dB) at forward error correction (FEC)
limit bit-error-rate (BER). Further, UB, does not require to
serve as an illuminaire for day scenarios assuming daylight
is enough for visibility, so only SNR QoS metric has been
considered in the day scenario. However, for night scenarios,
UB, can simultaneously communicate with users and illu-
minate the users’ plane. Hence, both illuminance and SNR
have been considered as QoS metrics in determining R and
its corresponding optimum altitude L, = L in Fig. [T] Once
L, has been obtained, then we focus on the x-y axes (i.e., 2-
D) placement of UB, in the horizontal plane. In the following
subsections, we introduce the two QoS metrics.
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A. SNR in VLC channel

The received SNR [28]], [29] at the ground users’ plane can
be defined as
[pH(0)P,]?
N,B '’

where, p is the responsivity of the photodetector (PD), F; is
the transmitted optical power of LED, B is the VLC channel
bandwidth, N, is the noise power spectral density (PSD)
of additive white Gaussian noise (AWGN) with zero mean
generated at PD. It has been assumed that the impact of
ambient light noise can be removed with a high pass filter [J3]],
(8]. H(0) is the channel gain of the dominant line-of-sight
(LOS) component of the VLC channel. The UB, can serve
users indoor and outdoor both. However, we have considered
outdoor scenarios without atmospheric turbulence in this work
for simplicity. UB, serve users at an open area, so there will
be less possibility of strong reflections from outdoor buildings
and infrastructures, hence only the dominant component i.e.,
LOS link of the optical channel [8], [9] has been considered.
H(0) can be obtained from radiation intensity pattern [28],
[29] given as:

H(0) = { ;*D*“ cos™ (6)T, (1)g(¥) cos(), z < 12} < v

SNR = (1)

2
where, A is the physical area of the PD, ¢ is the angle of
irradiance, 1 is the angle of incidence at the PD which should
not exceed the field-of-view (FOV) angle (i.) of the PD for
proper data reception (0 < ¥ < 1.). The Euclidean distance
(Dg) between the UB, (VLC transmitter) and the ground user
(VLC receiver) is equal to /L2 + 72 as inferred from Fig.
[1] With zero elevation and orientation of the users, the angle
of incidence becomes equal to the angle of irradiance [30],
[31]. Hence, the term cos(¢) and cos(y)) become equal to
ﬁ' The order of Lambertian emission is denoted by m and
is determined by ¢ 1, semi-angle at half illuminance of an LED
as:

3)

m =

—In(2)
In(cos(¢1))

1

2
In @), Ts(¢)) is the gain of the optical filter, and g(<)) is the
gain of the optical concentrator given as:

2
sin? ()’
where, n is the refractive index of optical concentrator. We
compute the SNR required to fulfill the QoS metric by utilizing
(TI)-@) to plot BER versus the SNR curve. The SNR threshold
(SN Ryp,) is the minimum average received SNR required at
the LOS user end for reliable communication at FEC limit
BER with on-off keying (OOK) modulation scheme comes out
to be around 13 dB in the VLC channel. Therefore, SN R;;, =
13 dB has been considered for the final maximum coverage
radius and optimal altitude (L,) calculation.

9(¥) = 0 <9 < “4)

B. Illuminance

Illuminance is the amount of light falling over a given
surface area which correlates with how humans perceive the

4

brightness of an illuminated area [32], [33[]. The unit of illu-
minance is “lux,” where one lux is defined as the illuminance
at which one-lumen luminous flux is uniformly radiated to
1 m? area. The amount of light landing on the users’ plane
(horizontal surface) is determined by

I(0) cos™ ()

FE =
D? ’

—1/2< ¢ < 7/2 (5)

where I(0) is the central luminous intensity of an LED.

The commercial LED follows the Lambertian radiation pat-
tern. Thus, the radiant intensity R;(¢) and luminous intensity
1(¢) both depend on the angle of irradiance [28], [32], [33].
The relation between I(¢) and R;(¢) has to be taken into
account to obtain I(0) in terms of R;(0) (central radiant
intensity) and then finally in terms of P; as expressed in ().
The SNR and illuminance of the ground users are obtained
for a particular P, which is then compared to their respective
threshold value in order to check if it fulfills the desired QoS.

Ri(9) = "L o), .
Ri(0) = (m;iﬂng

The requirement of UB, to serve as a luminaire is important
for night scenarios for safety and visibility purposes, since
during daytime sunlight is enough for outdoor scenarios.
Hence, I(0) has been calculated as per humans’ sensitivity
to low light conditions.

1(0) = (1700)R; (0)Vx,

(1700)(m + 1) P,V (7
2 ’

1(0) =

where, the value 1700 in lumens/watt is based upon the
sensitivity of the eye at 507 nm, the peak efficiency of the
night (scotopic) vision curve and V), is the luminous efficacy
of the eye. It is noted that the luminous intensity is the part of
the optical intensity which is perceived as light by the human
eye. Further, the response of the eye as a function of frequency
is known as the luminous efficacy of the eye. The V), and its
converted value in lumens/watt has been tabulated for both the
day scenario (photopic) case and the night scenario (scotopic)
case in [34]. Therefore, for the dark-adapted (scotopic) case,
V) is one at 507 nm. Similarly for photopic case, V) is one at
555 nm which is 683 lumens/watt [34]]. Therefore, I(0) varies
for day and night scenarios and depends on the dominant
light frequency. This in turn varies F, and thus F should be
calculated specifically for day and night scenarios.

As stated earlier, illumination from UB, is usually meant
for night safety along with sustainable street lighting. In
[35]], the recommended levels of illumination required have
been tabulated for different road characteristics to maintain
visibility for safety purposes as per the World Bank report for
Indian streets. Therefore, in our work, we have considered the
scenario nearby secondary roads [35]], hence Ejj is fixed to
4 Lux as QoS metric to obtain R and L,. Nevertheless, the
illuminance threshold can not only be specific to Indian road
scenarios; it can be decided as per the applications (such as
environmental protection monitoring) and its requirements.
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III. PROBLEM FORMULATION AND SOLUTION

The problem is to optimize the 3-D UB, placement and
update interval while maintaining the desired threshold of
illuminance and SNR. Specifically, we determine the coverage
radius of UB, and its optimal altitude based on the predefined
QoS metrics. Assuming that the minimum illuminance and
SNR requirement does not change during 7', the optimal
altitude can be fixed during T'. However, there is a possibility
that UB, may not cover all the ground users at a particular
time instant due to their random mobility and fixed R. Conse-
quently, UB, 2-D placement needs to be updated after certain
time intervals. It may be noted that the altitude optimization
can be decoupled from the 2-D UB, placement updates which
occur more frequently. Therefore, the optimization of 3-D
placements of UB, is divided into two problems- where the
placement in the z-axis (altitude) is done first and then x-y
axes placement is updated from time to time based on the
user mobility. Nevertheless, even in the case of non-flat areas,
the altitude placement can be updated as per users’ elevation
with respect to the lowest elevation as a reference. However,
the update time for altitude placement would be larger than
x-y placement due to users’ less frequent displacement in the
z-axis. In this work, we have assumed that if there is elevation
at the user’s plane, then after total flight time (7"), the altitude
can be updated once. In the following sections, we discuss
UB, optimal altitude first and then joint optimization of 2-D
UB, placement and update interval.

A. Optimal Altitude

The altitude (L) placement of UB, should provide the
maximum possible coverage radius (R) at the users’ plane. The
coverage radius (r) can be expressed in terms of L and other
parameters known to us from SNR and illuminance equation
(as shown in (T) and (3)). The expressions of coverage radius
in terms of L, F;;, and SN Ry, are as follows:

TSNR = \/ (Tm#+3 — L?),

[pP.(m + 1) A cos™ () Ts (1) g (1) cos(¢p) L +1]

T= 4m2SN RN, B ’
3
2
1 PLm\ 7
rg = <(700)V)\Pt> . 9)
7TEth

The second-order derivative of rgxy g and rg are obtained to
get the optimum values of L, respectively. Thus, the optimized
altitude (LN F) obtained from gy g is used to calculate R for
SNR QoS, whereas Lf obtained from rg is used to calculate
R for illuminance QoS. The minimum of [rgy R(LfN Ry,
re(LE)] obtained from (8) and (9), respectively, provides final
R which satisfies both illuminance and communication. The R
and coverage area thus obtained gets limited due to the QoS
constraints. The most common way to increase R is by in-
creasing the altitude of UB,. However, with increasing height,
the VLC channel gain (refer (Z)) reduces, as it is inversely
proportional to the square of the distance between transmitter
and receiver (in our case, the distance is the altitude of UB,
from the ground users). Hence, for reliable communication

at the ground users, the transmitted optical power can be in-
creased [19)]), thereby increasing the received power. However,
increasing power is not an energy-aware choice, especially
when the focus is on the energy-aware deployment of resource-
constrained devices such as UAVs. Further, many recent papers
have increased the reliable communication distance between
VLC transmitter and receiver to a hundred meters in an
outdoor scenario —. Nevertheless, these techniques will
alleviate the issue of reliable communication at high altitudes
of UB,, but with additional energy and hardware cost. In
this work, the coverage area of UB, has been enhanced with
energy-aware techniques complying with the greener aspect of
communication.

Without Holographic LSD, L =12 m, Pt =9W,

$ =60 FWHM

Received Power (dBm)

Fig. 2. Received power distribution in the coverage area without holographic
LSD.

With Holographic LSD, ¢, =30 FWHM, ¢ =60 FWHM,
L=12m, Pt:‘?W 23

Received Power (dBm)

Fig. 3. Received power distribution in the coverage area with holographic
LSD.

1) holographic LSD: Holographic LSDs of different angles
are employed to increase the coverage area of an LED with
uniform power distribution [24], [25]]. In order to ensure larger
coverage and optimum link performance, holographic shaping
lenses can be used at the transmitter. Using holographic LSD,
the effective divergence angle of the transmitter LED can be

extended to
d)e =V (ybn + ¢da

where ¢. is the effective output angle of the light, ¢, is
the irradiance angle of the LED in full width half maximum

(10)
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(FWHM), and ¢, is the viewing angle of LSD. The calculation
of beam intensity through holographic LSD has been simpli-
fied in Fig. 4 of [25], where LSD is divided into an array of
pixels, and the beam profile for every pixel follows the VLC
channel. The light intensity can be considered uniform for a
very tiny beam profile after passing through a single pixel.
Finally, the effective coverage radius by a transmitter LED at
an altitude of L utilizing LSD at its front head can be obtained
as follows:

TLSD ZLtal’l((be). (11)

The coverage area now depends on the increased coverage
radius, r1sp. Further, with the utilization of LSD, the re-
ceived power distribution at the coverage area becomes more
uniformly distributed, which can be observed from Figs. 2| and
[l The received optical power becomes the average of the sum
of individual footprints per pixel.

2) RGB LED: The central luminous intensity of an LED
depends on V). At 507 nm, V), = 1 and 1700 lumens/watt is
sensed by the human eye [34], which is highest for scotopic
case. It is difficult to design the peak wavelength of a yellow
phosphorus-based LED at 507 nm or close to 507 nm to get
higher illuminance with radiated light as white light. However,
RGB LEDs can be designed for certain dominant wavelengths
while maintaining white light [39]]. The combined effect of red,
green and blue light wavelengths can be utilized to obtain
the value of V) as close as possible to one, which in turn
will increase the illuminance. The central wavelength of RGB
LEDs and its coordinates from the CIE 1931 color space [40]
are shown in Table The luminous efficacy of red (VY),

TABLE I
THE CORRESPONDING COORDINATES OF CENTRAL WAVELENGTHS OF
RGB LEDS IN CIE 1931 COLOR SPACE.

LED light Wavelength Coordinates
color T Y
Red 640 nm 0.7190  0.2809
Green 530 nm 0.1547  0.8059
Blue 465 nm 0.1355  0.0399

green (V) and blue (V) wavelengths are 0.001497, 0.811
and 0.676, respectively [34]]. The optical power of different
wavelengths can be adjusted such that it increases the overall
luminous efficacy. The overall luminous efficacy of RGB LED
can be expressed as:

V79" = (1700)V P, + (1700)VE P, + (1700) VL P,
Pr+Py+ Py =1,

where, P, P; and P, are the normalized optical power of red,
green and blue LEDs, respectively. Further, while increasing
%% 9 the value of P, P, and P, should also maintain
white tone light. The final =,y chromaticity coordinates of
an RGB LED must fall inside the white region of CIE 1931
chromaticity diagram so as to emit white colour light [|39]. The
relation between P, Py, P, and z,y chromaticity coordinates
is shown below:

r=x, P+ x4 Py+ap- Py,
Yy=yr P t+yg Py+uyp- D,

where the coordinates of central wavelength of red LED light
is (x,yr), green LED light is (z4,y,) and blue LED light

12)

13)

6

is (zp,yp) in the CIE chromaticity color space. (I3) can be
re-written using coordinate values from Table [[I] as:

x = 0.7190 - P, 4 0.1547 - Py + 0.1355 - P,
y = 0.2809 - P, +0.8059 - P; + 0.0399 - P,.

Using (I2) and (T4), the possible values of P,, P, and P, are
obtained which increases V7 ® while satisfying the white tone
light constraint. P. = 0.15, P, = 0.3 and P, = 0.55 have
been considered in this work. Therefore, while calculating rg
for scotopic case utilizing RGB LED based solution, the V)
in @) is replaced with V" as shown in (T2).

(14)

B. Analytical Solution for Optimum Coverage Radius

The analytical solution for optimum coverage radius with
the proposed RGB LED and holographic LSD utilizes
and (T6), which have been derived using (8) and (9), as
fundamental equations for illuminance and SNR QoS metrics,
respectively. Therefore, the g and rgy r (as shown in (9) and
(8)) must incorporate the effect of holographic LSD and RGB
LED concept to analytically obtain the maximum coverage
radius which satisfies both illuminance and communication.
The modified expressions of coverage radius incorporating
the effect of holographic LSD and RGB LED concept are as
follows:

rfS’NR =14/ (T/m’1+3 _ LZ)’

!’ ’ 2
[thngR(m’ +1)Acos™ (¢pe)xL™ +1
472SN R, N,B ’

’

x = Ts(¥)g(¥) cos(¢),
15)

2
rgb m/ m’+2
p ((NOOWA pPiépL ) I
7TEth
While using holographic LSD, the effective divergence angle
of the transmitter LED (¢.) should be considered for calcu-
lating Lambertian order. Therefore, instead of conventional
Lambertian order (m) in and (9), modified Lambertian
order (m' = %) has been used in (I3) and (T6).
LEDs, with no shaping lenses, behave as a Lambertian source.
However, the holographic LSD changes the intensity pattern,
which in turn changes the received SNR distribution (as seen
in Fig. [B). Since we have derived the expressions ((I5) and
(T6)) based on conventional intensity pattern in (§) and (9).
Therefore, the transmitted power is adjusted with a factor of
¢snr and £, in (I6) and (13), respectively, to incorporate
the changes in inteigsDity pattern due to holographic LSD. The
factor {svr = ~%5—, where, PLSD and P, are the optical
power received at the circumference of coverage area for
particular L with and Withogg glolographic LSD, respectively.
Similarly, the factor £ = E;J—, where, ETLS D and E, are the
illuminance received at the circumference of coverage area for
particular L with and without holographic LSD, respectively.
Further, the V) of LED changes as per the RGB LED concept.
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Thus, the overall luminous efficacy of RGB LED (Vy 9y as
obtained from (I2) is considered in (I3).

The second-order differentiation of (T3) and (16)) is derived
to obtain the maximum value of altitude LZ and L5VE,
respectively. The respective altitude values are used in
and to obtain respective coverage radius. Further, with
the use of holographic LSD, the direct impact is the increased
coverage radius (as seen in Figs. 2] and [3)), so when the QoS
metrics are satisfied till a certain UB, altitude, the r1¢p limits
the R. Therefore, r;sp calculated from (TI) for LZ and
L5NT) has been considered in (7).

R=min [ rg(L), renr(Li™"),
a7
rrsp(LE), rosp(LINH) ],

The maximum coverage radius, as seen in (I7), can be ob-
tained by finding the minimum of different optimized r as per
the required QoS metrics. Therefore, a network engineer can
directly deduce the maximum coverage radius and its optimum
altitude utilizing the proposed novel analytical expressions
((T3) and (16)) at a given QoS metric for the proposed RGB
LED and holographic LSD technique.

C. Joint Optimization of 2-D Placement and Update Interval

Fig. [ illustrates the UB, placement update timeline for
total operational time, 7' seconds. The time at which UB, 2-
D positioning is updated, is termed as an update instant. The
time difference between two consecutive update instants (k and
k+1) is denoted as the update interval t,,, (k). After optimizing
the altitude of UB, in terms of maximum coverage radius, the
proposed work in this paper optimizes the x-y placement of
UB, in order to maximize the number of users covered subject
to the fairness of coverage. The coordinates of the projection of

Update llnstants

I Kk Update Instant I

tup(k)

Fig. 4. UBy placement timeline.

UB, in the 2-D user plane at the k*" update instant is denoted
as [Ux(k), Uy(k)]. We require an indicator variable Gy, (k) to
represent users coverage, when user n is covered at the update
instant k, G,,(k) = 1 otherwise G, (k) = 0. It should be noted
that during ¢,,,(k) update interval the user’s coverage indicator
varies due to user’s mobility between k' and (k+1)*"* update
instants. Hence, the coverage probability of user n at k"
update instant for ¢,,(k) (denoted by P t.,(x)) should be
considered to obtain the effective number of users covered in
an update interval. Therefore, the average number of effective
users covered in [** UB, operation period is determined by
Gnk and P, 4 (1) as follows:

1 K, N
U= H;: E Z Z Gn,k(k)Pn,tup(k) ’

k=1n=1 (18)
= le [Ecov(l)] )

where E[.] is the expectation operator and N is the total
number of mobile users considered. K; denotes the number
of update instants in {*"* UB, operation period. The number of
effective users covered in [*" UB, operation period is termed
as E.o (1) in (T8).

Further, maintaining the coverage fairness of mobile users
become important, since there may be possibility of same set
of users being covered more often than the other users [19].
According to Jain’s fairness index [41], the fairness for the
overall network at update instant k is defined as follows:

(C S em)
N (S (Ee.m))

where ¢ variable denotes the range of update instants.

The fly-hover communication protocol for UAV operation
[42] suggest that UAVs serve users for communication only
when it is in the hovering mode. Therefore, considering the
fly-hover protocol in this work, at every update instants we
require the time taken (F'(k)) by the UB, to fly to its new
2-D location with velocity vy, as expressed in (20)). The UB,
hovering time is equivalent to its service time. The service time
(S) of UB, out of total operation time 7" can be estimated from

F(k) in 2I).

fair(k) = (19)

F(F) = /00— Ul — 1) + Oy (k) — Uy (k — 1),
Y (20)

K
S=T-E kZ:lF(k;) (21)

The optimal UB, placement problem at k*" update instant
can be formulated as follows:

N
P1: maXZGn(k)
n=1

s.t. Cl: fCL’L?"(k’) > fairthresa
C2: F(k) < tup(k).

(22)

Here, the P1 objective function maximizes the total number
of users covered at update instant k£ subject to constraints C1
and C2. C1 puts a lower bound on fairness with a threshold
of fairipres € [0,1] in the network. In contrast, C2 puts
an upper bound on F'(k) to ensure non-zero service time
during the upcoming t,,(k) seconds, hence F'(k) must be
less than tup(k). The optimization problem, in this case, falls
under the fair maximum coverage (FMC) type of problem
[43]]. Let’s assume the considered hovering area (just above
the user’s plane at a certain altitude) as a complete graph
and the possible hovering points as vertices. The paths to the
hovering points are edges. The optimization problem reduces
to Traveling Purchaser Problem (TPP). Further, with relaxed
constraints, the optimization problem imitates the classical
Traveling Salesman Problem (TSP) [44]. TSP and thus TPP
are NP-hard, making the optimization problem (22) NP-hard
as well [19]]. Therefore, the FMC optimization problem of this
work becomes difficult to be solved directly using traditional
optimization techniques. The first approach to solve FMC
problems is to go for an exhaustive search-based strategy
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(ES) to obtain the best possible performance results, which is
considered a benchmark for other optimization methods. One
of the state-of-the-art optimization algorithms for FMC is the
greedy approximation algorithm [[15]], [43]], where one picks
the hovering point of UB, that covers the maximum number of
users. ES method integrates the greedy approximation method
in its algorithm. For a given ¢,,(k), P1 has been solved
with the exhaustive search-based strategy [14]] as shown in
Algorithm [I} ES method depends on the number of hovering
points considered. A larger number of hovering points provide
higher accuracy but with increased time complexity. Therefore,
in order to achieve energy-aware deployment of UB,, two
energy-aware solutions are proposed to solve P1.

100 .....................
""""" ®  UBv initial position
oo Coverage area of UBv |’
......... - Users .

% S0F - - e e e UBv hovering locations |.
T R
)

Z o W DD
L0 R .‘h s - A .
=T A, . AaA. 00
)

s . A d e e e e e
K T T T
PE d e e e e e s s s s s s e & e e o e o o o
<

T

-100 -

-100 -50 100

0
x-axis of the user plane

Fig. 5. ES method illustrating exhaustive-search strategy to determine optimal
hovering point.

In Algorithm [1} U{(k — 1) and Uy (k — 1) are the optimal
coordinates at the (k— 1) update instant. At k = 1, t,,(1) is
initialized as ¢ .. For k > 1, t,,, (k) is initialized as ¢}, ,(k—1)
where, t7,,(k—1) is the optimal update interval at the (k—1)"
update instant. Moreover, we consider that the 2-D hovering
space of UB, is discretized with a resolution of 10 m along the
horizontal axis, as shown in Fig. E} In Algorithm [T} Covpyey
is a list of (kK — 1) vectors of length N, where an element
in a vector will be ‘1’ if user is covered otherwise ‘0’. For
each of the hovering locations in Hovj,. (as represented by
dots in Fig. ), function Cov () determines which of the N
users may get covered. In case of ES method, Algorithm [I]
considers Hovj,.. Cov () assigns ‘1’ if a user is covered else
‘0’. The output of Cov () is stored in C'ov,,4¢. Then, the flight
time of the UB, is computed using function F1y (). Further,
the fairness value corresponding to each hovering location is
computed using Fair () and stored in Fairness. Finally,
inspired from the greedy approximate approach [[15]], function
Find () outputs Uy(k), Uy(k) that maximize the number of
users covered while satisfying the constraints C1 and C2. Also,
we obtain the values of G, (k) V n.

The optimization problem can be approached as a combina-
torial problem since all the possible hovering points (vertices
in a graph) are potential candidates for optimum hovering
point. The ES method to solve P1 is a time-consuming and
computationally extensive process because it searches all the
hovering locations of the user’s plane to maximize the total
number of users covered. For energy-constrained rotary UAVs,
this work aims to propose energy-aware solutions to position
UB,. Space reduction method (SRM) [45] is a state-of-the-art

Algorithm 1: Exhaustive / Farthest user based solution
to P1 at k' update instant.

Input: tup(k), U (k — 1), Uy (k — 1), fairinres
X - List of x coordinates of N users at k* update instant
Y - List of y coordinates of N users at k*" update instant
Hovy, - List of 2-D UBy Hovering locations
Hovj, (k) - List of 2-D UBy Hovering locations till the farthest
user at k*" update instant
6 Covprev - List of vectors containing coverage information of all
users till (k — 1) update instant
7 Output: G - List of Gy, (k) V n, Ux(k), Uy(k)
s Imitialize: Covmatr = 0, Flygime = 0, Fairness = )
9 for s =1:1:[Hovy|/|Hovj, (k)| do
10 Covmat(:,s) = Cov(X, Y, Hovoe/|Hovy,.(k)])
0| Flyiime(s) = Fly (Uf (k- 1), Us (k — 1,
Hourge/|Houl,, (k)
12 Fairness(s) = Fair(Covmat, Covprev),
13 end for
14 [Ux(k), Uy(k),
Index1]=Find(Covmat, Fairness, Flytime, fairipres; tup(k)),
15 Covpreu (i, k) = Covmat (i, Indexl),
16 G = Covmat(:, Indexl)

[ NI SR

approach where the search space is reduced without losing
optimal solution. SRM is particularly applicable to searching
graphs with vertices and edges. Therefore, instead of searching
all hovering points, the hovering points until the farthest user
are searched at an update instant. For farthest user-based (FU)
method, all the hovering points under the purple circle as
shown in Fig. E]is considered in the search space of k" update
instant to obtain optimal UB, hovering point. It undoubtedly
reduces the search space. However, it is interesting to explore
how the performance metrics such as U, and S behave in the
UB, network with the FU method.

The algorithm to solve P1 by FU method follows the same
steps of Algorithm [T] with same notations except Hov;,.. The
difference between ES and FU method lies in considering
the 2-D hovering space of UB,. In Algorithm (I} Hovj,. is
replaced by Hovj, (k) for FU method. At k' update instant,
the mean location ([X(k), y(k)]) of all the users is calculated.
The distance of the farthest user from the mean location is
obtained, which forms the radius of the circle with [X(k),
y(k)] as the centre x-y points for calculating Hovj, (k). For
example, let’s assume that the user’s location at k" update
instant is as per Fig.[6] so all the hovering points from the list
of Hovy,, falling inside the purple circle represents Hov, (k).
Finally, P1 is solved for all the K; update instants in [*" UB,
operation period.

With FU method, it is observed from Algorithm E] that
the range of s reduces (Hovj,.(k) < Hov,.). However, the
FU method still depends on the list of hovering locations.
Therefore, in shifting UAV (SU) strategy, as illustrated in
Fig. we try to eliminate the dependency on the list of
hovering locations by considering the user’s location to decide
the optimal UB, placement. SU method is influenced by the
random shifting technique [46], [47]. However, in our case
we deterministically use the shifting method so as to get
the optimum hovering point of UB, within flight time. At
k' update instant, some users are covered by the UB, for
communication, whereas others are not, so let’s call them
uncovered users (Uyncov). As network fairness or covered
users decreases beyond a threshold at k' update instant, the
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B UBv initial position : . .
Coverage ates of UBy network engineer would require higher temporal user coverage

O overing locations probability and lower total UAV flight time, hence there is a
Encircling hovering trade-off between these two factors. Additionally, as expressed
locations till FU . . . . . . .

in (2I)), an increase in the UB, flight time decreases its service
time. Hence, minimization of total UB, flight time during T’
seconds must be considered when optimizing t,,, (k).

1) Temporal Coverage Probability: The coverage proba-
bility of a user must capture the change in user locations
even over an update interval. Therefore, at the k" update
instant, the temporal coverage probability of covered user n

100 ‘ ‘ ‘ ‘ is the probability of it being within UB, coverage area for the
-100 S0 0 30 100 upcoming t,,(k) seconds. A user may have multiple transi-

x-axis of the user plane . - ..
tions during these t,,(k) seconds. The number of transitions
Fig. 6. FU method illustrating farthest user strategy to determine optimal depends on the random walk parameter, o and the velocity of
hovering point. the users, v,. In other words, temporal coverage probability
can be defined as the probability, that the displacement of the
user from UB, must be less than R for all the transitions within

y-axis of the user plane

Coverege area of UBv tup (k). The temporal coverage probability metric proposed in
A Users . . . . . o1
> UBv shifting line [14] helps in establishing a relationship between user mobility
2 50t A = UBv new position
—i A N Coverage area of UBv and tup (k) N . 3
5 as per new position In Fig. |8l as tup(k) increases, the effective number of users
5 0 A 2 covered decreases because higher update interval corresponds
= . .
3 A to few UB, placement updates and hence during that interval
é most of the mobile users come out of the coverage area. Since,
= 07 R the effective number of users covered is directly proportional
to coverage probability as seen in (I8). Therefore, ¢, (k) must
100 ‘ ‘ ‘ ‘ be selected in such a manner that it maximizes the coverage
-100 -50 0 50 100

probability. Further, while optimizing ¢,,(k), the coverage
probability of all the users covered at k" instant must be

Fig. 7. SU method illustrating shifting UAV strategy to determine optimal considered.
hovering point.

x-axis of the user plane

Algorithm 2: Shifting UAV based solution to P1 at
kth update instant.

Input: tup(k), U (k — 1), Uy (k — 1), fairinres

X - List of x coordinates of N users at k* update instant

UB, shifts its position as per the previous coverage probability
D . 1
and closeness of U ,cor from UB,’s (kfl)th location to cover )
a maximum number of users while maintaining the constraints  ; y _ 1t of y coordinates of N users at k" update instant
C1 and C2. 4 Covprey - List of vectors containing coverage information of all
In Algorithm U.ov and Uy,,con, denotes the number of users till (k — 1)t update instant
th . Ucow - Number of covered users at k" update instant
covered and uncovered users, at k' update instant, respec-

5
. oh . " " 6 Output: G - List of Gy (k) Vn, Ux(k), Uy(k)
tively. At k" update instant; if F'airness and U,,, are greater 7 if Fairness > fairinres && Ucop > 0.75N then
8
9

than its respective threshold, then the UB, placement is kept [Ux(k), Uy(k)1 = U (k — 1), Uy (k — 1)]
the same as the (k — 1) update instant. However, the UB, " SOZ”PCTZZ(:":%_zk)cm’m“t(:’k)’
position is shifted whenever the above criteria do not hold fora ; end if mante
given update instant. The function Shift () utilizes the list of 12 else o
. . / H o
X' and y/ coordinates and CO’UWEE to calculate new pOSSlble 13 Xins—t;;;tst of x coordinates of uncovered users at k""" update
positions of UB, as per each uncovered users. The possible 14 )’ - List of y coordinates of uncovered users at k** update
shifted positions are stored in Uy (s) and U, (s) for all Uc,, at instant . '
the (k—1)*" update instant. The function Find () outputs the ** Uuncov - Number of uncovered users at k™" update instant
. o 16 Initialize: Covimat = 0, Flysime = 0, Fairness = ()
index out of range s, maximizing the number of users covered ; for s=1:1: |Uuncoo| do
while satisfying C1 and C2. Finally, the index obtained from 18 Sz (s), Sy(s) = shift(X’, V', Covprev)
. o : 19 [UL(s), UL(8)] = [UF (k — 1) + Sa(5),
Find () is utilized to get optimal UB, placement. x y x
After solving P1 with three different algorith G. th Uy (k= 1)+ Sy ()]

ter solving P1 with three different algorithms to get G, the Covmat(,s) = Cov(X, Y, U(s), Uy(s))
next problem is to find the optimal value of t,,,(k). The choice = Flytime(s) = Fly (U3 (k—1), Uy (k= 1), Ux(s), Uy(s))
of t,,(k) depends on two factors: 1) temporal user coverage 2 q f airness(s) = Fair(Covmat, Covprev),

eye . . . . 23 en or
pfobablhty and 2) total UAV ﬂlght. time. For \{1sual clarity, . [Index1]=Find(Covmat, Fairness, Flyiime, faiTihres, tup(k)),
Figs.[§land [9|have been shown to depict the behaviour of above s [Ux(k). Uy(k)] = [UL(Index1), U} (Index1)]
mentioned two factors with ¢,,(k). The random distances 26 Covprev(:, k) = Covmar(:, Indexl),
27 G = Covmat(:, Indexl)

covered by each mobile user in each transition follows a
random walk mobility model and is presumed to be Rayleigh
distributed random variable with parameter o. Interestingly, a

28 end if
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—6—0 =2m (FU)
9t —#—g=4m (FU) |1
o =6m (FU)

Effective Covered Users

0 10 20 30 40 50
t (in seconds)
up

Fig. 8. Coverage probability of users for varying random walk parameter
obtained on solving P1 with FU strategy versus update interval.

2) Total Flight Time: The average UB, flight time during
tyup Will be E [Ftw} and can be formulated as follows:
T

BT F)|
(&) -1

F(i)| is the average total UB, flight time

E[F,,] = (23)

T

L1

where E |>/“7

when updates are done after every t,, seconds. First, the
T

L1
t . . . .
term » .7 F(¢) can be determined in an offline manner

L 1

fun ) update instants. Consequently,

by solving P1 for
A1

B|TH R

A typical plot of average total UB, flight time has been
shown in Fig. [0] It can be observed that as t,, increases the
total UB, flight time decreases. This is because lower up-
date interval corresponds to frequent UB, placement updates
or vice versa. Consequently, the UB, flies more frequently
resulting in higher total UB, flight time. Since there are

is the average of the above summation.

100 T
—6—o0=2m (FU)
I~ —#— ¢ =4 m (FU)
'2 80 F o=6m (FU) |
8
o}
7
£ 60r
o
=
= 401
.20
=
=
S 20t
=
0 . . . .
0 10 20 30 40 50

t (in seconds)
up

Fig. 9. Total UBy flight time for varying o obtained on solving P1 with FU
strategy versus update interval.

two factors impacting the choice of t,,(k), the first factor
corresponds to the total flight time which is actually a fraction
of T' during which UB, is in flight mode and cannot serve.
Let Fy, () be the UB, flight time during t,,(k) with an

k-1 .
average of E [Ftup(k)] and Q = [W} denotes

10

the number of updates that may occur when update interval
is fixed as t,,(k) until completion of total operation time 7.

Therefore, the first term in the objective function becomes
()=l FO+QE[Fruyi])
T

. The term Z;:ll F(j) remains same

for all ¢,,(k), hence the first terms is reduced to w.

The second factor is the sum of the effective covered users. A
weight of o and (1 — «) has been assigned to the two terms,
respectively to propose the minimization of a weighted single
objective function. Hence, the optimization problem to obtain
optimal t,,,(k) can be formulated as follows:

aQE [F,, )] (1-a) )
T 2712/':1 Gn,kpn,tup(k)
S.t. tmin < tup(k) < tmaz,

P2: min <

(24)
where t,,;, and %4, is the lower and upper bound for
tup(k). The weight parameter « can be tuned according to the
network operator’s requirement. For instance, if maximizing
the coverage probability is the only requirement, the operator
may set o as 0. However, if minimizing UB, flight time is the
only requirement, & may be set to 1.

Algorithm 3: Solution to P2 at k" update instant.

1 Input: G - List of G (k) Vn
2 t1;s¢ - List of update interval values,
3 Output: ¢ (k)
4 Initialize: r = 1
5 for t = tyin : 2 : timag do
_ aQE[Fy 1—a)
6 Factor(r) = T[ ] + Z{L(l APt
7 r=r+1
s end for

9 Index2 = Min(Factor)
10 tout(k) = tlist(lndQCEQ)

In Algorithm [3] the update interval range has been dis-
cretized with a resolution of 2 seconds. The objective function
in (24) is computed for each discretized update interval, and
the values obtained are stored in Factor. Min () finds the
index of the minimum value in Factor. Finally, t,,:(k) is
obtained.

The G, (k) values obtained from P1 are provided to P2.
P2 is then solved using Algorithm [3] to obtain the update
interval. The output of P2 is then fed back to PI. It goes
on iteratively till the update interval value converges. In
general, for the convergence of update interval, the condition
[tup (k) — tout (k)| < € must be met, where ¢, (k) and ¢y (k)
are the input and output of P1 Algorithm and P2 Algorithm,
respectively. € is the error tolerance value. In this work, e = 0
has been considered. Further, the update interval converges to
typ(k) within few iterations. The number of iterations depends
on the choice of € as well as the resolution of the update
interval. With an increase in €, number of iterations required
for convergence will decrease. However, with an increase in
resolution, the number of iterations required for convergence
increases.

D. Time Complexity Analysis

The UAVs are energy-constrained devices, hence energy-
efficient algorithms are preferred for the deployment of UB,.
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To demonstrate the energy efficiency of the proposed algo-
rithms (i.e., FU and SU) over the ES algorithm, the energy
complexity model of the algorithms [48], [49] should be
obtained. In [48§]], the author proposes an energy complexity
measure at circuitry level including energy E and time ¢ in
the form of the expression Et? to be used as the measure of
the efficiency of a computation. Therefore, on adopting Et2
and considering the energy required for any UB, operation
and processing as constant, the Et? term becomes a function
of time only. Further, assuming the algorithms to be truly
sequential, the most energy-efficient algorithms are also the
most time-efficient since, in both cases, the aim is to min-
imize the number of steps. Thus, the relationship between
energy efficiency and time efficiency becomes proportional.
Therefore, the time complexity of the algorithm indicates its
energy efficiency only.

The time complexity of a set of steps is considered as O(1)
if it doesn’t contain a loop, recursion and call to any other non-
constant time function [50]. ES method complexity mainly
depends on the number of hovering locations, the number of
mobile users, and the number of update intervals. Firstly, the
complexity of solving P1 is determined by computing the com-
plexity of Algorithm[I} In Algorithm|I] the complexity mainly
depends on the number of times the ‘for loop’ is executed,
which depends on |Hovj,|. Further, for overall complexity,
one should consider the complexity of different functions
inside the ‘for loop’ from steps 8-12. C'ov() function in step
9 determines which of the NV users is covered for all hovering
locations, so the complexity order for step 9 is O(N X Mgg),
symbolizing |Houvj,| as time-dependent variable Mpgg. The
complexity order of step 10 is O(Mgg) which evaluate the
flight time of UB, using function Fly(). Step 11 evaluates
the fairness value of the users corresponding to each hovering
location with the complexity order of O(N x Mpgg). On
considering the maximum value of complexity amongst steps
9, 10 and 11, i.e., O(N x Mgg) and after execution of ‘for
loop’, the complexity becomes O(M%¢N). Step 13 computes
the 2-D position of UB, which maximizes the number of
covered users using function F'ind() with complexity order
as O(N x Mpgg). Further, O(1) is the complexity order for
steps 14 and 15, so overall complexity for Algorithm [I] is
max[O(M%4N),O(N x Mgs),O(1),0(1)], which in turn
results to O(M3gN).

K = (tmam - tmzn)
2

Algorithm [3]is related to problem P2 solution, which depends
on the output of P1 to obtain the optimum update interval.
Complexity order for this case mainly depends upon the
‘for loop’ which is executed for the total number of update
intervals. Here ¢,,,;, and ¢,,,, are the first and the last update
instants. If we assume K as variable which represents the
total number of update intervals (as shown in (23)), then the
complexity order for P2 after execution of the ‘for loop’ is
O(K). Therefore, the overall time complexity of ES method
is O(M24N) + O(K).

In case of FU method, the number of search space for UB, is
reduced. This is reflected by the term | Howv,,,,| in the ‘for loop’
in Algorithm Assuming |H ov;OC\ as time-dependent variable
Mpy, the complexity order of Algorithm (1] is O(M%, N).

+1, 25)

11

From above discussion, it can be interpreted that |H ovl/oc| <
|Hovjoe|- In our case, for the given specific simulation setup
parameters (as stated in Table the total number of hovering
locations (Mpy) is reduced by approximately two times i.e

Mpy < MQES and thus the overall complexity order becomes

oMMy 1 O(K).

The number of times the ‘for loop’ is executed in Algorithm
[2] depends only on the number of uncovered users. Assuming
|Uynecov| as a time-dependent variable Ngi;, which is always
a fraction of V. Therefore, in the SU method, as per specific
simulation setup parameters, the |Uyncon| value is approxi-
mated to 0.75 « N. Further, other steps in Algorithm [2] is of
order O(1) or less than and equal to O(N) inside or outside
the ‘for loop’. Thus, the overall complexity order becomes
O(NSUN) + O(K)

IV. RESULTS AND DISCUSSIONS

This section presents and analyzes the relation between
coverage radius and altitude of UB, under different QoS
metrics. The impact on the relation between r and L on
utilizing RGB LEDs designed for scotopic case with and
without holographic LSD have been presented. Further, the
results pertaining to the iterative solution for jointly optimizing
P1 and P2 have been discussed in detail.

9 | —e—SNR, =10 dB
—e— SNR, =13dB
—+—SNR,, =16 dB

—6—SNR, =20dB
—p—SNR, =25dB

P=1W|

Coverage Radius, r, (m)
A

UBv Altitude, L, (m)

Fig. 10. Coverage radius versus altitude of UBy for varying SNR thresholds
at 1 W transmitted optical power.

Fig. presents UB, coverage radius with respect to its
altitude at P, = 1 W for different SNR threshold. It is observed
that with increasing UB, altitude, the coverage radius first
increases and then decreases after reaching its peak value.
Undoubtedly, with increasing altitude, the coverage of light
increases as per @]) However, in this case, the aim is to
cover users with a particular SNR threshold. Therefore, until a
certain altitude, the coverage radius increases as it still fulfills
the SNR threshold. However, the SNR threshold is responsible
for decreasing the desired coverage radius after that.

In Fig. the relation of UB, coverage radius with its
altitude have been shown for different illuminance threshold in
day scenario (considering V\ = 1 and maximum lumens/watt,
i.e., 683 for photopic case) at transmitted optical power equal
to one watt. It is observed that the illuminance threshold
impacts the coverage radius and altitude range (defined as
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Fig. 11. Coverage radius versus altitude of UBy of photopic designed RGB
LED for varying illuminance threshold at 1 W transmitted optical power.

the highest altitude where coverage radius becomes zero)
substantially as compared to the SNR threshold (in Fig. [T0).
The reason is due to the factor of light perceived by the human
eye being considered in the illuminance expression (see (3)

and (7).

12 T . !
Scotopic Case
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E
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Fig. 12. Coverage radius versus altitude of UBy of scotopic designed RGB
LED for varying illuminance threshold at 1 W transmitted optical power.

Fig. [I2] displays the coverage radius versus altitude for
night scenario considering scotopic case designed RGB LED
(as discussed in section [[II-A2) at 1 W transmitted optical
power for different illuminance threshold. The trend of first
increasing and then decreasing r with respect to L remains the
same. However, r has increased from the photopic case, which
indicates that with RGB LED based energy-aware technique,
the coverage radius can be increased without increasing the
transmitted optical power. The reason behind increased r is
the higher lumens/watt perceived by the human eye at night.
The practical design of RGB LED makes it feasible to support
the maximum possible lumens/watt while maintaining white
tone light which ultimately increases the luminous efficacy and
thus illuminance.

Fig. [13] presents the effect of transmitted optical power
on UB, altitude and its r at 13 dB SNR threshold. It
is evident from (I) that SNR is directly proportional to

12
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Fig. 13. Coverage radius versus altitude of UBy for different transmitted
optical power at 13 dB SNR threshold.

transmitted optical power. Therefore, on increasing P;, the
coverage radius increases. However, this work aims to increase
r with sustainable and energy-aware techniques. Therefore, the
utilization of holographic LSD and RGB LED based solutions
have been proposed to support green communication through
UB,. Moreover, from Figs. [I0] and [I3] we can interpret that
r increases more for lower SNR thresholds. The values of
maximum coverage radius have been obtained analytically
using (§) for different P;.

— P =1W
25 —+— P =5W
LR —o— P =9W
—e— P =13W
20 ® -
= —4— P =1TW
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s 15+ 1
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0 : booocdo
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Fig. 14. Coverage radius versus altitude of UBy considering SNR and

illuminance threshold at different transmitted optical power.

In Fig. [T4 UB, altitude and its coverage radius has been
plotted considering both QoS metrics i.e. SNR and illuminance
at different P;. The results have been obtained for scotopic
case. Since, during day scenario only SNR QoS metrics is
considered (as shown in Fig. [I3] and already discussed in
section [[I-B). The peak of UB, coverage radius and altitude
range decreases further from results in Fig. [[3]owing to illumi-
nance threshold. The minimum of [rgyg, 7] obtained from
() and (), respectively, provides R analytically. However, for
scotopic case utilizing RGB LED based solution, the V) in (@)
is replaced with V|7 as shown in (12).

Fig. [T3] shows the plot of received power distribution in 2-D
versus coverage radius in the x-axis of the user’s plane with
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Fig. 15. Relation of Coverage radius with varying holographic LSD angle of
FOV at 9W transmitted optical power.

varying ¢4 of the holographic LSD at 9 W transmitted optical
power. The black-lined plot displays the received power distri-
bution without holographic LSD. The tail of all the plots ends
at a certain x-axis of the user’s plane, which connotes that there
is no further coverage after that. This has been visually shown
for the black-lined plot with a downward arrow. It is observed
that as ¢4 increases, the received power distribution becomes
more uniform till a higher coverage radius. Nevertheless, this
comes with a penalty of decreased received power at the user’s
plane. As ¢4 increases, the effective output angle in (I0) also
increases which finally increases the coverage. Moreover, with
larger ¢, the light diffuses more, so the average of the sum
of individual footprints per pixel provides decreased received
power.
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Fig. 16. Coverage radius versus altitude of UBy considering SNR threshold
and holographic LSD at different transmitted optical power.

Fig. [16] presents UB, coverage radius with respect to its
altitude considering SNR threshold and holographic LSD
at different transmitted optical power. It is observed that
as compared to Fig. [I3] the coverage radius and alti-
tude range has significantly increased with the adoption of
holographic LSD at LED front end. The minimum of [
ronp(LSNE) rosp (LN, obtained from (T8) and (TT),
respectively, provides R analytically. The second order dif-

13

ferentiation of (T6) is derived to obtain the maximum value
of altitude LSNP, The altitude L5V F is used in (T6) and (TT)
to obtain respective coverage radius and finally the minimum
among them becomes the R. The analytical results match well
with the peak value of the simulation results.
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Fig. 17. Coverage radius versus altitude of UBy considering SNR and

illuminance threshold with holographic LSD at different transmitted optical
power.

Lastly, in Fig. UB, coverage radius and its altitude
has been plotted considering SNR and illuminance threshold
with holographic LSD for different P;. It is observed that as
compared to Fig.[T4] the coverage radius and altitude range has
significantly increased due to the holographic LSD. However,
as compared to the results in Fig. the coverage radius and
altitude range reduce, which can be attributed to the illumi-
nance threshold. The minimum of the four different optimized
r as seen in provides the maximum coverage radius
with enhanced coverage area satisfying both Fy;, and SN Ry,.
Consequently, R is obtained analytically. The analytical results
show good agreement with the peak value of the simulation
results validating the derived analytical expressions.

We have analytically obtained and shown L, and R at
varying P; in Fig. However, the L, and R can be obtained
by varying different parameters as well such as SN R, and
E},. Table[M] presents the value of L, and its respective R for
the proposed work considering varying SNR and illuminance
threshold at night scenario with P, = 9 W. It is observed
that as Fyp, increases for varying values of SN Ry, L, and R
decreases and depends more on F,j, than SN Ry, which is due
to the increased limit imposed by FE;,. Similarly, as SN Ry,
increases for varying values of Fyp, L, and R decreases which
is obvious due to the increased SNR threshold value. However,
from F;, = 8 Lux onwards, the L, and R does not change
even for varying SN Ry, which again shows the higher limit
imposed by Ey, than SN Ry, on L, and R. This has already
been observed and discussed above while comparing Fig. [16]
and Fig. However, with the rigorous analytical results of
Table it has become more clear that L, and R are more
limited by FEy; than SN Ry,. Further, at P, = 9 W, Ey, =
4 Lux and SNRy, = 13 dB, the L, and R values are 17.9
m and 29.7 m, respectively which perfectly matches with the
black circle marker plot (i.e. at P, =9 W) of Fig.
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TABLE III
RESULTS OF ANALYTICAL SOLUTION FOR R AT P; = 9 W CONSIDERING
VARYING SNR AND ILLUMINANCE THRESHOLD WITH HOLOGRAPHIC LSD
FOR NIGHT SCENARIO.

Parameter: | Fyp FEip Ep
=1 Lux =4 Lux = 16 Lux
SNR;in Lo R Lo R Lo R
(dB) (m) | (m) (m) | (m) (m) | (m)
10 435 | 58.5 17.9 | 29.7 9 14.8
13 469 | 504 17.9 | 29.7 9 14.8
16 395 | 424 17.9 | 29.7 9 14.8
20 314 | 337 17.9 | 29.7 9 14.8
25 235 | 253 235 | 253 9 14.8
Parameter: | SN Ry, SN R, SNR;p
=10 dB =13 dB =25 dB
FEyp Lo R Lo R Lo R
(Lux) (m) (m) (m) (m) (m) (m)
1 435 | 58.5 409 | 504 235 | 253
4 17.9 | 29.7 179 | 29.7 235 | 253
8 12.7 | 209 12.7 | 209 12.7 | 209
12 104 | 17.1 104 | 17.1 104 | 17.1
16 9 14.8 9 14.8 9 14.8
TABLE IV
SIMULATION PARAMETERS.
[ Parameter | Value [[ Parameter | Value
Uy 1.5 m/s N 20
Vuaw 25 m/s FaiTinres 0.7
o 4 m tmin 4s
L, 179 m tmas 50 s
T 600 s Simulated Area | 200 x 200 sq. m

From the aforementioned analysis and discussion, a network
engineer can finalize the optimum altitude for maximum cover-
age radius based on the network’s application and requirement
while supporting green communication and network. For in-
stance, if it is decided to achieve the maximum coverage radius
of 30 m in the night scenario with an optical power constraint
of 9 W, then without LSD and RGB LED, the engineer would
have no choice but to increase the P; beyond 17 W. However,
with the proposed enhancement techniques, i.e., LSD and
RGB LED, the engineer can achieve R = 30 m with lower
P, (see Fig. [T7), which support the energy-aware aspect of
green communication and network. To achieve this aim, at
first optimal altitude is obtained from the relation between UB,
altitude and its coverage radius considering both QoS metrics
at P, = 9 W as shown in Fig.[T4] After that, ¢4 = 30° FWHM
is chosen based on the plot of received power distribution and
the x-axis of the user’s plane as presented in Fig. [T5] Further,
the relation between UB, coverage radius and its altitude is
obtained considering both SNR and illuminance threshold with
holographic LSD for night scenario and only SNR threshold
with holographic LSD for day scenario at designated P;. For
night scenario, R approaches close to 30 m in Fig. [T7] and
for day scenario, the maximum coverage radius approaches
close to 50 m as seen in Fig. [I6] Further, with the proposed
analytical solution, a network engineer has freedom to fix and
vary parameters of his interest to directly deduce L, and R
for a given QoS metric .

Finally, the maximum coverage radius obtained is 29.7 m
for the night scenario. Going ahead with R = 29.7 m, we
present the results of the iterative solution to problems P1 and
P2. In our study, all the users are initially considered inside
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Fig. 18. Average number of users covered at T' = 600 seconds at N = 20.

the UB,’s coverage area. The initial placement of UB, is at
the optimum altitude just above the center of the users’ plane
as shown in Fig. El Further, we assume that the first UB,
placement update occurs after ¢,,;, seconds. The first update
interval t,,(1) and optimal UB, placement is obtained after
solving P1 and P2 iteratively. After this, the UB, placement
is updated at (t,nin + tup(1)) seconds. This process goes on
till the total UB, operation time, i.e., 7" seconds. The results
are averaged over 50 UB, operation periods. The simulation
parameters are mentioned in Table [[V]

Fig. [I8] presents the average effective number of users cov-
ered per update interval in the UB, network for 7" = 600 s. As
« increases for all three methods, the number of users covered
decreases. It is because less frequent UB, placement updates
result in lower coverage probability. Figs. [I9] and 20| show the
average number of update instants and average update interval,
at 0 = 4 m for all the three methods, respectively. With an
increase in «, the number of update instants reduce, and update
intervals increase. It is because an increase in o ensues more
weightage to minimize the total UB, flight time in (24). It
causes less frequent UB, placement updates and thus increases
the update interval, thereby reducing energy consumption and
making the deployment more energy efficient.
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Fig. 19. Average number of update instants during 7" = 600 seconds.

In Figs. [I8}20] the results of FU and SU method equals ES
method at @« = 1. The reason is the proposed optimization
problem @, where at a = 1, the minimization problem
does not have a coverage probability factor. Therefore, P2
when left with the minimization of total UB, flight time only,
the number of update instants reduces significantly (see Fig.
[[9) and update interval increases drastically (refer Fig. 20).
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With this, the iterative solution of P1 and P2 approaches
similar values despite different solving methods. Therefore,
in Fig. [T8] the average number of effective users covered in
the FU and SU method approaches the ES method. Besides,
it is observed in Figs. [T8}20] that for a = 0.3,0.5,0.8, the
results of FU method approaches close to ES method. Since
the FU method is the truncated version of ES by farthest user,
as the weightage of « incorporates minimization of fly time
along with coverage probability, it approaches close to the ES
method. However, in Fig. @for a =0.3,0.5,0.8, SU method
provides less U, as compared to ES method and this is due
to Algorithm [2| where UB, is shifted as per uncovered users
which limits the possibility of covering users under constraint
C2. Similarly, in Fig. [I9} the number of update instants in the
SU method is significantly lower than the other two methods.
Hence, UB, changes its position less frequently with the SU
method, thereby reducing energy consumption and making the
deployment more energy efficient. The lower number of update
instant and higher update intervals of SU method in Fig. [20]
leads to lower U,. The probability of the user moving outside
the UB, coverage area increases at a higher update interval.
Consequently, for each user, coverage probability decreases
with an increase in t,,. Moreover, in Figs. @-@ at o = 0,
there is no minimization of fly time; hence the ES method
updates frequently to cover the maximum possible number of
users. However, the FU method can update hover points till the
area defined by the farthest user at k" update instant, which
reduces the update frequency. Further, for « = 0 SU method
approaches ES method, as UB, can shift anywhere within C1
and C2 constraints with the sole aim to maximize coverage
probability.

Fig. 2] presents the average service time (i.e., average
hovering time) for varying «. It can be observed that with
an increase in «, average service time increases. Since in the
FU method, U, is slightly lower than the ES method due to a
slightly reduced number of update instants. Therefore, in Fig.
21} we can observe slight higher S than ES method for all
« value except zero. The reason behind almost exact value at
o = 0 for all the three methods has already been discussed
above. Further, in the SU method, S is higher for most of the
a due to the fewer number of update instants (as shown in
Fig. [I9) as compared to the ES method.

It should be noted that for the SU method, constraint C1 is
relaxed with a delta value (0) in fairipres SO as to avoid the
non-feasible solution set and proceed further with the iterative
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Fig. 21. Average service time at T' = 600 seconds.
TABLE V
SU METHOD ERROR MARGIN.

[a Jemor% [ 5 |
0 1.06 % | 0.0075
0.3 | 241 % | 0.0082
0.5 | 069 % | 0.0077
0.8 | 046 % | 0.0052
1 0.1 % 0.0140

solution of P1 and P2 based on uncovered users only. The
fairness threshold now becomes fairip,..s — 6. Table M shows
the error margins, i.e., the average percentage of times (error
%) fairy, does not follow strict C1 as per (22) and the average
delta value considered at fair; for T seconds. It is observed
that the error margins are very less. Further, the results of
Figs. [I8]and [21] for all the three methods has been compiled in
Table [VI] for clear comparison. Fig. 22] depicts the complexity
of ES, FU and SU methods which has been explained in detail
in section

The aim of this work is that eventually, a network engineer
can take insight from the above-discussed results and tune «
based on the requirement to cover more users or provide a
larger service time with user mobility and energy awareness.
Further, SU method can be chosen for optimal UB, placement
when time complexity thus energy required at UB, is a big
issue and the network engineer is ready to compromise in U,
with_slight error margin as inferred from Tables [VHVI] and
Fig. The decimal values of U, in Table @ implies that at
tup(k) update interval few users are covered for time duration
less than t,,(k). Moreover, SU can be preferred to provide
higher service time with energy efficiency over ES and FU
methods. However, the FU method can be considered when
the network engineer can not compromise on the number of
covered users as it provides coverage close to the ES method
with less energy and time complexity.

V. CONCLUSION

This work optimizes the 3-D placement of UB, and update
interval while maintaining illuminance and SNR threshold.
Initially, the optimal altitude is determined based on the
maximum coverage radius of UB, considering the QoS metrics
depending on day and night scenario. The coverage radius
has been enhanced with holographic LSD with the motive
of adopting an energy-aware and greener aspect of com-
munication. Further, a novel RGB LED-based solution has
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TABLE VI
AVERAGE EFFECTIVE NUMBER OF USERS COVERED AND AVERAGE TOTAL
SERVICE TIME FOR ES, FU AND SU METHOD.

[a [ 0. ] S |

ES Method:

0 8.01 | 519.10 s
0.5 | 583 | 537.65s
1 3.50 | 590.70 s
FU Method:

0 6.54 | 526.07 s
0.5 | 564 | 54630 s
1 341 | 590.16 s
SU Method:

0 747 | 552.65 s
0.5 | 400 | 587.64 s
1 3.36 59.68 s

w0k O(N M}, )+O(K)
10° My =M E
. O(N M}, )+O(K) My =MP2
£ 10° Ny, = 0.75*N J
v—g ): oc=4m
é 10* —=—P1 (ES) + P2 E
—4—P1 (FU) + P2
03k —&—P1 (SU)+ P2 ]
X O(N Ny )+O(K)
102 £ E
10' 1 1 1 1 1 L L L
N=5 N=10  N=I5  N=20 N=25  N=20 N=35 N=40  N=45  N=50
M=141  M=241 M=341 M=441 M=541 M=641 M=741 M=841 M=941 M=104]
K=6 K=12  K=I18 K=24 K=30 K=36 K=42 K=48  K=54  K=60

Number of mobile users (N), number of hover points (M) and number of update intervals (K)

Fig. 22. Computational complexity of solving P2 and Pl with different
algorithms.

been proposed for the night scenario considering the human
eye’s light sensitivity to increase the illuminance and thus
coverage radius. The maximum coverage radius thus obtained
for the scotopic case without any enhancements and with
the proposed energy-aware enhancements is 16.98 m and
29.7 m, respectively. The proposed enhancements increase the
coverage area of UB, by 207%. Additionally, the analytical
solution has been provided to obtain the maximum coverage
radius and its optimal altitude with the proposed enhancements
techniques. Subsequently, the joint optimization of 2-D UB,
placement and update interval to maximize the number of
covered users and minimize UB, flight time at an update in-
stant while accounting for the user fairness has been proposed.
The proposed FU and SU methods to solve the objective
function achieve performance close to the exhaustive-search
method with reduced complexity. The effective number of
users covered by the SU method at « = 0.5 is 4, the
least among all the three methods. However, selecting the
SU method is an energy-aware decision to achieve a greener
network since it provides the maximum service time and
drastically reduced time complexity compared to the FU and
ES methods. Further, the proposed analysis can be extended
to multi-UB, communication network and the fair maximum
coverage problem can be solved using reinforcement learning;
however, that will be the subject of future work.
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