
This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3083640, IEEE Access

Date of publication xxxx 00, 0000, date of current version xxxx 00, 0000.

Digital Object Identifier xx.xxxx/ACCESS.20xx.DOI

An Efficient Energy Harvesting and
Optimal Clustering Technique for
Sustainable Postdisaster Emergency
Communication Systems

ABDU SAIF1 (Member IEEE), KAHARUDIN DIMYATI*1 (Member IEEE), KAMARUL ARIF-

FIN NOORDIN*1 (Senior Member IEEE), DEEPAK GC2 (Mem-

ber IEEE), NOR SHAHIDA MOHD SHAH3(Member IEEE), QAZWAN ABDULLAH3 (Mem-

ber IEEE) AND MAHATHIR MOHAMAD4

1
Department of Electrical Engineering, Faculty of Engineering, University of Malaya, 50603, Kuala Lumpur, Malaysia.

2
School of Computer Science and Mathematics, Kingston University, London, United Kingdom, KT1 2EE.

3
Faculty of Engineering Technology, Universiti Tun Hussein Onn Malaysia, Pagoh, Muar, Johor, Malaysia.

4
Faculty of Applied Science and Technology, Universiti Tun Hussein Onn, Pagoh,Johor, Malaysia.

Corresponding author*: Kaharudin Dimyati Email: kaharudin@um.edu.my and Kamarul Ariffin Noordin Email: kamarul@um.edu.my

This work is supported by the University of Malaya and funded by the EPSRC grant EP/P028764/1 (UM IF035A-2017 and UM

IF035-2017) and also supported by the Ministry of Higher Education Malaysia under the Fundamental Research Grant Scheme (FRGS)

Vot FRGS/1/2018/TK04/UTHM/02/14 and also partially sponsored by Universiti Tun Hussein Onn Malaysia under Multidisciplinary

Research (MDR) grant Vot H470.

ABSTRACT The energy consumption and coverage range of unmanned aerial vehicles (UAVs) are major

challenges in UAV-based postdisaster communications. To address these challenges, energy harvesting

is employed to power communication devices and prolong the lifetime of the wireless communication

network during a disaster. In addition, clustering techniques and device-to-device (D2D) communication are

needed to increase the overall network coverage and provide sustainable connectivity during the disaster and

postdisaster phases. We have proposed a novel emergency communication system (ECS) using the optimal

cluster head (CH) technique to improve the energy transfer efficiency for sustainable network connectivity.

We have developed a UAV deployment model assisted by the clustering technique and D2D links that is

capable of harvesting energy to increase the network lifetime.

This new approach is expected to enhance the reliability of the network in disaster situations. The proposed

methods have been evaluated by measuring the energy efficiency performance and the network outage

probability. The simulation results demonstrate improved performance with the deployment of optimal CHs,

while the outage probability has been effectively reduced. Moreover, the proposed approach has been proven

to reduce the computational complexity. In conclusion, UAV deployment with the optimal CH algorithm is

a suitable network design to recover from natural disasters and potentially save many lives.

INDEX TERMS UAVs, energy harvesting, cluster heads, D2D communication, 5G.

I. INTRODUCTION

N
ATURAL disasters, such as earthquakes, hurricanes,

tornadoes, and severe snowstorms, frequently devas-

tate the telecommunication infrastructure. In such circum-

stances, existing wireless communication networks can be

damaged, partially unavailable, or significantly overloaded,

as demonstrated by the aftermath of recent hurricanes Sandy

and Irma and the 2017 earthquake in central Mexico. This

hinders the effective functioning of search and rescue op-

erations between emergency personnel and victims. More

than two million people have died since 1995 due to natural

disasters alone [1]. Therefore, it is critical to obtain first-

hand knowledge to assess the severity of the destruction in

postdisaster scenarios. The wireless technologies currently

used for public safety coordination include fourth-generation

(4G) long-term evolution (LTE), wireless local area networks

(WLANs), satellite communications, and dedicated public

safety systems such as terrestrial trunked radio (TETRA) and
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the Association of Public Safety Communications Officials

(APCO) Project 25 (P25) [2], [3].

Fifth-generation (5G) systems, on the other hand, promise

an increase in user data rates and connection density by 100

times, a 10-fold increase in energy efficiency and submil-

lisecond latency compared to the previous generations [4].

The available systems may not offer the required flexibility

or address the need for rapid responses to environmental

disruption due to natural disasters. Thus, an unmanned aerial

vehicle (UAV) could be the best alternative to ensure continu-

ous and reliable network connectivity in the event of a natural

disaster; i.e., the UAV can be deployed to provide temporary

wireless coverage to replace the network infrastructure fail-

ure [4], [5].

However, UAVs have limited battery power, and therefore,

energy harvesting is a possible way to satisfy the energy re-

quirements for an emergency communication system during

the postdisaster phase. Due to this limitation, user devices

that are out of the UAV coverage range cannot obtain wireless

access from UAVs during natural disasters.

Here, the integration of device-to-device (D2D) commu-

nication plays a vital role in improving the coverage perfor-

mance of UAV-supported networks. In addition, D2D com-

munication and clustering techniques can be efficiently used

in a wireless network to improve energy efficiency and in

turn extend the communication range [6]. Clustering allows

cluster heads (CHs) to share wireless services across the

network based on energy harvesting capabilities to maintain

network functions during its operations [7]. Therefore, it

is inevitable that communication in disaster events needs

efficient power-saving techniques and reliable connectivity to

keep the network services running seamlessly so that disaster

relief activities are conducted effectively and more lives are

saved [8].

A. ENERGY HARVESTING

The cause of unreliable communication networks during

catastrophic circumstances originates from the failure of the

network’s ground base station (GBS) power supply. There-

fore, replacing the GBS with a UAV is a viable option, but

the primary drawback is that UAVs run on battery power

that can run out very quickly. The same situation occurs with

user devices. Consequently, prolonging battery life is critical

for postdisaster communications. At the same time, tethered

UAV deployment is one potential solution for the power

supply problem in disaster scenarios [9],[10]. Furthermore,

problems could occur with its ground base station power

source. Therefore, we further investigate and propose energy

harvesting (EH) techniques for postdisaster communications

Here, EH can eliminate the battery power barriers of

UAVs and user devices and provide a sustainable solution to

extend the network lifetime. In EH, energy is harvested from

radio signals that convert the wireless signals received into

a usable energy source [11], [12]. The harvested energy can

increase the flight time of the UAV and provides the extra

power needed to serve its connected user devices. Note that

the energy harvesting performance for the UAV link in our

proposed approach is affected by altitudes, large-scale path

loss, user distances, network bandwidth, and so on [13].

The CH uses simultaneous wireless information and power

transfer (SWIPT) technology to harvest energy from radio

frequency wireless signaling to enhance energy efficiency

(EE) [14]. CHs are wirelessly powered by harvesting a por-

tion of the received signal power from the UAV based on the

time switching protocol and SWIPT. As a relay, CH assumes

the role of transmitting the obtained information signal and

energy harvesting to the associated user devices [15], [16].

B. USER DEVICE CLUSTERING

Clustering is among the techniques used to provide efficient

and stable routes for data dissemination. Clustering estab-

lishes links between a group of user devices through direct

communication to improve the performance of the network

for sharing data and radio resources [17]. However, rapid

changes in network topology, such as in disaster situations,

create frequent cluster reorganization, which can seriously

impact the network route stability. The clustering of nodes

and nominations of CHs was investigated to reach cluster sta-

bility in a wireless network [18]. Here, the CH is a node that

is responsible for collecting data from the cluster members

(CMs) and forwards the data to UAVs. However, managing

this clustering network is challenging due to the signaling

traffic load on each CH [19].

C. CLUSTER HEAD SELECTION

Cluster head selection is crucial and can be critical if we aim

to establish efficient communication links with the network

and minimize the outage probability. User devices distributed

at the optimal location, i.e., nearer the UAV path, could be

selected as the CH. In this paper, the chosen CHs, i.e., the

optimal CHs, are those with more residual energy, and more

neighborhood nodes based on the metrics of intra-user device

distance, relative speed, and residual energy [20]. In addition,

the load on the CH should be reduced to ensure effective and

stable routes, finally lengthening the lifetime of postdisaster

communication [21].

D. CONTRIBUTIONS OF THE PAPER

In this paper, we proposed a system model for a UAV-

assisted emergency communication network that is stable

and reliable to manage disaster scenarios. The critical aspect

of our approach is to select user devices that should be

performing as the optimal CH and at the same time extending

the wireless coverage. We then investigated the energy har-

vesting techniques with the intent of prolonging the network

lifetime. Finally, we analyzed the power consumption of the

optimal CH and enable reliable connectivity for the UAV and

D2D communication range. The system model is expected

to perform with better outage probability and efficiency for

sustainable operations during disasters.

The remainder of the paper is organized as follows. Section

II discusses existing research in this area. Section III presents
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the system model for further analysis of the energy harvesting

technique and D2D with clustering and evaluates the outage

probability. Section IV presents the computational complex-

ity analysis. Section V presents the simulation results and dis-

cusses the obtained results, and finally, Section VI concludes

the paper.

II. RELATED WORK

The common goal in any disaster management research

is to design a ubiquitous network architecture capable of

working continuously and serving effectively in search and

rescue missions. Various solutions have been proposed in the

literature. For example, a UAV-powered energy harvesting

wireless communication system was proposed in [22] to

transfer energy and improve network connectivity duration

during a natural disaster. In emergency communications,

energy management is a significant concern for the network

infrastructure. Here, UAVs increase wireless coverage and

reduce the channel access delay. Moreover, UAVs are inte-

grated with an emergency communication system to assist

terrestrial networks for fast response and reliable connectiv-

ity in disaster scenarios [23], [24].

Efficient resource distribution is critical to improve the

channel link quality and thus maximize the downlink cov-

erage services. The strategies of power allocation based on

RF energy harvesting were investigated in [25], in which a

UAV carries a pico-base station to increase wireless coverage

and reduce network congestion and traffic overload. They

adopted several clustering approaches in wireless networks to

tackle the energy harvesting issues, catering to the power sup-

ply limitation. The energy harvesting technique presented in

this paper could increase the battery life and keep the network

running during disasters. The clustering technique and D2D

communication in UAV networks can sustain communication

services when the cellular infrastructure becomes partially or

fully dysfunctional. Haider et al. [26] proposed an optimum

CH selection strategy to maximize the lifetime of wireless

sensor networks. The CH was selected based on the average

residual energy, link quality and distance of each sensor node

from the UAV [27].

In [28], a SWIPT method was proposed to harvest energy

from the radio frequency signals and subsequently improve

the energy efficiency (EE) performance within the limited

battery capacity. In this work, a stable matching algorithm of

EH was used to solve the resource allocation problem under

spectrum reuse and transmit power constraints. Nevertheless,

this work does not include optimizing of the power splitting

ratio, power transfer and CH selection to improve the EE for

cellular networks and D2D communications.

Energy harvesting-powered D2D communications were

investigated to maximize the energy efficiency of D2D

communications based on time slot allocation and transmit

power control to overcome the constraint on energy per-

formance [29]. Additionally, efficient resource distribution

was used to improve the channel link quality based on D2D

energy harvesting (D2D-EH) to decrease the communication

outage probability in postdisaster situations.

In [12], [30], UAVs with multiple antennas serve as relay

nodes to transfer wireless information and power among

the D2D user devices located outside the coverage area and

the core network. Here, an integrated method (i.e., UAV,

CHs, and D2D communications) was used to optimize the

energy harvesting time and power control between functional

and dysfunctional areas. The communication in the clus-

ter through the D2D communication utilizes the unlicensed

spectrum for the communication link between the CH and

CMs to improve the system spectrum efficiency [31]. How-

ever, there is difficulty underlying the use of the CHs to

transfer the wireless signals from the UAV to the CM nodes

during disaster phases.

In [32], the power control strategies proposed to guaran-

tee the quality of service were investigated for D2D pair

communications underlying UAV coverage in postdisaster

recovery. In [22], [33], a multihop clustering algorithm was

employed to transfer wireless services from the UAV to the

CM nodes via CHs to enhance cluster coverage and user

device connectivity.

In this paper, we have considered the optimal CH selection

approach to minimize the outage probability during and after

disaster events. In addition, we have developed a model of

UAV deployment to address the optimal CHs with clustering

and D2D communication that are utilized to harvest energy.

The selection approach improves the network lifetime, relia-

bility and coverage in disaster situations.

III. SYSTEM MODEL

Fig. 1 illustrates the system model for the proposed UAV-

assisted postdisaster communication, where the UAV pro-

vides immediate coverage to the disaster area while simul-

taneously executing wireless power transfer to user devices.

We assume that the UAV coverage diameter is circular, and

the user devices are distributed according to a Poisson cluster

process (PCP) with a spatial density of λUDs.

User devices within the UAV coverage range receive

wireless services through the LoS link, and selected user

devices are located at the edge of the UAV coverage range

as CHs to extend the network links between the inside and

the outside of the UAV coverage area. The CHs will be the

primary distribution nodes for the cluster members (CMs).

CMs must have sufficient residual energy to establish D2D

communication with the CH.

A. TIME SWITCHING PROTOCOL

The time switching protocol has been implemented at the

CH to forward the information and power to CMs. A block

of information is transmitted from the source to destination

nodes via channel propagation. The time slot ratio (TSR) of

the transmission is denoted in the transmit nodes as e1, e2 at

the channel propagation, and e3 at the receiver node, where

e1+e2+e3 = 1. Therefore, the duration of the first time slot

e1T consists of the wireless coverage energy signals handled

in source nodes.
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FIGURE 1. The architecture of the proposed system model.

Furthermore, the wireless coverage signals are sent to the

CHs in the second time slot, e2T , while the CHs send it to the

destination CMs in the third time slot, e3T . We assume that

the total bandwidth is divided into N orthogonal subcarriers,

n ∈ {1, 2, . . . , N}, and the network has two wireless cov-

erage links, which are the UAV to CHs and the CH to CMs

when the user devices are outside of the UAV coverage area.

The nonlinearity in the energy harvesting circuit during the

first time slot at the CHs is denoted as follows [11, 34].

E = e1Tζ
N
∑

n=1

pS,1n

∣

∣hS−CH
n

∣

∣

2
, (1)

where pS,1n represents the transmission power from the UAV

source in the first time slot over the nth subcarrier for energy

transfer, while ζ denotes the EH efficiency that accounts

for the loss in the energy transducer. In contrast, hS−CH
n

denotes the channel gain between the UAV source node

and the CHs. Therefore, the source node should allocate all

available power over the subcarrier with an entire channel

gain to optimize the energy harvest at the CH node. As a

consequence, we obtain the following equation:

E = e1G, (2)

where

G = TζP max
n

| hS−CH
n |2 . (3)

Here, P denotes the maximum UAV transmit power and P ≥
∑N

n=1 p
S,1
n through the UAV source node to the CH node

over the nth subcarrier in the first time slot. Therefore, the

maximum data rate that can be achieved directly from the

CH to CMs is obtained as follows [35].

R = min

{

e2

N
∑

n=1

log2(1 + pS,2n γS−CH
n ),

e3

N
∑

n=1

log2(1 + pCH
n γCH−CM

n )

}

, (4)

where pS,2n and pCH
n denote the UAV transmit power in

the second time slot and the CHs in the third time slot

over the nth subcarrier for information transmission, re-

spectively. Furthermore, γS−CH
n =

∣

∣hS−CH
n

∣

∣

2
/σ2

CH and

γCH−CM
n =

∣

∣hCH−CM
n

∣

∣

2
/σ2

CM , where σ2
CH and σ2

CM

denote noise power over each subcarrier at the CH and CMs

respectively. According to [36], [37], the energy obtained

in the first time slot should be greater than or equal to the
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energy consumed to transmit information to the CHs, which

is denoted as follows.

E ≥ e3T
N
∑

n=1

pCH
n . (5)

Note that there are likely many user devices within the UAV

coverage range that are possible candidates to perform as

CHs. An essential step is then to select the CHs before

information and energy can be transferred. The selected CHs

are on the edge of the coverage area, and they should have an

SNR higher than a predefined threshold.

We have considered the UAV coverage range with the

radius of Rha centered at the UAV coverage source, as shown

in Fig. 1. Rha is denoted as follows.

Rha =

(

ζpUAV

EHthr

)1/α

, (6)

where ζ ∈ (0, 1), pUAV is the UAV transmitted power,

EHthr is the threshold of the energy harvesting, and α is

the path-loss exponent. The Doppler Effect resulting from

the relatively higher velocity of UAVs is not taken into

consideration in this paper.

IV. POWER TRANSFER FOR THE CLUSTERING

NETWORK

In this section, we elaborate on the mechanism of control

signals transmitted by the UAV to CHs and the CH to CMs.

The D2D communication is implemented between the CH

and CMs to extend the UAV coverage range and improve the

energy efficiency. The performance of the energy harvesting

is evaluated on the clustering within D2D communication

links. We have considered three different scenarios, as shown

in Fig. 2, i.e., (I) UAV to user devices that are in the range

of its coverage, (II) nonoptimal CH to CMs and (III) optimal

CH to CMs. In these scenarios, the UAV transmits the main

beam to the optimal CH nodes to maximize throughput in the

optimal user nodes. CHs can harvest the received energy and

forward it to CMs within the cluster through D2D commu-

nication. We expect that the optimal CH will provide more

efficient and stable route solutions to the network during

postdisaster situations, which is crucial for the search and

rescue teams to save lives.

A. PERFORMANCE ANALYSIS OF D2D IN CLUSTERING

The time needed to transmit energy with a data packet content

of size ST bits on the ith optimal CHi and the jth nonoptimal

CHj to the kth cluster member CMk links that have an

achievable rate of Ri,k and Rj,k bps are given by ST /Ri,k

and ST /Rj,k, respectively. The CMk battery power will be

drained for receiving data from nodes CHi and CHj by

PRx,i,k and PRx,j,k; then, the CMk consumes energy to

receive the data from CHi and CHj , which are given by

STPRx,i,k/Ri,k and STPRx,j,k/Rj,k respectively. Similarly,

denoting PTx,i,k and PTx,j,k as the power drained by the

battery of CHi and CHj to transmit the data to CMk, re-

spectively, then the consumption of energy by CHi and CHj

to transmit the content to CMk is given by STPTx,i,k/Ri,k

and STPTx,j,k/Rj,k respectively [11], [38].

It should be noted that PTx derivations for both CHi and

CHj are expressed as follows.

PTx =

{

PTxi,k
= PTxref,i,k

+ Pt,i,k

PTxj,k
= PTxref,j,k

+ Pt,j,k,
(7)

where PTxref,i,k and PTxref,j,k correspond to the consumed

power by the source circuitry nodes of the ith optimal CHi

and the jth nonoptimal CHj through transmission on the

communication link with the kth CM, i.e., CMk, nodes. On

the other hand, Pt,i,k and Pt,j,k correspond to the transmitted

power over the air interface on (CHi, CHj) to CMk links.

We assume the communication links occur from the optimal

CHi to CMk through a number of clusters Cl. Subsequently,

the total energy consumed ECl
is expressed as follows:

ECl
= ST

∑

i 6=k,
i=1,2,...,|Cl|,

k∈Cl

(

ΓlPTxi,k + PRx,i,k

Ri,k
+

PRx,i

Ri

)

.

(8)

The consumed energy is used by the ith CH, i.e., optimal

CHi to receive data from the UAV in the first-term links

and in D2D communication in the second-term links. The

distinguishing variable Γl is applied from unicasting to mul-

ticasting. Moreover, each user device has specific data to

transmit in the unicasting uplink. The CMs have residual

energy to establish the link with CH, which is able to deliver

collected singles to the UAV in the uplink and improve the

energy transfer efficiency with shorter-distance connectivity.

The same data are forwarded to CMs in the downlink for each

coalition, and consequently, the unicasting or multicasting on

long-range and short-range connections is adopted. In the

case of D2D communication from the CHi to CMk with

short-range unicasting, Γl = 1. Meanwhile, in the case of

short-range multicasting, (Γl = 1/ |Cl| − 1) compensates for

the effect of the summation in (8) since transmission occurs

only once. In the single cluster, the harvested energy calcu-

lated in (1) must not be lower than the energy consumption

in (8). Therefore, we can rewrite those equations as follows.

E ≥ECl

e1Tζ
N
∑

n=1

pS,1n | hS−CH
n |2≥ECl

N
∑

n=1

pS,1n | hS−CH
n |2≥

ECl

e1Tζ
. (9)

Assuming that each subcarrier has equal power, i.e.,

pS,11 = pS,12 = pS,1N , we obtain the following.

pS,1 ≥
ECl

e1Tζ
∑N

n=1 | hS−CH
n |2

, (10)

where pS,1 is a single subcarrier power as a function of the

user devices. Hence, the transmission energy harvested at the
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FIGURE 2. Three different communication network scenarios for energy

harvesting.

CHs is greater than or equal to the energy consumed for the

wireless transfer signal between the CH and CMs. Therefore,

in the multiple cluster case, the CHs transfer energy to the

next cluster through the cluster gateway in a serial multihop

manner.

B. OUTAGE PROBABILITY

Clustering techniques and D2D communication have re-

ceived a great deal of attention because of their ability to

enhance network coverage and improve connectivity during

disaster scenarios. In this section, the outage probability for

user devices is investigated. First, the outage probability for

the first-hop link between the UAV and CHs is determined.

Second, the outage probability for the second hop between

the CH and CMs is determined. The distance between the

UAV and CHs is du,i,j , while the distance between CH and

an intended CM is di,j,k, where i, j ∈ CHs and k ∈ CMs.

According to [11], the outage probability of D2D commu-

nication between CH and CMs can be expressed as follows.

Pout =

1− exp

{

−ξ(θd, α)

(

ρUAV λUAV d
2
1 +

pCHλCH

N
d22

)}

,

(11)

where d1 = du,i,j , d2 = di,j,k, α is the path-loss exponent,

and θd is the SINR threshold for the D2D-assisted link.

In addition, ξ(θd, α) is set as follows:

ξ(θd, α) =
2π2

sin
(

2π
α

)

θ2d
(12)

In the second hop link between CH and CMs in D2D com-

munication, the network outage occurs when one of the two

links, i.e., UAV to CHs and CH to CMs, is not successful in

achieving the SINR target of SINRθd . Therefore, the UAV

is located at (xu, yu, zu), the nonoptimal CHi is located at

(xo
j , y

o
j ), while the kth CM is located at (xk, yk) out of UAV

coverage. Subsequently, the distance in the first hop from

the UAV and the jth nonoptimal CH are denoted as d2u,j =
(xu − xj)

2 + (yu − yj)
2 + (zu − 0)2. In the same context,

the distance in the next hop from the jth nonoptimal CH and

the kth CM is denoted as d2j,k = (xj − xk)
2 + (yj − yk)

2.

Therefore, the outage probability in (11) can be rewritten as

follows.

Pout = 1− exp {−ρUAV λUAV ξ(θd, α)f(xu,j,k, yu,j,k)} ,
(13)

where,

f(xu,j,k, yu,j,k) = ‖(xu−xj)‖
2+‖(yu−yj)‖

2+‖(zu−0)‖2

+ Λ‖(xj − xk)‖
2 + Λ‖(yj − yk)‖

2 (14)

and Λ is given as

Λ =
pCHλCH

NρUAV λUAV
, (15)

where pCH is the power transmitted by the CHs, λCH is

the density of CHs, ρUAV is the UAV load and λUAV is the

density of UAVs. Therefore, the rotation of the CH function

among members is selected as the optimal CH based on the

efficient distribution for the selected CHs in the network to

balance the energy consumption and minimize the outage

probability. Subsequently, the aim of finding an optimal

solution such that the feasible solution will mitigate Pout can

be formulated as follows:

(xo
j , y

o
j ) =argmin{xj ,yj}Pout

=argmin{xj ,yj}f(xu,j,k, yu,j,k). (16)

When we take the partial derivatives of f(xu,j,k, yu,j,k) in

(14) with respect to xj and yj and equate them to zero,

we obtain the optimal locations of CHs that will achieve

the minimum energy consumption and outage probability as

follows:

xo
j =

Λxk + xu

1 + Λ
, yoj =

Λyk + yu
1 + Λ

. (17)

Due to the communication through the optimal CH, the

energy consumption and outage probability will be mini-

mized. As a result, the optimal cluster head (CH) nodes are

distributed between the UAV nodes and cluster member (CM)

nodes at the edge of the UAV coverage area, as shown in

Fig. 3. The CHs move to their optimal locations and enable

communication with the UAV and the kth user device out of

their coverage area. We obtain the optimal location of CHs as

follows:

(xo
j , y

o
j ) =

(

xu + Λxk

1 + Λ
,
yu + Λyk
1 + Λ

)

. (18)

We assume that the locations of nonoptimal CHs are

at (xj , yj), while the optimal CHs are at (xo
j , y

o
j ), where

(xo
j , y

o
j ) = (xi, yi). We then determine the distance between

the nonoptimal CHs and the optimal CHs as follows.

d2j,i =

(

xj −
xu + Λxk

1 + Λ

)2

+

(

yj −
yu + Λyk
1 + Λ

)2

. (19)

6 VOLUME 4, 2016



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3083640, IEEE Access

Abdu Saif et al.:Efficient Energy Harvesting and Optimal Clustering for Sustainable Emergency Communication Systems

Similarly, we determine the distance between the optimal

CH and the CMs (xk, yk) as follows.

d2i,k =

(

xu + Λxk

1 + Λ
− xk

)2

+

(

yu + Λyk
1 + Λ

− yk

)2

. (20)

In addition, the distance between the UAV and the optimal

CHs is determined as follows.

d2u,i =

(

xu −
xu + Λxk

1 + Λ

)2

+

(

yu −
yu + Λyk
1 + Λ

)2

+(zu−0)2.

(21)

The CHs are located at the intermediate level between the

UAV and CMs. Therefore, the optimal elevation angle of the

optimal CH from (17) can be achieved as follows:

θ0i = arctan

(

Λ yk + yu
Λxk + xu

)

. (22)

Based on the optimal location of CHs, the outage proba-

bility of the link between the UAV and optimal CHs and the

optimal CH and CMs in (11) can be rewritten as follows.

Pout = 1− e

{

−ξ(θd,α)
(

ρUAVλUAV d2

u,i+
pCHλCH

N
d2

i,k

)}

, (23)

where d2u,i is the distance from the UAV to the optimal CH,

while d2i,k is the distance from the optimal CH to the kth CM.

C. OUTAGE PROBABILITY OF D2D WITHIN

CLUSTERING

To ensure the decoding correctness in the network receivers,

the SNR received by CMs should exceed the threshold

value γmin [39]. Therefore, the kth CM establishes link

communication with the optimal CH through D2D pair

communication. According to the above definitions, when

the ith optimal CH transmits wireless signals to CMs, the

desired received signals by the kth CM can be expressed

as yi,k = d−α
i,k

√

hi,k pCH + σ2, where yi,k is the received

wireless signal from the optimal CH, and pCH is the transmit

power for the optimal CH. The instantaneous SINR received

by the kth CM is γi,k =
PCH hi,k d−α

i,k

σ2B0

, where hi,k denotes

the channel gain between the optimal CH and the kth CMs

and B0 is the total bandwidth. Consequently, the outage

probability of the link between the optimal CH and the kth

CM is expressed as follows.

Pout = P (γk < γmin) = P

(

hi,k <
σ2B0γmin

pCH d−α
i,k

)

=

∫

(

−
σ2B0γmin

pCH d
−α
i,k

)

0

exp(−x) dx

= 1− exp

(

−
σ2B0γmin

pCH d−α
i,k

)

. (24)

The outage probability of D2D communication within a

cluster will be archived through the link from the optimal

CH to CMs in full-duplex communication mode. Then, the

maximum data rate that can be achieved without any outage

is denoted as the outage capacity. The outage capacity of

D2D communication in the cluster is represented as follows.

Cout,i,k = (1− pout,i,k)B0 log2(1 + γmin)

= e

−σ2B0γmin

pCHd
−α
i,k B0 log2(1 + γmin), (25)

where the outage capacity Cout,i,k for D2D communication

is based on the bandwidth B0 and distance from the optimal

CH to the kth CM. We assume that the kth CM receives the

multicast signals from the ith optimal CH in the same time

slot. The outage capacity of the multicast channel depends on

the transmission rate for every kth CM. Therefore,

Cout = min{Cout1, Cout2, ...., Coutk} (26)

According to Fig. 3, user devices are distributed inside and

outside of the UAV coverage area. The user devices within

the radio coverage range acquire wireless services from the

UAV, while those outside of the UAV coverage range obtain

wireless services from the ith optimal CH. In this paper, the

UAV is deployed in the disaster area at an altitude of Hn and

a static location (xu, yu, zu). The CHs extend the coverage

area to provide services to more CMs. The optimal elevation

angle of the user devices in the disaster area is denoted as θi
for the ith CH. The downlink air-to-ground (ATG) channel

can be either an LoS link or an NLoS link. Therefore, the

probability of LoS and NLoS on the optimal CH served by

the UAV can be represented as follows [40].

PLoSu,i
=
(

1 + a e−b (θi−a)
)−1

. (27)

We exploit the ATG channel model for the optimal CHs

and their associated CMs in UAV-assisted communication

during disaster recovery. The channel power gain from the

FIGURE 3. Distribution of UAVs, optimal CHs and CMs in the postdisaster

scenario.
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UAV to the optimal CHs that are located at (xi, yi) under the

LoS link is given as follows [30].

h̄u,i = PLoSu,i

(

√

h2 + x2 + y2
)−α

+(1− PLoSu,i)η
(

√

h2 + x2 + y2
)−α

.
(28)

The network link quality, communication performance and

path loss are highly affected by LoS and NLoS probabilities

and other environmental parameters. Furthermore, the path

loss between the UAV and optimal CH nodes is obtained as

PL(dB) = FSPu,i + APLu,i , (29)

where FSPu,i =
4πfcdu,i

c is the free space path loss between

the UAV and the ith optimal CH, fc is the carrier frequency,

c is the speed of light, and du,i is the distance between

the UAV and the ith optimal CH. Moreover, APLu,i =
ηLoSu,iPLoSu,i + ηNLoSu,iPNLoSu,i is the propagation of free

space additional loss that depends on the specific radio envi-

ronment.

D. OPTIMAL CH POWER CONTROL ANALYSIS

In the case of CHs that change their locations to the optimal

location, the user devices are affected by interference based

on the new optimal location. Thus, the cluster formation

will be reconfigured to minimize the outage probability.

Therefore, the optimal CHs are incorporated to minimize the

transmit power to reduce the interference for user devices

and minimize the power consumption. The power iteration

is applied in optimal CHs to adjust the desired received

signals at CMs and eliminate the interference of D2D pair

communication. We assume that there are m = 1, 2, . . . ,M
interfering D2D pair communications. Therefore, the power

to transmit vector for D2D pair communication is denoted

as [p1, p2, . . . , pm, . . . , pM ]T . The SINRs for the UAV to

optimal CHs and the optimal CH to CMs are further analyzed

to minimize energy consumption and reduce the interference.

According to [32], [41], the SINR at the UAV link with the

jth nonoptimal CH can be defined as follows:

γj =
pjhj

∑M
m=1 pmhm,j + σ2

, (30)

The SINR at the UAV link to the ith optimal CH that is

affected by D2D pair communication is given as follows:

γi =
pihi

∑M
m=1 pmhm,i + pjhj + σ2

, (31)

Finally, the SINR at the receiver of the kth CM as D2D pair

communication is given by:

γk=
pkhk,m

∑M
m=1
m 6=k

pkhm,k+(pj + pi)hm,j,i + σ2
, ∀m∈M,

(34)

Furthermore, the kth CMs will select the optimal CH based

on the maximum residual energy, EH and the number of

TABLE 1. Simulation Parameters

Parameters Values

Bandwidth B0=5 MHz

Number of clusters 6

UAV maximum transmit power pmax
u = 5 W

Transmission block time T=1 s - 3 s

UAV-user devices vertical distance d= 500 m

Time slot ratios {e1, e2, e3} = (0− 1)

CH spatial density λCH = {1−8, 2−8, 3−8}

Threshold (SNR) γmin=30 dB

D2D transmission distance Rd=1 m - 50 m

Noise power spectral density σ2=-174 dBm/Hz

Carrier frequency fc=3.5 GHz

Path-loss exponent (PLE) α=2-4

EH efficiency ζ = 0.1-0.9

αD2D 3

Excess-loss encountered η=0.5

UAV altitude range H=100 m - 250 m

Urban environment a=9.6, b=0.16 ηLoS=1, ηNLoS=20

neighbors that satisfy the SINR threshold. Then, the achiev-

able sum rate of all ith optimal CHs is given as follows.

Ri = log2 (1 + γi)

= log2

(

1 +
pihi

∑M
m=1 pmhm,i + pjhj + σ2

)

. (35)

E. COMPUTATIONAL COMPLEXITY ANALYSIS

In this section, the computational complexity of the proposed

algorithm is determined and compared with the results in

[32]. In this algorithm, the iteration loop applies to all user

devices, including nonoptimal CHs, optimal CHs and the

kth CMs in lines 8 to 23. The first loop (lines 8 to 13) has

been designated to locate the optimal CH based on (18).

The algorithm will find the distance between the UAV and

optimal CH and optimal CH and CMs and calculate EHi

at the optimal CH nodes based on (1). In each round, the

computational complexity is dominated by matrix inversion

and multiplication operations according to (1),(18). The com-

putational complexity for those analyses are O(t ∗ N(CHj))
where t represents the number of iterations for each CH

rotation nodes.

In the second loop (lines 14 to 18), the CM will choose its

optimal CH. Additionally, CMs can decide to communicate

with the optimal CH based on the residual energy, maximum

EH and neighbor nodes. In this case, D2D pair communi-

cations and outage capacity inside the cluster are calculated

based on (24) and (25). The computational complexity for

those analyses is found to be O(t ∗ NCMk
). The third loop

(lines 19 to 22) is intended to minimize the optimal CH power

consumption based on the following power control condition

pCH
n 6

e1
Ne3

ζ
∑N

n=1 p
S,1
n

∣

∣hS−CH
n

∣

∣

2
.
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Here, the UAV is configured to control the transmit power

by sending the maximum transmit power over n-subcarriers

to an optimal CH and the minimum transmit power to UEs

in its coverage range to reduce interference that affects the

optimal CH nodes. In addition, the optimal CHs apply control

strategies to forward transmit power with its associated CMs

through D2D pair communication to minimize the interfer-

ence and power consumption. Here, the computational com-

plexity based on the power control iteration is O(t∗N(CHi)).
Therefore, the computational complexity of the algorithm is

O(t ∗N(CHj)) +O(t ∗N(CMk)) +O(t ∗N(CHi))). There-

fore, when we assume that the N user devices distributed

in the system model include (CHj , CHi, CMk), then the

total computational complexity for the proposed method’s

solution is on the order of O(3 ∗ t ∗N).
Furthermore, the complexity of the proposed scheme is

mainly determined by the complexity of solving the linear

program at each iteration of the search where the linear

program is solvable in polynomial time [42]. The number of

iterations is limited to t = tmax to guarantee the convergence

of the proposed algorithm. The complexity of the related

work presented in [32] is on the order of O(LM c). Thus, low

complexity is the ultimate benefit of the proposed algorithm

used in the emergency communication system for disaster

management.

V. SIMULATION RESULTS AND DISCUSSION

In this section, the simulation results are presented to demon-

strate the performance of the proposed methods. Energy

consumption, energy harvesting and outage probability will

be analyzed for several user devices in disaster scenarios.

The simulation parameters used are shown in Table 1, while

Algorithm 1 shows the proposed method used to select the

optimal CHs.

A. ENERGY HARVESTING PERFORMANCE FOR UAV

Fig. 4 shows the energy harvesting for various user device

distances when the deployed UAVs change their altitudes.

UAV altitudes are affected by the probability of LoS based

on the change of elevation angle of user devices when the

vertical distance of the UAV to user devices varies by up

to 500 m. Thus, the UAV can adjust its altitude to provide

improved network coverage for user devices. However, EH

is affected by UAV altitudes when the large-scale path loss is

considered for user distances when the bandwidth is fixed.

In addition, the UAV altitude affects the EH performance

because it needs a higher transmit power to compensate for

the increasing user distance and more hops between UAV-

CH and CH-CMs at higher altitudes. This is demonstrated

in Fig. 4, which shows that EH decreases as a function

of the user device distance. Therefore, the UAV moves up

in altitude, which will increase the probability of LoS and

increase path loss. For 100 m ≤ H ≤ 200 m, Fig. 4

shows that EH deceased from 1.2 joules to 0.1 joules with

an increase in distance from 100 m to 500 m respectively.

Furthermore, UAV altitudes affect the EH because a higher

Algorithm 1: Hybrid Optimal CH, EH and PC

1 tmax : Maximum number of iterations

2 Pmax : Maximum transmission power of the UAV

3 CHj : Nonoptimal CHj nodes

4 CHi : Optimal CHi nodes

5 CMK : Out of coverage CMk nodes

6 du,i : The distance from the UAV to the optimal CHi

7 di,k : The distance from the optimal CHi to CMk

8 for t = 1 to tmax do

9 Cluster is formed with its proximity devices based

on PCP distribution

10 for i = 1 to CHj do

11 Find optimal CHi location (xo
j , yoj ) according

to (18)

12 Calculate EHi based on (1)

13 end

14 for k = 1 to CMk do

15 kth CM chooses optimal CHi based on

maximum residual energy, EH and number

of the neighborhood

16 Calculate pout,k of D2D according to (24)

17 Calculate Cout,k of D2D according to (25)

18 end

19 for j = 1 to CHi do

20 The power that satisfies

pCH
j 6

e1
Ne3

ζ
∑N

j=1 p
S,1
j

∣

∣hS−CH
j

∣

∣

2

21 to minimize energy consumption

22 end

23 end
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FIGURE 4. Energy harvested vs. distance at different UAV altitudes.

transmit power will be needed with an increasing distance

and an increasing number of hops between CH and D2D at

higher altitudes.

In Fig. 5, EH performance versus ζ is simulated for UAV

and D2D communication. As shown in the figure, EH is equal

to 1.5 joules at ζ = 0 in the UAV scenario, while in the
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FIGURE 5. EH performance vs. ζ for UAV and D2D.

D2D scenario, it is equal to 0.6 joules. Hence, EH maximizes

the UAV direct link scenario at approximately 50% for the

UAV link scenario through CHs as D2D communication.

Thus, it can be concluded that EH performance in the UAV

scenario is better than that in the D2D communication. This

is attributed to the substantial LoS propagation path gain

between the UAV and CHs and the slight loss of received

signals at the user device receivers. Additionally, EH in D2D

communication is lower than that with UAVs due to the lower

amount of power needed for the CH to forward the wireless

signal to CMs.

B. ENERGY HARVESTING BASED ON D2D

Fig. 6 presents the energy harvesting capability for the

nonoptimal CH and optimal CH. It is evident from the figure

that the D2D communication between the optimal CH and

CMs harvests more energy than that between the nonoptimal

CH and CMs. Therefore, determining the optimal location

of CH is crucial because it reduces the transmission power

between the UAV and user devices; thus, it improves the

harvested energy. Furthermore, the optimal CH will also

reduce the communication latency between CH and CMs due

to the shorter communication range.

It is understood that more energy is required to increase

the UAV coverage range. Thus, the next step is to analyze the

energy harvested by multiantenna UAVs. As anticipated, the

amount of energy harvested through multiantenna UAVs is

more than that of a single-antenna UAV, as shown in Fig. 7.

For example, at transmission block time 0.3, the amount of

energy harvested is 0.1 joule for a single-antenna UAV, while

for a four-antenna UAV, it is 0.45 joules. Therefore, energy

harvesting using multiantenna UAV will increase energy

efficiency and thus serve a larger coverage area.

C. OUTAGE PROBABILITY PERFORMANCE

Fig. 8 shows that the outage probability is improved when the

elevation angle of the CHs is at its optimal value. The outage

FIGURE 6. Energy harvested vs. transmission block time with the CHs.
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FIGURE 7. Analysis of the energy harvesting vs. time interval with

multiantenna UAVs.

probability with an elevation angle based on nonoptimal CHs

ranges from 0.6 to 0.95, whereas the outage probability for

the optimal elevation angle is in the range of 0.1 to 0.95.

Therefore, the optimal elevation angle of CHs provides more

sustainable connectivity during a disaster scenario. The opti-

mal location of the CH can effectively increase the coverage

probability and decrease the outage probability.

Further analysis of the overall outage probability for the

UAV and D2D user devices versus the transmission block

time (T ) as two different postdisaster scenarios is shown in

Fig. 9. As the number of retransmissions (transmission block

time) increases, the overall outage probability also increases.

In other words, for the higher number of (T ), the possibil-

ity that a failure happens during retransmissions increases.

Furthermore, the UAV is an interference source for the D2D

user devices, and the higher number of stop points leads to a

higher outage probability. As a result, the outage probability

of the UAV is lower than that of D2D due to the strong LoS

link between the source and destination and the slight loss of

10 VOLUME 4, 2016
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FIGURE 8. Outage probability vs number of clusters for optimal and

nonoptimal CHs.

FIGURE 9. Performance of outage probability vs. transmission block time for

the UAV link and D2D link.

the received signals at the user device receivers. Moreover,

the outage probability of the UAV while communicating with

user devices is much better than the outage performance of

the D2D communication mode, primarily due to the higher

channel quality associated with the UAV scenario. Hence,

the LoS propagation gain of the UAV outage probability

performance is better than that of D2D, which maintains

short distance connectivity and distance between the end

nodes, which is greater than the UAV coverage radius.

A higher number of antennas eventually increases the

transmission power that improves wireless coverage services.

Fig. 10 shows the EH performance when the elevation angle

of user devices varies for up to three UAV transmission

antenna. As expected, EH increases when user device ele-

vation angles are raised for the same level of coverage in

multiantenna UAV. Moreover, the maximum EH of 1.1 joules

is achieved at a maximum elevation angle of 90◦ in the

case of three UAV antennas. However, the minimum EH
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FIGURE 10. Energy harvested (joule) vs. the elevation angle with three UAV

antenna.
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FIGURE 11. Spectral efficiency vs. number of CHs with different densities.

performance is 0.4 joule, which is achieved at a maximum

elevation angle of 90◦ in the case of one UAV antenna.

Thus, the EH efficiency of UAVs can be improved to enable

flying for a longer duration and operating optimally within

the receiver’s LoS range using multiple antennas.

D. SPECTRAL EFFICIENCY PERFORMANCE

As previously mentioned, a UAV is deployed to ensure un-

interrupted wireless coverage in the disaster area while D2D

communication increases the coverage area and improves the

spectral efficiency.

Fig. 11 shows the performance of spectral efficiency with

various CH densities. The spectral efficiency increases when

the number of CHs increases because the optimal reuse of

radio resources and densities directly affects the energy of

the network coverage. The wideband channel for the link be-

tween the UAV and optimal/nonoptimal CHs acts for widely

deployed user devices with low-power channel sounding

solutions. In addition to the system model’s wideband, it
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FIGURE 12. Energy harvested vs. transmission block time in a two-hop

network.

helps to increase the system efficiency based on the optimal

CH approach that integrates EH and PC in the emergency

communication system.

It has been further investigated that the higher CH densities

will improve the spectral efficiency in the considered network

scenario. For instance, when the CHs are increased from 1

to 6 at CH density λCH = 10−8, the spectral efficiency

increases from 0.1 bps/Hz to 0.4 bps/Hz. Similarly, spectral

efficiency improves from 0.2 bps/Hz to 0.8 bps/Hz and from

0.4 bps/Hz to 1.3 bps/Hz at CH densities of λCH = 2×10−8

and λCH = 3 × 10−8, respectively. A higher spatial density

of CHs can serve more CMs based on the formation of the

cluster and D2D communication pairs to achieve the same

level of system spectral efficiency. The clustering technique

is applied to reduce the computational complexity, trim the

data and expand the connectivity. However, a further increase

in the number of clusters may disrupt the performance of

the postdisaster communication system due to the limitation

of the transmission power and the distance of the wireless

coverage. Fig. 12 shows EH performance for various trans-

mission time slots with optimal power allocation for two-

hop EH systems, i.e., UAV – CHs and CH – CMs. Based

on these results, it is apparent that the LoS in the first-hop

communication, i.e., UAV – CHs, is better than that in the

second-hop link, i.e., CH – CMs.

Next, we set the D2D distance to 20 m, 30 m, 40 m and

50 m apart and measured the harvested energy versus the

energy harvesting efficiency. Fig. 13 shows that the harvested

energy decreases as the sparsity distance increases. This

is attributed to lower user density as the sparsity distance

increases and lesser D2D link interference. Moreover, when

the distance between CH and CMs increases by more than

20 m, the EH performance is stably degraded because of a

higher path loss or a lower received SINR when the distance

is increased.

Fig. 14 shows an analysis of EH for various user device

distances with a clustering network and an unclustered net-
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FIGURE 13. Energy harvested vs. energy harvesting efficiency at different

D2D distances.
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FIGURE 14. Energy harvested vs. user device distance with clustering and

unclustered networks.

work. The clustering network contributes more to increasing

EH due to the decentralized control and the low path loss of

received signals based on the communication distance. The

clustering network decreases harvested energy from 1.8 joule

to 0.2 joule when user device distances increase from 100 m

to 350 m. However, the unclustered network decreases from

0.8 joule to 0.2 joule. Therefore, clustering is an appro-

priate approach for wireless communication in postdisaster

scenarios as it will be able to prolong the network energy

lifetime. Furthermore, the EH with the clustered network will

be scalable to overcome challenges in disaster events, e.g.,

limited resources and network capacity.

Fig. 15 demonstrates the outage probability of the CH

for a different number of clusters. Similar to the findings

depicted in Fig. 8, the optimal CH also achieves a lower out-

age probability than the nonoptimal CH in both UAV–CHs

and CH–CMs links, which will improve the stability of the

networks. Another important observation in this figure is that
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FIGURE 15. Comparison of outage probability of best CHs selection

approach based on the optimal location for CHs and CMs.

FIGURE 16. Comparison of D2D outage probability versus number of D2D

pair communications based on the PC and EH performance.

with CH, communication latency between CH and CMs is

reduced due to the shorter propagation distance; hence, the

outage probability is reduced while maintaining the superi-

ority of the optimal CH with respect to the nonoptimal CH.

Fig. 16 compares the D2D outage probability of the pro-

posed solution, i.e., the UAV connected to optimal CHs,

with the work presented in [32]. It can be observed that the

outage probability of the proposed solution is approximately

10% higher than the work in [32]. It can be seen that, for

example, when the D2D pair communications are 20, the

outage probability of the proposed solution is 0.86%, while

it is 0.95% in [32]. This is attributed to the higher channel

quality associated with optimal CHs.

Fig. 17 shows the performance of the outage capacity

versus the number of D2D pair communications. It can be

seen that when the number of D2D links is equal to 10, the

outage capacity of the proposed solution is 2.5 Mbps, while it

FIGURE 17. Comparison of D2D outage capacity versus number of D2D pair

communications based on the PC and EH performance.

is at 0.9 Mbps in [32], a whopping increase of approximately

90%. This can be credited to eliminating the battery power

barriers and interference of UAVs and user devices through a

combination of EH and PC. This will guarantee the commu-

nication link quality between the optimal CH-CMs as D2D

communication pairs.

VI. CONCLUSION

In this paper, we addressed the difficulty of maintaining

continuous wireless communication activities when disaster

strikes. An efficient UAV-assisted emergency communication

with clustering techniques was adopted. An optimal CH was

introduced and utilized to harvest energy for stable networks

that enhanced the network coverage and reliability. It was

also proven that the EH of the optimal CH links is better than

that of the nonoptimal CH links. Therefore, the optimal CH

can reduce the transmission power needed for the UAV and

user devices leading to a better outage probability for optimal

links. Establishing links between the CH and CMs is also

crucial in disaster scenarios, as it increases the coverage ser-

vices provided to the disaster victims, i.e., more victims can

be reached by the search and rescue teams, potentially saving

many lives. Emergency communication systems have limita-

tions when minimizing the UAV outage probability during

disaster recovery with the cluster-based channel model. A

multipath clustering approach for the channel model between

the UAV and user devices will be further investigated to en-

able increasing the accuracy of clustering and the reliability

of communication in postdisaster scenarios.
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