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ABSTRACT

In emergency communication scenarios, exploiting Unmanned Aerial Vehicles (UAVs) as relays to provide
wireless communication services for ground users has emerged as a promising application. A key challenge in
this resource-constrained application is deploying the minimum number of UAVs to form an aerial backhaul
network to ensure coverage, which composes the Number and Placement Optimization for the Backhaul-Aware
Network Deployment (NPO-BAND) problem. In this paper, we first formulate the NPO-BAND problem based on
the geometric disk coverage model. Then, we propose a low-complexity heuristic method to solve this NP-hard
problem. The proposed method contains a Very Important Point-Choosing (VIPC) strategy and a Backhaul-Aware
Local Coverage (BALC) algorithm. Specifically, the VIPC strategy weighs up the backhaul connectivity constraint
and the ground user coverage to choose the VIP, while the BALC algorithm solves the extended 1-center problem to
determine the deployment location of each UAV. Simulation results show that the proposed method can effectively
reduce the number of deployed UAVs, saving up to 25%-50% of that compared to existing methods across varying

numbers and area sizes in clustered distribution patterns of ground users.

1. Introduction

In post-disaster rescue scenarios, backhaul communications are often
damaged or limited in capacity [1,2]. Since Unmanned Aerial Vehi-
cles (UAVs) have swift mobility, flexible deployment capabilities, and
cluster robustness, exploiting UAVs as relays to provide wireless com-
munication services to all wireless ground users (e.g., Internet of Things
devices and rescue teams) is a promising application [3-6]. In emer-
gency communication scenarios, when ground users need to transmit a
large amount of data that overwhelms dispatchable satellite resources,
it is essential that all UAVs form a backhaul network, which means there
exists at least one path from a certain UAV to faraway base stations via
other UAVs in the network.

Since deploying a multi-UAV network in post-disaster areas demands
valuable resources, it is critical to deploy a minimum number of UAVs
to enable multi-hop wireless backhaul networks and serve more users.
However, the smaller the number of deployed UAVs, the larger the com-
munication distance between them, which may lead to a disconnection
between UAVs and degrade the communication mission’s performance.

Therefore, one of the major challenges in a UAV-enabled multi-hop
backhaul network is deploying a minimum number of UAVs to provide
communication services to all ground users while guaranteeing back-
haul connections to the base station.

Several studies have been devoted to this challenge, and we sum-
marize them into four classes. The first class of studies focuses on the
problem of full area coverage, investigating how to optimize the num-
ber of UAVs and their coverage routes to provide complete coverage of
the whole area [7]. However, in the scenario studied in this paper, it is
not necessary to achieve the full coverage of the entire area, but only the
locations of ground users with data to be transmitted. The full coverage
of the area may result in a waste of the UAV’s resources.

Modeling this problem based on the Traveling Salesman Problem
(TSP), the second class of studies focused on deploying the minimum
number of UAVs and arranging their data collection tours, assuming
a restriction on data collection delay [8,9]. However, in post-disaster
search and rescue scenarios, every minute costs a life, which demands
minimized data collection delay. In this case, more UAVs with large
buffers should be deployed, resulting in wasted resources.
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Fig. 1. The emergency communication scenario, where UAVs form a backhaul
network providing wireless communication service to rescue teams (ground
users) with a known distribution.

The third class of studies focuses on deploying a minimum number
of UAVs to meet the communication needs of ground users, assum-
ing plenty of satellite resources. Assuming each UAV serves a cluster
set of ground users and is located in the center of this cluster, au-
thors in [10-12] proposed a greedy clustering method to cluster ground
users through basic clustering algorithms, then adjust the number of
UAVs until all metrics (e.g., quality of service [10], the users’ received
power [11], and transmitting power [12]) are within the thresholds.
Different from the clustering method, based on the geometric disk cov-
erage problem, authors in [13] proposed a heuristic spiral method to
obtain the deployment of the minimum number of UAVs, where se-
quentially placed the UAVs starting on the area perimeter of the un-
covered ground users along a spiral path toward the center, until all
ground users are covered. Extending it into Three-Dimensional (3D)
space, authors in [14] proposed an edge-first method to obtain the UAV
deployment with a minimum number. Considering the dynamic scenar-
ios, authors in [15] proposed an iterative algorithm to determine UAVs’
number, placements, and configurations in a 3D grid. However, since
these works relied on sufficient satellite resources and considered no
backhaul connectivity among UAVs and base station, the performance
of UAV-enabled networks deployed by these works may be degraded in
scenarios with inadequate satellite resources (e.g., emergency commu-
nication scenarios or typical rural or remote areas). With the number
of deployed UAVs decreasing, the distance between UAVs may increase
and result in disconnection among UAVs, severely degrading multi-UAV
network performance.

The fourth class of works noticed this problem and investigated the
problem of deploying the minimum number of UAVs with UAV-UAV
[16] and backhaul connectivity constrained [17]. The authors in [16]
proposed a centralized graph theory-based method to iteratively remove
redundant UAVs until the existing UAVs can form a network satisfying
the UAV-UAV connectivity and communication quality requirements.
However, the need for constant iterative judgments made the method
computationally complex. Besides, authors in [17] divided the inter-
ested area into multiple grids according to the maximum communica-
tion distance between UAVs, placed the UAVs in the grid vertices, and
proposed an integer linear programming-based Backhaul-and-coverage-
aware Drone Deployment (BoaRD) method to obtain the minimum num-
ber of UAVs and their deployment locations. Due to the grid division
procedure, the complexity of this method was reduced. However, the
potential deployment locations of the UAVs were limited, and the op-
timal deployment locations of the UAVs may be missing, leading to an
increase in the number of UAVs deployed. Therefore, the deployment
problem of minimizing the number of UAVs while maintaining the con-
nectivity among UAVs still needs further in-depth study.

This thus motivates our current work to investigate the problem of
deploying the minimum number of backhaul-aware UAVs to provide
wireless communication service to ground users in emergency communi-
cation scenarios, as shown in Fig. 1. In such scenarios, it can be assumed
that the distribution of ground users is known and remains stationary
during certain phases, and Air-To-Ground (ATG) communication links
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could be Line-of-Sight (LoS) and Non-Line-of-Sight (NLoS). We formu-
late the Number and Placement Optimization for Backhaul-Aware Network
Deployment (NPO-BAND) problem, which is NP-hard. Then, we propose
a low-complexity heuristic method to solve this. The main contributions
of this paper are summarized as follows.

+ Based on geometric disk coverage and probabilistic LoS channel
model, we formulate the joint optimization problem, termed num-
ber and placement optimization for backhaul-aware network de-
ployment problem, aiming at minimizing the number of deployed
UAVs to form a backhaul network serving all ground users.

+ We propose a low-complexity heuristic method to solve the NPO-

BAND problem, which sequentially places the UAVs and consists

of the Very Important Point-Choosing (VIPC) strategy and the

Backhaul-Aware Local Coverage (BALC) algorithm. The VIPC strat-

egy weighs up the backhaul connectivity constraint and the ground

user coverage, and chooses the VIP for the newly deployed UAVs;
the BALC algorithm determines the deployment location of the
newly deployed UAV by solving the extended 1-center problem.

Numerical results demonstrate that the proposed method can re-

duce the number of deployed UAVs, saving up to 25%-50% of that

compared to other existing methods, across varying numbers of
ground users and area sizes in clustered distribution patterns of
ground users.

The rest of this paper is organized as follows. The key notations are
listed in Table 1. We first present the communication channel model
and formulate the NPO-BAND problem in Section 2. Then, we design
the method in Section 3. Section 4 provides and analyzes simulation
results. At last, we draw conclusions in Section 5.

2. System model and problem formulation
2.1. Communication channel model

Predicting communication quality is essential, and the Signal-to-
Noise Ratio (SNR) is chosen as a measure of communication quality.
Similar to terrestrial cellular networks, the relay UAV network in this pa-
per uses time-domain orthogonal transmission techniques to overcome
inter-relay UAV communication interference.

SNR between the transmitter i and receiver j can be given by Eq.

.
SNR;;=Pd;"/N,BY,; @

In Eq.(1), B (Hz) represents the channel bandwidth, N, (W/Hz)
refers to the power spectral density of the Additive White Gaussian Noise
(AWGN), f is the path-loss exponent, P; represents the transmit power
of i, and d; ;s the Euclidean distance between i and j. ¥; : (dB) follows
the Gaussian distribution and represents the shadow fading component
accounting for diffraction and multipath fading between i and j, which
can be expressed as Eq.(2) [18].

2
{Tij,LoS ~N (HijLos> O; j,LoS)’

2 .
¥, NLos ~ N (y; ./ NLoS> aij’NLos), NLoS propagation

LoS propagation
(2)

In Eq.(2), p;; and aizj represent mean and variance respectively. They
can take either of two values for cases of LoS and NLoS propagations
since both propagations should be considered in ATG links.

As shown in Fig. 1, with the same assumption in [19-21] that the
UAVs fly higher than obstacles, the Air-To-Air (ATA) links between
different UAVs are dominated by LoS links, and the shadow fading com-
ponent can be expressed by ¥;;os. For ATG links between UAVs and
ground users (or base station), due to the existence of obstacles, LoS and
NLoS propagations both should be considered. Adopting the widely-used
probabilistic LoS channel model to express the ATG links, the shadow
fading component of ATG links can be substituted with the probabilistic



S. Yang, B. Zhang and J. Su

Table 1
Key notations.
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Symbols Meaning

U= {uy.uy)

M = {my, - mp)

dis(mp,un), dis(u,,,u,)
different UAVs, respectively

U represents the set of to-be-deployed UAVs. N is the number of UAVs and is unknown
M represents the set of ground users. P is the number of ground users and is given
They represent the Euclidean distance between ground users m, and UAV u,, and the projected Euclidean distance between

R, r They represent the maximum communication distance between UAVs, and the maximum communication range between UAVs
and ground users on the ground projection, respectively

M,,, M They represent the set of uncovered ground users, and the set of ground users that should be covered by UAV u,, respectively

Wik uy;,, represents the deployed UAV with which the newly deployed UAVs should communicate. It can also be referred to as the
to-be-connected UAV

D(u,) ®(u,) is an indicator function, which indicates whether UAV u, can communicate with the base station via the present network

p(u,) p(u,) represents the set of UAVs in the path from UAV u, to the base station in the current network

Mg ars My, They represent the furthest uncovered users from the base station (also referred to as edge ground users) and the mandatory

to-be-covered ground user (referred to as a very important point), respectively

shadow fading component ¥/’ b " which can be represented as Eq.(3)
[22].

PL*S =1/(1+ Cexp(~D[0 - C)) .
‘Pf,-raba =P i 105 + (1= Pt N os

In Eq.(3), 6 is the elevation angle between transmitter i and receiver
Js P,.jL.”S represents the probability of one link from i to j having an LoS
propagation, and C and D are obstacles’ distribution-related parame-
ters.

Note that in this scenario, to provide coverage to all ground users, it
is intuitive that UAVs should be deployed at the optimal altitude, pro-
viding maximum coverage on the ground while meeting the user com-
munication quality-related SNR threshold. Given the transmit powers
and the minimum decoding threshold at the receiver SN R,,;,, we can
mathematically compute the optimal altitude, the maximum commu-
nication distance between UAVs R, and the maximum communication
range between UAVs and ground users on the ground projection r.

2.2. The NPO-BAND problem formation

As shown in Fig. 1, we consider a wireless system with a terrestrial
base station, P ground users at different known locations, and UAVs
with unknown number N. For cost minimization, we aim to deploy the
minimum number of UAVs to form a backhaul network and serve all
ground users. In such scenarios, all ground users (including the base
station) should be served by at least one UAV within its communication
radius r, and every UAV should be deployed within the aerial communi-
cation distance R of at least one other UAV. For simplicity, we assume
ground users within the communication range of the base station are
served by it and no longer should be covered by any UAVs. Note that
some ground users may be covered by more than one UAV, which leads
to communication interference between them; we use techniques such
as Time Division Multiple Access (TDMA) or control the transmitting
power of UAVs after deploying them to reduce the influence.

Given the set of ground users M = {m,,---,mp} and the set of UAVs
to be deployed U = {u,,--,uy}, the NPO-BAND Problem can be ex-
pressed as Eq. (4). In Eq. (4), |U| represents the number of elements
in the set U and the number of UAVs. dis(m,,u,), dis(BS,u,) and
dis(u, ,u,) represent the Euclidean distances projected on the ground
between the ground users and the UAVs, between the base station and
the UAVSs, and between different UAVSs, respectively. Apart from the last
constraint, the problem is known as the Geometric Disk Cover (GDC)
problem [23], which investigates how to cover a group of points in the
plane with known locations using lesser circles of finite radius. GDC
problems are NP-hard in general [23]. Problem (4) adds one constraint
to the GDC problem: the UAVs should form a connected network (the
third constraint), which is also NP-hard.
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min
{up }.u, €U

J=1U|

min {dis(m ,u,)} <r,VYm, € M
L min (distmu,)) <rVm,

min {dis(BS,u,)} <r @)
u, €U

min {dis(u,,u,)} < R,Vu, €U,u, #u,
u, €U

3. The method design

In this section, we first analyze the critical issues of this problem and
propose a low-complexity heuristic algorithm to solve the NPO-BAND
problem approximately based on successive UAV deployment.

The problem (4) is extended from the GDC problem. For the GDC
problem, the spiral method was proposed in [13,14], the main idea of
which is deploying the UAV sequentially along the boundary of the area
formed by ground users until the last ground user is covered, and each
UAV covers at least one boundary user and as many uncovered ground
users as possible. However, this method assumes all UAVs can trans-
mit ground users’ information through the satellite, which might fail to
achieve it in insufficient satellite resource scenarios. Therefore, to en-
sure the data of ground users is transmitted back to the base station
promptly, maintaining the backhaul connectivity between UAVs to the base
station is significant.

Apart from the backhaul connectivity, another vital issue of this
problem is deploying one UAV to cover as many uncovered ground
users as possible. Given the same to-be-covered ground users in the 3D
space of a specific region, there could be infinite candidate locations of
UAVs with the equivalent coverage effect through adjusting their flying
heights or transmit powers, leading to a possibly infinite number of so-
lutions for the NPO-BAND problem. Therefore, the solution should focus
more on the possible covered sets of ground users than the 3D deployment lo-
cations of UAVs. In this case, the solutions to covered sets of ground users
are finite, which can effectively reduce the complexity of the proposed
method.

Based on the above analysis, we propose the NPO-BAND method,
which contains the VIPC strategy and the BALC algorithm. UAVs are
deployed sequentially, and the VIPC strategy chooses the VIP for each
newly deployed UAVs. Then, the BALC algorithm determines the set of
ground users around the VIP that the newly deployed UAV can cover,
and the deployment location of the UAV.

3.1. The very important point-choosing strategy

The Very Important Point (VIP) denotes the mandatory to-be-
covered ground user or deployed UAV by the new deployed UAV. The
location of VIP affects the potential placement area of the UAV. In the
VIPC strategy, when deploying a new UAV and choosing the VIP, there
is a trade-off between maintaining the backhaul connectivity and en-
suring the full coverage of ground users. The first one keeps the newly
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Algorithm 1 The backhaul-aware local cover algorithm.

Input: m,,,uy;,,u,,M,,,U,BS,r,R.
Output: u,,M,,,M
LM, = {m,,}
2: Pick the nearest UAV or BS from m,, as u;, uy € {u, € uy|u, & p(u,;)} U
{BS}.

3: m, (m,€ M, U{BS}) form a set M,,,, which should satisfy dis(m,,m,,) <
2r and dis(m,,, uy;,y) < R+ if uy;,,, exists.

4: if M, +o then

5: Sort each m, in M, by the distance from B.S in descending order and
form a new set M’ .

6 Add m; in M’fp to M if it can be covered by refining u, via solving
the 1-center problem. Stop otherwise.

7: end if

8: Obtain the optimized u,, by solving the (7).

9: If there is no solution to (7), remove the last element in M
again until it has a solution.

10: M, < M, \M"

cov”

and solve (7)

deployed UAV within the maximum communication range R of the al-
ready deployed UAVs. In contrast, the second one pushes the newly
deployed UAV away to cover as many uncovered ground users as possi-
ble. In this case, the VIPC strategy can be divided into three cases:

(1) When no to-be-connected UAVs exist, the furthest uncovered
ground user from the base station is selected as the VIP. To-be-connected
UAVs denote the already deployed UAV, which the newly deployed UAV
needs to communicate with to maintain the backhaul connectivity.

(2) When all ground users have been covered, but there are still
deployed UAVs that have not yet been connected to the base station
(referred to as “unconnected UAVs”), the unconnected UAV closest to
the UAVs that have already been connected to the base station (referred
to as “connected UAVSs”) is selected as the VIP.

(3) When to-be-connected UAVs and uncovered ground users exist,
choosing the VIP should consider the backhaul connectivity and the full
coverage of ground users. We use M, to represent all the uncovered
ground users and uy; ;. to denote the to-be-connected UAVs for notational
convenience. We assign different weight values to uncovered ground
users m,(m, € M,,,) according to Eq. (5) and choose the ground user
with the most significant weight as the VIP.

lf‘j;’il a,+b, (5)
In Eq. (5), a, reflects the Euclidean distance between the user m, and
Ui the closer the user to the uyy,, the larger the value of a, will be.
Meanwhile, b, reflects the Euclidean distance between the user m, and
the base station: the closer the user is to the base station, the smaller
the value of b, will be. Besides, |M,,, | denotes the number of uncovered
ground users, and |M | denotes the number of all ground users; the ra-
tio of them means that with fewer uncovered ground users, the weight
b, becomes more critical in the overall weight. 4 is a constant empiri-
cal parameter that weighs the importance of the backhaul connectivity
condition and the complete coverage condition.

VIP,=2

3.2. The backhaul-aware local cover algorithm

After choosing the VIP, the BALC algorithm should determine the
deployment location of the newly deployed UAV to maintain the back-
haul connectivity and ensure the full coverage of ground users. In other
words, the BALC algorithm determines the set of ground users close to
the VIP that the newly deployed UAV can cover, with the constraint that
the newly deployed UAV should keep the UAV-UAV or UAV-BS connec-
tivity.

Set aside the backhaul connectivity, the local cover procedure pro-
posed in [13] can determine the set of ground users that the newly
deployed UAV can cover. In the local cover procedure, the potential
to-be-covered ground users are within the circle centered on the VIP

m,, and radiused by 2r; they select the ground users from the edge
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users (the uncovered users furthest from the base station) and decide
whether the newly deployed UAV can cover the above-selected ground
users through solving the problem (6). The above procedure stopped
until all the ground users within the potential range had been decided.

min  rg
n ©
s.t. dis(u,,m.) <rg,Vm,

In Eq.(6), u, represents the location of the newly deployed UAV, and
r( represents the circle’s radius with a maximum of r. m, represents one
of the selected ground users, and dis(u,,m,) represents the Euclidean
distance between the newly deployed UAV and the ground users pro-
jected on the ground. Optimization problem (6) is a typical 1-center
problem [24], which means whether UAV deployed in u, can cover all
the selected ground users with a circle of radius r.

Considering the backhaul connectivity, the BALC algorithm ensures
that as many ground users are covered as possible and that the newly de-
ployed UAV can communicate with the base station or other deployed
UAVs. In other words, the newly deployed UAV should be within the
communication range of the base station r or at least one deployed UAV
R. The core idea of the BALC algorithm is to limit the potential to-be-
covered ground users to the intersection of ground users within a circle
centered on the VIP m,, with a radius of 2r and ground users within a
circle centered on the to-be-connected UAV u;,, with a radius of (R+7r).
Then, select the ground users from the edge users and solve the optimiza-
tion problem (7) to decide whether the newly deployed UAV can cover
the selected ground users until all the ground users within the potential
range are determined.

min  dis(u,,u;)

Un

st disu,m)<r,m. €M )
dis(u,,u;,.) <R

In Eq.(7), u,, denotes the newly deployed UAV, u, represents the base
station or other deployed UAVs closer to the VIP, m, denotes a ground
user in the set of ground users M = that must be covered, and uy;,
denotes the to-be-connected UAV. The problem (7) aims to optimize
the deployment location of the newly deployed UAV u, to minimize the
distance from u, to other deployed UAVs or base stations. The constraint
of problem (7) is that the ground projection distance between the newly
deployed UAV and all the ground users in the set of M should be
within r. The ground projection distance between the newly deployed
UAV and the to-be-connected UAV u;;,, should be within R. Since the
optimization problem (7) is convey, it can be easily solved by relevant
convex optimization methods (e.g., interior point method).

Based on the above analysis, the whole BALC algorithm is given in
Algorithm 1. The mandatory to-be-covered ground users set M = is
initialized with the VIP in line 1. The potential to-be-covered ground
users M, are chosen in line 3, reducing the algorithm’s computational

complexﬁy. Suppose all ground users are in set M, ,; we sequentially de-
termine whether the newly deployed UAV can cover the ground user by
solving the 1-center problem, starting from the edge users (lines 4-7).
Then, we can obtain the deployment location of u, by solving the prob-
lem (7). If the problem has no solution, we can remove the last element
in the set M until it has a solution: the deployment location of the
newly deployed UAV (lines 8-9). Finally, we will update the uncovered

ground users after deploying the UAV.
3.3. The NPO-BAND algorithm

Based on the VIPC strategy and the BALC algorithm, the entire pro-
cedure of the NPO-BAND algorithm is to deploy the UAVs sequentially,
and when the previously deployed UAV can communicate with the base
station, the newly deployed UAV should cover as many ground users
as possible; otherwise, the newly deployed UAVs should be close to the
previously deployed UAV and cover as many ground users as possible
until the last ground user is covered. All deployed UAVs are connected
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(c) The last process

Fig. 2. Illustration of the NPO-BAND method. (a) No deployed UAV exists. (b) The newly deployed UAV (i) should keep communication with u;;,, (us) and cover as
many ground users as possible. (c) There are no uncovered ground users, but unconnected UAVs still exist. The newly deployed UAV (u,,) should connect deployed
UAVs with the base station to form the backhaul network and be placed above the base station.

Algorithm 2 The NPO-BAND algorithm.

Input: Set of the uncovered ground users M,

Output: Set U formed by N UAVs and set M formed by GRs, which are
covered by u, (u, €U)

N
1: while M,, # @ or ), ®(u;) < N do
2: if initialization 1011‘ ®(u,) == 1 then
3 If M,, == @, pick the nearest UAV from BS as u,, which
D(uy,) # 1. u, < uy,,. Continue.
4: If initialization or ®(u,) == 1, initial one UAV uy ., (N is the num-
ber of U). u, < uy,,.
5: Pick the farthest uncovered ground user from BS as m,, (m,, €
Mun)'
6: (un,M,m,M:W)=BALC(mUP,un).
7: If dis(BS,u,) <r, update ®(u,) = 1 for each u, € p(u,).
8  else
9: if M, # @ then
10: Pick the farthest uncovered ground user from BS as my,, (m,, €
M,,). Pick the nearest UAV from m ;,, as ;.
11: If m;,. and u;,, are the same with m,,, and u,,, initial one UAV
as u,. Continue.
12: Mg < My Uoig < Uink
13: else
14: If 3 ®(u;) ==0, pick the nearest UAV from B.S as uy;,,, which
D(uy;) # l.IOIr pick the nearest ; and u;, which ®(y;) =1 and ®(u;) = 0.
Wjink < Uj-
15: end if
16: If Ju; & p(uy;,)(w; € U) and dis(u;,uy,,) < R, link u; and ;.
17: If ®(uy;,, ) == 1 or D(u;) == 1 (if u; exists), update ®(u,) = 1 for each
u, € p(Uj)- U, < Uy, Continue.
18: If M,,, # @, obtain m,, according to VIPC strategy. Or m,,, < ;.
19: Initial one UAV uy_ |, u, <ty .
20: (s M, M ) =BALC(m 14,51 )-
21: If dis(BS,u,) < r, update ®(u,) =1 for each u, € p(u,).
22: end if

23: end while

to the base station. For notational convenience, ®(u,) = 1 denotes that
the UAV u, can communicate with the base station via the current net-
work (where u, is a connected UAV); otherwise the value of ®(u,,) is 0
(where u,, is an unconnected UAV). p(u,,) represents the set of UAVs that
form a network link from the UAV u, to the base station, and all UAVs
in this set are called in the same link.

The entire procedure is summarized in Algorithm 2, and an exam-
ple is visualized in Fig. 2. The input parameter is the set of uncovered
ground users M,,,. When uncovered ground users or unconnected UAVs
exist, loop through the following steps, which can be divided into two
cases. Case one: no UAV has been deployed, or the previously deployed
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UAV is the connected UAV. According to the VIPC strategy, we can get
the VIP and uy;,, in different scenarios (lines 3-5). Moreover, we can get
the deployment location of the UAV u,, through the BALC algorithm (line
6). Then, if the newly deployed UAV u, is a connected UAV, all UAVs
in the same link are updated as connected UAVs (line 7). Case two: the
previously deployed UAV is the unconnected UAV. In this case, if there
exist uncovered ground users, select the UAV closest to the edge user
My, as the uy;,,, in case the selected m,, and uy;,, are the same as last
time, return to line 2 (lines 10-12). In case two, if all ground users are
covered, when all UAVs are unconnected, select the UAV farthest from
the base station as the u;,,; when there are connected UAVs, select the
closest connected UAVs and unconnected UAVs, and the selected con-
nected one as u;,, (line 14). Then, link the UAV uj;,, with other UAVs
within their communication range and are not in the same link (line
16), and update whether they are connected UAVs (line 17). Lastly, ac-
cording to the VIPC strategy and BALC algorithm, we can get the VIP
and the deployment location of the newly deployed UAV and determine
whether it has connected (lines 18-21).

As for the issue of user location changes, since our algorithm deploys
UAVs sequentially, should a change in user location occur, if deployed
UAVs have already covered them, it may be necessary to rerun the al-
gorithm; otherwise, the results will be adjusted according to the new
locations.

3.4. The time complexity

In this paper, P represents the number of ground users, and N rep-
resents the number of UAVs. We first analyze the time complexity of Al-
gorithm 1. Suppose the set M, in line 3 has w elements far more minor
than P. The time complexity for line 2, line 3, and line 5 is O(NlogN),
O(P) and O(wlogw), respectively. The loop in line 6 will repeat for at
most w times, with a computational complexity of @(w) [25]. The con-
vex optimization problem (7) would be solved at most w times. Convert-
ing this problem into an unconstrained problem by Lagrange and solving
it by Newton’s L-BFGS method [26], the complexity of this procedure
is C(w) = sw, where s is the step size of the parameter in memory and
can be regarded as a constant. Hence, the total time complexity of the
BALC algorithm can be expressed as O(NlogN) + O(P) + O(wlogw) +
wOw) + wC(w) = O(NlogN) + O(w?) = O(NlogN) + O(P?). Noted
that the w is much smaller than P, the complexity will be significantly
reduced due to line 2 in Algorithm 1 excluding irrelevant ground users.

NPO-BAND algorithm (Algorithm 2) consists of two cases. Case one
and case two will repeat for at most P times and N times, respec-
tively. In case one, the computational complexity of selecting m,, and
My, is O(PlogP), u,, is O(NlogN), and the computational com-
plexity of updating ®(u,) of UAVs in the same link is O(N). There-
fore, the overall computational complexity of case one is O(PlogP) +
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Fig. 3. Two distribution patterns of ground users.

Table 2
The time complexity. (P represents the number of ground users, and N repre-
sents the number of UAVs.)

Is backhaul
Algorithms Time complexity connectivity
concerned?
The NPO-BAND algorithm O(P?) +O(P>N) + yes
(proposed) O(PNlogN)+O(N?*logN)
The BoaRD algorithm [17] O(N2P+ N?3) yes
The centralized graph theory-based O(N*+ PN? + P2N?) yes
algorithm [16]
The greedy clustering method [12] O(P>N) no
The spiral algorithm [13] O(P?) no
The extended spiral algorithm O(PlogP) o

(edge-first algorithm) [14]

O(NlogN) + O(N) + O(NlogN) + O(P?) = O(P?) + O(NlogN). The
analysis of case two is similar to that of case one, and its overall compu-
tational complexity is O(NlogN) + O(N) + O(PlogP) + O(NlogN) +
O(P?) = O(P?) + O(NlogN). In summary, the overall computational
complexity of NPO-BAND algorithm is P % [O(P?) + O(NlogN)] + N =
[O(P?)+ O(NlogN)] = O(P>)+O(P2N)+O(PNlogN)+O(N2logN).

The computational complexity of other existing algorithms, the
greedy clustering method [12], the spiral algorithm [13] and the ex-
tended spiral algorithm (edge-first algorithm) [14], are O(P%N), O(P?)
and O(P2log P), respectively. Although their computational complexity
is slightly lower than the NPO-BAND algorithm, they took no UAV-
UAV backhaul connectivity into account. The other two backhaul-aware
algorithms, the BoaRD algorithm [17] and the centralized graph theory-
based algorithm [16], have a computational complexity of O(N2P +
N3) and O(N* + PN3 + P2N?), respectively. The complexity of the
first method is comparable to the NPO-BAND algorithm, while the sec-
ond method is much more complex than the NPO-BAND algorithm. The
time complexities of these algorithms are summarized in Table 2.

4. Numerical results

In this section, we present our simulations to compare the proposed
NPO-BAND method’s performance in saving UAV numbers with that of
the other three methods. All simulations are performed using MATLAB
R2017b on a Windows 10 laptop with a 1.61 GHz Intel Core i7 CPU and
16 GB of RAM.
4.1. Simulation parameters

We adopt the environmental parameters from the International

Telecommunication Union (ITU-R) for suburban areas [27]. And the
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Table 3

System parameters.
Parameters Values
Number of users 100-400
Simulation area 1 X 1km? — 5 x Skm?
Environment parameters (C, D) (4.88, 0.429)
Heights of UAVs (hy) 120 m
Transmit power (P) 23 dBm
Bandwidth (B) 20 MHz
Path loss () 2.63
(HLos+ MN Los) (0.1,21)
Noise power spectral density (V) -90 dBm/Hz
SNR threshold
(SNR74 SNR76) (-4,-7) dB

Communication distance (R, r) (838.62, 376.4) m

UAV flight altitude satisfies the FAA regulation that the flight altitude
limitation of small UAVs is under 122 meters. Adopting the 802.11g pro-
tocol, we set a relatively high ATG SNR threshold to reduce the influence
of antenna directivity and other aerial factors. And the bandwidth per
UAV is the same since we adopt TDMA. Besides, the value of the param-
eter A in Eq. (5) is an empirical parameter relating to the actual user
distributions, which usually ranges from -1 to 8. The main simulation
parameters are summarized in Table 3 [17,13,28,29].

Since the user distribution affects the performance of methods, the
simulation experiments are conducted with different ground user distri-
bution patterns: the random and clustered distribution patterns [16]. As
shown in Fig. 3, in the first pattern, ground users are distributed ran-
domly and uniformly in the target area; in the second pattern, ground
users are distributed in clusters, and each clustered group usually con-
tains 10-15 ground users [17]. Among these two patterns, the clustered
distribution pattern is more realistic in post-disaster scenarios [30] or
remote mountainous areas [31].

4.2. Superiority of the NPO-BAND method in UAV number saving

In this subsection, we simulate the scenario described in Section 2
and compare the proposed NPO-BAND method with the following base-
lines under different user distribution patterns:

« Spiral method (no backhaul): the spiral method is the widely uti-
lized classical approach [13,14], which belongs to the third class
defined in Section 1. This method deploys the UAVs sequentially
along the boundary of the user-formed area, and each UAV covers
at least one boundary ground user. At the same time, the local cov-
erage process is used to determine the range of the covered ground
users until all ground users are covered. We utilize this method as
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a benchmark for optimal solutions. Since the original method con-
sidered no backhaul connectivity, we call it the spiral method (no
backhaul) for distinction.

Greedy clustering method (no backhaul) [12]: the concept of
greedy clustering is frequently employed in the resolution of the
NPO-BAND problem, and the greedy clustering method belongs to
the third class defined in Section 1. This kind of method first uses
a clustering algorithm (e.g., k-means algorithm) to determine the
initial number of UAVs and then increase or decrease the num-
ber of relay UAVs according to whether the present UAVs satisfy
communication-relevant conditions (e.g., whether all ground users
are covered) until convergence.

BoaRD method [17]: this method addresses the problem that UAVs
need to form a backhaul network and belongs to the fourth class
defined in Section 1. This method divides the target area into mul-
tiple grids based on the maximum communication distance between
UAVs, and the grid vertices are the potential deployment locations
of relay UAVs. Based on this, the BoaRD method formulates a joint
optimization problem of multi-UAV Networks’ number, placement,
and backhaul connectivity and solves it through an integer linear
programming algorithm.

Note: note that the spiral method and greedy clustering method
take no backhaul connectivity into account. To facilitate a fair com-
parison in scenarios where backhaul connectivity is essential, we
propose extending these methods by introducing additional UAVs
to establish a backhaul network within the deployment scheme. The
comparison is then based on the number of these supplementary
UAUVs. Let a denote the number of UAVs deployed by the original
method (no backhaul), b represents the number of newly added
UAVs, and (a + b) signifies the total number of UAVs deployed by
the extended method.
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As shown in Fig. 4 and Fig. 5, we compare the placements of UAVs
deployed respectively by these four methods in a suburban environment
of 3 km X 3 km with 200 ground users in different user distribution
patterns.

As shown in Fig. 4, when the ground users are in the random distribu-
tion pattern, the NPO-BAND method deploys the fewest UAVs (22), the
spiral method deploys 23 UAVs, the BoaRD method deploys 31 UAVs,
and the greedy clustering method deploys 32 UAVs. As shown in Fig. 5,
when the ground users are in the clustered distribution pattern, the
number of UAVs deployed by these methods aligns with the random
distribution pattern. By comparing the deployment results of different
methods under different ground user distribution patterns, we can see
that the NPO-BAND method outperforms the other methods in terms of
saving the number of UAVSs; this should owe to the VIPC strategy, which
takes both the UAV-UAV connectivity and ground users coverage ratio
into account. The result of the BoaRD method depends on how to grid
the target area, which restricts the potential placement of UAVs within
the vertex locations of the grid; this can reduce the computational com-
plexity at the cost of missing the optimal UAV deployment locations
and increasing the number of deployed UAVs. Besides, the greedy clus-
tering method relies on the accuracy of the clustering method, which
may result in a vast number of deployed UAVs, leading to the problem
of wasted resources.

4.3. UAV number-saving ratio

In this section, to quantitatively compare the UAV number deployed
by these four methods under different user distribution patterns, the
varying number of ground users, and the varying size of the target area,
we use the UAV number-saving ratio to describe it. The UAV number-
saving ratio is defined by y = (N, — N,,)/ N,y 50, Where N, ,, and N,

represent the number of UAVs deployed by NPO-BAND methods and
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Fig. 6. With 150 ground users, the UAV number-saving ratio compared with
the other three methods for varying target area sizes under different user dis-
tribution patterns. The UAV number-saving ratio is defined by y = (N, —
Nopo)/ Nypo» where N, ., and N, represent the number of UAVs deployed by
NPO-BAND methods and other methods, respectively.

other methods, respectively. Besides, all statistical results are averaged
over 100 independent runs.

Fig. 6 shows the impact of varying target area sizes on the UAV
number-saving ratio under different user distribution patterns. The plus
blue line, orange circle line, and green star line represent the UAV
number-saving ratio deployed by the NPO-BAND method compared to
the BoaRD, spiral, and greedy clustering methods, respectively. Besides,
dashed lines represent results from methods considering no backhaul,
while solid lines represent results from backhaul-aware methods. In
Fig. 6a, when users are in the random distribution pattern, the NPO-
BAND method requires fewer UAVs by up to 40% and 50% compared
to that of the BoaRD method and the greedy clustering method, respec-
tively. Compared to the spiral method, the number of UAVs deployed by
the NPO-BAND method is almost the same. In Fig. 6b, when users are in
the clustered distribution pattern, the NPO-BAND method outperforms
other methods in terms of the number of deployed UAVs, saving up to
35%, 47%, and 14% compared to that of the BoaRD method, the greedy
clustering method, and the spiral algorithm, respectively. Furthermore,
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Fig. 7. In area of 2km X 2km, the UAV number-saving ratio compared with the
other three methods for varying numbers of ground users under different user
distribution patterns.

the “gap” observed in Fig. 6a when the area length increases from 1
to 2 km can be attributed to the relatively small size of the area con-
cerning the communication range (R) of the UAVs. Consequently, when
users are randomly distributed, the deployed UAVs can cover all users
and maintain communication with each other. As a result, the outcomes
produced by all methods are too similar to create a significant differ-
ence.

In conclusion, we can see that the UAV number-saving ratios of the
NPO-BAND method in Fig. 6 are in line with the analysis in Sec. 4.2, that
the NPO-BAND method outperforms other methods in deployed UAV
numbers, especially when users are in the clustered distribution pattern.
Since the clustered distribution pattern is the more realistic distribution
pattern of people in most post-disaster scenarios or remote mountain-
ous areas, the NPO-BAND method can deploy fewer UAVs to provide
communication service to ground users in actual scenarios than existing
methods.

In addition, we also analyze the influence of the varying number of
ground users on the UAV number-saving ratio in Fig. 7, with the same
symbolic meaning as in Fig. 6. In Fig. 7a, when users are in the ran-
dom distribution pattern, the NPO-BAND method outperforms both the
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BoaRD method (up to 51%) and the Greedy Clustering method (up to
34%) in terms of the number of deployed UAVs, while almost equal to
that of the backhaul-aware spiral method. Besides, as the number of
ground users increases, the UAV number-saving ratio compared with
the greedy clustering method increases because the greedy clustering
method deploys more redundant UAVs as the density of ground users
grows. In contrast, the BoaRD method gives relatively stable results as
the density of ground users increases; for that, the potential deployment
locations of UAVs (the grid vertices) are the same in a consistent-size
environment. In Fig. 7b, when users are in the clustered distribution
pattern, the NPO-BAND method outperforms both the BoaRD method
(up to 61%), the greedy clustering method (up to 53%) and the spiral
method (up to 9%) in terms of the number of deployed UAVs. In con-
clusion, the NPO-BAND method outperforms the other three methods
in reducing the number of deployed UAVs, especially when users are in
the clustered distribution pattern.'

5. Conclusion

In this paper, we investigated the problem of optimizing the num-
ber and deployment of UAVs, which formed a backhaul network to
provide wireless coverage to ground users in post-disaster emergency
communications. Considering the backhaul connectivity among UAVs,
we formulated the NPO-BAND problem based on the GDC problem,
which is NP-hard. By deploying the UAV sequentially, we proposed a
low-complexity heuristic method to solve the NPO-BAND problem, with
the VIPC strategy to obtain the VIP and the BALC algorithm to determine
the coverage range and the deployment location of the newly deployed
UAV.

Simulation results have shown the superiority of the NPO-BAND
method in minimizing the number of UAVs to form a backhaul net-
work that meets the communication requirements of ground users under
different scenario ranges and different numbers of ground users when
compared to existing methods, such as the BoaRD method, greedy clus-
tering method, and spiral method. It can save up to 25%-50% of the
number of deployed UAVs, especially when users are in the clustered
distribution pattern. Our future work will consider a more realistic sce-
nario with moving ground users and adaptive 3D UAV deployments.
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