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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. 
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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 
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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. 
(1).

𝑆𝑁𝑅𝑖𝑗 = 𝑃𝑖𝑑𝑖𝑗−𝛽∕𝑁0𝐵Ψ𝑖𝑗 (1)

In Eq.(1), 𝐵 (Hz) represents the channel bandwidth, 𝑁0 (W/Hz) 
refers to the power spectral density of the Additive White Gaussian Noise 
(AWGN), 𝛽 is the path-loss exponent, 𝑃𝑖 represents the transmit power 
of 𝑖, and 𝑑𝑖𝑗 is the Euclidean distance between 𝑖 and 𝑗. Ψ𝑖𝑗 (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].{

Ψ𝑖𝑗,LoS ∼ (𝜇𝑖𝑗,LoS, 𝜎
2
𝑖𝑗,LoS

), LoS propagation

Ψ𝑖𝑗,NLoS ∼ (𝜇𝑖𝑗,NLoS, 𝜎
2
𝑖𝑗,NLoS

), NLoS propagation
(2)

In Eq.(2), 𝜇𝑖𝑗 and 𝜎2
𝑖𝑗

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 Ψ𝑖𝑗,LoS. 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 
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Table 1

Key notations.

Symbols Meaning

𝑈 = {𝑢1,⋯ , 𝑢𝑁} 𝑈 represents the set of to-be-deployed UAVs. 𝑁 is the number of UAVs and is unknown

𝑀 = {𝑚1,⋯ ,𝑚𝑃 } 𝑀 represents the set of ground users. 𝑃 is the number of ground users and is given

𝑑𝑖𝑠(𝑚𝑝, 𝑢𝑛), 𝑑𝑖𝑠(𝑢𝑛′ , 𝑢𝑛) They represent the Euclidean distance between ground users 𝑚𝑝 and UAV 𝑢𝑛, and the projected Euclidean distance between 
different UAVs, respectively

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

𝑀𝑢𝑛, 𝑀
𝑛
𝑐𝑜𝑣

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

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

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

𝜌(𝑢𝑛) 𝜌(𝑢𝑛) represents the set of UAVs in the path from UAV 𝑢𝑛 to the base station in the current network

𝑚𝑓𝑎𝑟, 𝑚𝑣𝑝 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 Ψ𝑝𝑟𝑜𝑏𝑎
𝑖𝑗

, which can be represented as Eq.(3)

[22].

𝑃𝐿𝑜𝑆
𝑖𝑗

= 1∕(1 +𝐶 exp(−𝐷[𝜃 −𝐶]))

Ψ𝑝𝑟𝑜𝑏𝑎
𝑖𝑗

= 𝑃𝐿𝑜𝑆
𝑖𝑗

𝜇𝑖𝑗,𝐿𝑜𝑆 + (1 − 𝑃𝐿𝑜𝑆
𝑖𝑗

)𝜇𝑖𝑗,𝑁𝐿𝑜𝑆
(3)

In Eq.(3), 𝜃 is the elevation angle between transmitter 𝑖 and receiver 
𝑗, 𝑃𝐿𝑜𝑆

𝑖𝑗
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 𝑆𝑁𝑅𝑚𝑖𝑛 , 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 = {𝑚1, ⋯ , 𝑚𝑃 } and the set of UAVs 
to be deployed 𝑈 = {𝑢1, ⋯ , 𝑢𝑁}, 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(𝑚𝑝, 𝑢𝑛), 𝑑𝑖𝑠(𝐵𝑆, 𝑢𝑛) and 
𝑑𝑖𝑠(𝑢𝑛′ , 𝑢𝑛) represent the Euclidean distances projected on the ground 
between the ground users and the UAVs, between the base station and 
the UAVs, and between different UAVs, 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 
632

third constraint), which is also NP-hard.
min
{𝑢𝑛},𝑢𝑛∈𝑈

𝐽 = |𝑈 |
𝑠.𝑡.

min
𝑢𝑛∈𝑈

{𝑑𝑖𝑠(𝑚𝑝, 𝑢𝑛)} ≤ 𝑟,∀𝑚𝑝 ∈𝑀

min
𝑢𝑛∈𝑈

{𝑑𝑖𝑠(𝐵𝑆,𝑢𝑛)} ≤ 𝑟

min
𝑢𝑛∈𝑈

{𝑑𝑖𝑠(𝑢𝑛′ , 𝑢𝑛)} ≤𝑅,∀𝑢𝑛′ ∈𝑈,𝑢𝑛′ ≠ 𝑢𝑛

(4)

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: 𝑚𝑣𝑝,𝑢𝑙𝑖𝑛𝑘,𝑢𝑛,𝑀𝑢𝑛,𝑈 ,𝐵𝑆 ,𝑟,𝑅.

Output: 𝑢𝑛,𝑀𝑢𝑛,𝑀
𝑛
𝑐𝑜𝑣

1: 𝑀𝑛
𝑐𝑜𝑣

= {𝑚𝑣𝑝}
2: Pick the nearest UAV or BS from 𝑚𝑣𝑝 as 𝑢𝑘, 𝑢𝑘 ∈ {𝑢𝑛 ∈ 𝑢𝑁 |𝑢𝑛 ∉ 𝜌(𝑢𝑙𝑖𝑛𝑘)} ∪

{𝐵𝑆}.

3: 𝑚𝑝 (𝑚𝑝 ∈𝑀𝑢𝑛 ∪{𝐵𝑆}) form a set 𝑀𝑝𝑝, which should satisfy 𝑑𝑖𝑠(𝑚𝑝, 𝑚𝑣𝑝) ≤
2𝑟 and 𝑑𝑖𝑠(𝑚𝑝, 𝑢𝑙𝑖𝑛𝑘) ≤𝑅 + 𝑟 if 𝑢𝑙𝑖𝑛𝑘 exists.

4: if 𝑀𝑝𝑝 ≠∅ then

5: Sort each 𝑚𝑝 in 𝑀𝑝𝑝 by the distance from 𝐵𝑆 in descending order and 
form a new set 𝑀 ′

𝑝𝑝
.

6: Add 𝑚′
𝑝

in 𝑀 ′
𝑝𝑝

to 𝑀𝑛
𝑐𝑜𝑣

if it can be covered by refining 𝑢𝑛 via solving 
the 1-center problem. Stop otherwise.

7: end if

8: Obtain the optimized 𝑢𝑛 by solving the (7).

9: If there is no solution to (7), remove the last element in 𝑀𝑛
𝑐𝑜𝑣

and solve (7)

again until it has a solution.

10: 𝑀𝑢𝑛 ←𝑀𝑢𝑛∖𝑀𝑛
𝑐𝑜𝑣

.

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 UAVs”) 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 𝑀𝑢𝑛 to represent all the uncovered 
ground users and 𝑢link to denote the to-be-connected UAVs for notational 
convenience. We assign different weight values to uncovered ground 
users 𝑚𝑝(𝑚𝑝 ∈𝑀𝑢𝑛) according to Eq. (5) and choose the ground user 
with the most significant weight as the VIP.

𝑉 𝐼𝑃𝑝 = 𝜆
|𝑀𝑢𝑛||𝑀| 𝑎𝑝 + 𝑏𝑝 (5)

In Eq. (5), 𝑎𝑝 reflects the Euclidean distance between the user 𝑚𝑝 and 
𝑢link: the closer the user to the 𝑢link, the larger the value of 𝑎𝑝 will be. 
Meanwhile, 𝑏𝑝 reflects the Euclidean distance between the user 𝑚𝑝 and 
the base station: the closer the user is to the base station, the smaller 
the value of 𝑏𝑝 will be. Besides, |𝑀𝑢𝑛| 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 
𝑏𝑝 becomes more critical in the overall weight. 𝜆 is a constant empiri-

cal parameter that weighs the importance of the backhaul connectivity 
condition and the complete coverage condition.

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 
633

𝑚𝑣𝑝 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
𝑢𝑛

𝑟0

𝑠.𝑡. 𝑑𝑖𝑠(𝑢𝑛,𝑚𝑐) ≤ 𝑟0,∀𝑚𝑐
(6)

In Eq.(6), 𝑢𝑛 represents the location of the newly deployed UAV, and 
𝑟0 represents the circle’s radius with a maximum of 𝑟. 𝑚𝑐 represents one 
of the selected ground users, and 𝑑𝑖𝑠(𝑢𝑛, 𝑚𝑐) 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 𝑢𝑛 can cover all 
the selected ground users with a circle of radius 𝑟0 .

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 𝑚𝑣𝑝 with a radius of 2𝑟 and ground users within a 
circle centered on the to-be-connected UAV 𝑢𝑙𝑖𝑛𝑘 with a radius of (𝑅 +𝑟). 
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
𝑢𝑛

𝑑𝑖𝑠(𝑢𝑛, 𝑢𝑘)

𝑠.𝑡. 𝑑𝑖𝑠(𝑢𝑛,𝑚𝑐) ≤ 𝑟,𝑚𝑐 ∈𝑀𝑛
𝑐𝑜𝑣

𝑑𝑖𝑠(𝑢𝑛, 𝑢𝑙𝑖𝑛𝑘) ≤𝑅
(7)

In Eq.(7), 𝑢𝑛 denotes the newly deployed UAV, 𝑢𝑘 represents the base 
station or other deployed UAVs closer to the VIP, 𝑚𝑐 denotes a ground 
user in the set of ground users 𝑀𝑛

𝑐𝑜𝑣
that must be covered, and 𝑢𝑙𝑖𝑛𝑘

denotes the to-be-connected UAV. The problem (7) aims to optimize 
the deployment location of the newly deployed UAV 𝑢𝑛 to minimize the 
distance from 𝑢𝑛 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 𝑀𝑛

𝑐𝑜𝑣
should be 

within 𝑟. The ground projection distance between the newly deployed 
UAV and the to-be-connected UAV 𝑢𝑙𝑖𝑛𝑘 should be within 𝑅. Since the 
optimization problem (7) is convex, 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 𝑀𝑛

𝑐𝑜𝑣
is 

initialized with the VIP in line 1. The potential to-be-covered ground 
users 𝑀𝑝𝑝 are chosen in line 3, reducing the algorithm’s computational 
complexity. Suppose all ground users are in set 𝑀𝑝𝑝; 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 𝑢𝑛 by solving the prob-

lem (7). If the problem has no solution, we can remove the last element 
in the set 𝑀𝑛

𝑐𝑜𝑣
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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Fig. 2. Illustration of the NPO-BAND method. (a) No deployed UAV exists. (b) The newly deployed UAV (𝑢6) should keep communication with 𝑢𝑙𝑖𝑛𝑘 (𝑢5) and cover as 
many ground users as possible. (c) There are no uncovered ground users, but unconnected UAVs still exist. The newly deployed UAV (𝑢17) 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 𝑀𝑢𝑛

Output: Set 𝑈 formed by 𝑁 UAVs and set 𝑀𝑛
𝑐𝑜𝑣

formed by GRs, which are 
covered by 𝑢𝑛 (𝑢𝑛 ∈𝑈 )

1: while 𝑀𝑢𝑛 ≠∅ or 
𝑁∑
𝑖=1

Φ(𝑢𝑖) <𝑁 do

2: if initialization or Φ(𝑢𝑛) == 1 then

3: If 𝑀𝑢𝑛 == ∅, pick the nearest UAV from 𝐵𝑆 as 𝑢𝑙𝑖𝑛𝑘, which 
Φ(𝑢𝑙𝑖𝑛𝑘) ≠ 1. 𝑢𝑛 ← 𝑢𝑙𝑖𝑛𝑘 . Continue.

4: If initialization or Φ(𝑢𝑛) == 1, initial one UAV 𝑢𝑁+1 (𝑁 is the num-

ber of 𝑈 ). 𝑢𝑛 ← 𝑢𝑁+1.

5: Pick the farthest uncovered ground user from 𝐵𝑆 as 𝑚𝑣𝑝 (𝑚𝑣𝑝 ∈
𝑀𝑢𝑛).

6: (𝑢𝑛,𝑀𝑢𝑛,𝑀
𝑛
𝑐𝑜𝑣

)=BALC(𝑚𝑣𝑝,𝑢𝑛).

7: If 𝑑𝑖𝑠(𝐵𝑆, 𝑢𝑛) ≤ 𝑟, update Φ(𝑢𝑎) = 1 for each 𝑢𝑎 ∈ 𝜌(𝑢𝑛).
8: else

9: if 𝑀𝑢𝑛 ≠∅ then

10: Pick the farthest uncovered ground user from 𝐵𝑆 as 𝑚𝑓𝑎𝑟 (𝑚𝑓𝑎𝑟 ∈
𝑀𝑢𝑛). Pick the nearest UAV from 𝑚𝑓𝑎𝑟 as 𝑢𝑙𝑖𝑛𝑘.

11: If 𝑚𝑓𝑎𝑟 and 𝑢𝑙𝑖𝑛𝑘 are the same with 𝑚𝑜𝑙𝑑 and 𝑢𝑜𝑙𝑑 , initial one UAV 
as 𝑢𝑛. Continue.

12: 𝑚𝑜𝑙𝑑 ←𝑚𝑓𝑎𝑟 , 𝑢𝑜𝑙𝑑 ← 𝑢𝑙𝑖𝑛𝑘
13: else

14: If 
𝑁∑
𝑖=1

Φ(𝑢𝑖) == 0, pick the nearest UAV from 𝐵𝑆 as 𝑢𝑙𝑖𝑛𝑘, which 
Φ(𝑢𝑙𝑖𝑛𝑘) ≠ 1. Or pick the nearest 𝑢𝑖 and 𝑢𝑗 , which Φ(𝑢𝑖) = 1 and Φ(𝑢𝑗 ) = 0. 
𝑢𝑙𝑖𝑛𝑘 ← 𝑢𝑖.

15: end if

16: If ∃𝑢𝑖 ∉ 𝜌(𝑢𝑙𝑖𝑛𝑘)(𝑢𝑖 ∈𝑈 ) and 𝑑𝑖𝑠(𝑢𝑖, 𝑢𝑙𝑖𝑛𝑘) ≤𝑅, link 𝑢𝑖 and 𝑢𝑙𝑖𝑛𝑘.
17: If Φ(𝑢𝑙𝑖𝑛𝑘) == 1 or Φ(𝑢𝑖) == 1 (if 𝑢𝑖 exists), update Φ(𝑢𝑎) = 1 for each 

𝑢𝑎 ∈ 𝜌(𝑢𝑙𝑖𝑛𝑘). 𝑢𝑛 ← 𝑢𝑙𝑖𝑛𝑘 . Continue.

18: If 𝑀𝑢𝑛 ≠∅, obtain 𝑚𝑣𝑝 according to VIPC strategy. Or 𝑚𝑣𝑝 ← 𝑢𝑙𝑖𝑛𝑘 .

19: Initial one UAV 𝑢𝑁+1, 𝑢𝑛 ← 𝑢𝑁+1.

20: (𝑢𝑛,𝑀𝑢𝑛,𝑀
𝑛
𝑐𝑜𝑣

)=BALC(𝑚𝑣𝑝,𝑢𝑛,𝑢𝑙𝑖𝑛𝑘).

21: If 𝑑𝑖𝑠(𝐵𝑆, 𝑢𝑛) ≤ 𝑟, update Φ(𝑢𝑎) = 1 for each 𝑢𝑎 ∈ 𝜌(𝑢𝑛).
22: end if

23: end while

to the base station. For notational convenience, Φ(𝑢𝑛) = 1 denotes that 
the UAV 𝑢𝑛 can communicate with the base station via the current net-

work (where 𝑢𝑛 is a connected UAV); otherwise the value of Φ(𝑢𝑛) is 0 
(where 𝑢𝑛 is an unconnected UAV). 𝜌(𝑢𝑛) represents the set of UAVs that 
form a network link from the UAV 𝑢𝑛 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 𝑀𝑢𝑛. When uncovered ground users or unconnected UAVs 
exist, loop through the following steps, which can be divided into two 
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cases. Case one: no UAV has been deployed, or the previously deployed 
UAV is the connected UAV. According to the VIPC strategy, we can get 
the VIP and 𝑢𝑙𝑖𝑛𝑘 in different scenarios (lines 3-5). Moreover, we can get 
the deployment location of the UAV 𝑢𝑛 through the BALC algorithm (line 
6). Then, if the newly deployed UAV 𝑢𝑛 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 
𝑚𝑓𝑎𝑟 as the 𝑢𝑙𝑖𝑛𝑘, in case the selected 𝑚𝑓𝑎𝑟 and 𝑢𝑙𝑖𝑛𝑘 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 𝑢𝑙𝑖𝑛𝑘 ; when there are connected UAVs, select the 
closest connected UAVs and unconnected UAVs, and the selected con-

nected one as 𝑢𝑙𝑖𝑛𝑘 (line 14). Then, link the UAV 𝑢𝑙𝑖𝑛𝑘 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 𝑀𝑝𝑝 in line 3 has 𝑤 elements far more minor 
than 𝑃 . The time complexity for line 2, line 3, and line 5 is (𝑁𝑙𝑜𝑔𝑁), 
(𝑃 ) and (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 (𝑁𝑙𝑜𝑔𝑁) +(𝑃 ) +(𝑤𝑙𝑜𝑔𝑤) +
𝑤(𝑤) + 𝑤𝐶(𝑤) = (𝑁𝑙𝑜𝑔𝑁) + (𝑤2) = (𝑁𝑙𝑜𝑔𝑁) + (𝑃 2). 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 𝑚𝑣𝑝 and 
𝑚𝑓𝑎𝑟 is (𝑃 𝑙𝑜𝑔𝑃 ), 𝑢𝑙𝑖𝑛𝑘 is (𝑁𝑙𝑜𝑔𝑁), and the computational com-

plexity of updating Φ(𝑢𝑛) of UAVs in the same link is (𝑁). There-
fore, the overall computational complexity of case one is (𝑃 𝑙𝑜𝑔𝑃 ) +
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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.)

Algorithms Time complexity

Is backhaul

connectivity

concerned?

The NPO-BAND algorithm 
(proposed)

(𝑃 3) +(𝑃 2𝑁) +
(𝑃𝑁𝑙𝑜𝑔𝑁) +(𝑁2𝑙𝑜𝑔𝑁)

yes

The BoaRD algorithm [17] (𝑁2𝑃 +𝑁3) yes

The centralized graph theory-based 
algorithm [16]

(𝑁4 + 𝑃𝑁3 + 𝑃 2𝑁2) yes

The greedy clustering method [12] (𝑃 2𝑁) no

The spiral algorithm [13] (𝑃 3) no

The extended spiral algorithm

(edge-first algorithm) [14]
(𝑃 2𝑙𝑜𝑔𝑃 ) no

(𝑁𝑙𝑜𝑔𝑁) + (𝑁) + (𝑁𝑙𝑜𝑔𝑁) + (𝑃 2) = (𝑃 2) + (𝑁𝑙𝑜𝑔𝑁). The 
analysis of case two is similar to that of case one, and its overall compu-

tational complexity is (𝑁𝑙𝑜𝑔𝑁) + (𝑁) + (𝑃 𝑙𝑜𝑔𝑃 ) + (𝑁𝑙𝑜𝑔𝑁) +
(𝑃 2) = (𝑃 2) + (𝑁𝑙𝑜𝑔𝑁). In summary, the overall computational 
complexity of NPO-BAND algorithm is 𝑃 ∗ [(𝑃 2) +(𝑁𝑙𝑜𝑔𝑁)] +𝑁 ∗
[(𝑃 2) +(𝑁𝑙𝑜𝑔𝑁)] =(𝑃 3) +(𝑃 2𝑁) +(𝑃𝑁𝑙𝑜𝑔𝑁) +(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 (𝑃 2𝑁), (𝑃 3)
and (𝑃 2𝑙𝑜𝑔𝑃 ), 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 (𝑁2𝑃 +
𝑁3) and (𝑁4 + 𝑃𝑁3 + 𝑃 2𝑁2), 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 
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Telecommunication Union (ITU-R) for suburban areas [27]. And the 
Table 3

System parameters.

Parameters Values

Number of users 100-400

Simulation area 1 × 1𝑘𝑚2 − 5 × 5𝑘𝑚2

Environment parameters (𝐶 ,𝐷) (4.88, 0.429)

Heights of UAVs (ℎ𝑈 ) 120 m

Transmit power (𝑃 ) 23 dBm

Bandwidth (𝐵) 20 MHz

Path loss (𝛽) 2.63

(𝜇𝐿𝑜𝑆 , 𝜇𝑁𝐿𝑜𝑆 ) (0.1,21)

Noise power spectral density (𝑁0) -90 dBm/Hz

SNR threshold

(𝑆𝑁𝑅𝐴𝑇𝐴,𝑆𝑁𝑅𝐴𝑇𝐺) (-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 𝜆 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 



Digital Communications and Networks 12 (2026) 630–639
S. Yang, B. Zhang and J. Su

Fig. 4. Comparison of four UAV placement methods with ground users in the random distribution pattern. The numbers showed in subtitles represent the number of 
UAVs deployed by these methods. The symbolic meanings: ⋅ - the ground users, △ - the ground base station, □ - the deployed UAVs, ⃝ - the UAVs’ covered area 
with radius 𝑟. The blue connecting lines represent the connectivity between the UAVs deployed by the NPO-BAND method.

Fig. 5. Comparison of four UAV placement methods with ground users in the clustered distribution pattern. The symbolic meaning is the same as in Fig. 4. The radius 
of the orange and blue circles is 𝑟, while the radius of the green circle is 𝑅. Moreover, the orange circles represent the actual deployment results of each method, and 
the blue circles represent the newly added UAVs to account for backhaul connectivity among UAVs. Besides, the numbers formed as (𝑎 + 𝑏) in subtitles represent the 
number of actual deployed UAVs 𝑎 and the newly added ones 𝑏.
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 
UAVs. 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 
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the extended method.
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 × 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 UAVs; 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 𝛾 = (𝑁𝑜𝑡ℎ −𝑁𝑛𝑝𝑜)∕𝑁𝑛𝑝𝑜, where 𝑁𝑛𝑝𝑜 and 𝑁𝑜𝑡ℎ

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 𝛾 = (𝑁𝑜𝑡ℎ −
𝑁𝑛𝑝𝑜)∕𝑁𝑛𝑝𝑜, where 𝑁𝑛𝑝𝑜 and 𝑁𝑜𝑡ℎ 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 
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clustering method, and the spiral algorithm, respectively. Furthermore, 
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Fig. 7. In area of 2km × 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.1

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.

CRediT authorship contribution statement

Sining Yang: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Software, Resources, Methodology, Investi-

gation, Conceptualization. Bo Zhang: Writing – review & editing, Su-

pervision, Project administration, Funding acquisition, Formal analysis, 
Conceptualization. Jinshu Su: Writing – review & editing, Supervision, 
Project administration, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

The research was supported by the Natural Science Foundation of 
China under Grant No. 91948303.

1 The complexity of the BoaRD method is comparable to the NPO-BAND 
method, while the spiral method (with backhaul) and the Greedy Clustering 
638

method (with backhaul) are much more complex than the NPO-BAND method.
Digital Communications and Networks 12 (2026) 630–639
References

[1] M. Jaber, M.A. Imran, R. Tafazolli, A. Tukmanov, 5G backhaul challenges and emerg-

ing research directions: a survey, IEEE Access 4 (2017) 1743–1766.

[2] M.M. Ahamed, S. Faruque, 5G backhaul: requirements, challenges, and emerg-

ing technologies, in: Broadband Communications Networks: Recent Advances and 
Lessons from Practice, vol. 43, 2018, pp. 18–20.

[3] S.A.R. Naqvi, S.A. Hassan, H. Pervaiz, Q. Ni, Drone-aided communication as a key 
enabler for 5G and resilient public safety networks, IEEE Commun. Mag. 56 (1) 
(2018) 36–42.

[4] A. Otto, N. Agatz, J. Campbell, B. Golden, E. Pesch, Optimization approaches for 
civil applications of unmanned aerial vehicles or aerial drones: a survey, Networks 
72 (4) (2018) 411–458.

[5] S. Hashima, Z.M. Fadlullah, M.M. Fouda, E.M. Mohamed, K. Hatano, B.M. ElHa-

lawany, M. Guizani, On softwarization of intelligence in 6G networks for ultra-fast 
optimal policy selection: challenges and opportunities, IEEE Netw. 37 (2) (2022) 
190–197.

[6] X. Li, Q. Tang, C. Sun, Energy-efficient link selection scheme in a two-hop relay 
scenario with considering a mobile relay, IET Commun. 9 (18) (2015) 2287–2292.

[7] G.S. Avellar, G.A. Pereira, L.C. Pimenta, P. Iscold, Multi-UAV routing for area cover-

age and remote sensing with minimum time, Sensors 15 (11) (2015) 27783–27803.

[8] J. Zhang, Z. Li, W. Xu, J. Peng, W. Liang, Z. Xu, X. Ren, X. Jia, Minimizing the number 
of deployed UAVs for delay-bounded data collection of iot devices, in: IEEE INFO-

COM 2021-IEEE Conference on Computer Communications, IEEE, 2021, pp. 1–10.

[9] W. Xu, T. Xiao, J. Zhang, W. Liang, Z. Xu, X. Liu, X. Jia, S.K. Das, Minimizing the de-

ployment cost of UAVs for delay-sensitive data collection in iot networks, IEEE/ACM 
Trans. Netw. 30 (2) (2021) 812–825.

[10] L. Yin, N. Zhang, C. Tang, On-demand UAV base station deployment for wireless ser-

vice of crowded tourism areas, Pers. Ubiquitous Comput. 26 (4) (2022) 1137–1149.

[11] S. Sharafeddine, R. Islambouli, On-demand deployment of multiple aerial base sta-

tions for traffic offloading and network recovery, Comput. Netw. 156 (2019) 52–61.

[12] A. Sawalmeh, N.S. Othman, G. Liu, A. Khreishah, A. Alenezi, A. Alanazi, Power-

efficient wireless coverage using minimum number of UAVs, Sensors 22 (1) (2021) 
223.

[13] J. Lyu, Y. Zeng, R. Zhang, T.J. Lim, Placement optimization of UAV-mounted mobile 
base stations, IEEE Commun. Lett. 21 (3) (2017) 604–607.

[14] J. Qin, Z. Wei, C. Qiu, Z. Feng, Edge-prior placement algorithm for UAV-mounted 
base stations, in: 2019 IEEE Wireless Communications and Networking Conference 
(WCNC), IEEE, 2019, pp. 1–6.

[15] E. Catté, M. Sana, M. Maman, Cost-efficient and qos-aware user association and 3d 
placement of 6G aerial mobile access points, in: 2022 Joint European Conference 
on Networks and Communications & 6G Summit (EuCNC/6G Summit), IEEE, 2022, 
pp. 357–362.

[16] H. Zhao, H. Wang, W. Wu, J. Wei, Deployment algorithms for UAV airborne networks 
toward on-demand coverage, IEEE J. Sel. Areas Commun. 36 (9) (2018) 2015–2031.

[17] J. Sabzehali, V.K. Shah, Q. Fan, B. Choudhury, L. Liu, J.H. Reed, Optimizing number, 
placement, and backhaul connectivity of multi-UAV networks, IEEE Int. Things J. 
9 (21) (2022) 21548–21560.

[18] P. Ladosz, H. Oh, G. Zheng, W.-H. Chen, A hybrid approach of learning and model-

based channel prediction for communication relay UAVs in dynamic urban environ-

ments, IEEE Robot. Autom. Lett. 4 (3) (2019) 2370–2377.

[19] U. Challita, W. Saad, Network formation in the sky: unmanned aerial vehicles for 
multi-hop wireless backhauling, in: GLOBECOM 2017-2017 IEEE Global Communi-

cations Conference, IEEE, 2017, pp. 1–6.

[20] P. Foroughi, H. Beyranvand, M. Gagnaire, S.A. Zahr, User association in hybrid UAV-

cellular networks for massive real-time iot applications, in: IEEE INFOCOM 2020 -
IEEE Conference on Computer Communications Workshops (INFOCOM WKSHPS), 
2020, pp. 243–248.

[21] J. Chen, D. Gesbert, Efficient local map search algorithms for the placement of flying 
relays, IEEE Trans. Wirel. Commun. 19 (2) (2019) 1305–1319.

[22] A. Al-Hourani, S. Kandeepan, S. Lardner, Optimal lap altitude for maximum cover-

age, Wirel. Commun. Lett. IEEE 3 (6) (2014) 569–572.

[23] A. Srinivas, G. Zussman, E. Modiano, Construction and maintenance of wireless mo-

bile backbone networks, IEEE/ACM Trans. Netw. 17 (1) (2009) 239–252.

[24] P.K. Agarwal, C.M. Procopiuc, Exact and approximation algorithms for clustering, 
Algorithmica 33 (2) (2002) 201–226.

[25] N. Megiddo, Linear-time algorithms for linear programming in 𝑟3 and related prob-

lems, SIAM J. Comput. 12 (4) (1983) 759–776.

[26] J. Nocedal, S.J. Wright, Numerical Optimization, Springer, 1999.

[27] A. ITU, Propagation Data and Prediction Methods for the Design of Terrestrial Broad-

band Millimetric Radio Access Systems, 2003.

[28] L. Zhou, H. Mao, X. Deng, J. Zhang, H. Zhao, J. Wei, Real-time radio map construc-

tion and distribution for UAV-assisted mobile edge computing networks, IEEE Int. 
Things J. 11 (12) (2024) 21337–21346.

[29] Y. Li, H. Ma, L. Wang, S. Mao, G. Wang, Optimized content caching and user associ-

ation for edge computing in densely deployed heterogeneous networks, IEEE Trans. 
Mob. Comput. 21 (6) (2020) 2130–2142.

[30] V.K. Shah, S. Roy, S. Silvestri, S.K. Das, Ctr: cluster based topological routing for dis-

aster response networks, in: 2017 IEEE International Conference on Communications 

(ICC), IEEE, 2017, pp. 1–6.

http://refhub.elsevier.com/S2352-8648(24)00165-2/bib44C7C1C70213CB1E8CDB6AB7BC86FFAEs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib44C7C1C70213CB1E8CDB6AB7BC86FFAEs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib655DBCB2657DEA16C4086D3D4A46A083s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib655DBCB2657DEA16C4086D3D4A46A083s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib655DBCB2657DEA16C4086D3D4A46A083s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib02F10D95E632B1E70CAF24D3246C263As1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib02F10D95E632B1E70CAF24D3246C263As1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib02F10D95E632B1E70CAF24D3246C263As1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib196CEFAEE8A073F18A66947065761133s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib196CEFAEE8A073F18A66947065761133s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib196CEFAEE8A073F18A66947065761133s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibBC7092383FEA30E5FBE950788D1E7B48s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibBC7092383FEA30E5FBE950788D1E7B48s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibBC7092383FEA30E5FBE950788D1E7B48s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibBC7092383FEA30E5FBE950788D1E7B48s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibBDE3165B50A25EF826D217281D248B0Cs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibBDE3165B50A25EF826D217281D248B0Cs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibCA1B05F36EB0DF948B4FB273AAA4FD86s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibCA1B05F36EB0DF948B4FB273AAA4FD86s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibA12B16234CA372D2A02B88DF0B408354s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibA12B16234CA372D2A02B88DF0B408354s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibA12B16234CA372D2A02B88DF0B408354s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib529C4891726CAB990B81B895302E11C4s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib529C4891726CAB990B81B895302E11C4s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib529C4891726CAB990B81B895302E11C4s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib29BDBB5DD1C69EC5A1A92392A75ED975s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib29BDBB5DD1C69EC5A1A92392A75ED975s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib5660AD4F7973C1424F59AAA38D3807B8s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib5660AD4F7973C1424F59AAA38D3807B8s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib3715C2BB721D0D61C3BB7770ADC359D2s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib3715C2BB721D0D61C3BB7770ADC359D2s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib3715C2BB721D0D61C3BB7770ADC359D2s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibB539FAAFFB78AC946B478DEEE646BAFAs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibB539FAAFFB78AC946B478DEEE646BAFAs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibE4F514EC4B0FC7B43B1EF2B41304C4D0s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibE4F514EC4B0FC7B43B1EF2B41304C4D0s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibE4F514EC4B0FC7B43B1EF2B41304C4D0s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib541237A6908ECBC99A2265CDE07B69B3s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib541237A6908ECBC99A2265CDE07B69B3s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib541237A6908ECBC99A2265CDE07B69B3s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib541237A6908ECBC99A2265CDE07B69B3s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibA516108492108FF43FB3C3324B4D067Ds1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibA516108492108FF43FB3C3324B4D067Ds1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib53A39CA1810DAFEF922B5FF4465472A9s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib53A39CA1810DAFEF922B5FF4465472A9s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib53A39CA1810DAFEF922B5FF4465472A9s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibCD02F452C7BB2FA70D4A2A28B4117E01s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibCD02F452C7BB2FA70D4A2A28B4117E01s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibCD02F452C7BB2FA70D4A2A28B4117E01s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibC9EF7684EE02B05F66E0F1A0D1484318s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibC9EF7684EE02B05F66E0F1A0D1484318s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibC9EF7684EE02B05F66E0F1A0D1484318s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibE83919E2DE9535F48BC4967DF9F2548As1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibE83919E2DE9535F48BC4967DF9F2548As1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibE83919E2DE9535F48BC4967DF9F2548As1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibE83919E2DE9535F48BC4967DF9F2548As1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib3B3E7FA42F0B19B5EA54EF40D4DFFBD7s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib3B3E7FA42F0B19B5EA54EF40D4DFFBD7s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib24ACC9E8FCAD0C6C9134D9E5060A1BDBs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib24ACC9E8FCAD0C6C9134D9E5060A1BDBs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib303FD359C20B6A40CF496F196ED233D9s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib303FD359C20B6A40CF496F196ED233D9s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibE8A8BE24764E51412879991EB8CBC208s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bibE8A8BE24764E51412879991EB8CBC208s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib0C0B3DB1E029B6CF9BDA5733217C1E9Cs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib0C0B3DB1E029B6CF9BDA5733217C1E9Cs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib4721399A2CCA6FB023BE8A9D54971339s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib813278F564D536CC54542929C212450Bs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib813278F564D536CC54542929C212450Bs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib01A15C866EDE368F8A6FE1B4DD8B9D1As1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib01A15C866EDE368F8A6FE1B4DD8B9D1As1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib01A15C866EDE368F8A6FE1B4DD8B9D1As1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib60EA6CF69D1FF7472C5D0707E10E4181s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib60EA6CF69D1FF7472C5D0707E10E4181s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib60EA6CF69D1FF7472C5D0707E10E4181s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib42F7DD02F32574B8BCE1991F1A0877B6s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib42F7DD02F32574B8BCE1991F1A0877B6s1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib42F7DD02F32574B8BCE1991F1A0877B6s1


S. Yang, B. Zhang and J. Su

[31] V.K. Shah, S. Silvestri, B. Luciano, S.K. Das, X-chant: a diverse dsa based architecture 
for next-generation challenged networks, in: IEEE INFOCOM 2019-IEEE Conference 
on Computer Communications, IEEE, 2019, pp. 586–594.

Sining Yang received her Ph.D. degree in computer science and technology from Na-

tional University of Defense Technology, China, in 2022. She is now a research associate 
in Intelligent Game and Decision Lab. Her current research interests include robotic com-

munications and networking, multi-agent systems and swarm intelligence.
639
Digital Communications and Networks 12 (2026) 630–639
Bo Zhang received his Ph.D. degree in Southampton Wireless Group, University of 

Southampton, UK, in 2015. He is now a professor in Intelligent Game and Decision Lab. 
His research interests in cognitive communication and networking for robot systems. He 
has published more than 50 journal and conference papers.

Jinshu Su received the B.S. degree in mathematics from Nankai University, Tianjin, 
China, in 1985, and the M.S. and Ph.D. degrees in computer science from the National 
University of Defense Technology, Changsha, China, in 1988 and 2000, respectively. He 
is currently a Professor with the Intelligent Game and Decision Lab. His research interests 
include internet architecture, network security, and AI for networking.

http://refhub.elsevier.com/S2352-8648(24)00165-2/bib7A2F9FB22A7AC4195FA6357AA2120F9Cs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib7A2F9FB22A7AC4195FA6357AA2120F9Cs1
http://refhub.elsevier.com/S2352-8648(24)00165-2/bib7A2F9FB22A7AC4195FA6357AA2120F9Cs1

	NPO-BAND: Number and placement optimization for backhaul-aware UAV network deployment
	1 Introduction
	2 System model and problem formulation
	2.1 Communication channel model
	2.2 The NPO-BAND problem formation

	3 The method design
	3.1 The very important point-choosing strategy
	3.2 The backhaul-aware local cover algorithm
	3.3 The NPO-BAND algorithm
	3.4 The time complexity

	4 Numerical results
	4.1 Simulation parameters
	4.2 Superiority of the NPO-BAND method in UAV number saving
	4.3 UAV number-saving ratio

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


