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1 Introduction
1.1  Motivation

With the continuous update and iteration of communication technology, the era of 
fifth-generation wireless systems (5G) has quietly come to us and gradually opened up 
a new phase of interconnection of all things. In the evolution of 5G-oriented wireless 
communication technology, on the one hand, traditional wireless communication per-
formance indicators need to be continuously improved to further improve the limited 
and increasingly tight wireless spectrum utilization; on the other hand, richer commu-
nication modes, resulting improvement of end-user experience and expansion of cellular 
communication applications are also evolving directions to be considered.

Device-to-device (D2D) communication, as one of the key technologies of 5G, has 
potential to improve system performance, enhance user experience and expand applica-
tion of cellular communication and has received wide attention [1]. D2D is more flexible 

Abstract 

At present, unmanned aerial vehicles (UAVs) have been widely used in communica-
tion systems, and the fifth-generation wireless system (5G) has further promoted the 
vigorous development of them. The trajectory planning of UAV is an important factor 
that affects the timeliness and completion of missions, especially in scenarios such as 
emergency communications and post-disaster rescue. In this paper, we consider an 
emergency communication network where a UAV aims to achieve complete cover-
age of potential underlaying device-to-device (D2D) users. Trajectory planning issues 
are grouped into clustering and supplementary phases for optimization. Aiming at 
trajectory length and sum throughput, two trajectory planning algorithms based on 
K-means are proposed, respectively. In addition, in order to balance sum throughput 
with trajectory length, we present a joint evaluation index. Then relying on this index, 
a third trajectory optimization algorithm is further proposed. Simulation results show 
the validity of the proposed algorithms which have advantages over the well-known 
benchmark scheme in terms of trajectory length and sum throughput.

Keywords: Unmanned aerial vehicle (UAV), Device-to-device (D2D), Trajectory 
planning, Sum-throughput optimization

Open Access

© The Author(s), 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// 
creat iveco mmons. org/ licen ses/ by/4. 0/.

RESEARCH

Zhang et al. J Wireless Com Network        (2021) 2021:107  
https://doi.org/10.1186/s13638‑021‑01987‑3

*Correspondence:   
crcss@hit.edu.cn 
1 School of Electronic 
and Information 
Engineering, Harbin Institute 
of Technology, Harbin, 
People’s Republic of China
Full list of author information 
is available at the end of the 
article

http://orcid.org/0000-0002-5671-266X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13638-021-01987-3&domain=pdf


Page 2 of 19Zhang et al. J Wireless Com Network        (2021) 2021:107 

than other direct technologies that do not rely on infrastructure. It can not only connect 
and allocate resources under control of the base station (BS), but also exchange infor-
mation when there is no network infrastructure. In addition, there is a relay scenario 
where users without network coverage can access the network by using their device as 
a springboard. D2D communication is mainly used in public safety scenarios such as 
natural disasters and equipment failures. This scenario is of great practical significance 
and has been supported by several national operators, such as the USA, which is prepar-
ing to allocate part of the spectrum on the 700 MHz frequency band specifically as D2D 
emergency communication resources.

In emergency network scenarios, it is very necessary for public and secure commu-
nication to respond in the first time. With the advantages of high mobility and flexible 
deployment, unmanned aerial vehicle (UAV) has become an important part of wire-
less network and is also a key driving factor of 5G and future wireless Internet of things 
(IoT). Especially as an air base station, it does not need to rely on infrastructure and 
road conditions like ground communication equipment, and it is not easily restricted 
by communication height. Therefore, dispatching UAVs equipped with communication 
facilities for temporary networking can quickly establish emergency rescue communica-
tion networks [2] and effectively recover and improve network performance in terms of 
coverage, connectivity and spectrum.

1.2  Related research

Unlike traditional ground BS, UAV base station can be deployed flexibly and moved 
along a given trajectory, which is determined by its aeronautical characteristics to cover 
the ground terminals (GTs) [3]. Therefore, trajectory planning is a basic prerequisite to 
ensure successful completion of UAV tasks [4] and has become an important research 
hot spot in the field of UAV. However, previous research work is mainly on UAV navi-
gation applications under various environmental constraints (such as obstacle avoid-
ance) [5]. Xu et al. [6] study a new type of wireless energy transfer (WPT) system for 
unmanned aerial vehicle (UAV), which optimizes the mobility of UAV by designing 
trajectory, so as to transfer energy to two energy receivers in limited charging period. 
Wu et  al. [7] optimize multiuser communication scheduling with UAV trajectory and 
power control to maximize the minimum throughput of all ground users for fair perfor-
mance between users. Especially in the face of communication tasks with a wide range 
of users and services, how to achieve full coverage quickly and effectively has become 
one of the goals of UAV. Yaliniz et al. [8] consider the deployment of a single UAV base 
station under the probabilistic line-of-sight (LoS) channel model to offload as many GTs 
as possible from the ground BS. Yong et al. [9] design UAV trajectory to ensure that each 
GT can restore files with a high probability of success, while also greatly reducing task 
completion time.

Since most single UAV trajectory planning algorithms are NP hard, many references 
consider the deployment of multiple UAV base stations. Lyu et al. [3] propose a poly-
nomial time algorithm for continuous vehicle-mounted mobile base station placement. 
In addition, clustering algorithm is also one of the common methods to place multiple 



Page 3 of 19Zhang et al. J Wireless Com Network        (2021) 2021:107  

UAVs [10]. Mozaffari et al. [11] study the deployment of UAVs in a coexistence network 
of UAVs and D2D users (DUs). Based on the disk coverage problem, the minimum num-
ber of stop points (SPs) for UAVs to cover circular areas with different radii is obtained. 
On the basis of Lyu et al. [3], Ji et al. [12] realize optimization of UAV trajectory in the 
cache network where UAV and DUs coexist. This provides a new idea and method for 
studying trajectory planning of a single UAV, that is, first determine the UAV’s space 
position and then construct UAV’s trajectory.

At present, the main optimization objective of UAV trajectory planning is mission 
completion time or the number of stop points, without taking into account throughput 
performance of the GT side. Especially in the emergency network where UAV and DUs 
coexist, in order to improve the efficiency and quality of UAV mission completion, it is 
natural to hope that UAVs provide higher communication quality while reducing their 
own energy consumption as much as possible. The optimization goal can be converted 
from energy consumption to UAV trajectory length without considering communication 
energy consumption and speed change.

To sum up, most of the UAV service users studied in the previous literature are ground 
terminals with a single communication mode or unable to establish an effective commu-
nication link with each other. And the main optimization goals are task completion time, 
number of service users and number of stops. However, in the emergency network of 
UAV and D2D co-existence, in order to improve the efficiency and quality of UAV mis-
sion completion, it is natural to hope that UAV can provide higher communication qual-
ity while reducing its own energy consumption as much as possible, which means that 
the trajectory and communication indicators need to be considered comprehensively. 
Unlike other literature, the ground terminals considered in this paper have the potential 
to enable D2D communication mode, which provides the possibility of saving energy for 
UAVs and improving time efficiency. Therefore, the above-mentioned literature is not 
applicable to the issues studied in this paper.

1.3  Contributions

This paper studies the trajectory planning problem of UAV emergency networks for 
potential underlaying DUs with Homogeneous Poisson Point Process (HPPP) distribu-
tion. The process of trajectory planning is divided into two phases (clustering phase and 
supplementary phase), and three step-by-step optimization algorithms are proposed 
for three optimization objectives, including trajectory length, sum throughput and joint 
evaluation index that combines the two. The specific contributions are as follows:

• We first propose a trajectory planning algorithm based on K-means algorithm 
to minimize trajectory length. The selection method of initial clustering centers is 
improved, and then the improved K-means algorithm is used to obtain the set of stop 
points in the first stage to construct the initial reference trajectory and determine the 
initial coverage. Then, a equation for SP coordinate is solved in a polar coordinate 
system to obtain the set of stop points for the second phase. The final trajectory con-
sists of stop points obtained in two phases.
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• Based on algorithm 1, a sum-throughput optimized trajectory planning algorithm is 
presented. In clustering phase, sum throughput is optimized by using successive con-
vex approximation (SCA) to update the initial stop points. In supplementary phase, 
UAV is placed directly above D2D users to maximize throughput. Finally, construct 
UAV’s trajectory.

• In order to better balance the relationship between trajectory length and sum 
throughput, we present a joint evaluation index and propose algorithm 3 based on 
this index. Algorithm 3 preserves the method of maximizing sum throughput in the 
first phase of algorithm 2, and in the second phase, the joint evaluation index is used 
as a nonlinear optimization objective function to balance trajectory length and sum 
throughput.

• Finally, we summarize and compare the three algorithms. The simulation results ver-
ify the validity of the above three algorithms. Algorithm 1 has obvious advantages in 
trajectory length. Algorithm  2 improves throughput significantly over algorithm  1, 
but it is at the cost of an increase in trajectory length. By contrast, algorithm 3 is able 
to better balance the relationship between trajectory length and sum throughput, 
showing remarkable performance in all aspects.

1.4  Paper organization

The rest of this paper is organized as follows. Section  2 introduces the system model 
and presents the problem formulations for UAV emergency communication network. 
In Section  3, trajectory length optimization algorithm based on improved K-means 
(TLOA-IK) is presented. Section 4 and Section 5 present sum-throughput optimization 
algorithm based on TLOA-IK (STOA-IK) and balance optimization algorithm based on 
STOA-IK (BOA-IK), respectively. Section 6 summarizes and compares the three algo-
rithms. Section 7 provides the numerical results, and finally we conclude the paper in 
Section 8. For clarity, we summarize the key notations and their definitions in Table 1.

Table 1 Summary of key notations

Notations Definitions

N Number of DUs

K Number of initial clusters

H Flying height

M Number of SPs

R
max
c Maximum coverage radius of UAV

wd[n] Coordinates of the nth DU

wu[m] Coordinates of the mth SP

w
k
u[mi] Coordinates of the mi th SP obtained during the clustering phase

w
a
u[ma] Coordinates of the mathSP obtained during the supplementary phase

w
c

d
[nc] Coordinates of nc-th DU that can be covered during the clustering phase

w
unc

d
[nunc] Coordinates of nunc-th DU that cannot be covered during the clustering phase

r
k
i

Sum throughput of covered DU by UAV at wk
u[i]

ρe Joint evaluation index

Lsum Length of UAV’s trajectory
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Notations: In the paper, scalars and vectors are denoted by italic letters and boldface 
lower-case letters, respectively. For a vector x, ‖x‖ represents its Euclidean norm. log2(·) 
denotes the logarithm with base 2. For a set U , |U | denotes its cardinality. For sets U1 and 
U2 , U1 ∪ U2 means the union of the two sets.

2  System model and problem formulation
In this paper, we study a UAV-assisted network with potential underlaying D2D com-
munication, where a UAV acts as an aerial BS to provide wireless coverage service to 
terrestrial DUs as shown in Fig. 1. It is worth noting that potential D2D communication 
means that all DUs have the flexibility to adjust the communication mode according to 
UAV’s trajectory, i.e., they can communicate directly with UAV or D2D communication. 
For example, when DU1 is in UAV’s coverage, DU1 communicates directly with UAV. 
However, when DU1 is outside UAV’s coverage and DU2 who matches DU1 can commu-
nicate with UAV, DU1 chooses to communicate directly with DU2.

The DUs exist in the form of a Homogeneous Poisson Point Process (HPPP) ϕ with 
density � . We denote {wd[n]}n∈N  as the two-dimensional (2D) coordinates of DUs, 
where N = {1, 2, . . . ,N } . We consider that all DUs are stationary in the process of UAV 
coverage [9].

We aim to plan trajectory of UAV to cover all ground DUs while minimizing trajec-
tory length or maximizing sum throughput. In this paper, we separate trajectory into 
multiple line segments. Two end points of each segment are UAV’s SPs. In addition, 
we stipulate that UAV uses broadcast communication, that is, it can cover multiple 
DUs in each SP. Consequently, the main idea in this paper is to build a UAV trajectory 
by optimizing locations of SPs.

Assume that UAV takes off from the origin and flies at an altitude of H meters and 
does not need to return to the origin after performing coverage mission. Denoting by 
M = {1, 2, . . . ,M} the set of SPs, the horizontal coordinates of m-th SP are denoted 
by wu[m] , where m ∈ M . Therefore, the distance between m-th SP and n-th DU is 
expressed as

R
H

R
H

Trajectory D2D userSignal

R
H

Trajectory D2D userSignal D2D link

Fig.  1 A UAV-based wireless emergency communication system, where a UAV acts as a flying BS and GTs 
appear as D2D pairs
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We consider that UAV-DU communication channels are dominated by LoS links. Under 
the LoS model, the distance between UAV and DU is the dominant factor for air-to-
ground (A2G) channel power gain. The average channel power gain from UAV to n-th 
DU at m-th SP can be modeled as

where β0 is the channel power gain at reference distance which is 1m, and α is the path 
loss exponent. The transmitting power of UAV is denoted by Pu . The received signal-to-
noise ratio (SNR) by n-th DU is given by

where σ 2 denotes the additive white Gaussian noise (AWGN) power and γ u
0 �

Puβ0
σ 2  is 

the received SNR at reference distance d0 = 1m [13].
Define the threshold of SNR at DU is γth , the maximum transmitting power of UAV 

is Pmax
u  . Then, we have the maximum coverage radius of UAV,

We aim to minimize the number of SPs, while each DU is covered by UAV at least once 
within its communication radius. This does not rule out the possibility that some DUs 
will be covered by UAV multiple times. The problem can be formulated as follows

Srinivas et  al. [14] point out that the UAV coverage problem P1 can be regarded as a 
geometric disk coverage problem. The problem of minimizing trajectory length can be 
transformed into minimizing the total number of disks, but the problem is still an NP 
problem [3].

In this paper, we start with minimizing trajectory length and then achieve the goal of max-
imizing sum throughput. Finally, we propose an effective algorithm to balance trajectory 
length and sum throughput. We adopt the idea of clustering and then gradually optimize 
locations of SPs. Therefore, we specify that SP set consists of two parts, one is the set of clus-
ter centers obtained in clustering phase, which is denoted as wk

u[mi],mk ∈ {1, 2, . . . ,Mi} , 
and the other is the newly added set obtained in supplementary phase, which is denoted as 
w

a
u[ma],ma ∈ {1, 2, . . . ,Ma} , based on DUs’ locations, i.e., wk

u ∪ w
a
u = wu . The set of Dus 

covered by wk
u is denoted as wc

d[nc], nc ∈ {1, 2, . . . ,Nc} , and the set of uncovered DUs is 
denoted as wunc

d [nunc], nunc ∈ {1, 2, . . . ,Nunc} , i.e., wc
d ∪ w

unc
d = wd.

(1)dn[m] =

√

H2 + �wu[m] − wd[n]�
2, n ∈ N ;m ∈ M.

(2)βn[m] = β0d
−α

n [m] =
β0

(

H2 + �wu[m] − wd[n]�
2
)α/2

, n ∈ N ;m ∈ M,

(3)γn[m] =
Puβn[m]

σ 2
=

γ
u
0

(

H2 + �wu[m] − wd[n]�
2
)a/2

, n ∈ N ;m ∈ M,

(4)Rmax
c =

√

(

γ
u
0 /γth

)2/a
−H2.

(5)(P1) :

{

min{wu[m]}m∈M
|M|

s.t. minm∈M �wu[m] − wd[n]� ≤ Rmax
c , ∀n ∈ N .
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3  Trajectory length optimization algorithm based on improved K‑means
In order to make UAV trajectory length as small as possible, we propose trajectory length 
optimization algorithm based on improved K-means (TLOA-IK). The main idea is to take 
locations of cluster centers as initial SPs and then determine initial coverage. The trajectory 
formed by initial SPs is defined as the reference trajectory. According to initial coverage and 
reference trajectory, determine whether new SPs need to be added. If necessary, add new 
SPs based on the stop point selection strategy (SPSS).

3.1  K‑means algorithm

K-means is a common clustering method in which Euclidean distance is used to measure 
the similarity between data. In other words, the smaller the distance between the data, the 
more similar the data are. At the same time, the denser the data distribution, the greater the 
likelihood of clustering. In addition, the sum of squared errors (SSE) is adopted as objective 
function to measure clustering quality [4].

The basic principle of the K-means algorithm is described below. The data set {wd[n]}n∈N  
consisting of DU’s position coordinates is a labeled collection. The goal of the algorithm is 
to cluster the data set into K clusters, C = {C1,C2, . . . ,CK } . Assume that |Ci| is the number 
of samples in i-th cluster Ci , wk

u[mi] is the mean of these samples, i.e., 

Then, the SSE criterion can be expressed as

Because Je cannot be minimized by analytic method, it can only use iterative method to 
solve the problem by constantly adjusting the category of samples.

For K-means algorithm, the selection of K-values and initial cluster centers is criti-
cal to clustering results. To avoid local optimization, we use dγ to limit the distances 
between initial cluster centers to obtain more dispersed initial clustering centers [15],

where the area of research region is denoted by Ac . In other words, the distances 
between initial cluster centers should satisfy dij≥dγ.

3.2  Stop point selection strategy

When initial SPs wk
u are unable to achieve full coverage of the target area, i.e., there are 

DUs that cannot communicate effectively with UAV, the relationships between uncov-
ered DUs and reference trajectory need to be determined. In this section, we will discuss 
the strategy of adding new stop points. The positional relationships between uncovered 
DUs and reference trajectory can be divided into three cases, as shown in Fig. 2.

(6)wk
u[mi] =

1

|Ci|

∑

wd∈Ci

wd .

(7)Je =

K
∑

mi=1

∑

wd∈Ci

∥

∥

∥wd − wk
u[mi]

∥

∥

∥

2
.

(8)dγ =

√

Ac

K
,
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3.2.1  Using D2D communication without adding new SP

As shown in Fig.  2, DU1 is uncovered and DU2 is covered. In this case, DU1 can get the 
content from DU2 without adding new SP. The trajectory length does not increase as a 
result.

3.2.2  Adding new SP, trajectory unchanged

Both DU3 and DU4 are uncovered in Fig.  2, and a new SP needs to be added to achieve 
coverage. It can be seen from Fig.  2 that DU3 is closer to line-AB than DU4 , and the 
distance is less than R. In this case, we only need to find SP-E, which D 3E⊥AB. Namely, 
point E is the newly added SP.

3.2.3  Adding new SP, trajectory changed

Both the distance between the 3rd pair DUs (DU5 and DU6 ) and the 4th pair DUs (DU7 
and DU8 ) to line-AB is greater than R. In this case, the selection of SP should consider 
both covering DUs and making the increment of trajectory as small as possible.

Let wunc
d (xuncd , yuncd ) and wa

u(xa, ya) denote coordinates of the uncovered DU and the 
newly added SP, respectively. Let wk ,r

u (xk ,ru , yk ,ru ) and wk ,l
u (xk ,lu , yk ,lu ) denote coordinates of 

left endpoint and left endpoint, respectively. In polar coordinates, there are the following 
relationships:

where θ ∈ [0, 2π ] . The sum of distances from the newly added SP to left endpoint wk ,l
u  

and right endpoint wk ,r
u  is given by

(9)
{

xa(θ) = xuncd + R ∗ cos(θ)
ya(θ) = yuncd + R ∗ sin(θ),

(10)

Dsum(θ) =

∥

∥

∥wa
u − wk ,r

u

∥

∥

∥+

∥

∥

∥wa
u − wk ,l

u

∥

∥

∥

=

√

(xuncd + R ∗ cos(θ)− xk ,ru )2 + (yuncd + R ∗ sin(θ)− yk ,ru )2

+

√

(xuncd + R ∗ cos(θ)− xk ,lu )2 + (yuncd + R ∗ sin(θ)− yk ,lu )2,

D1(DU1)

D4(DU4)

d R

D5(DU5)

D6(DU6)

D2(DU2)

D3(DU3)

R

D7(DU7)

D8(DU8)

R

A

B

C

E

F

Fig.  2 Illustration of DU distribution and UAV trajectory. Both A and B are stop points, and triangles represent 
D2D users



Page 9 of 19Zhang et al. J Wireless Com Network        (2021) 2021:107  

which is a nonlinear function about θ . Then make the derivative of formula (10) with 
respect to θ equal to 0, that is

Assume that θ∗ is the solution of Eq. (12), wa∗
u (xa(θ

∗
), ya(θ

∗
)) is the position of newly 

added SP. The points C and F in Fig. 2 are the corresponding optimization results.
SPSS is a decision-making process based on the relative position relationship 

between the trajectory and uncovered DUs. After obtaining clustering results, in 
order to avoid making large changes to trajectory as much as possible, we first deter-
mine whether there are DUs who can be covered by UAV through D2D communica-
tion. Then, according to the relationship between the distance from uncovered DUs 
to the trajectory and Rmax , new SP is added. The specific decision-making process is 
shown in Fig. 3.

3.3  Minimum path selection strategy

After obtaining new SPs, how to construct discrete positions into a continuous trajec-
tory is also an important issue. To keep the trajectory length as small as possible, we 

(11)
dDsum(θ)

dθ
= 0.

K-means 
clustering

Establish D2D
Communication.

No new SP is added, 
trajectory remains unchanged.

Calculate the 
minimum distance 
from DU to 
trajectory. Solve formula (11) to 

obtain the SP position that 
minimizes the change in 
trajectory length.

Add new SP, trajectory 
remains unchanged.

Add new SP, 
trajectory changes.

Based on the clustering 
results and ,

and        are obtained. c
dw

unc
dw

maxR
Based on the clustering 
results and ,

and        are obtained. c
dw

unc
dw

maxR
Determine
whether enabling 
D2D can update     .cdw

Determine
whether enabling 
D2D can update     .cdw

maxd R

maxd R

Clustering Phase Clustering Phase Supplementary PhaseSupplementary Phase

SPSS

Fig.  3 Illustration of stop point selection strategy

H ×

a

b

11
22

33

4455

H

11
22

33

4455

Fig.  4 Schematic diagram of stop points connection
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propose the minimum path selection strategy (MPSS). The UAV selects the nearest SP 
in turn from the origin until there is no SP remaining. For example, we obtained five 
SP positions as shown in Fig. 4 in the clustering phase. The trajectory route of scheme 
A is 1-2-3-4-5. The trajectory route of plan B is 1-2-5-3-4. Plan B is the trajectory result 
obtained by MPSS, and the trajectory length is significantly shorter than that of plan A.

In summary, set wk
u is obtained by K-means algorithm in clustering phase and set wa

u is 
obtained by SPSS in supplementary phase. Finally, the final trajectory is planned based 
on MPSS. The pseudo-code is summarized in Algorithm 1.

4  Sum‑throughput optimization algorithm based on TLOA‑IK
In the previous section, the primary optimization objective is trajectory length, so selec-
tion strategy for SPs requires that the closer the reference trajectory is, the better. There-
fore, TLOA-IK ignores throughput performance of the ground DUs. In this section, we 
optimize TLOA-IK in the clustering phase and the supplementary phase to achieve the 
goal of improving sum throughput.

4.1  Optimization of the clustering phase

Algorithm 1 (TLOA-IK) determines whether there is D2D communication available after 
obtaining the initial SP wk

u to cover as many users as possible without changing the initial 
trajectory. From this we can see that wk

u is not the location set to get the best communica-
tion performance. Therefore, in this section, we aim to optimize the sum throughput of all 
DUs covered by a single SP. Assume that the coordinate of i-th SP is wk

u[i] which has cov-
ered Gi DUs, the covered DU set is denoted as G〉 = {1, 2, . . . ,Gi} . Thus, the sum through-
put of G〉 when UAV hovers in wk

u[i] can be expressed as

Therefore, the optimization problem for maximizing sum throughput when UAV hovers 
in wk

u[i] is formulated as

Restriction in P2.1 ensures normal communication of UAV-DU links, and it is obviously 
a convex constraint. However, due to the nonconvexity of objective function, P2.1 is not 
a convex optimization problem. To transform problem P2.1 into a solvable form, we uti-
lize successive convex approximation (SCA) to improve sum throughput of DUs on the 
basis of TLOA-IK according to the following Lemma.

(12)

rki =

Gi
∑

j=1

rki [j]

=

Gi
∑

j=1

Blog2(1+ γi[j]), j ∈ G〉.

(13)(P2.1) :

{

max rki
s.t.

∥

∥w
k
u[i] − w

c
d[j]

∥

∥ ≤ Rmax
c , ∀j ∈ G〉.
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Lemma For wk
u,l+1[i](xl+1, yl+1) the following inequalities hold

where l is the number of iterations, αk ,l and βk ,l are coefficients given by (16).

(14)

rki,l+1[j] ≥ rk ,lbi,l+1[j]

= rki,l[j] + αk ,lδx + βk ,lδy

= Blog2











1+
γ
u
0

�

H2 +

�

�

�wk
u,l[i] − wc

d[j]
�

�

�

2
�a/2











+ αk ,lδx + βk ,lδy

= Blog2











1+
γ
u
0

�

H2 +

�

�

�
wk
u,l[i] − wc

d[j]
�

�

�

2
�a/2











+ αk ,l(xl+1 − xl)

+ βk ,l(yl+1 − yl)
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Proof We first define the function f (x, y) = log2(1+
c1

c2+(x−a)2+(y−b)2
) , where c1 , c2 , a 

and b are constants. By leveraging the first-order Taylor approximation, for any given 
(x0, y0) , we have

where

�

Based on the lemma, the concave lower bounds of objective function at given 
wk
u,l+1[i](xl+1, yl+1) are obtained. P2.1 can be further written as formula (17). Obviously, 

P2.2 is a convex optimization problem, which can be efficiently solved by iterations.

4.2  Improvements in the supplementary phase

To keep the total length of the trajectory as small as possible, we proposed a SPSS 
strategy in TLOA-IK, but this is achieved at the expense of DUs’ sum throughput. 
The goal of this section is to improve the system’s sum-throughput performance, so 
the SPSS policy is no longer applicable. We assume that the altitude of the UAV does 
not change, while the DUs remain stationary during UAV flight. Obviously, the SP 
locations that maximize wunc

d  throughput are directly above them, so we get wa
u . The 

implementation of the specific algorithm is summarized in Algorithm 2.

5  Balance optimization algorithm based on STOA‑IK
Algorithm 2 is optimized in both the clustering and supplementary phases to improve 
sum throughput. During the clustering phase, better throughput performance can 
be obtained because there is little impact on the trajectory before and after optimiza-
tion. However, the supplementary phase is an increase in throughput in exchange for 
an increase in the length of the trajectory. Therefore, it is necessary to weigh the rela-
tionship between throughput and trajectory length effectively in supplementary phase. 
In this section, we put forward a joint evaluation index to balance sum throughput and 

(15)f (x, y) ≤ f (x0, y0)+
∂

∂x
f (x0, y0)(x − x0)+

∂

∂y
f (x0, y0)(y− y0)

(16)

∂

∂x
f (x0, y0) =

c1(2a− 2x0)

log(2)
(

c1
c2+(a−x)2(b−y)2+1

)

(c2 + (a− x)2 + (b− y)2)2

� αk ,l

∂

∂y
f (x0, y0) =

c1(2b− 2y0)

log(2)
(

c1
c2+(a−x)2(b−y)2+1

)

(c2 + (a− x)2 + (b− y)2)2

� βk ,l .

(17)(P2.2) :

{

max
∑Gi

j=1 r
k ,lb
i,l+1[j]

s.t.
∥

∥w
k
u[i] − w

c
d[j])

∥

∥ ≤ Rmax
c , ∀j ∈ G〉.
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trajectory, and then use this index to optimize STOA-IK, to obtain a better performance 

algorithm in both sum throughput and trajectory.

5.1  A joint evaluation index

Our goal is to keep trajectory length as small as possible while maintaining maximum 
sum throughput. Therefore, we propose the following joint evaluation index

where γsum is the sum throughput received by all terrestrial DUs, Lsum is the length of 
UAV’s trajectory, υb and µb are the sum throughput and trajectory length of the bench-
mark, respectively.

This paper considers “strip-based waypoints (SBW)” as the benchmark planning 
trajectory [9]. First, get the minimum rectangle that contains all DUs and then divide 
the rectangle area into multiple rectangular bars with a width of R. The UAV starts 
from origin and flies in a snake-like fashion. When DUs are observed, the UAV hovers 
to provide communication services, as shown in Figs. 6a and 7a.

5.2  Joint optimization

Although STOA-IK optimizes sum throughput, it does not have a significant negative 
impact on the overall trajectory in this step. The main factor that affects trajectory length 
of STOA-IK is the locations of newly added SPs. Therefore, algorithm 3 will follow the 
optimization process of P2.2 in algorithm 2 and mainly perform joint optimization on 
the locations of the newly added SPs. For DUs that have not been covered by reference 
trajectory, the joint evaluation index is given as

where

(18)ρe =
γsum

υb
−

Lsum

µb

(19)ρ
a
e =

γ
a
g

υb
−

L
g
p,q

µb
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and

γ
a
g  is the throughput received by wunc

d [g] when UAV hovers over wa
u[g] . L

g
p,q is the sum of 

the distances from wa
u[g] to wk

u[p] and wk
u[q] . Therefore, ρa

e -based optimization for wa
u[g] 

can be expressed as follows

P3 is a nonlinear optimization problem, which can be solved by algorithms such as inte-
rior point method or some iterative search algorithms [16].

This section optimizes the selection of stop points in the supplementary phase while 
retaining the wk

u obtained by STOA-IK in the clustering phase. And considering the 
influence of SP position on trajectory and throughput, BOA-IK is proposed. The specific 
process is summarized in Algorithm 3.

6  Summary and comparison of the three algorithms
In this section, we summarize and compare the three algorithms proposed and further 
illustrate their relationships. In clustering phase, all three algorithms depend on initial 
SPs obtained by K-means. Algorithm 1 (TLOA-IK) does not do any additional process-
ing to avoid increasing trajectory length, while both algorithm 2 (STOA-IK) and algo-
rithm 3 (BOA-IK) can further optimize initial SPs to improve performance of DUs’ sum 
throughput. In supplementary phase, TLOA-IK adopts SPSS to ensure that trajectory 
length changes as small as possible while adding SPs. To further improve sum through-
put, SPs are supplemented by locations directly above the DUs that are not covered by 
the initial SPs in STOA-IK. To balance the relationship between trajectory length and 
sum throughput in the supplement phase, we propose a joint evaluation index in BOA-
IK and use it as the optimization objective in the supplement phase. For ease of under-
standing, we summarize the three algorithms as shown in Fig. 5.

The complexity of TLOA-IK comes from K-means in the clustering phase and SPSS 
in the supplementary phase, so the total complexity is O(2L1KN + N ) , which can be 
simplified to O(N ) . The complexity of STOA-IK comes from K-means in the clustering 
stage and solving P2.2, so the total complexity is O

(

2L1KN + L2KN
3
)

 , which can be 
simplified to O

(

N 3
)

 . The first two aspects of the complexity of BOA-IK are the same as 
those of Algorithm 2, and the third aspect comes from solving P3. The total complexity 
of BOA-IK is O

(

2L1KN + L2KN
3 + L3N

3
)

 , which can be simplified to O
(

N 3
)

 . Among 
them, L1 , L2 , and L3 are the number of iterations for executing K-means and solving P2.2 
and P3, respectively. It can be seen that the optimization of sum throughput will bring 
higher complexity.

(20)γ
a
g = Blog2(1+

γ
u
0

(

H2 +
∥

∥wa
u[g] − wunc

d [g]
∥

∥

2
)

α/2
,

(21)L
g
p,q =

∥

∥

∥
w

k
u[p] − w

a
u[g]

∥

∥

∥
+

∥

∥

∥
w

k
u[q] − w

a
u[g]

∥

∥

∥
.

(22)(P3) :

{

max ρ
a
e

s.t.
∥

∥w
a
u[g] − w

unc
d [g]

∥

∥ ≤ Rmax
c .
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7  Simulation and analysis
We assume that DUs are distributed in a 2000× 2000 square area, and UAV starts from 
the coordinate origin and does not need to return to the starting point after completing 
the coverage task and does not consider changes in speed. The main simulation param-
eters are listed in Table 2.

Figure 6 shows the trajectory planning result when � = 15 . Figure 6a is the planning 
result of strip-based waypoints algorithm. UAV moves along the planned path (blue 
dashed line), and it stops to provide service if DUs are detected. The blue dashed line in 
Fig. 6b is the reference trajectory of the initial SPs clustered by K-means and serves as 
the basis for adding SPs later. The red dashed line is the final planning result. As can be 
seen from the figure, the new stops WA and WC adopts policy Adding new SP, Trajectory 
Changed, and WB is the planning result of policy Adding new SP, Trajectory Unchanged. 
Figure 6c shows that the initial SP coordinate is optimized from (1779, 1365) to (1702, 
1464). It can be clearly found from Fig. 6d that trajectory length is greatly reduced with 
full coverage guaranteed.

Figure 7 shows the trajectory planning result when � = 20 . Figure 7a is also the plan-
ning result of the strip-based waypoints algorithm, and the number of SP is increased 
due to the increased user density compared to Fig. 6a. Figure 7b is the planning result 
of algorithm 1, WD , WE are the results of policy Adding new SP, Trajectory Changed, and 
WF is the result of policy Adding new SP, Trajectory Unchanged. Figure 7c is the planning 
result of algorithm  2. Obviously, in order to increase throughput, trajectory length of 
UAV has increased significantly, and SP coordinate is optimized from (1416, 927.7) to 
(1378, 890.2). Figure 7d is the optimization result of algorithm 3. In order to balance the 

Table 2 Simulation parameters

Parameter Description Value

K The number of initial cluster centers 3

H Flight altitude of UAV 100 m

R
mac
c The maximum coverage radius of the UAV 400 m

P
max
u Maximum transmitting power of UAV 10 dBm

α The path loss exponent 2

B Bandwidth 20 MHz

γ0 The reference signal-to-noise ratio (SNR) 80 dB

K-means

Optimize  
initial SPs

Optimize trajectory length

Optimize sum
throughput of DUs

Balance trajectory length 
with sum throughput

SPSS

Vertical directly 
above DUs

Joint evaluation 
index

SPSS

Vertical directly 
above DUs

Joint evaluation 
index

Clustering phase Supplementary phase Goal

A1:TLOA-IK

A2:STOA-IK

A3:BOA-IK

Algorithm

Partially 
enable D2D 

communication

Fig.  5 Comparison of three algorithmic processes and goals
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increase in trajectory length, multiple groups of users use D2D communication mode, 
which can improve sum throughput and effectively reduce trajectory length.

Figures 6 and 7 visually reflect the planning results of each algorithm. Figure 8 gives 
a more intuitive data representation of each algorithm in terms of sum throughput and 
trajectory length using data. Figure  8a shows the planning results for each algorithm 
under the distribution of � = 15 . Figure 8b shows the planning results for each algorithm 
under the distribution of � = 20 . It is clear that STOA-IK increases sum throughput 
while incurring the cost of increasing trajectory. In contrast, BOA-IK is more balanced 
in both ways.

Figure  9 shows the ρe performance of algorithms 1–3 under different � . As can be 
seen from the figure, BOA-IK is significantly higher than STOA-IK and TLOA-IK when 
� = 16 . Since STOA-IK and TLOA-IK already have preferable planning results when 
� = 20 , the improvement of BOA-IK is not obvious. However, no matter how density 
changes, the performance of algorithms is always BOA-IK > STOA-IK >TLOA-IK.

8  Conclusion
This paper considers an emergency network scenario where a UAV base station coex-
ists with potential underlaying D2D communications. In order to save UAV energy con-
sumption and improve the communication quality of ground DUs, three kinds of UAV 
trajectory optimization algorithms based on K-means are proposed, which include 
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trajectory length, sum throughput and joint evaluation index of the two. Planning pro-
cess of each algorithm is composed of two phases: the clustering phase and the supple-
mentary phase. The results of this study indicate that proposed design algorithms have 
advantages in both trajectory length and sum throughput compared with benchmark 
plan. This paper is only applicable to the situation where locations of the ground ter-
minals are given and stationary. The proposed algorithms can perform offline planning 
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based on the user’s location coordinates. It is not applicable to scenarios where ground 
terminals change dynamically, so there are certain limitations.
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