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Abstract 

 
In this paper, a unmanned aerial vehicle (UAV) access deployment algorithm is proposed, 
which is based on an improved virtual force model to solve the poor coverage quality of UAVs 
caused by limited number of UAVs and random mobility of users in the deployment process 
of UAV base station. First, the UAV-adapted Harris Hawks optimization (U-AHHO) 
algorithm is proposed to maximize the coverage of users in a given hotspot. Then, a virtual 
force improvement model based on user perception (UP-VFIM) is constructed to sense the 
mobile trend of mobile users. Finally, a UAV motion algorithm based on multi-virtual force 
sharing (U-MVFS) is proposed to improve the ability of UAVs to perceive the moving trend 
of user equipments (UEs). The UAV independently controls its movement and provides 
follow-up services for mobile UEs in the hotspot by computing the virtual force it receives 
over a specific period. Simulation results show that compared with the greedy-grid algorithm 
with different spacing, the average service rate of UEs of the U-AHHO algorithm is increased 
by 2.6% to 35.3% on average. Compared with the baseline scheme, using UP-VFIM and U-
MVFS algorithms at the same time increases the average of 34.5% to 67.9% and 9.82% to 
43.62% under different UE numbers and moving speeds, respectively.  
 
Keywords: UAV deployment, virtual force, Harris Hawks optimization algorithm, user 
perception 
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1. Introduction 

With the development of 5G, the need of information transmission rate is rapidly increasing. 
Meanwhile, huge data traffic services make it difficult for existing terrestrial cellular networks 
to cope with the surge of hotspot UEs, resulting in overloaded terrestrial base stations (BSs). 
The mobility and distribution of user equipment (UE) in hotspot areas are uneven, which also 
brings enormous pressure to UEs in hotspot areas serving terrestrial networks. However, as an 
air base station, unmanned aerial vehicle (UAV) has acquired much attention because it gives 
priority to deployment flexibility, low cost, and no terrain constraints. 

In recent years, researchers have proposed many algorithms that use UAVs to serve ground 
UEs, generally with several typical research areas. For example, the optimization of 3D 
locations with different UE densities [1][2] to reduce its number, the algorithm of UAV to help 
traditional ground base stations supplement coverage [3][4], overload coverage alleviation, 
energy efficiency optimization [5][6], backhaul line optimization [7]-[9], UAV mobile path 
optimization and collision avoidance [10][11], etc. Among all these topics, UAV deployment 
is an important and basic theme.  

Earlier studies mainly focused on the research of single UAV deployments. Al Hourani et 
al. proposed a mathematical model, aiming to obtain the optimal height of a single UAV to 
maximize the coverage area [12].  

However, with the rapid increasement of UE communication quality requirements and the 
UE distribution complexity, the assistance effect of a single UAV on ground base stations is 
not ideal. However, multiple UAVs can form a robust network in the air, to cover and serve a 
large area of hotspots, and the issue of aerial network deployment in a multi-UAV coordination 
environment becomes particularly important [13].  

As more solutions for UAV network formation and collaborative deployment begin to draw 
attention. Using a game-theoretic approach to establish a non-cooperative framework, Koulali 
et al. proposed a method to utilize UAV small cells to improve wireless communication 
coverage requirements [14]. Zhao et al. proposed a centralized algorithm and a distributed 
algorithm which are applied to UAV deployment with virtual force so that the UAV can better 
cover ground UEs after pre-deployment [15]. On this basis, Wang et al. proposed a hybrid 
algorithm by combining the advantages of the two algorithms, which improves the 
performance of the algorithm to deploy UAVs [16]. As a typical driving resource, mobility is 
also essential for UAV networks. Shi et al. proposed a multi-UAV path optimization and 
resource distribution algorithm based on hierarchical deep reinforcement learning, which 
enables UAVs to more effectively serve UEs with high-speed movement [17]. In the field of 
UAV deployment， Kong et al. applied the multi-objective particle swarm algorithm to UAV 
deployment, which can reduce transmit power and improve energy efficiency compared with 
test schemes such as the multi-objective whale swarm algorithm [18]. Li et al. proposed a 
UAV deployment strategy according to artificial bee colony algorithm, which deployed UAV 
in three-dimensional space and achieved good deployment results [19]. Zhang et al. decreased 
the required number of UAVs as much as possible and optimized the frequency band, basing 
on the artificial bee colony algorithm. The superiority of swarm intelligence algorithm in UAV 
deployment has gradually emerged [20]. Ahmad et al. proposed the clustering algorithm and 
3D UAV deployment algorithm that can be iteratively called to achieve multi-UAV 
deployment in the target area. The results show that this algorithm can effectively serve both 
outdoor and indoor UEs [21]. Jisang et al. obtained the minimum height of UAV deployment 
according to the elliptical characteristics generated by the inclined antenna and transformed 
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the UAV 2D deployment problem into a two-dimensional placement problem without losing 
optimality. Experimental results show that the algorithm can significantly reduce the service 
energy consumption of UAVs based on its performance which is close to the 2D exhaustive 
algorithm [22]. Javad et al. formulated the problem of UAV 3D deployment and antenna 
orientation as an integer linear programming optimization problem [23]. 

In this paper, we research on the network coverage problem for mobile UEs. Under the 
premise of ensuring the communication quality of the UE, the UAV’s bearing capacity, and 
the service scope, a UAV access deployment scheme based on the improved virtual force 
model is proposed. Our algorithm is composed of three stages. In the first stage, a UAV-
adapted Harris Hawks Optimization (U-AHHO) algorithm is designed, that is, by introducing 
a penalty value, the Harris Hawk algorithm can output a set of better results in the multi-UAV 
deployment problem. In the second stage, a virtual force improvement model based on user 
perception (UP-VFIM) is designed, which guides the UAV to track hotspot UEs by 
introducing a virtual force that senses the UE's movement trend, and provides continuous 
communication services for hotspot areas. In the third stage, a UAV motion algorithm based 
on multi-virtual force-sharing (U-MVFS) is designed to reduce the interference between the 
virtual forces that control the movement of the UAV and improve the sensitivity of UAV to 
the movement of UEs, which enables UAVs to more effectively serve UEs who move at higher 
rates. The main contributions are as follows: 

1) A pre-deployment algorithm based on U-AHHO is proposed. By setting the penalty value, 
the algorithm can output a set of reasonable deployment locations. This algorithm enables a 
limited number of UAVs to serve as many hotspot UEs as possible.  

2) The UP-VFIM is designed, which can convert the movement trend of UE, the distance 
between UE and UAV, and the distance between the UAVs into corresponding virtual forces. 
This algorithm can guide the movement of UAVs and provide continuous and effective 
services for UE. With the help of this algorithm, UAVs can track hotspot UEs, independently 
determine the best service location, and prevent collisions. 

3) The U-MVFS algorithm is designed, which can significantly improve the sensitivity of 
UAVs to UE movement trends, and make UAVs serve the UE moving at higher speeds. 

Section 2 presents the UAV deployment system model. Section 3 presents the U-AHHO-
based pre-deployment algorithm, UP-VFIM, and U-MVFS algorithm. Section 4 evaluates the 
performance of this scheme by comparing it with the baseline scheme. Section 5 makes a 
summary of this paper and future work. 
 

2. System Model 
The UAV deployment service model considered can be shown in Fig. 1, and its 
communication objects include UAV, BS and UE. UAVs can move flexibly to any position in 
the sky. UEs are ground communication terminal equipment, including sensors, mobile phones, 
etc. In this paper, considering the mobility of the UEs whose location may change over time, 
all UAVs are set to fly at a fixed optimal altitude and equipped with omnidirectional antennas 
and all UEs and BSs are on the ground. In terms of frequency band allocation, we assume that 
BS and UAV work in two mutually orthogonal frequency bands without interference between 
them. However, all UAVs work in the same frequency band, and the UE which is connected 
to a UAV will be interfered by all other UAVs regardless of whether there is a connection 
between them. Similarly, all BSs work in the same frequency band, and the UE which is 
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connected to a BS will also be interfered by other BSs. 
 

 
Fig. 1. System model. 

2. 1.  Channel Model 
Let the ith UAV, ith BS, and kth UE be UAVi, BSi and UEk, respectively. For each UAV, in 
the single link, the UE is directly connected to the UAV, and their transmission channel is an 
air-to-ground (A2G) channel, whose connection may be blocked by obstacles. Considering the 
complex terrain of terrestrial terminals, UAV and terrestrial UE channels are usually 
performed by integrating the probability model of Line-of-sight (LoS) and Non-line-of-sight 
(NLoS) channels [24].  

The LoS link probability between the UAVi (or BSi) and the UEk is: 
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where α and β are the related environment modeling parameters, θi,k indicates the elevation 
between the UAVi and the UEk, and θi,k can be calculated from (2):  
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where hu is the flight height of UAV, h0 is the height of UE and BS, di,k is the horizontal 
distance between UEk and UAVi. Consider that the UAVs fly at the same height to the fixed 
BS, so the elevation θi,k  between the  BSi and UEk is equal to 0. The path loss between the 
UAVi (or BSi) and the UEk can be represented as: 

 , , , , ,( ) (1 ) .LoS LoS LoS NLoS
i k i k i k i k i kg dB P L P L= × + − ×                                  (3) 

where LLoS 
i,k  and LNLoS 

i,k  are respectively the path loss of the LoS link and NLoS link. They can be 
obtained by (4) and (5) 
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where ηLoS and ηNLoS are average extra path loss to the free space propagation loss (FSPL) 
under LoS and NLoS, respectively. c indicates the speed of light, f0 is the carrier frequency of 
the UAV / BS-UE channel. The distance between the UAVi (or BSi) and the UEk are denoted 
as Ri,k  which can be obtained by (6): 
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2 2
, 0 , .i k i kR h d= +                                                          (6) 

Assume that UAV and BS adopt mutually orthogonal frequency bands to serve UEs, the 
interference between UAV and BS is not considered. If the SINR between UAVi (or BSi) and 
UEk exceeds a threshold Λr, the UEk can be served. It indicates that the transmission rate and 
quality of service (QoS) of UEk can be ensured by the UAVi (or BSi). According to [25], the 
SINR can be calculated by (7): 
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where Pi,k  and gi,k are the transmission power and channel gain of the UAVi (or BSi) to the 
UEk, respectively. σ2 indicates the power of the Gaussian white noise. The latter text indicates 
the transmission power of UAV to UE as ph, and the transmission power of the BS to UE as 
pf.  

2. 2 Connection mode 
First, let set M={UEk|k=1, 2, ..., ne} for all ground UEs, set F={BSi|i=1, 2, ..., nb} for all ground 
BSs, set U={UAVj|j=1, 2, ..., nu} for all intended UAVs. The connection status of UEk and BSi 
or UAVj can be expressed as ,

F
i kξ  or ,

F
j kξ . ,

F
i kξ  is represented as a real matrix with nb×ne 

dimension, and ,
F
j kξ  is represented as a real matrix with nu×ne dimension. The matrix elements 

of the ξF and ξU are all composed of 0 and 1. Let the maximum UAV perception range be Rs, 
if the distance between BSi and UEk is less than Rs and the value is greater than Λr, then ,

F
i kξ

=1, and otherwise ,
F
i kξ =0. Similarly, if the distance between UAVj and UEk is less than Rs, and 

the value is greater than Λr, then ,
F
j kξ =1, and otherwise ,

F
j kξ =0. Therefore, the degrees of BSi, 

UAVj, and UEk can be expressed as: 
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Due to the limited resources of BS and UAV, the maximum number of connections for 
UAV and BS are Mu and Mf respectively, and each UE can just only be connected by one UAV, 
as same as the BS. Therefore, after the BSs and UEs are connected, redundant connections to 
them will be removed. 

First of all, since this paper studies the UAV-assisted terrestrial network, when the UE meets 
the connection conditions of several UAVs and BSs at the same time, the UE will 
preferentially choose to connect with the BS. Secondly, to obtain better communication quality, 
the UE will choose to connect with the BS with a smaller degree when the UE meets the 
connection conditions of multiple BSs at the same time. Furthermore, to minimize the input 
cost of the UAVs to be delivered, when the UE meets the connection conditions of multiple 
UAVs at the same time, the UE will choose to connect with the UAV with a larger degree and 
no more than Mu. Finally, when the number of UEs connected with BS or UAV exceeds the 
respective maximum number of connections, the BS or the UAV will preferentially unload the 
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UEs with a larger degree value. After the redundant connections are eliminated, we define the 
service rate of UEs in the area as C, whose calculation method is as follows: 

1
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2. 3 Problem formulation 
In our proposed model, the main optimization goal is to improve the service rate of UEs in the 
region. The main optimization objectives of this paper can be expressed as: 
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where C1 is a logical constraint for the connection of UAVs and BSs to the UEs. C2 represents 
a UE that only has one connection with all UAVs and BSs. C3 indicates that the connection 
number of UEs to UAVs or BSs cannot exceed the upper limit. C4 indicates that the UAVs 
(or BSs) and the UEs that have a connection relationship will not be able to maintain the 
connection between them when the distance between them is greater than the sensing range of 
the UAV. C5 indicates that the SINR value between the UE and the UAV (or BS) connections 
cannot be less than the threshold value of Λr. C6 indicates that the number of UAVs is in a 
limited range of Umax.  

3. UAV deployment and mobile algorithm 

3. 1 Basic ideas 

To provide continuous and reliable services for UEs in hotspot areas, we should first obtain 
the coordinates of UEs in hotspot areas. We assume that the position of UE can be obtained 
by BS or the release of reconnaissance UAVs in advance. The U-AHHO algorithm is then 
used to achieve the pre-deployment of UAVs in the target area. Next, UP-VFIM is constructed 
to sense the movement trend of the mobile UE. Finally, the U-MVFS algorithm is applied. At 
this stage, the UAVs do not need to know the position of the UEs in advance.  The UEs within 
a certain range will be perceived by sensors carried by the UAV. Then the UAVs calculate the 
virtual forces from different sources and flight to follow the movement of the main population 
in the hotspot area to provide continuous network assistance to the target area. For clarity, the 
entire course of the scheme can be shown in Fig. 2. 
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Fig. 2. Flowchart of UAV access deployment algorithm. 

3. 2 U-AHHO algorithm 
The standard Harris Hawks algorithm is a group intelligent optimization algorithm proposed 
by Heidari et al. in 2019, which is implemented by mimicking the cooperative and hunting 
behavior of Harris Hawks populations in nature. Specifically, multiple Harris Hawks will 
chase the prey in multiple directions to achieve a surprise attack on the prey. Harris Hawks 
adopt multiple hunting patterns, changing dynamically, depending on their distance from their 
prey and their prey's escape energy. The proposed algorithm has a strong global search ability. 
However, for the optimization problem of UAV-assisted ground cellular network, operators 
often invest more than one UAV, so we introduce the penalty value to propose a U-AHHO 
algorithm, which can effectively provide a set of superior solutions to the UAV deployment 
problem. This paper summarizes the symbols used in the algorithm, as shown in Table 1. The 
specific courses of the U-AHHO can be shown in Fig. 3: 
 

 
 Fig. 3. Basic flowchart of the U-AHHO algorithm 

Table 1. Symbols used in the U-HHO algorithm 
Symbols Descriptions 

F={BSi|i=1, 2, ..., nb} Set of BSs 
M={UEk|k=1, 2,..., ne} Set of UEs 
E={HHq|q=1, 2, ..., nh} Set of Harris Hawks 
U={UAVj|j=1, 2,..., nu} Set of UAVs 
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3. 2. 1 Specific steps of the U-AHHO algorithm 
Step 1: Import the UE coordinates to initialize each parameter 
Initialize the maximum number of iterations, the Harris Hawks population number, the 
maximum service range of UAVs, and the maximum number of invested UAVs, which can be 
denoted as Imax, nh, Rs, and nu, respectively. Assume that the upper and lower limits of the 
solution space are bu and bl, respectively. Let ζ be the set of contribution degrees of all UEs, 
and initialize the UE contribution degrees to be 1. ζ is a 1×ne dimensional matrix, and each 
element value in the matrix represents the corresponding contribution degree of UE. ψ 
represents a matrix with a dimension of ne×nh, and the matrix elements are all composed of 0 
or 1. If the distance between UEk and HHq is less than Rs, the matrix ψk,p=1, and if the distance 
is greater than Rs, then ψk,p=0.  
Step 2: Determine how the Harris Hawks are distributed.  
Set Xt is the position of Harris Hawks at time t, Xt+1 is the position of Harris Hawks at time 
t+1,    t

rX  is a random position within the solution space at time t, t
preyX  is the prey position at 

time t, and t
aveX  is the average position of all Harris Hawks at time t. For each iteration, all 

Harris Hawks undergo location updates through (12): 

1 21

3 4

0.5
.

( ) ( ( )) 0.5

t t t
r rt

t t
prey ave l u l

x b X b X e
X

X X b b b b b e
+

 − − ≥= 
− − + − <                           

(12) 

where e, b1, b2, b3 and b4 are the random number within [0,1].  
Step 3: Calculate the fitness of all individuals in the Harris Hawks population.  
The row vector A indicates the individual Harris Hawks fitness. To facilitate the following 
representation, we represent the fitness value of HHq as A(q), where A can be matrix calculated 
by (13), and for each iteration, A gets an update.  

.= ⋅A ζ ψ                                                                 (13)  
Step 4: Set the most fitness Harris Hawks as the prey.  
To obtain the optimal deployment position, the position of the Harris Hawks who have the 
greatest fitness is set to be the position of the prey, and other Harris Hawks develop their 
surroundings through different strategies to observe whether there is a better deployment point.  
Step 5: The Harris Hawks execute four offensive strategies.  
Assuming that the P is the escape energy of the prey, which determines whether the Harris 
Hawks is in the global search or local development phase, the P0 is a random number between 
[-1,1]. The escape energy can be calculated by (14): 

0 max2 (1 / ).P P t I= −                                                      (14) 
For each iteration, the Harris Hawks perform four different offensive strategies following 

the prey's escape energy for the distance between them.  
When |P |≥1, let Rprey be a random number between [0,1]. The jumping distance during the 
escape of the prey can be obtained by (15) 

2 (1 ).K λ= × −                                                           (15) 
where λ is a random number between the [0,1]. The location of the individual Harris Hawks is 
updated by (12): 

Method 1: Soft siege 
When the Rprey≥0. 5 and |P |≥0. 5, the Harris Hawks location updates can be found by (16): 

1 .t t t t t
prey rX X X P K X X+ = − − ⋅ −                                               (16) 

Method 2: Hard besiege  
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When Rprey≥0. 5 and |P |<0. 5, the Harris Hawks location updates can be found by (17): 
         1 .t t t t

prey preyX X P X X+ = − −                                                   (17) 
Method 3: Soft besiege with progressive rapid dives  

When Rprey<0. 5 and |P |≥0. 5, the Harris Hawks location updates can be found by (18): 

1 ( ) ( )
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t
t
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Y if Y X
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A A
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where the specific functions of the Y and Z functions are (19) and (20), respectively: 
.t t t

prey preyY X P K X X= − ⋅ −                                                 (19) 
( ).IMZ Y S LF D= + ×                                                       (20) 

where DIM is the dimension of the deployment algorithm, S is a random vector with 1×DIM 

dimension,  LF function is the Levy flight function, and the specific expression is (21): 
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where u, v are random values between [0, 1], β is set to be 1.5, δ can be obtained by (22): 
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Method 4: Hard besiege with progressive rapid dives 
When Rprey<0. 5 and |P |<0. 5, the Harris Hawks location updates can be found by (23): 
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where the functions of the Y and Z based on the new rule can be calculated by (24) and (27), 
respectively:

 .t t t
prey prey aveY X P K X X= − ⋅ −                                                        (24) 

( ).IMZ Y S LF D= + ×                                                              (25) 
Step 6: Output the optimal solution position.  
Perform steps 2 to 5 until the maximum number of iterations, and output the position j

bestX  of 
the optimal solution.  
Step 7: Calculate the penalty value and update the UE contribution degrees.  
Record the position of the optimal solution, give corresponding penalty values for the 
contribution of different UEs and perform steps 1 to 6 until the maximum number of UAVs 
reaches, and then output the position set Xu of the optimal solution.  

3. 2. 2 Setting of the penalty value 
Multiple UAVs are deployed to serve a large area. But if the algorithm is directly executed 
multiple times, all solutions will appear in almost the same location. To make UAVs as 
decentralized as possible, We propose to introduce a penalty value that can reduce the 
communication interference between UAVs and UEs. 

Suppose that dk represents the distance between UEk and the optimal solution. The optimal 
solution obtained by each algorithm is recorded until the number of UAV inputs reaches nu. 
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The solution set can be denoted as U= {UAVj | j=1, 2, ..., nu}. The penalty value can be flexibly 
adjusted according to the algorithm needs, and here we give a feasible setting scheme, where 
the UE contribution degrees matrix is updated via (26): 

1 1

2 1 2

3 2

( 1) ( )
( 1) ( )

.
( 1) ( )

0

k k k p

k k p k p

k k p k s

s k
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R d

ξ ξ
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+ = − < <


+ = − < <
 <                                                       

(26) 

where ξ j+1 and ξ j are the UE contribution matrix of (j+1)th and jth cycles, respectively. P1, 
P2, and P3 are all penalty values, and P1 is much larger than P2 and P3, which effectively 
ensures that the UAV generation position will not be too dense. Here P1, P2, P3, Rp1 and Rp2 

are set to 10, 0.5, 0.2, 100 m, 200 m, respectively.  
Algorithm 1 The U-AHHO algorithm 
Requirement: e, Imax, bu, bl, S0, Rs, K, Q, u and Xprey 
1. t=0.  
2. For j=1:nu 
3. The location of the population according to (12) 
4.     For t=1:Imax 
5.         The Harris Hawks population calculates fitness values as (13) 
6.         Harris Hawks chose the best individual location as the prey location for Xprey 
7.         For each HHq do 
8.             Update the escape energy P according to (14) 
9.             If |P |>1 
10.                 Update the individual Harris Hawk location according to (12) 
11.             Elseif Rprey≥0. 5 and |P |≥0. 5 
12.                 Update the individual Harris Hawk location according to (16) 
13.             Elseif Rprey≥0. 5 and |P |<0. 5 
14.                 Update the individual Harris Hawk location according to (17) 
15.             Elseif Rprey <0. 5 and |P |≥0. 5 
16.                 Update the individual Harris Hawk location according to (18) 
17.             Elseif Rprey <0. 5 and |P |<0. 5 
18.                 Update the individual Harris Hawk location according to (23) 
19.             End if 
20.         End for 
21.     End for 
22.     The best prey location ( j

bestX ) obtained is assigned to Xu (j) 
23. End for 
24. Output Xu 

3. 3 UP-VFIM 
When UAV serves UE in the air, there are three different sources of virtual force. The virtual 

force sF
→

guides the UAV to track UE. The virtual force aF
→

 keeps the position of the UAV in 

the center of the hotspot as far as possible. Virtual force cF
→

 prevents excessive proximity 
between different UAVs from resource waste caused by the excessive overlap of UAV 



2616                                                                                                                     Zhang et al.: Research on UAV access deployment 
algorithm based on improved virtual force model 

coverage and prevents UAV collision. 
3. 3. 1 Perceived force 
As shown in Fig. 4, first, at the initial time t0, the UAV will perceive all UEs within the range 
of Rs-ε from itself, and record the numbers of these UEs. Assume that the sensing cycle, the 
sum number of UEs, and the sum of vectors that are directed from the UAV to these UEs can 
be denoted as Tc, ms1, and S1 respectively. Second, not only the number of UEs which are in 
the sensing range of UAV and recorded in the last cycle will be calculated every sensing cycle, 
but ms1 and S1 will be updated. Let the number of UEs and the sum of vectors that are directed 
from itself to these UEs be ms2 and S2, respectively. 

Let a1 be the perceptual force parameter, the perceived force sF
→

 of the UAV subject to the 
UE movement trend direction can be obtained by (27): 

1
1

.s
s

F a
m

→

= ×
S

                                                                           (27)  

where S is the sum of S1 and S2 which is shown in Fig. 4. 

 
Fig. 4. Schematic representation of the perceived force. 

Algorithm 2 The perceived force calculation algorithm 
Requirement: Tmax, Tc and n 
1.  For each UAV 
2.      UAV perceives all UEs within the range of Rs-ε 
3.      UAV records ms1, S1, and the perceived UE's number 
4.  End for 
5.  While t <Tmax 

6.      For t =1+Tc: Tc: Tmax  

7.          For each UAV 
8.              UAV senses all UEs recorded before Tc within the range of Rs 
9.              UAV records ms2, S2 and calculates S 
10.            UAV calculate the perceived force according to (27) 
11.        End for 
12.        For each UAV 
13.            UAV perceives all UEs within the range of Rs-ε 
14.            UAV records ms1, S1, and the perceived UE's number 
15.        End for 
16.     End for 
17. End while 
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3. 3. 2  Attractive force 
As shown in Fig. 5, The UAV perceives all UEs within the range of Rs from itself, and the 
number of UEs is recorded as ms2, the sum of vectors that are directed from the UAV to these 
UEs can be denoted as S3. The attractive forces of UAV by UEi can be obtained through (28): 

2
2

i
a

s

F a
m

→

= × 3S

 
                                                               (28) 

where a2 is the attractive forces parameter. 

           
Fig. 5. Schematic representation of                  Fig. 6. Schematic representation of the  

the attraction forces                                               repulsive force. 

3. 3. 3 The repulsive force  
As shown in Fig. 6, the Ropt is assumed to be a safe distance between the two UAVs. a3 is the 
repulsion parameter, and the UAV senses itself with all the UAVs within the range of  Rs. For 
a UAV with a spacing less than Rs, assuming the UAV direction vector d, the UAVi pulsion 

j
cF
→

 can be computed by (29): 
 

3 1 ( )
.

0 (

opt
optj

c

opt

R
a R

F

R

→
  

− ⋅ <    =   
 ≤

d d
d d

d）

                                                    

(29)

 
3. 3. 4 Transformation of virtual force to speed 
Since the speed of UAV is limited, we map the virtual force received by the UAV to a speed 
value according to the method of [16], assuming that the maximum value of the speed of UAV 

is Vmax, the virtual force received by the UAV at a certain time is F
→

, then the flight speed of 
the UAV v can be obtained by formula (30): 

 
max

2arctan( ) .FF V
Fπ

→
→

→
= × × ×v

                                                      
(30) 
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3. 4 U-MVFS algorithm 
Considering that the repulsive force to ensure the distance between UAVs must be large, and 
the UAV is extremely sensitive to the movement trend of UE, which will be greatly reduced 
by the traditional virtual force combined with the resultant force. 

3. 4. 1 Multi-virtual force time-sharing 

To deal with the above situation, the idea of multi-virtual force time-sharing is proposed. As 
shown in Fig. 7, the maximum service duration of the UAV and the duration of each motion 
cycle are set to be Tmax and T, respectively.  Then, each motion cycle is equally divided into n 
segments on average, and the time interval allocation of all UAVs is kept synchronized. The 
first time segment of each motion cycle is assigned to perceived force which is calculated by 
the UAV. The second and the third segments are assigned to the repulsive force and attractive 
force, respectively. For the remaining unallocated segments, the UAV will not calculate the 
virtual force, and will only be relatively stationary with the ground to provide services for UEs.  

 
Fig. 7. Schematic diagram of the time interval division. 

 
The application of the multi-virtual force time-sharing UAV motion algorithm aims to 

reduce the impact of repulsion on perception. In the case that the ability of the UAV to sense 
the trend of the UE is improved, the energy consumption of UAV movement can be reduced 
by enlarging T and n to some extent. 

 
Algorithm 3 UAV motion algorithm based on U-MVFS 
Requirement: Tmax, T and Tn 
1.  For t1=1:Tmax/T 
2.      For t2=1:Tn 
3.          If UAV in the perceptual force corresponding to the time interval do 
4.              Calculate the perceived force of UAV according to(27) 
5.              Calculate the UAV speed and update the position according to (30) 
6.          Elseif UAV in the attraction corresponds to the time interval do 
7.              Calculate the attractive force of UAV attractive forces according to (28) 
8.              Calculate the UAV speed and update the position according to (30) 
9.          Elseif UAV is in the corresponding time interval do 
10.            Calculate the repulsive force of UAV according to (29) 
11.            Calculate the UAV speed and update the position according to (30) 
12.        Else 
13.            The UAV remains stationary and suspended 
14.        End if 
15.    End for 
16. End for 
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3. 4. 2 Dormant judgment of UAV 
In the process of serving the UEs, the UAV will try to offload all the connected UEs to the 
ground BS. If the UEs is successfully uninstalled, the UAV will enter the dormant state, and 
the dormant UAV will return to the UAV center. Otherwise, the UEs cannot be uninstalled 
completely and the UAV will continue to work.  

4. Results and analysis 
In this section, we consider that the UEs are distributed in a 4000 m×4000 m region, and the 
walking speed of the UE is Vp. The algorithm is used the MATLAB tool to analyze the 
performance. We consider different deployment scenarios, and the simulation parameters are 
shown in Table 2.  
 

Table 2. Simulation parameters 
Parameters Value 

α 9. 6 
β 0. 28 
f0 2 GHz 
ηLoS 1 dB 
ηNLos 20 dB 
σ2 -140 dBm 
Λr -5 dB 
Rs 500 m 
Ropt 230 m 
Mu 40 
Mf 40 
ph 43 dBm 
pf 46 dBm 
Imax 200 
ε 10 m 
Tmax 2000 s 
a1 2 
a2 0. 2 
a3 1000 
Vmax 10 m/s 
hu 100 m 
h0 0 m 
vp 1 m/s 
T 10 s 
n 10 

 
The main evaluation index for the performance of the UAV access deployment algorithm is 

the service rate of UEs in the area. To have an assurance of the accuracy of the conclusion, the 
following results are obtained by taking the average value of multiple simulations.  

First, the deployment performance of the U-AHHO algorithm is studied. In this paper, three 
hotspot clusters with different radius and different number of people are generated in the target 
area. The total number of people in the area and the number of available UAVs is set to be 400 
and 10, respectively. With the deployment of the U-AHHO algorithm, the deployment location 
can be shown in Fig. 8.  
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(a)                                                                         (b) 

Fig. 8.  The UE distribution map. (a)before deployment of the U-AHHO algorithm. (b)after 
deployment of the U-AHHO algorithm. 

 
Fig. 8 shows that after the target area is deployed with the U-AHHO algorithm, In Fig. 8 

(b), UAVs are uniformly and reasonably deployed in hotspots. More UAVs are deployed in 
hot spots with larger UEs clusters, fewer UAVs are deployed in hot spots with smaller UEs 
clusters and UAVs will not be deployed in areas without UEs. To further reflect the superiority 
of U-AHHO algorithm, we compare it with the greedy-grid algorithm, in which the grid points 
at different distance intervals will be calculated and a group of grid points covering a larger 
number of UEs will be selected as the UAV deployment point. The comparison index is the 
service rate of UEs. The result is shown in Fig. 9.  

 
Fig. 9. service rate of UEs with different deployment algorithms. 

As can be seen from Fig. 9, when there are 400 UEs in the hotspot, and the number of input 
UAVs is variable. Compared with the greedy-grid algorithm of 200 m, 300 m, 400 m, 500 m, 
600 m, 700 m and 800 m, the effect of the U-AHHO algorithm is more stable. A higher service 
rate of UEs can be maintained when the number of UAVs varies. The deployment with the 
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greedy-grid algorithm is more random. When the grid points happen to be in a dense area of 
UEs, it will bring a higher service rate of UEs. For example, the UE service rate of the 500 m 
greedy-grid algorithm when 5 UAVs are deployed in Fig. 9 is better than the U-AHHO 
algorithm, but the overall effect of the 500 m greedy-grid algorithm is inferior to the U-AHHO 
algorithm and the 700 m greedy-grid algorithm. However, to reflect the overall effect of the 
scheme more clearly, this paper uses the average service rate of UEs as the indicator. The 
result is shown in Fig. 10.  

 

   Fig. 10. Average service rate of UE with different deployment algorithms. 
 

From Fig. 10, compared with the greedy-grid algorithm of 200 m, 300 m, 400 m, 500 m, 
600 m, 700 m, and 800 m, the average service rate of UEs with the U-AHHO algorithm 
increases by 35.3%, 17.5%, 8.2%, 3.7%, 6.3%, 2.6%, and 5.6%, respectively. More 
importantly, compared with the greedy-grid algorithm, which is greatly affected by grid 
spacing, and UE distribution, the U-AHHO algorithm has strong adaptability to various UE 
distributions, making it more suitable for solving practical problems in complex UE 
distribution states in scenarios.  

To explore the service effect of the UP-VFIM and U-MVFS algorithms on UEs in hotspot 
areas, we consider the case that different numbers of UEs from three hotspots form a larger 
hotspot. The distribution of ground base stations is shown in Fig. 11. In the process of hotspot 
moving, the average service rate of UEs in the target area varies with the number of UEs under 
different algorithm applications as shown in Fig. 12. The following results are all pre-deployed 
with the U-AHHO algorithm.  
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  Fig. 11. Distribution diagram of the ground base stations in the target area. 

 
Fig. 12. Average service rate of UEs with different numbers of UEs (vp=2m/s). 

 
Fig. 12 simulates the improvement effect of various algorithms in the average UE service 

rate during UE movement in the target area under different numbers of UEs. The result shows 
that, when the number of UEs is 100, the ground base station can well serve UEs in hotspot 
areas, so the effect of various algorithms is no different. As the number of UEs increases, the 
ground base stations are gradually overloaded. At this time, UAVs begin to play a role in 
relieving the pressure on the ground network. As shown in Fig. 12, compared with other 
algorithms, U-AHHO with UP-VFIM and U-MVFS algorithm are more effective in improving 
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the overload situation of ground base stations. Compared with U-AHHO, U-AHHO with 
traditional virtual force model, U-AHHO with U-MVFS, and U-AHHO with UP-VFIM has 
an average improvement of 67. 9%, 42. 6%, 33. 7% and 34. 5%, respectively. As shown in 
Fig. 12, the inflection point appears when the number of UEs reaches 300 in the scheme using 
the UP-VFIM algorithm, indicating that if the number of UEs reaches a high level, UAV can 
use UP-VFIM to sense the movement trend of the UE and effectively follow the hotspot 
movement. In this way, the pressure on the ground network in the region is relieved to a great 
extent.  The improvement trend of using UP-VFIM and U-MVFS algorithm at the same time 
is more obvious, which means that with the help of the U-MVFS algorithm, UAV can be more 
sensitive to the moving trend of UE. 

To better explore the performance of the U-MVFS algorithm, without considering the 
ground base station, it is assumed that 500 UEs from three hotspots form a larger hotspot. 
Taking the speed of UEs as a variable, the sensitivities of different algorithms to UE movement 
are explored, as shown in Fig. 13.  

.  
Fig. 13. Average service rate of UEs with different speeds of UEs. (The number of UEs is 500). 

 
In Fig. 13, when the UE in the target area moves at a higher speed, the average UE service 

rate for the target area is reduced by different algorithms. However, using UP-VFIM and U-
MVFS algorithm at the same time decreases the average service rate of UEs more slowly than 
other algorithms. This shows that the simultaneous use of UP-VFIM and U-MVFS algorithms 
enables UAVs to follow effectively when facing UEs moving at higher speeds. U-AHHO with 
UP-VFIM and U-MVFS algorithm compared with U-AHHO, U-AHHO with traditional 
virtual force model, U-AHHO with U-MVFS, and U-AHHO with UP-VFIM improved in 
average by 43.62%, 20.26%, 9.82%, and 14.38%, respectively.  

In addition, the effect of using UP-VFIM and U-MVFS algorithm at the same time is better 
than only using UP-VFIM, and the effect of using only UP-VFIM is better than using only the 
U-MVFS algorithm. It is verified that U-MVFS is based on UP-VFIM. UAV can perceive the 
moving trend of UEs, while U-MVFS further improves the ability of UAV to perceive the 
moving trend of UEs. The reason why only U-MVFS is slightly better than traditional virtual 
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force is that U-MVFS only improves the anti-interference ability of the attractive force of UEs 
to UAV in traditional virtual force, but the attractive force of UEs to UAV contributes to the 
tracking movement of UAVs which is much smaller than the perception in UP-VFIM, so the 
effect is minimal. 

5. Conclusion and Future Work 

This paper proposes a solution to deploy multiple UAVs to assist the ground network to serve 
UEs and optimizes the deployment and mobility of UAVs to reduce the amount of required 
UAVs. The contributions of this paper are mainly divided into three parts: 1) Pre-deploy UAVs 
in hotspot areas by applying the U-AHHO algorithm. 2) Establish the model of UP-VFIM to 
ensure that UAV can follow hotspot UE and prevent the collision. 3) Propose the algorithm of 
U-MVFS, to ensure that the UAV can follow the hotspot UE more effectively. Simulation 
results shows the average service rate of UEs of the U-AHHO algorithm is increased by 2.6% 
to 35.3% on average, comparing with the greedy-grid algorithm with different spacing. 
Comparing with the baseline scheme, applying the UP-VFIM and U-MVFS algorithms at the 
same time increases the average of 34.5% to 67.9% and 9.82% to 43.62% under different UE 
numbers and moving speeds, respectively. 

In the network considered in this algorithm, UAVs are at the same height, but in practical 
application scenarios, the flying height of UAVs has a certain relationship with the coverage 
area, which will further increase the complexity of the algorithm. Therefore, further research 
can be carried out on the UAV deployment and tracking motion algorithms in 3D space.  
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