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ABSTRACT: With the increasing deployment of Unmanned Aerial Vehicle-Hangar (UAV-H) clusters in dynamic
environments such as disaster response and precision agriculture, existing networking schemes often struggle with
adaptability to complex scenarios, while traditional Vertical Handoff (VHO) algorithms fail to fully address the unique
challenges of UAV-H systems, including high-speed mobility and limited computational resources. To bridge this
gap, this paper proposes a heterogeneous network architecture integrating 5th Generation Mobile Communication
Technology (5G) cellular networks and self-organizing mesh networks for UAV-H clusters, accompanied by a novel
VHO algorithm. The proposed algorithm leverages Multi-Attribute Decision-Making (MADM) theory combined with
Genetic Algorithm (GA) optimization, incorporating edge computing to enable real-time decision-making and offload
computational tasks efficiently. By constructing a utility function through attribute and weight matrices, the algorithm
ensures UAV-H clusters dynamically select the optimal network access with the highest utility value. Simulation results
demonstrate that the proposed method reduces network handoff times by 26.13% compared to the Decision Tree
VHO (DT-VHO), effectively mitigating the ping-pong effect, and enhancing total system throughput by 19.99% under
the same conditions. In terms of handoff delay, it outperforms the Artificial Neural Network VHO (ANN-VHO),
significantly improving the Quality of Service (QoS). Finally, real-world hardware platform experiments validate the
algorithm’s feasibility and superior performance in practical UAV-H cluster operations. This work provides a robust
solution for seamless network connectivity in high-mobility UAV clusters, offering critical support for emerging
applications requiring reliable and efficient wireless communication.

KEYWORDS: Vertical handoff; heterogeneous networks; genetic algorithm; multiple-attribute decision-making;
unmanned aerial vehicle; edge computing

1 Introduction

1.1 Context and Rationale
UAV-H clusters have begun to be used in fields such as power inspection, fire monitoring, and emer-

gency search and rescue. The net-connected UAV-H cluster, as an essential aid to agricultural development,
is particularly suited to the current state of agricultural economic development [1]. The new agrarian
production mode of cluster operation based on the crop growth model has been applied. UAV was used
as a low-altitude monitoring subject to accurately detect the crop growth situation and implement targeted
precision plant protection operations. As a ground platform, the Hangar is used to cluster and coordinate
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the UAVs, so as to complete the all-around monitoring and operation of crops on a larger scale. The UAV-H
cluster operation requires stable and reliable wireless communication between terminal devices. Therefore,
it presents a new challenge to the wireless communication of the UAV-H cluster.

The 5G networks boast extensive coverage, high-capacity data transmission, and rapid transfer speeds,
which can adequately satisfy the networking demands of a greater number of devices [2]. Consequently,
the 5G networks are well-suited to fulfilling the cluster operational networks requirements of UAV-H [3].
The self-organizing wireless mesh networks are a significant communication method for UAV-H clusters,
characterized by their lightweight nature, high stability, strong anti-dry ability, and long transmission
distance [4]. Murat Bakirci proposed a novel swarm UAV system by compiling the decentralized approach
of the Ad Hoc UAV Network into the proposed system [5]. Selecting the routing protocol for the proposed
system has resulted in more efficient data transmission, achieved through the minimization of unnecessary
broadcasting and reduced network congestion.

However, in the agricultural field environment, the UAV-H operates in a harsher environment with a
wider working range, and it is challenging to meet the communication needs of the UAV-H cluster by using
any single communication network and networking protocol [6]. If the UAV is in a weak signal area for a long
time, it will significantly affect the business efficiency, and may even cause the loss of contact, which will lead
to more serious consequences. Heterogeneous communication networks have become a research hotspot
in the field of UAV-H cluster communication. Heterogeneous communication networks combine different
communication networks, and the communication links of varying communication networks can give full
play to their strengths [7]. The dual-link heterogeneous communication networks integrating 5G cloud
communication networks and self-organizing wireless mesh networks are applied to the UAV-H cluster,
which can well meet the actual communication requirements of the cluster. In heterogeneous networks,
UAV-H selects the best access networks, resulting in the concept of Always Best Connected (ABC) [8,9].
In the context of heterogeneous network environments, UAV-H frequently undergoes network handoff,
which poses a significant challenge to the handoff problem between heterogeneous networks. VHO assists
UAV-H in selecting the optimal network access, thereby ensuring a better guarantee of QoS. Inaccurate
VHO judgment has been shown to cause the terminal to switch back and forth between multiple networks,
resulting in the ping-pong effect [10]. However, the existing VHO algorithm uses a single index and its
performance lags. Alternatively, it combines AI technology while obtaining powerful performance, but it also
causes extremely high delay and computing resource overhead, which makes it challenging to apply to UAV-
H clusters that are sensitive to delay and computing overhead. Therefore, it is worthwhile to design an efficient
and accurate VHO algorithm to reduce the ping-pong effect, improve the utilization of system resources,
and guarantee the QoS of high-speed UAVs in heterogeneous networks in UAV-H cluster heterogeneous
networks systems.

1.2 Major Contribution of this Paper
In this study, a heterogeneous network architecture and the corresponding VHO algorithm for the UAV-

H cluster are proposed. The main contributions are as follows:

(1) A heterogeneous network architecture for UAV-H cluster combining 5G networks with self-organizing
mesh networks. The heterogeneous network architecture is based on the technical logic of edge
computing so that the UAV-H cluster can maintain excellent network connectivity in complex envi-
ronments.

(2) A VHO algorithm for the proposed heterogeneous network architecture. The VHO algorithm is
predicated on MADM theory and establishes an attribute matrix for the five networks’ attributes of
RSS, channel capacity, delay, packet loss rate, and cost. It also establishes an initial weight matrix
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for the five attributes based on the AHP method, obtains the initial weights, removes the subjective
influence of the AHP to get the optimal weights based on GA optimization, and establishes the
network utility function by using the attribute matrix and the weight matrix to enable UAV-H always to
choose to access the networks with the best utility function. The algorithm has excellent performance,
moderate computational complexity, and handoff delay, and computational overhead can be kept in
an ideal range.

(3) The proposed algorithm is subjected to effectiveness experiments, network handoff count comparison
experiments with RSS-based VHO and DT-VHO, as well as a comparison of the total system through-
put and ping-pong handoff probabilities of these algorithms. The proposed algorithm is experimentally
compared with RSS-based VHO and ANN-VHO for average handoff delay. The experimental results
demonstrate that the proposed method has superior performance, effectively reducing the ping-pong
effect, and has a better handoff delay performance, which significantly improves the QoS.

2 Related Work
In recent years, a significant number of VHO algorithms have been proposed in the literature. These

VHO algorithms can be roughly divided into three categories: traditional class, MADM class, and Artificial
Intelligence (AI) class.

Traditional class. In a previous study, Chiussi et al. proposed a traditional Received Signal Strength
(RSS) based VHO algorithm. This algorithm uses RSS as a decision parameter [11]. Xie et al. refined the RSS
threshold-based algorithm on this basis [12]. The algorithm is characterized by its simplicity in design and
low complexity. However, its implementation in today’s more complex heterogeneous networks has proven
challenging, and it is unable to mitigate the ping-pong effect effectively.

MADM class. Vulic et al. proposed a heterogeneous model for multiple networks, where the handoff
process is based on the well-proven control mechanisms and protocols of the Universal Mobile Telecommu-
nications System (UMTS) [13]. Shao and Li proposed a broadcast mechanism based on MADM theory to
prevent network congestion caused by group switching, to solve the problem of network congestion caused
by group handoff [14]. Wang et al. proposed a self-selecting multi-attribute algorithm based on Decision
Tree (DT). This algorithm is efficacious in improving user QoS and reducing handoff times [15]. Ma et al.
proposed a robust VHO algorithm based on Decision Tree (DT-VHO). This pioneering algorithm uses
Kalman filtering and combines the respective noise deviation to make a more accurate network attribute
estimation. Furthermore, it improves the accuracy of algorithmic judgment through secondary detection,
which improves the handoff judgment accuracy and the total network throughput [16]. Jahangeer et al.
proposed a Hybrid Cat Swarm Optimization Algorithm for vertical handoff in heterogeneous networks
and proved that it has better performance [17]. Goudarzi et al. formulated the VHO decision problem as
a Markov decision process, with the objective being to maximize the expected total return and minimize
the average number of handoffs. Subsequently, an improved GA and simulated annealing were introduced
to obtain a set of optimal decisions, which can effectively reduce the computation time and guarantee user
QoS [18]. The performance of these algorithms is significantly better than that of traditional algorithms, and
the computational overhead is not high, so they are suitable for UAV-H clusters that are sensitive to handoff
delay and computational overhead.

AI class. Some authors have investigated a multi-attribute intelligent VHO algorithm based on fuzzy
logic and Artificial Neural Networks (ANN) [19–22], such as combining Kalman filters with a fuzzy logic
algorithm to propose an improved VHO algorithm [19]. Or a neural network-based algorithm that improves
the ability to adapt to network variability [20]. In [21], the authors consider the Quality of Experience (QoE)
in the VHO algorithm. The authors in [22] proposed a VHO algorithm based on Q-learning. The algorithm
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proposes an RNN-based QoE evaluation mechanism, which further improves the QoE. Frometa Fonseca
et al. proposed a Prediction-model-assisted reinforcement learning algorithm for handover decision-making
in hybrid networks. They designed a classification model to predict the type of user’s trajectory and assist a
Reinforcement Learning (RL) algorithm to make handover decisions that are automatically adapted to new
network conditions [23]. Ke et al. proposed an adaptive handoff algorithm for user trajectory prediction
based on an improved hidden Markov model. The proposed algorithm can effectively reduce the number
of handoffs during fast walking [24]. The algorithms above possess considerable data processing capabilities
and excellent performance; however, their complexity renders them unsuitable for utilization in UAV devices
with limited computational resources.

These three types of algorithms have their own advantages and disadvantages. Considering the cur-
rent development status and actual needs of the UAV-H cluster, the MADM VHO algorithm is still the
mainstream choice of the UAV-H cluster.

3 Materials and Methods

3.1 Network Architecture and Algorithm Overview
The heterogeneous network architecture proposed in this paper is illustrated in Fig. 1. The 5G Base

Station (BS) is deployed on the ground, and both the UAVs and the Hangar equipment are equipped with
5G modules and self-organizing mesh network modules. The Hangar is an intelligent, mobile and networked
hangar, which has the function of deploying the UAV cluster control center. It can carry the UAV cluster to
the operation site and control the UAV cluster to perform relevant tasks through the network. In areas where
the 5G signal is strong, the UAVs and the Hangar device are connected to the 5G networks via a 5G BS and
communicate using the 5G networks. In areas where the signal is weak, the UAVs use the self-organizing
mesh networks to communicate with other UAVs.

Figure 1: The heterogeneous network architecture

The heterogeneous network architecture is based on the technical logic of edge computing: “close to
the terminal, real-time processing, elastic collaboration”. Both UAV and Hangar devices can be connected
to the cloud server through 5G network. The Hangar is used as a region-level edge server to carry the
unified control function of the cluster system. Offload the weight optimization calculations from UAVs,
which have limited CPU. The Hangar equipment will be more responsible for complex computing tasks.
The UAV is used as an end node to deploy the VHO algorithm, forming a “cloud-edge-end” collaborative
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distributed computing architecture. Through the marginal deployment of computing nodes, the local real-
time processing of network handover decisions in the high-speed mobile scenario of UAV was realized. The
distributed characteristics of the Mesh network and the heterogeneous integration of 5G network were used
to complete data localized forwarding on the edge side. This architecture is a typical application form of edge
computing in mobile heterogeneous network scenarios.

The overall steps of the proposed algorithm in this paper are as follows:

(1) Capture the network’s attribute values in the current environment. These include RSS, channel
bandwidth, interference signal power, noise power, packet loss rate, transmission delay, etc.

(2) The calculated RSS value is compared with the preset threshold value, and the networks with RSS values
lower than the threshold value are identified as invalid networks to judge the existence of one network
or more networks in the current environment.

(3) If only one network exists, this network is selected; if more than one network exists, the values of each
attribute are first listed and normalized as an initial attribute matrix, after which the initial weights of
the multi-attribute parameters of each network are calculated using AHP.

(4) Optimize the initial weights based on GA to get the best weights after optimization.
(5) Combining the optimal weights and the network’s revenue function, the network’s revenue value of

each network is calculated, the residence time is dynamically adjusted according to the objective
function, and the decision of whether to execute handoff is made.

Fig. 2 is the overall flowchart of the algorithm.

Figure 2: The overall flowchart of the algorithm
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3.2 Analytic Hierarchy Process
The MADM used in this paper uses five network attributes, which are RSS, channel capacity, transmis-

sion delay, packet loss rate, and cost overhead. Cost overhead is the cost generated by the unit traffic usage of
the networks. The five networks attribute values are denoted as b ji , j = 1, 2 represent 5G networks and mesh
networks, respectively, and i = 1, 2, 3, 4, 5 represent the five networks attribute values, respectively.

Accordingly, the initial attribute matrix B is constructed as shown in Eq. (1):

B2×5 = [
b11
b21

b12
b22

b13
b23

b14
b24

b15
b25

] (1)

Among the five network attributes, RSS and channel capacity are benefit attributes, i.e., the larger the
value of the attribute, the more favorable it is; delay, packet loss rate, and overhead are cost attributes, i.e., the
smaller the value of the attribute, the more favorable it is. Since the attributes are of different types, they need
to be normalized. Since RSS values are generally negative, they are normalized using the reciprocal method.
The matrix element b ji is normalized to obtain r ji , as shown in Eq. (2):

r ji =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

max j b ji

b ji
i = 1

b ji

max j b ji
i = 2

min j b ji

b ji
i = 3, 4, 5

(2)

The normalized attribute matrix R is then obtained:

R2×5 = [ r11
r21

r12
r22

r13
r23

r14
r24

r15
r25

] (3)

The normalized values will be used for subsequent utility function calculation and optimization.
The AHP is a well-established multi-attribute weighting algorithm. The AHP is a systematic, simple,

flexible, and effective decision-making method that decomposes the elements related to decision-making
into multiple levels and carries out qualitative and quantitative analysis on the basis of these levels. The AHP
first constructs a hierarchical evaluation model for the VHO problem, identifying the target, attribute, and
scenario layers for handoff decisions. The constructed model is shown in Fig. 3.

Figure 3: Hierarchical evaluation model

First, the initial weights of the five network attributes need to be given, which are given by combining
the actual network requirements and experience. The initial weight matrix A is listed using a nine-level scale
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as follows:

A5×5 =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

a11 a12 a13 a14 a15
a21 a22 a23 a24 a25
a31 a32 a33 a34 a35
a41 a42 a43 a44 a45
a51 a52 a53 a54 a55

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(4)

The value of ai j is shown as follows:

ai j = {
1 i = j
n i ≠ j , (5)

or

ai j =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

1 i = j

1
n

i ≠ j
, (6)

where the value of n can be taken as 1 to 9 and their respective reciprocals.
The weights of each networks attribute are calculated and normalized to obtain the weight vector wi0:

wi0 =
wi

∑5
j=1 w j

, (7)

where wi is equal to:

wi = 5

�
����

5
∏
j=1

ai j (8)

After finding the weights, the maximum characteristic root λm is calculated as follows:

λm = 1
5

5
∑
i=1

(Aw)i0
wi0

(9)

Afterward, the matrix needs to be tested for consistency to determine if there are logical problems with
the constructed matrix and to ensure the validity of the resulting weights. The consistency test method is as
follows:

CR = CI
RI

, (10)

where CR is the consistency ratio. RI is the average random consistency index, usually taken as 1.11. CI is the
consistency index, calculated as follows:

CI = λm − 5
5 − 1

(11)

When CR is less than 0.1, it indicates that the degree of consistency of the matrix is considered to be
within tolerance, i.e., the test results satisfy the consistency requirement.
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At this point, the initial weights of the five attributes of the candidate networks are obtained wio ,
and deriving utility functions for both networks Fj is also a possibility. This function will be used in the
subsequent GA optimization to calculate the objective function and fitness function. j = 1, 2 representing the
5G networks and mesh networks, respectively. The linear weighted sum method is used to calculate Fj. The
formula is as follows:

Fj =
5
∑
i=1

r jiwi0 (12)

3.3 Genetic Algorithm
In the aforementioned steps, the initial weights of the five attributes are obtained by AHP. However, AHP

is highly dependent on the judgment of decision-makers or experts, which can lead to a deviation in results
when the judgment of decision-makers is overly influenced by their subjective preferences or knowledge
limitations, thereby producing a distortion of the objective laws. GA has been developed to address these
limitations by optimizing the judgment matrix of AHP. These algorithms simulate the natural selection and
evolution process to enhance the stability and reliability of the decision-making results.

Prior to implementing a GA optimization process, it is imperative to establish the optimization objective
function. In scenarios where the disparity in utility value between two networks is pronounced, the networks
with the superior utility can be identified. Consequently, the efficacy of the judgment is maximized. The
optimization objective function, designated as Fit is to be configured in the following manner:

Fit = ∣F1 − F2∣ (13)

where F1 and F2 are the utility functions for 5G networks and mesh networks, respectively.
The GA used in this paper to optimize the weights is as follows:

(1) Initialize the population P as well as various initial parameters, including crossover rate Pc , mutation
rate Pm , Maximum Generation (MAXGEN), etc., Generation (GEN) is set to 1.

(2) Calculate the individual j fitness f j. In order to obtain the maximum value of the objective function,
the fitness function is equivalent to the objective function. It is shown below:

f j = Fit ( j) (14)

(3) Selection operation. Selection of good individuals from the population for crossover and mutation.
Selection is carried out using roulette, a selection strategy based on fitness proportions, and the
probability p j that individual j is selected is given by the following formula:

p j =
f j

N
∑
i=1

fi

(15)

(4) New individuals were generated by the crossover operation with a crossover rate Pc , and those without
the crossover operation were directly copied to the next generation. New individuals are generated by
the mutation rate Pm .

(5) New individuals are added to the population P and the fitness function of the new individuals
is calculated.

(6) If the algorithm is not complete, go to step 3 to continue the iteration. When done, print the result.
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Fig. 4 shows the overall flow chart of GA optimization.

Figure 4: The overall flow chart of GA optimization

After optimizing the five networks’ attribute weights wio by GA, the final optimized weights wi and the
final network’s utility function Fj are finally obtained. This utility function is used to select the network. The
formula is as follows:

Fj =
5
∑
i=1

r jiwi (16)

3.4 Channel Model
In the mobile communication environment, the waves encounter obstacles such as undulating hills,

buildings, and vegetation in the propagation path, which form the shadow area of the waves, resulting in the
slow fluctuation of the median value of the signal field strength with the change of position, resulting in the
fading of the signal strength. This phenomenon is called the shadowing effect, and the resulting fading is
also called shadow fading. Shadow fading is usually represented by a shadow fading factor (dB) that follows
a normal distribution. As shown in Eq. (18).

Xσ ∼ N (0, σ 2) , (17)

where N (0, σ 2) represents a normal distribution with mean 0 and standard deviation. The standard
deviation of shadow fading in dB, and its value depends on the propagation environment.
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The Probability Density Function (PDF) of shadow fading is defined as the probability that a certain
shadow fading value (dB) occurs. The formula is as follows:

f (x) = 1
σ
√

2π
exp(− x2

2σ 2 ) (18)

The path loss L1 (dB) in free space is shown below:

L1 (dB) = 32.44 + 20 lg (d) + 20 lg ( f ) (19)

where d is the transmission distance and f is the carrier frequency.
When the terminal device is moving, the amplitude of the signal has a rapid and random variation

within a few wavelengths, which is called fast fading. In this paper, the Jakes model is used to simulate the
multipath decline channel, and the Doppler effect caused by a strong Line-of-Sight (LoS) propagation path
signal is combined. The arrival direction Angle of the multipath signal is different. Suppose there are N0
paths, the phase βn of each path is randomly generated at [0, 2π], and the direction Angle αn of each path is
obtained by the following formula:

αn =
π

N0
⋅ n, n = 1, 2, ⋅ ⋅ ⋅ , N0 (20)

After that, the maximum Doppler shift fm and the Doppler shift fn for each multipath are derived as
follows:

fm = v f
c

, (21)

fn = fm ⋅ cos (αn) , (22)

where v is the relative velocity of the terminal device with respect to the base station, f is the carrier signal
frequency, and c is the speed of light.

The multipath signal component and the LoS propagation signal component constitute the in-phase
component Tc (t), which is calculated as follows:

Tc (t) = 2√
N
[

N0

∑
n=1

2 cos (2π fn t) cos (βn) +
√

2 cos (2π fm t) cos (βN0+1)] (23)

The quadrature component Ts (t) is orthogonal to the in-phase component Tc (t) and is calculated as
follows:

Ts (t) = 2√
N
[

N0

∑
n=1

2 sin (2π fn t) sin (βn) +
√

2 sin (2π fm t) sin (βN0+1)] (24)

The fast-fading signal response amplitude R (t) is given by the in-phase component Tc (t) and the
quadrature component Ts (t):

R (t) =
√

Tc
2 (t) + T2

s (t) (25)
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Based on the above, the fast-fading signal L2 (dB) can be calculated as follows:

L2 (dB) = 10 lg [ 1
N

N
∑
i=1

R2
t (i)] (26)

Ultimately, the RSS value Pr can be obtained as:

Pr = Pt − L1 − L2 − Xσ (27)

where Pt is the TX power.
The RSS is calculated by the above formula and will be used for the calculation in the subsequent sim-

ulation.
The channel capacity C under ideal conditions can be calculated according to Shannon’s Formula:

C = B log2 (1 + Υ) , (28)

where B is the channel bandwidth and Υ is the Signal to Interference plus Noise Ratio (SINR). The SINR is
obtained from the useful RSS Pr , interference power I, and noise power N0. The calculation formula is given
below.

Υ = Pr

I + N0
(29)

When the user is connected to a BS, the signals of other BSs belong to interference signals. If there are
N BSs with interference signals, the total interference power I is calculated by the following formula.

I =
N
∑
i=1

Pr i (30)

where Pr i is the received jamming signal power of the ith interfering BS, which is calculated from the
transmitting power Pti of the interfering BS and the path loss Li . The formula is as follows.

Pr i = Pti Li
−1 (31)

The path loss Li should be calculated in linear form. The formula is as follows.

Li = (4πd f
c

)
2

(32)

Noise in wireless communication is usually thermal noise. The calculation formula is as follows.

N0 = kTB, (33)

where k is the Boltzmann constant, which is usually taken as 1.38 × 10−23 J/K, T is the thermodynamic
temperature of the environment and B is the carrier bandwidth.

The packet loss Rate can be calculated by the Bit Error Rate (BER). Considering 16 Quadrature
Amplitude Modulation (16QAM), the BER P

′

e in Additive White Gaussian Noise (AWGN) channel can be
calculated by the following formula:

P
′

e =
3
4
⋅ Q

⎛
⎝

√
4
5

Υ
⎞
⎠

(34)
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where Υ is the SNR and Q (x) is the Q-function. The Q Function measures the probability of signal decision
error under noise interference, and is defined as the Complementary Cumulative Distribution Function
(CCDF) of the standard normal distribution.

In summary, the BER under AWGN channel is obtained. However, in the fading channel, it is necessary
to combine the BER under AWGN with the PDF of the fading parameters. The BER Pe under fading channels
is given by the formula:

Pe = ∫
∞

0
P
′

e f (Υ) dΥ (35)

where f (Υ) is the PDF of SNR in fading.
Finally, the packet loss rate Pl can be calculated as follows:

Pl = 1 − (1 − Pe)N (36)

4 Results

4.1 Simulation Experiment
In order to verify the performance of the proposed algorithm, the MATLAB R2022b software is utilized

as the simulation platform to establish the simulation model. In the simulation, the Symmetric Alpha-Stable
Distribution (SαS) distribution (characteristic index α = 1.7, scale parameter γ = 0.5) is used to generate noise,
which describes impulse noise such as equipment motor interference.

Firstly, the network handoff times and total system throughput of the proposed algorithm AHP + GA
are compared with the algorithm RSS-based and DT-VHO in the same scenario. After that, the network
handoff delay of the proposed algorithm AHP + GA is compared with the algorithms RSS-based and ANN-
VHO in the same scenario. The performance of these algorithms is compared in terms of network handoff
times, system total throughput, handoff delay, and so on. The settings of the network’s attribute parameters
in the simulation are shown in Table 1. The RSS value Pr is calculated from Eq. (28). The channel capacity C
is calculated from Eq. (29).

Table 1: Network attribute parameters in the simulation

Parameters 5G Mesh
TX Power Pt 46 dBm 20 dBm

Carrier signal frequency f 3500 MHz 2400 MHz
Multipath signal N0 6 0

Bandwidth B 100 MHz 40 MHz
Number of interfering BS N 1 0

Ambient temperature T 290 K 290 K
shadow fading standard deviation σ 4 4

Delay 10 ms 20 ms
Cost 2 1
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The five networks attributes are compared two by two, and a 9-level scale is used to give a score for each
networks attribute value. The initial weight matrix A is constructed accordingly as follows:

A5×5 =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 1 2 3 9
1 1 2 3 9
1
2

1
2

1 2 7

1
3

1
3

1
2

1 7

1
9

1
9

1
7

1
7

1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(37)

According to the initial weights matrix with Eqs. (7) and (8), w10 = 0.329, w20 = 0.329, w30 = 0.190, w40
= 0.123, and w50 = 0.028. According to Eqs. (9)–(11), CR = 0.025, and consistency is passed.

After obtaining the initial weights, they initial weights are optimized using GA. Set the initial crossover
rate Pc = 0.8, which ensures that the vast majority of individuals participate in gene exchange and accelerates
the convergence of high-quality weight combinations. The mutation rate Pm is 0.05, and the low-frequency
disturbance prevents the algorithm from falling into the local optimum and the solution oscillation. The
parameter combination can well balance the convergence speed and the quality of the solution. It also
introduces an adaptation-based dynamic adjustment mechanism for the crossover rate and mutation rate.
The number of populations is set to 2000, and the number of iterations is 100. The convergence curve of
weight optimization is shown in Fig. 5. The final optimized weights are obtained as w1 = 0.298, w2 = 0.234,
w3 = 0.211, w4 = 0.191, and w5 = 0.066.

Figure 5: Curve of convergence

After the above steps, the best weights after GA optimization are obtained. After that, the effectiveness
and performance of the algorithm are verified.

The effectiveness of the algorithm proposed in this paper is first verified. Create a simulation scenario
as shown in Fig. 6. The simulation scenario is a rectangular area of 10 km × 6 km, including a UAV equipped
with a 5G module and a self-organizing mesh network module, a 5G BS, and a mesh signaling node. The
5G BS coordinates are (4, 3), and the mesh node coordinates are (7.4, 3). The initial position coordinates of
the UAV are (0.6, 3.4), and it is moving at a speed of 36 km/h to the right. The parameters of each network
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are shown in Table 1. The changes of each network utility function and the access network in this process
were recorded. The relationship between UAV access to the networks and the value of the network’s utility
function is shown in Fig. 7. The results show that the UAV can choose to access the networks with a larger
utility function, which proves the effectiveness of the proposed algorithm.

Figure 6: Effectiveness simulation scenario

Figure 7: Relationship between the access networks and the value of the network’s utility function

In order to verify the improvement of the ping-pong effect of the proposed algorithm, simulation
experiments are carried out on the UAV networks’ handoff times of the proposed AHP + GA, RSS-based,
and DT-VHO in the same scene. The simulation scenario is created as shown in Fig. 8. The scenario is a
4 km × 4 km × 4 km three-dimensional space containing three UAVs equipped with 5G modules and self-
organizing mesh network modules, navigating at a speed of 36 km/h at a set waypoint. A 5G BS is set at
coordinates (4, 0, 0). Other network parameters are shown in Table 1.

Record the access networks handoff status of UAV 1, conduct 100 handoff experiments, and calculate
the average value of handoff times for every ten times as a group. After that, a certain number of UAVs
are added to the scene and fly according to their established waypoints. Ten experiments were conducted
under each quantity, and the average number of single-experiment handoffs of UAV 1 was recorded. The
experimental results are shown in Figs. 9 and 10. The results show that the number of handoffs is 5.91 ± 0.170
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for algorithm AHP + GA, 8 ± 0.178 for algorithm DT-VHO, and 11.66 ± 0.398 for algorithm RSS-based. The
results show that when there are three UAVs, the number of handoff times of AHP+GA is reduced by 26.13%
compared with DT-VHO and 49.31% compared with RSS-based. After more UAVs are connected, AHP +
GA still maintains the lowest number of handoffs. This indicates that the proposed algorithm has relatively
lower network handoff times and significantly improves the ping-pong effect.

The ping-pong switching probability during the recorded switching process is shown in Fig. 11. The
ping-pong switching probability of algorithm AHP + GA is reduced by 34.56% compared with DT-VHO,
and is reduced by 60.16% compared with the algorithm RSS-based. AHP + GA algorithm effectively reduces
the probability of the ping-pong effect.

Figure 8: 3D simulation scenario

Figure 9: Comparison of handoff times
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Figure 10: Handoff times under different quantities

Figure 11: Comparison of ping-pong handoff probabilities

Throughput reflects the amount of data transmitted by the system per unit of time. The higher the
throughput, the higher the transmission efficiency of the system, which is an important performance
indicator of the networks. A certain number of UAVs are added to the simulation scenario shown in Fig. 8
to test the total network throughput of the three handoff algorithms with different numbers of UAVs. When
the number of accessed UAVs is less than 35, the throughput increases with the increase of UAVs, and
when the number of accessed UAVs is more than 35, the throughput increases slowly and gradually tends to
equilibrium, and the system tends to saturation. As demonstrated in Fig. 12, the total throughput of AHP +
GA is 19.99% higher than that of DT-VHO and 64.62% higher than that of RSS-based.

The handoff delay is defined as the total time spent from the initiation of handoff execution to the
completion of the handoff process. Handoff delay is an important metric for a high-speed moving UAV-H
cluster. Compare the handoff delay of AHP + GA algorithm proposed in this paper with RSS-based and
ANN-VHO. Utilizing the simulation scenario depicted in Fig. 8, the handoff delay of UAV 1 is documented,
and 100 experiments are conducted. The mean value of the handoff delay is then calculated on an aggregate
basis every ten times. The experimental results are shown in Fig. 13. The handoff delay of the RSS-based
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algorithm is 97.2 ms, the AHP+GA algorithm is 127 ms, and the ANN-VHO algorithm is 241.9 ms. Compared
with ANN-VHO, the handoff delay is reduced by 47.5%, and while the performance is significantly higher
than RSS-based, the handoff delay is only about 30 ms higher on average.

Figure 12: Comparison of total throughput

Figure 13: Comparison of handoff delay

In the process of multiple handoffs, the fluctuation degree of handoff delay is defined as handoff delay
jitter, which is a key indicator to measure the stability of the algorithm in dynamic scenarios. The CDF
analysis of handoff delay jitter provides critical insights into the stability and reliability of VHO algorithms.
As illustrated in Fig. 14, the CDF curves compare the delay distributions of three representative algorithms:
Algorithm RSS-based, with 95% of delays concentrated below 115.8 ms, and Algorithm AHP + GA, which
is 135.9 ms, reflecting good consistency. Algorithm ANN-VHO exhibits a long-tailed distribution, with 95%
of delays concentrated below 265.3 ms but a pronounced tail extending to 355.6 ms, indicating occasional
extreme jitter events.
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Figure 14: CDF curve of delay jitter

4.2 Practical Platform Experiment
The algorithm AHP + GA proposed in this paper demonstrates excellent performance in simulation

experiments. However, simulation experiments are not enough to truly show the performance of the
algorithm. Therefore, this section utilizes the Raspberry Pi as the hardware platform to conduct experiments
on the VHO algorithm. The platform consists of two Raspberry Pi, Raspberry Pi 1 as the UAV terminal
and Raspberry Pi 2 as the mesh node. As shown in Fig. 15. UAV equipment can carry a Raspberry Pi
platform for data calculation processing, algorithm operation, etc. There is no difference between the
computing performance and network capabilities of Raspberry PI and the actual flight. Therefore, the
hardware experiment platform can reflect the performance of real UAV equipment [5].

Figure 15: The hardware platform

The Raspberry Pi 1 is equipped with a 5G module, model Quectel RM500U. The 5G module drives the
Raspberry Pi to connect to the 5G network via the USB cable. The self-organizing mesh network uses the
Better Approach To Mobile Ad-Hoc Networking-Advanced (BATMAN-ADV) protocol run by the Broadcom
BCM43455 chipset built into the Raspberry Pi 4B. As shown in Fig. 16.

The experimental site is an indoor-outdoor scene in a suburban area. The performance parameters of
the received 5G network are adjusted by changing the indoor and outdoor scenarios and manually adjusting
the number of onboard antennas. Reference Signal Receiving Power (RSRP) is defined as the average value
of the received power of the cell reference signal, which is more practical. And the 5G module can directly
detect the RSRP of the current network, so RSRP is used instead of RSS in the actual experiment. After the
actual test, the RSRP and delay of 5G network are significantly different in the case of indoor and outdoor,
and with varying numbers of antennas. As shown in Table 2.
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Figure 16: Raspberry Pi 1 and 5G module

Table 2: Network parameters in different states

Outdoor 4 antennas Indoor 4 antennas Outdoor single antenna Indoor single antenna
RSRP −73 dBm −88 dBm −97 dBm −115 dBm
Delay 10 ms 19 ms 30 ms 55 ms

The experimental scene is set as an outdoor and indoor scene, with a total of 40 m of outdoor scene
and 60 m of indoor scene. The Raspberry Pi 2 (Mesh node) was set up indoors at a location 30 m from the
indoor-outdoor junction. The coordinates are (70, 20).

The algorithm’s effectiveness is first verified. Raspberry Pi 1 (UAV terminal) moves from the outdoor 40
m away from the junction at the coordinate (0, 20) to the indoor direction at the speed of 2 m/s and removes
three antennas of the 5G module at the position 10 m away from the junction at the coordinate (30, 20), only
keeps one transmitting and receiving antenna. As shown in Fig. 17.

Figure 17: Schematic of the effectiveness experiment scenario

The UAV undergoes a network switchover from the 5G network to the mesh network at the indoor
position 2 m away from the junction, the coordinates are (42, 20). The network status before and after the
handoff is recorded as shown in Tables 3 and 4. According to the data in the table, the utility function F1 of
the 5G network is greater than the utility function F2 of the Mesh network before the handoff occurs, and
the UAV is connected to the 5G network at this time. After the handoff occurs, F1 is less than F2, at which
time the UAV is connected to the mesh network. The AHP + GA algorithm has been proved to be effective.

Changing experimental scenarios to test algorithm performance. The mesh node is set outdoors at (30,
15), and the UAV terminal moves from the starting point (0, 20) 45 degrees southeast to (20, 0), then 45
degrees northeast to (40, 20), then 45 degrees northwest to (20, 40), then 45 degrees southwest to the starting
point. Finally, it moves due east to the indoor area and continues to move. As shown in Fig. 18.
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Table 3: Network parameters before handoff occurs

RSS Channel capacity Delay Loss rate Cost F j
5G −109 dBm 41 Mbps 53 ms 3% 2 0.871

Mesh −90 dBm 25 Mbps 42 ms 5% 1 0.833

Table 4: Network parameters after handoff occurs

RSS Channel capacity Delay Loss rate Cost F j
5G −110 dBm 37 Mbps 60 ms 4% 2 0.834

Mesh −87 dBm 29 Mbps 40 ms 4% 1 0.949

Figure 18: Schematic of the performance experiment scenario

The network handoff status during a single movement is recorded as shown in Table 5.

Table 5: Network handoff status

Times Handoff Location
1 5G to Mesh (13, 7)
2 Mesh to 5G (27, 33)
3 5G to Mesh (12, 20)
4 Mesh to 5G (48, 20)

The algorithm AHP + GA was compared with the algorithm RSS-based in terms of handoff times and
system throughput. Twenty experiments were performed and the average was calculated in groups of four.
The experimental results are shown in Figs. 19 and 20. The handoff times are 4.2 ± 0.245 for algorithm
AHP + GA, 4.9 ± 0.123 for algorithm DT-VHO and 8.1 ± 0.374 for algorithm RSS-based. The throughput is
119.88 ± 1.324 Mbps for algorithm AHP+GA, 105.72± 0.886 Mbps for algorithm DT-VHO and 90.28± 2.003
Mbps for algorithm RSS-based. The algorithm AHP + GA reduces the handoff times by 47.5% and increases
the throughput by 32.79% compared to the algorithm RSS-based. Compared with the algorithm DT-VHO,
the handoff times are reduced by 14.29%, and the throughput is increased by 13.36%. The results show that the
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proposed algorithm AHP + GA has significant advantages over the traditional algorithm RSS-based, which
significantly reduces the ping-pong effect and improves the total throughput of the system.

Figure 19: Comparison of handoff times

Figure 20: Comparison of throughput

The code execution time for each switch is recorded with the clock_gettime() function. This data is
taken as the handoff delay and compared. ANN-VHO algorithm has absolute objectivity, and its handoff
delay must be significantly higher than other algorithms, so it is not discussed in this part. The results are
shown in Fig. 21. The handoff delay of the algorithm DT-VHO is 168 ± 1.673 ms, the algorithm AHP + GA
is 165.4 ± 2.727 ms, 21.8% higher than that of the algorithm RSS-based (135.8 ± 2.227 ms), which is lower
than the performance improvement of the algorithm AHP + GA. The handoff delay growth is lower, but the
performance improvement is higher, which indicates that the algorithm AHP + GA is superior.
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Figure 21: Comparison of handoff delay

5 Discussion and Conclusions
In this study, a heterogeneous network architecture combining 5G cellular networks and self-organizing

mesh networks for UAV-H clusters in environments where the signal coverage of 5G networks cannot be
well guaranteed is proposed, and the VHO algorithm applicable to this network architecture is investigated.
The algorithm is based on MADM theory and AHP + GA optimization as the main body, so that UAVs
always choose the best networks to access the current network conditions. The experimental results show
that the proposed heterogeneous network architecture can be well suited for agricultural field environments
with poor 5G signal coverage. The VHO algorithm with AHP + GA optimization has a better performance
compared to the traditional algorithm, RSS-based, and DT-VHO, can effectively reduce the ping-pong effect,
improve the overall network quality, and finally get a better QoS. Compared with the ANN-VHO algorithm,
with highly complex calculations, the handoff delay is significantly reduced, which is more suitable for the
scene of high-speed movement of the UAV-H cluster. Finally, experiments are carried out on the actual
hardware platform, and the effectiveness and performance of the AHP + GA algorithm are verified again.

In a long period of time in the future, the MADM class VHO algorithm will still be the mainstream
choice of VHO algorithms for UAV-H cluster heterogeneous networks. This paper provides a new selection
of MADM class algorithms, which have superior performance and enable the UAV-H clusters to obtain better
network connectivity in heterogeneous networks.

Although the proposed method shows good performance, the actual network environment is very
complex, and noise interference, signal attenuation, and the motion state of the UAV-H cluster will all affect
the performance of the VHO algorithm. The method based on MADM does not fully consider the real-time
dynamic characteristics of the networks in the cluster networks.

With the development of heterogeneous networks, more terminal devices access heterogeneous net-
works, and the amount of data processing will expand rapidly. The current VHO algorithm based on neural
networks is good at processing a large amount of data, but it is challenging to apply to the situation of high
motion and low computing resources of the UAV-H cluster. In future research, the focus should be on how
to make the MADM method fully take into account the real-time dynamic characteristics of the networks,
and how to reduce the computational complexity of the neural networks-based VHO method so that it is
more suitable for highly dynamic UAV-H cluster networking.
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