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+e real-time monitoring and autonomous decision making through unmanned aerial vehicles (UAVs) are the potential ap-
plications of future networks. Vertical handover in future networks is a mechanism to switch communication between different
network access technologies like Wireless Local Area Network (WLAN), Worldwide Interoperability for Wireless Microwave
Access (WiMAX), +ird-Generation (3G), Fourth-Generation (4G), and Fifth-Generation (5G) mobile technologies. +ese
technologies have significant importance in providing fast, reliable, and timely communication. However, during a vertical
handover, an inadequate delay and packet loss can cause considerable disruption in maintaining communication sessions and
results in intolerable end-to-end delay, disconnectivity, and poor packet delivery ratio. +e proposed work addresses the vertical
handover method in UAVs communication by designing a relay-based vertical handover technique. +e relay UAVs is an
assistant node, requiring an organized and intelligent deployment that assists in vertical handover and communication by
minimizing the average packet loss and average delay from source to destination. Moreover, a multicriteria handover parameter
triggering is used for seamless and more extended network coverage. Extensive simulations using S-shaped and U-shaped
trajectories are designed and simulated for relay-based vertical handover performance evaluation. +e results obtained show that
our proposed relay-based handover method offers seamless connectivity and high-performance experienced during the vertical
handover process. +e extensive comparison with state-of-the-art techniques proves that the proposed method is better in terms
of 18% handover success rate, 21% end-to-end delay, and 29% packet loss.

1. Introduction

Unmanned aerial vehicles (UAVs) are considered the ad-
vanced future network technology with benefits of extensive
coverage, mobile base stations, and fast unmanned aerial
vehicles deployment with affordable cost [1]. +e broad

characteristics of UAVs extended their applicability for
various applications such as surveillance, firefighting, cargo,
emergency response, agriculture, and mobile hotspot [2–4].
With the ultimate desire to maintain a ubiquitous net-
working paradigm, UAVs need to be incorporated with
adequate intelligence to enable communication seamlessly
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and efficiently among different access technologies. How-
ever, the improved communication among UAVs is re-
stricted by a few primary challenges, such as handover and
authentication. In the existing literature [5–7], two main
techniques are highlighted for handover procedures to
change network access technology. First is horizontal
handover, in which the same type of network access tech-
nology is used to switch communication for end devices.
Additionally, horizontal handover is fast but expensive in
terms of deployment that has a limitation of short-distance
communication. +e second is the vertical handover that
addresses switching communication sessions between two
different access technologies (such as a change from WLAN
to WiMAX networks or WiMAX to WLAN networks). At
the same time, the vertical handover is experienced worst for
the fast-moving devices (e.g., vehicles, UAVs) that need
reliable communication from source to destination [8]. In
Figure 1, horizontal and vertical handovers are illustrated for
both ad hoc and centralized communication.

In ad hoc communication mode, devices can directly
communicate with each other without any access point [9].
However, in the case of fast-moving devices, it degrades the
quality of service (QoS) performance of the network in terms of
delay, bandwidth, and packet loss. In contrast, the centralized
mode of communication handles all communication through
some centralized architecture that benefits extended coverage,
while it has the disadvantage of a single point of failure. To
overcome these issues, emerging cooperative communication
can provide a promising alternative to utilize the benefits of both
modes of communication optimally for efficient communica-
tion. +e intermediate nodes between source and destination in
cooperative communication are called relays [10]. In relay node-
based communication, the relaying node overhears channel and
all signaling exchange between source and destination nodes, if
the relaying channel is high signal-to-noise ratio (SNR), then this
intermediate node is selected and deployed as relaying node.
+ese nodes have a significant role in maintaining seamless
communication between two UAVs that cannot communicate
directly due to distance, obstacle, and interference limitations.
Due to cooperative communication, two major benefits can be
achieved [11]. First is high diversity gain that results in high
throughput. Second is the extended network coverage that re-
sults in excellent network lifetime and scalability.

In the existing literature, significant attention has been
given to the handover decision algorithms [12]. +e work
presented in [13] focused on the false handover initiation and
ensured the true need for handover. In [14], the importance of
finding the exact location of the base station for an effective
handover process is emphasized to minimize failure and
increase the success rate of the handover. In [15], a handover
decision was made using velocity, network geometry, and
received signal strength indication (RSSI). Authors in [16]
highlighted that user-based location played a vital role in
decisionmaking andmaintained a database that improved the
failure rate of handover decision making. In another work
[17], delay, bandwidth, and jitter are considered for handover
decisionmaking. However, the drawback of this approach was
the absence of a specificmethod to determine the weight of the
decision metrics. Another approach using RSSI-based

handover decision is described in [18], in which cells compare
the RSS level of source and destination nodes. If the RSS level
is lower than the preset limit, then vertical handover is ini-
tiated. In [19], RSS-based vertical handover is improved by
taking additional bandwidth parameters and signal-to-noise
ratio (SNR). However, the author did not focus on false
handover and interference issues that are of prime impor-
tance. Another work [20],executed the vertical handover using
signal to interference and noise ratio (SINR). However, this
method exhibited poor performance for the seamless con-
nectivity for mobile users. +e internode distances criteria is
used in [21], in addition to RSS-based vertical handover
decision making, in which if the distance exceeds from set
threshold limit then vertical handover was initiated; however,
the false handovers and packet loss were not considered.

+e vertical handover using fuzzy logic was proposed in
[22], which results in a better user-perceived satisfaction value
called quality of experience (QoE) and enhanced battery life.
+e handover decision based in [23], a multicriteria approach
is introduced based on the Euclidean distance for decision-
making that checks for all possible ideal solutions. In these
approaches, the fuzzy logic was used to calculate the metric
values for handover decision making, further, the TOPSIS
[24] method ranked the cell weight. However, due to the
complexity of the hybrid approach, the delay increases,
leading to a higher link failure. In [25], a fuzzy analytic hi-
erarchy process approach was designed for handover decision
making. In this approach, the target base station calculates the
cost of the cell, one with a lower cell cost is

Different cooperative relaying-assisted handover
methods are discussed in the literature. For example, in [26],
a horizontal handover scheme is designed for cellular and ad
hoc relaying integration. In this approach, when a mobile
station enters an area of an overloaded cell, it maintains
connectivity using an ad hoc relaying station. Once the base
station channel gets free, the handover procedure is executed
for that mobile station. However, the drawback of this
scheme is its high delay cost that keeps the mobile station on
hold until existing users vacant the channels.

+e work presented in [27] focused on enhancing the
horizontal handover between the APs by using a relay
station that assists the mobile stations in maintaining their
connectivity at the dead ends (i.e., no overlapping AP
coverage exists). In [28], a similar approach was presented
for vertical handover from WLAN to the cellular network
with relaying node assistance to maintain the connectivity
until the cellular network has a free channel for the mobile
station. +e relaying concept is also used for device-to-
device (D2D) communication for data offloading in [29]; in
the proposed D2D approach, when a mobile station exits
from the cellular coverage, it is linked with existing cellular
servicing mobile station for data downloading till the
handover is completed that leads to improved channel
quality and network coverage. Moreover, cooperative re-
laying is also analyzed in the existing literature to minimize
the delay during the handover process. In [30], the RSSI-
based horizontal handover is introduced that acquires the
target station information from the neighbouring vehicle,
which helps in reducing handover time Internet Protocol
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(IP) address allocation. In [31], the control information of
neighbouring BS stations are relayed to a fixed boundary
relay. As a result, the mobile station timely receives the
control information that helps minimize the handover
delay and fast handover. In [32], neighbour vehicles are
used as a partner of handover operation. +e proposed
partner node assists in executing prehandover signaling.
Due to the partner node, the VANET handover delay is
minimized. However, packet loss and the handover success
rate are not analyzed. A secure vertical handover is pro-
posed [33] where a received signal strength and user
preference-based parameters are considered. Furthermore,
the communication between mobile node, mobile router,
foreign agent are secured using a lightweight secure al-
gorithm are demonstrated.

+e above-provided discussion of the existing scheme
highlights that the existing schemes does not consider the
UAV’s fast mobility and seamless handover with joint
performance and reliability parameters. As per our
knowledge, the proposed work is the first of its kind
approach for UAVs vertical handover considering high
performance and reliability. Most of the existing work
available in the literature considered the static relay model
for handover execution. However, the limitation of the
static model is it does not address the dynamic nature of
the movements of the nodes while executing vertical
handover, which is one of the important research chal-
lenges that compromise the performance of the com-
munication and results in unnecessary false handover
triggering. +e proposed vertical handover strategy
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Figure 1: Horizontal and vertical handovers conceptual model.
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integrated with cooperative networking using the dy-
namic relying model is one of the first works that truly
improves handover communication for fast-moving
UAVs communication.

In view of the above, the main focus of this research
work is to handle UAV’s vertical handover issues for
seamless connectivity and fast handover using cooperative
relay technology. +e primary contribution of the pre-
sented work is to design an intelligent relay-based vertical
handover (VHO) procedure that will have timeliness, re-
liability, and high performance. +e proposed method
consists of two phases: first is the deploying intermediate
nodes as a relay using the dynamic relay model [34]. +e
second phase deals with the handover information gath-
ering, handover decision, and execution steps for vertical
handover using the cooperative relaying technique. +e
significance of VHO method is the use of the relay node
that performs all handover procedures on behalf of the
source node that actually needs handover for its seamless
connectivity and communication. +e multicriteria VHO
method consists of different phases.

Initially, a requirement for handover decision is made,
and if it fulfills the prerequisite criteria of distance threshold
and received signal strength indication (RSSI), then relay
selection among n intermediate UAVs is initiated. Relaying
is adopted for a fast and seamless handover experience with
optimal overhead. +e primary contributions are summa-
rized as follows:

(1) Designing of a novel vertical handover method using
the cooperative relaying mechanism, in which the
relay node performs all handover signaling steps on
behalf of the source node that does not reduce the
workload of the source node but also helps improve
the handover experience.

(2) Implementation of the dynamic cooperative relaying
for efficient communication between source and
destination, especially when both nodes are not in
the line of sight with each other.

(3) Evaluation of the performance of the VHO method
using extensive simulation for cooperative relaying-
based handover by considering different UAVs
trajectories that validate the high performance and
reliable connectivity.

+e rest of the paper is organized as follows: Section 2
discusses the literature review in detail. Section 3 describes
the considered system model and briefly demonstrates
UAVs’ architecture for vertical handover operation. Section
4 is related to the implementation of dynamic relaymodeling
and the description of the relay-based algorithm. Results and
discussion are presented in Section 5. Finally, Section 6
concludes the findings and highlights future directions.

2. Relay-Based Vertical Handover Technique

+is section discusses the network model, system archi-
tecture, and the working of the proposed handover mech-
anism in detail.

2.1. Network Model and Definition. +e considered FANET
can be expressed by a graph G � V, E{ }, where V is the set of
vertices representing flying UAVs and relay nodes and E is
the set of edges connecting vertices. E can be defined as
E � (i, j) ∈ V|(i≠ j)∧(d(i, j)≤TR)􏼈 , where d(i, j) is the
Euclidean distance between ith and jth flying UAVs and TR
is the transmission range. +e one-hop neighbours of a
UAVi, expressed as N(UAVi), are the set of UAVs and relay
nodes in the direct transmission range of a UAVi, given as

N(UAVi) � UAVj ∈ V|d(UAVi,UAVj)≤TR􏼈 􏼉. (1)

2.1.1. Definition 1: Handover Decision. +e increase in RSSI
between the UAVs also changes the channel state infor-
mation, and when the distance is greater than the threshold,
handover takes place, as given below:

HOD �
d(i, j), ≥ threshold switch towimax,

d(i, j), 〈threshold don’t change.
􏼨 (2)

2.1.2. Definition 2: Relay Node. +e relay node is the VHO
assistant node in the proposed scheme. +e primary func-
tion of the relay node is to execute VHO on behalf of the
source UAV and make the connection with access points
when handover is triggered.

2.1.3. Definition 3: UAVs Communication Standard. In the
proposed scheme, we assume that UAVs can communicate
on network WLAN, which is 802.11 based protocol and can
also communicate through WiMAX network, which is
WiMAX-based protocols.

2.1.4. Definition 4: Inter UAV Distance. In the proposed
scheme, the first VHO triggering point seamless handover is
taken as 400 ft. when the distance exceeds this threshold, the
VHO is triggered.

2.1.5. Definition 5: RSSI 8reshold. In the proposed scheme,
the second VHO triggering point seamless handover is taken
as -70dBm. when the received signal level exceeds this
threshold, the VHO is triggered.

2.2. Handover System Architecture. +e inter UAV com-
munication is based on the WLAN-based 802.11 protocol
and WiMAX 802.16 protocol. It is assumed that all UAVs
can carry out both types of communication (i.e., WLAN and
WiMAX). When the distance between the UAVs reaches the
predefined threshold, the UAV communication shifts to
WiMAX-based network to facilitate long-distance com-
munication. +e considered system model consists of four
phases, and a brief demonstration of the four phases is
discussed in the given section. We also visually represent the
system model using Figure 2 for better comprehension.

4 Security and Communication Networks



2.2.1. Handover Initiation Phase. +e increase in inter UAV
distance also changes RSSI for UAV communication. +is
change of channel state help decides whether the handover
process is to be initiated for efficient QoS communication, if
the RSSI is lower than the threshold limit, then the UAV
checks for intermediate nodes its state to the nearby base
station about the availability of the channel.+e sender UAV
broadcasts its address and receiver signal strength indicator
(RSSI) to the neighboring relay node. In response to the
UAV’s VHO initiation request, the relay node sends a re-
sponse message. +e UAVs in the network can have the
capability to keep track of the distance among UAVs using
the CSI indicator, which triggers the reverse vertical
handover (WIMAX-WLAN) process where UAV can once
again communicate in ad-hoc mode. +e common coverage
area is where UAVs have both types of network access.

+e handover plot is where handover initiation will take
place. When the relay node receives a handover request from
aUAV, it replies after coordination with the access point and
availability of the free channel for performing VHO. Al-
gorithm 1 and Algorithm 2 further demonstrate the logic of
the proposed vertical handover mechanism through relay
node communication.

2.2.2. Relay Selection and Deployment. Relay selection and
deployment are crucial for seamless connectivity as inac-
curate relay selection can severely impact cooperative

relaying. +erefore, in our proposed relay-based approach,
relay selection for the handover process is of prime im-
portance to avoid unnecessary handover. In the existing
literature [35–42], most relay selection approaches are based
on CSI and historical information. However, both selection
criteria have severe issues as it is hard to measure CSI due to
rapidly varying channel conditions and fast movement of
UAVs also challenges UAVs selection based on the historical
information. +erefore, in our proposed handover process,
relay selection is performed based on the local and stable
information to avoid periodic broadcasts that cause over-
head. Moreover, our relay selection approach is opportu-
nistic and solely relies upon the overhearing frames.

In this work, to avoid unnecessary handover, each node
maintains neighbor’s information based on interference,
mobility factor (m), and history factor (h). +is way, a stable
node can be used as a relay for transmission. Furthermore,
the relaying initiation signal is embedded in handshake
messages to avoid additional control messages as shown in
equation (2).

Equation (2) shows our proposed selection factor (S),
where is I is the interference factor.

S �
(H × M)

(1 + I)
, S ∈ [0, 1], (3)

where the mobility factor M is the ratio between an expo-
nential moving average of the pause time of the node and the
maximum detected pause time (MM), which is initiated to a
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time unit [43]. H is the ratio of successful transmission
duration to the maximum duration of any successful
transmission. +e aim is to select a relay with an excellent
channel to the destination. +e factor I refer to is inter-
ference level, computed by relays total transmissions. Ad-
ditionally, relays aim is to reduce additional blockages.

+e existing approaches used a static model of relying on
that does not address the dynamic movement of the nodes.
We have designed our approach using the dynamic relaying
model for better synchronization to overcome this issue, as
shown in Figure 3.

+e considered scenario is also highlighted in Algorithm
1, where two types of trajectories are considered for use cases.
In use case 1, U-shaped relaying model is adopted for

B

A

B B

C

Relays

AP_1 AP_2

Figure 3: Avoiding unwanted handover.

//Relay node Selection and deployment//
Input: Relay Node Location R (XR, YR), Relay Pool (U� 1, 2, 3, . . ., n), RSSI +reshold (RS+), Inter UAV Distance (DUo, DU1,
DUn), SNR
Output: Optimal vertical handover Success rate (VHOSuccess Probability), 0≤VS≤ 1

(1) Initialize periodic time�∆t;
(2) for each m ϵ [0, M] do
(3) if i� 0 then
(4) Compute Source node location and velocity (C0 [mth Slot], V0[mth slot]);
(5) Deploy relay node at C0 (m+ 1);
(6) if Update message of relay fails then
(7) Pick another Relay node from pool Ui; Tupdate
(8) Update Tupdate � t;
(9) endif
(10) elseif i ϵ [1, n] then
(11) Get update message from source node U0;
(12) Compute Ci [m+ 1];
(13) Synchronize Trajectory along Source node
(14) endif
(15) end for

ALGORITHM 1: Relay selection and deployment.

/∗Received Signal strength indication, signal to noise ratio, Channel state information parameters, inter UAV distance inputs are
given to Algorithm 2 for handover triggering. ∗ /

(1) Monitor RSSI, SNR, and CSI and inter UAV distances (Source to relay, relay to destination)
//Handover Triggering based on Distance and RSSI-based information //

(2) if (Distance between UAV || RSSI)<D threshold ||(RS+) then
(3) Initiate vertical handover
(4) Select Relay at location Ci[m+ 1];
(5) Request Base Station (BS) to reserve slot for node U0;
(6) BS reply to Ui with reserve slot for U0;
(7) end if
(8) else if U0 also Compute BS>RSSI threshold
(9) U0 send vertical handover request through Ui
(10) BS allocate resource to Uo on behalf of Ui
(11) Confirmation sent to relay node Ui and source node U0
(12) U0 initiate authentication
(13) BS responds to authentication
(14) U0 send confirmation message to relay node
(15) end if

ALGORITHM 2: Vertical handover using cooperative relaying.
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seamless handover and efficient link stability. In U-shaped
relay deployment, all relaying nodes synchronize their
movement as per source and destination nodes until the
handover is completed. Hence, we have an alternate path
for source-destination transmission. +e same opportu-
nistic relay selection procedure is used to use a relay (s) for
the handover process. However, relaying is initiated
reactively for the opportunistic relay selection, where relays
are only used when the direct link fails, and the relay is used
for assistance.

2.2.3. Handover Execution Phase. +e handover process is
executed after the suitable relay selection and deployment.
+e prerequisite for the vertical handover process is two
parameters (i.e., RSSI and inter UAVs distance D), and they
both are used for vertical handover triggering. +e distance
D threshold value is set to 400 ft, while the RSSI minimum
value is set to −70 dBm according to the required minimum
RSSI value for reliable packet delivery. When inter UAVs
distance and RSSI value from source UAVS to destination
UAVD reach the threshold limit, they enter a critical region
where vertical handover occurs. +e relaying node during
the deployment phase records the source UAV’s and des-
tination UAV’s MAC address for handover resource allo-
cation from the WiMAX base station. In the considered
scenario, the following assumptions are made:

(i) Relay nodes are equipped with both types of radio
modules, WLAN 802.11 and WiMAX 802.16
protocol.

(ii) Relay nodes can communicate using both modules
for resource allocation on behalf of source UAVs for
better vertical handover assistance.

(iii) Relaying nodes selected for assistance works si-
multaneously on WiMAX as well WLAN mode.

(iv) Relay nodes are trustable nodes to ensure privacy.
(v) Algorithm1 is used for relay selection and deployment.
(vi) Algorithm 2 is used for vertical handover using

cooperative relaying.

+e complete handover mechanism can be elaborated as
below:

(1) When a source UAV selects one relay node as
handover assistance, it requests the relay node to
perform a handover request with the WiMAX base
station on its behalf. +e source UAV request
consists of preauthentication [44] with the WiMAX
base station. After authentication, the relay node is
responsible for performing preregistration with the
WiMAX station. +e relay node also stores the IP
and identity of the source UAVs, destination UAVD,
and authentication information.

(2) If the selected relay node can satisfy the request, it
replies with a “prob” success response. Once the
relay node gets authenticated and preregistered
with the WiMAX base station, it requests to allocate
resources for source UAVs vertical handover and

send the connection information to the source
UAV.

(3) +e relay node sends the base station response about
the handover process (i.e., new IP and authentication
information) to the source UAV.

(4) +en, the source UAV replies after changing mode to
the WiMAX radio interface, and due to the pre-
registration information, the source UAV is quickly
authenticated with the WiMAX base station.

(5) After the successful handover, the source UAVs
swiftly attaches with the WiMAX base station
without any authentication or preregistration,
resulting in fast handover. +e exact process is
carried out for destination UAVD using relay-
assisted handover. If the destination UAVD is already
in the WiMAX range, it directly authenticates itself
with the WiMAX base station. In Figure 4, flow
diagram of the complete process is shown.

In Figure 2, relay-assisted handover is visually depicted,
where the source UAV moves to the outside radius of
WLAN operation. +e relay node represented with a dotted
circle in Figure 2 performs handover for the source UAV.
Similarly, the destination node is outside the direct coverage
of the source UAV, but it is inside the boundary of a relay
node. So, both source and destination perform vertical
handover using our relay-assisted handover approach. +e
signaling procedure is also highlighted in Figure 5 for better
procedure picture.

3. Experiments

In this section, we demonstrate the simulation environment
and performance metrics thoroughly. Moreover, we also
discuss the simulation results extensively to highlight the
effectiveness of the proposed scheme.

3.1. Simulation Environment and Configurations. +e ef-
fectiveness of the proposed relay-based vertical handover
mechanism is evaluated using available network tools/
simulators [45]. +e considered simulation scenario has 03
UAVs (i.e., source node UAV0, relaying node UAV1, and
the destination node UAV2) randomly distributed in a
500× 500meter area.+e relayingmechanism is constructed
using relaying handover. +e location of the access point is
selected near the destination UAV2. Suppose a UAV wants
to collect the data from sensors network out of the direct
range of the transmission. It cooperatively chose the in-
termediate nodes using Algorithm 1. +is process helps in
optimal relay selection. Afterward, vertical handover is
executed using Algorithm 2. UAV speed in the trajectory
module is set at 15m/s, the communication radius of each
UAV is 200meters, and the location update of UAV0 is set to
be 0.5 seconds. Initially, source and destination nodes are
operating on the 802.11 protocol. We have used different
versions of the 802.11 protocol as per high, medium, and low
traffic requirements. For example, for low traffic demand, we
used the 802.11b version.+e simulation parameters are also
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shown using Tables 1–3 and Figure 6 visually represents the
considered topology for better understanding.

Moreover, we also verify the performance of our pro-
posed scheme using two different trajectories (i.e., U-shaped
and S-shaped trajectories) to highlight the handover expe-
rience in both trajectories considering their advantages and

limitations. For example, the U-shaped trajectory is more
suited for the target application areas due to its high ef-
fectiveness for line of sight (LoS) communication and less
interference when more than one intermediate relays are
involved. However, U-shaped trajectories are not suitable for
short or narrow landscape areas due to implementation
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(iii)

Yes
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Figure 4: Relay-based vertical handover flow diagram.
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issues of U-shaped relays in such sites. In contrast, an
S-shaped trajectory has high adoptability for various ap-
plications where LoS is purely affected by landscape di-
mensions such as rough- and sharp-edged terrain areas (i.e.,

mountains valleys surveillance) or dense areas (i.e., building,
tree, and industrial tree use). However, S-shaped trajectory
experiences more inter UAV interference than U-shaped
trajectory, especially when intermediate relaying nodes are
increased. +e obtained result using the discussed trajec-
tories provides more insights into the handover mecha-
nism’s performance in the diverse dimensions.

Furthermore, we compare our proposed handover
mechanism with the existing schemes RSS and bandwidth-
based vertical handovers schemes. To evaluate our proposed
scheme’s improvements and contributions, we use U and
S-shaped trajectories for effective simulation results.

UAV
Source Old Position UAV_1 RelayUAV

Source New Position
Destination

/Access Point

Initiate VHO Req(i)

VHO initiated Reply(ii)

Relay Initiated VHO(iii)

VHO Resource Allocation(iv)

Change Of Mode Req(v)

Mode Change Reply(vi)

Authentication Req(vii)

Authentication Reply(x)

Session Estab Req(xi)

Session Estab Reply(xii)

UAV_0 Authentication Req(viii)

AP Authenticated UAV_0(xi)

Figure 5: +e vertical handover signaling procedure.

Table 1: Simulation parameters.

Parameter Value
RSSI value −70 dBm
Distance threshold 400 ft
UAV velocity 10 km/h
UAV altitude 50 ft
UAV communication
radius 300 ft

Inter-UAV distance 100 ft, 200 ft, 300 ft, 400 ft, 500 ft,
600 ft, 700 ft

Trajectory shape U And S shape
Authentication time 1 s
Registration time 1 s
WiMAX attachment time 0.2 s
WLAN detachment time 0.2 s
Relay node handover time 1 s
Relay handover
completion 2 s

Packet size 256 bytes
Simulation time 300 sec

Table 2: WLAN 802.11 transmission range properties [46].

Scenarios WLAN Frequency (GHz) Date rate
(Mb/S)

Outdoor
distance (ft)

S-shaped,
U-shaped 802.11b 2.4

11 158
5.5 220
2 245
1 328

S-shaped,
U-shaped 802.11a 5 6–54 390

S-shaped,
U-shaped 802.11 g 2.4 6–54 460

Security and Communication Networks 9



3.2. Performance Metrics. We have used the following
metrics to evaluate the performance of the proposed
handover mechanism.

3.2.1. Probability of Handover Success Rate (PHSR). It is the
ratio of successful handover carried out using cooperative
relaying divided by total handover attempts. Using equation
(3), the probability of handover success rate is calculated.
Where n is the total number of handover triggered and x is
the successful handovers.

PHSR �
x

N
􏼒 􏼓. (4)

3.2.2. End-to-End Delay. It is average time a packet has
taken to reach its destination after going through relaying
nodes—for example, the time consumed in reaching from
source to relay node delay and then from relay node to the
destination node.

3.2.3. Packet Loss. +e count of total packets dropped
during vertical handover from source to destination.

3.2.4. Optimal Relaying. It measures when, where, and how
many relays are to be used for a seamless handover

experience. +e more relays addition means more delay
from source to destination. Similarly, the proposed algo-
rithm avoids unnecessary relay deployment and handover
initiation if nodes are in direct range.

4. Results and Discussion

We evaluated the performance of the proposed mechanism
in two trajectories to evaluate the experience of our proposed
handover process. +e obtained results are discussed sep-
arately in the given section.

4.1.U-ShapedTrajectory. In the U-shaped trajectory, vertical
handover is initiated when source UAV U0 moves away
from the range of destination UAV UD, leading to increased
packet loss and delay. When distance approach 400 ft value,
the vertical handover is triggered. Similarly, when RSSI
drops below −70 dBm, the vertical handover process also
starts. We are using both distance and RSSI-based triggering
for better and more accurate handover initialization. When
any conditions (i.e., distance or RSSI) meet the criteria, the
handover initialization occurs. Once the handover is initi-
ated, two main steps are followed. First, the relay node
deployment is performed as per Algorithm 1. Second,
vertical handover over is executed using Algorithm 2. +e
802.11b communication is shifted to WiMAX technology
when the handover is completed. +e obtained results for

UAV_0

UAV_1
UAV_2

WiMAX LiNK
SS_WiMAX_WLAN_AP_1

WiMax_BS_B

Figure 6: Vertical handover simulation topology.

Table 3: 3G/4G (WIMAX) range properties [47].

Scenarios WiMAX Frequency (GHz) Date rate (Mb/S)

S-shaped trajectory 802.16e <6 NLOS up to 10 km
LoS up to 30 km

U shaped trajectory 802.16e <6 NLOS up to 10 km
LoS up to 30 km

S-shaped trajectory 802.16m 2–6 NLOS 5 km
U shaped trajectory 802.16m 2–6 NLOS 5 km
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vertical handover in the U-shaped trajectory are described
below.

4.1.1. Probability of Handover Success Rate for U-Shaped
Trajectory. +e probability of handover success rate for
U-shaped trajectory with the different number of relays is
represented using Figure 7, in which the probability success
rate values are in the range of 0 to 1. +e values closer to one
signify a high success rate of vertical handover execution, while
the values close to zero show a low success rate. From Figure 7,
we can observe that the successful handover rate is less when
distance is short 100 ft, 150 ft, or 200 ft). In contrast, when the
distance is increased, the probability of success rate is also
improved. Based on the provided result, we can see that the
probability of success rate is highest with 1 relay for both short
and long distances because relaying node helps in better link
stability and can better enhance the internode communication.

4.1.2. Average End-To-End Delay for U-Shaped Trajectory.
It can be observed from the U-shaped end-to-end delay
shown in Figure 8 that when single relay UAV1 is used
between source UAV0 and destination UAV2, then the
average end-to-end delay is minimum for both short and
long distances (i.e., 50 ft and 650 ft). However, when the
number of relays is increased to two, four, and eight UAVs,
the average end-to-end delay is increased to 1.8 seconds, 2.5
seconds, and 4.3 seconds, respectively. Furthermore, when
the relay nodes are increased, the time relay nodes take to
synchronize their movement with the source node also
increases, affecting average end-to-end delay.

Based on the obtained end-to-end delay results, it is
evident that when a large number of relay UAVs are
deployed to cover a large area, it maintains a high network
lifetime and a seamless handover experience. However, it
also increases the end-to-end delay experienced.

4.1.3. Packet Loss for U-Shaped Trajectory. From Figure 9,
we can see that before the handover is initiated, the packet
loss was high due to increasing inter UAVs distance.
However, the packet loss decreased significantly after the
successful handover at 400 fts or RSSI drop below −70 dBm.
Deploying a different number of relaying UAVs also in-
fluences packet loss as represented using Figure 10; when
one UAV is used, the packet loss value is 32 bytes, which is
decreased to 25, 19, and 15 bytes for two, four, and eight
relay nodes, respectively.+e significant improvement in the
packet loss is mainly due to the relaying nodes dynamically
updating their positions for maintaining a stable connection
between the source and destination.

+e U-shaped trajectory result proved that it is a highly
adaptable trajectory for open and wide-area surveillance, data
collection, and transmission. In the case of a single relay and
multiple relays, it is concluded that performance parameters
of the probability of handover success rate are close to 1.
Similarly, the parameters of end-to-end delay are within the
time constraint of seamless handover that should be less than
3 seconds. However, as we add more relays between source

and destination, the delay factors increase accordingly. Fur-
thermore, for the best handover experience, two relay nodes
are optimal for seamless handover. +erefore, the optimal
packet loss range observed in a U-shaped trajectory is when
we deploy two relays for the handover process.

4.2. S-Shaped Trajectory. For evaluating the handover ex-
perience in the S-shaped trajectory, the coordinates of flying
UAV0 are set at (300, 0), as shown in Figure 6. For the
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Figure 7: U-shaped trajectory probability handover success rate.
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Figure 8: U-shaped trajectory vertical handover end-to-end delay.
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U-shaped trajectory, the velocity is set to 10 km/h, whereas
the rest of the settings are the same as the U-shaped
tajectory. +e performance of the S-shaped trajectory is also
analyzed under the numerical results heading.

4.2.1. Probability of Handover Success Rate for S-Shaped
Trajectory. +e probability of handover success rate for the
S-shaped trajectory with a different number of relays is
represented using Figure 10, with the probability success rate
in the range of 0 to 1. +e values closer to one signify a high

success rate of vertical handover execution, while the values
close to zero show a low success rate. From Figure 10, we can
observe that the successful handover rate is low when distance
is short (such as 100 ft, 150 ft, or 200 ft). In contrast, when the
distance is increased, the probability of success rate is also
improved because of the accurate triggering of the handover
using distance and RSSI threshold. It can also be observed
from Figure 10 that at 450 ft distance, when one, two, four,
and eight relay nodes are used, the handover success rate is
0.7, 0.6, 0.45, and 0.39, respectively. Based on the provided
result, we can see that the probability of success rate is highest
with one relay for both short and long distances.

4.2.2. Average End-To-End Delay for S-Shaped Trajectory.
It can be observed from Figure 11 that when single relay
UAV1 is used between source UAV0 and destination UAV2,
then the average end-to-end delay is minimum for both short
and long distances (i.e., 50 ft and 450 ft). However, at the
handover trigger point of 450 ft, the average end-to-end delay
observed for one, two, four, and eight relays are increased to
2.9 seconds, 3.3 seconds, 4.9 seconds, and 6.5 seconds, re-
spectively, because with the increase in the relay nodes also
increases the time required by the relay nodes for synchro-
nization with the source node, leading to increased end-to-
end delay. Second, more nodes in the S-shaped trajectory
cause self-interference that affects overall communication.

Based on the obtained end-to-end delay results, it is
evident that when a large number of relay UAVs are
deployed to cover a large area, it maintains a high network
lifetime and a seamless handover experience. However, it
also increases the end-to-end delay experienced.

4.2.3. Packet Loss for S-Shaped Trajectory. Figure 12 rep-
resents the packet loss experienced with different relays in
the S-shaped trajectory.We can see from the obtained results
that the packet loss value is 25 bytes when one UAV is used
as a relay node. Whereas these values are reduced to 22, 17,
and 34 bytes for two, four, and eight relay nodes, respec-
tively. +us, the decrease in the packet loss is due to the
increase in the relay nodes that leads to better overall net-
work connectivity and improved packet delivery. According
to the obtained results, we can conclude that the S-shaped
trajectory is efficient in narrow terrain areas due to the
node’s movement in fast turning points. +erefore, this
Trajectory’s handover success rate probability is in between
0.7 and 0.4 for considered relay nodes. +e end-to-end best
values are observed when one or two relay nodes are used. In
contrast, the increased number of relay nodes can signifi-
cantly reduce packet loss. However, increase the average
end-to-end delay for overall communication. Based on the
obtained results, we can observe that the two relay nodes
provide the optimal packet loss value and do not signifi-
cantly impact the average end-to-end delay.

4.3. Comparison of U- and S-Shaped Trajectory with Existing
Techniques. In addition to the performance assessment of the
proposed vertical handover procedure for the U-shaped and
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Figure 10: S-shaped trajectory probability handover success rate.
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Figure 9: U-shaped trajectory vertical handover packet loss.
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S-shaped trajectories, we also compared our proposed scheme
performance with the state-of-the-art schemes. +e compari-
son is carried out with CVHO-RSS [48] and CVHO-BW [49]
schemes for UAVs vertical handover for keeping performance
constraints of success rate, packet loss, and end-to-end delay.

4.3.1. Probability of Handover Success. In Figure 13, the
comparison of proposed U- and S-shape-based vertical
handovers are carried with existing schemes. It can be

observed from Figure 13 that at 450 ft distance between
source and destination UAV nodes, the handover success
rate for CVHO-RSS and CVHO-BW is 0.42 and 0.51, re-
spectively. On the other hand, the U- and S-shaped tra-
jectory-based handover rate of our proposed scheme is 0.76
and 0.65, respectively. Our proposed scheme experiences
high success rate for both U- and S-shaped trajectories due
to relay nodes assistance that helps them to perform well and
results in accurate handover triggering.

4.3.2. End-To-End Delay. From Figure 14, it is evident that
the end-to-end delay for S-shaped and S-shaped is less than
CVHO-RSS and CVHO-BW based vertical handover
scheme due to link stability and relaying node-based vertical
handover execution. For example, at the handover trigger
point of 450 ft, the U-shaped and S-shaped values are 2.4
seconds and 2.7 seconds, respectively. In contrast, the
CVHO-RSS [50] and CVHO-BW [49] schemes experience a
higher delay (i.e., 2.9 and 3.5 seconds, respectively).

4.3.3. Packet Loss. It can be seen from Figure 15 that packet
loss values are higher in CVHO-RSS and CVHO-BW
schemes, as in both these schemes, handovers are performed
independently without any relay node assistance. Whereas
in our proposed scheme, relay node cooperation helps in
better connectivity, leading to better packer delivery at
destination.+e packet loss experienced for CVHO-RSS and
CVHO-BW increased to 85% and 43% as the internodes
distance increased to 450 ft. On the other hand, our pro-
posed scheme experiences significantly low packet loss for
both U- and S-shaped trajectories.

+e comparison of our proposed scheme with the
existing schemes proves that our proposed vertical handover
procedure exhibits better performance and is more efficient

01 relay S-shaped Trajectory
02 relay S-shaped Trajectory
04 relay S-shaped Trajectory
08 relay S-shaped Trajectory

0

5

10

15

20

25

30

35

Pa
ck

et
 lo

ss
 (B

yt
es

)

50 100 150 200 250 300 350 400 450 500 550 600 650 7000
Distance (Feet)

Figure 12: S-shaped trajectory vertical handover packet loss.
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and adaptable for all the considered metrics for both tra-
jectories than the CVHO-RSS and CVHO-BW schemes. In
Table 4, comparison of proposed and existing techniques is
shown. +e obtained results for all the performance metrics
clearly show that relay-assisted handover has a high po-
tential for achieving fast, accurate, and seamless handover
than the existing scheme.

5. Conclusion

+e relay-based VHO solution attempts to make a fast and
seamless vertical handover from 802.11 WLAN-based UAV
network to WiMAX technology network. +e proposed
work is an effort to provide a vertical handover using relay

assistance. Our proposed relay-assistant handover handles
the vertical handover procedure through which all handover
tasks are being performed.+e obtained results demonstrate
that our proposed scheme outperforms the existing schemes
in terms of end-to-end delay, packet loss, and handover
success rate for both U- and S-shaped trajectories that ul-
timately help in UAVs relay-based fast handover.

In the future, we will focus on providing a more diverse
and robust handover solution to introduce higher diversity
gain for reliable communication. Additionally, the real time
and nonreal time application of voice, video, and data are to
be implemented in future work. Moreover, we will also focus
on the security aspect, as security is one of the critical issues
of relay selection as the selection of malicious nodes can
compromise the whole network. +erefore, we will include
security aspects during relay selections in future work.

Data Availability

All data generated or analyzed during this study are included
within the article.

Conflicts of Interest

+e authors declare that they have no conflict of interest
regarding the publication of this paper.

Acknowledgments

+is research was funded by Princess Nourah bint Abdul-
rahman University Researchers, supporting project number
(PNURSP2022R125), Princess Nourah bint Abdulrahman
University, Riyadh, Saudi Arabia.

References

[1] Y. S. Wang, Y. W. P. Hong, and W. T. Chen, “Trajectory
learning, clustering, and user association for dynamically
connectable UAV base stations,” IEEE Trans. Green Commun.
Netw.vol. 4, no. 4, pp. 1091–1105, 2020.

[2] O. S. Oubbati, A. Lakas, F. Zhou, M. Güneş, and
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