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ABSTRACT The integration of Unmanned Aerial Vehicles (UAVs) into future 6G networks will open
new possibilities for applications ranging from surveillance to communication infrastructure maintenance,
precision agriculture, and surveying. However, ensuring uninterrupted connectivity for UAVs operating in
remote or dynamic environments remains a significant challenge. This paper presents a novel approach to
achieving seamless handover for UAVs when transitioning between terrestrial and satellite communication
networks. The proposed method in this paper, leverages graph theory and develop a decision-making
algorithm to optimise handover decisions, minimizing latency, improving performance, and reducing
service disruption. It establishes a comprehensive graph model that represents the dynamic topology of
available network nodes, including terrestrial base stations and low earth orbit (LEO) satellites, which
adapts in real-time to changes in UAV position and network conditions. The approach incorporates a
decision-making algorithm that considers several factors, such as received signal strength (RSS), signal-to-
noise ratio (SNR), and elevation angle, to determine the optimal time and location for a handover between
terrestrial base stations and satellite links. This ensures a seamless transition between communication links,
minimizing service disruption. The performance of this method is evaluated through extensive simulations
and comparison with existing solutions demonstrating significant improvements in RSS, SNR, throughput,
latency, ping-pongs and enhanced overall UAV connectivity. The proposed graph method-based seamless
handover solution represents a crucial advancement in enabling reliable and uninterrupted communication
for UAVs operating in remote and challenging environments. By managing handovers between terrestrial
and satellite networks, this research contributes to the realisation of the full potential of UAVs in emerging
applications, thereby advancing the state-of-the-art in UAV technology.

INDEX TERMS 6G, vertical handover, satellite, graph method, non-terrestrial networks (NTN).

I. INTRODUCTION
The development of telecommunication networks towards
the Sixth Generation of Mobile Communications (6G)
entails a significant transformation in the infrastructure and
technologies employed. 6G can support a greater number of
users and devices with diverse performance requirements,
as well as an increased number of applications and use
cases. The traditional terrestrial mobile network is limited
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in its ability to provide coverage in certain areas, such as
remote, non-land regions, and disaster-stricken areas due to
infrastructure limitations.

The utilization of Non-Terrestrial Networks (NTNs) in
conjunction with the future 6G networks presents a viable and
economically efficient approach to ensuring uninterrupted
and pervasive wireless coverage, consequently facilitating
network scalability [1]. In these scenarios, NTNs function
as access nodes that enhance the capabilities of the existing
terrestrial networks, encompassing aspects such as capacity,
coverage, and latency. Furthermore, this approach holds the
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FIGURE 1. Integrated vertical heterogeneous networks.

potential to mitigate the deficiencies inherent in terrestrial
infrastructure, enabling it to meet the requisite standards
of reliability and widespread accessibility for forthcoming
wireless applications.

Satellites present a viable solution as they are not
constrained by geographical environments, offering the
potential for global coverage. Geostationary Earth Orbit
(GEO) satellites, positioned at an altitude of 35,786 km
above the equator and moving synchronously with the Earth,
cover nearly one-third of the Earth’s surface. However, the
inherent propagation delay associated with GEO satellites
may fall short of meeting the stringent requirements of
delay-sensitive services. Conversely, Low Earth Orbit (LEO)
satellites, situated at altitudes ranging from 300 to 1500 km,
undergo frequent handovers (HOs) due to their rapid orbital
movement.Moreover, LEO satellites exhibit limited coverage
areas, and in instances where the constellation size is modest,
specific regions may remain unattended. Despite these chal-
lenges, the emerging era of integrated vertical heterogeneous
networks, as proposed in [2], anticipates a pivotal role
for LEO satellites in delivering global communication and
internet services.

In figure 1 such a network is shown, where there are
three layers of network. the first one is the ground segment
where the terrestrial network components namely the base
stations, the respective core network, and the Multi-Access
Edge Computing (MEC) architecture. The second segment
is the air segment, which consists of the flying vehicles or
Unmanned Aerial vehicles (UAVs). Finally, the third segment
is the space segment, which has two levels, firstly the LEO
satellites which are deployed as constellations and the second
level which consists of GEO satellites.

To achieve a vertical seamless HO for a network as shown
in figure 1, efficient techniques and algorithms must be
devised. As detailed in further sections, reliable solutions
exist for ground based vertical HO for UAVs [3], [4],
[5]. However, air-to-space remains unexplored for UAV
networks.

Commercial companies like SpaceX and Amazon have
launched segments of LEO satellite constellations that
guarantees worldwide connectivity [6]. Compared to GEO
satellites, LEO satellites have lower propagation delays,
require less transmission power, and suffer from reduced
signalling attenuation. This allows for direct communication
with UAVs to be established easily. The primary objective
of these satellite systems is to augment and extend the
current terrestrial networks, ensuring comprehensive global
coverage. These systems have the capacity to collaborate with
established fixed networks, facilitating the sharing of instan-
taneous traffic loads. Broadly speaking, satellite networks
serve to expand coverage to areas where the deployment
of terrestrial wireless systems is impractical, either due to
economic constraints or geographical limitations. The system
model is shown in figure 2 and the highlighted part represents
a rural area where terrestrial systems become infeasible. This
is the primary focus of this work.

The aim of this paper is to seamlessly integrate terrestrial
networks with satellite networks for the reliable and safe
operation of UAVs. To this aim, a novel graph method-based
HO decision algorithm is proposed in this paper. The system
is modelled as a graph, with the terrestrial base stations
and satellites acting as the nodes, while the decision criteria
(signal parameters in this case) acting as the edges.

The paper presents existing work through an extensive
literature survey, as 6G is not yet standardized, we consider
similar works within legacy technologies and highlight the
research gaps in Section II. It also presents the novel
contributions of this work. Based on this survey, the air-air
HO challenge is identified and described in Section III.
In Section IV, the graph-based decision-making algorithm
is described, along with its implementation using weighted
summation model (WSM), and Dijkstra’s algorithm. The
system model, network model and the channel model used in
this work is described in section V, along with the simulation
setup. Additionally, the results visualized in different plots
are discussed in this section. Finally, the impact of the
results is discussed, and future directions are described in the
conclusion section VI.

II. BACKGROUND AND RELATED WORKS
In recent years, there has been a surge of interest among vari-
ous companies in providing widespread internet connectivity
from space. This renewed focus gained momentum following
the successful implementation of projects such as Starlink
and OneWeb [7], [8].
The 3rd Generation Partnership Project (3GPP) conducted

comprehensive studies aimed at delineating the potential
role of NTNs within the fifth-generation (5G) ecosystem
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FIGURE 2. Satellite connectivity in rural areas.

during Release 15 [9]. Subsequently, in Release 16 [10]
the 3GPP is proffering networking solutions to facilitate the
seamless integration of non-terrestrial (NT) and terrestrial
networks. A distinguishing feature among these proposed
solutions lies in the allocation of functionalities on NT
objects. These objects may serve as relay nodes, connecting
5G User Equipment (UE) and the 5G access point, thereby
extending the 5G Radio Access Network (RAN) coverage.
Alternatively, they can function as a backbone support.
Furthermore, an additional study explored the potential
utilization of Satellite Communication (SatCom) networks as
active nodes in 5G access operations, effectively generating
5G cells akin to 5G Next generation Node B (gNB) [11].
Several ongoing research projects are diligently investigating
the role of satellites and UAVs within the 5G framework,
with the intent of developing and testing solutions for future
implementation within the 5G network. For instance, the
work presented in [12] sheds light on the outcomes of the
ongoing SAT5G project, which is funded by the European
Commission. The project focuses on satellite communica-
tions positioning within 5G scenarios, particularly geared
toward enhancing Mobile Broadband (eMBB) capabilities.
The overarching objective is to provide cost-effective, plug-
and-play SatCom solutions while expediting 5G deployment
across diverse geographical regions. The project has identi-
fied four distinct satellite use cases for eMBB, concentrating
on efficient multicast/broadcast content delivery to network
peripheries, augmenting terrestrial connectivity by providing
5G access to premises, extending 5G connectivity to mobile
platforms such as airplanes, and provisioning 5G as a fixed
backhaul in regions where deploying terrestrial connections
is challenging, such as lakes and islands, among others.

Additionally, the work in [13] introduces a 5G-centric
network architecture predicated on satellite communication
and MEC. This architecture is designed to bolster eMBB
applications and ensure an optimal Quality of Experience
(QoE), particularly for live streaming applications. The
evaluation of this approach was conducted using a real
satellite link. A recently launched European Union (EU)
project, ‘‘5G! Drones’’ [14], is dedicated to integrating UAVs
into the 5G landscape. The authors designed, implemented,
and conducted various UAV use cases integrating with 5G,
while validating critical 5G Key Performance Indicators
(KPIs). The envisaged use cases encompass UAV traffic
management, public safety, life-saving operations, situa-
tional awareness, and providing connectivity during densely
attended events.

These studies provide useful background into the land-
scape of UAVs, satellites and 5G and provide a foundation in
future directions. This, however, does not discuss specifically
the solution to the challenge of HO between terrestrial
networks and satellites.

Another method to integrate terrestrial and NTNs is
discussed in [15], where a concept of relay nodes (RN)
is presented. This facilitates the transportation of 5G
downlink/uplink waveforms via a LEO satellite link to the
designated base station or the ground earth station. From the
perspective of the onboard equipment, whether it be the flight
controller necessitating Cell-Network Plane Communication
(CNPC) or payload equipment requiring a high-throughput
link, the RN functions akin to a conventional ground
station. In scenarios where multiple UAVs are deployed as a
swarm, the UAV equipped with the satellite-enabled RN can
effectively serve as a ‘‘cell tower’’ for the entire fleet. For the
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ground base station, which perceives the RN as transparent,
it merely interacts with a group of users.

While this approach may not necessarily optimize channel
capacity, it offers the advantage of reduced communication
infrastructure requirements both on the UAV and ground
station. It also does not deal with the HO problem.

Reference [16], presents an extensive survey on UAVs in
6G networks. UAVs, when harnessed in conjunction with
6G communication services, exhibit immense utility across
a diverse spectrum of civic and commercial applications.
The integration of 6G communication services empowers
smart automation and the seamless assimilation of Artificial
Intelligence (AI), thereby ushering in a new era charac-
terized by innovative services, including ultra-smart cities,
the Internet of Everything (IoE), Extended Reality (XR)
encompassingMixedReality (MR), Virtual Reality (VR), and
Augmented Reality (AR). Autonomous connectivity such as
Wireless Brain-Computer Interaction (WBCI), autonomous
vehicles, and AI-driven services. The anticipated capabilities
of 6G communication networks promise to deliver a wireless
connectivity enhancement of up to 100-fold and significant
performance amplification compared to its predecessor, 5G.
The primary drivers of 6G advancements encompass satellite
connectivity, drones, connected intelligence supplemented by
wireless power transfer, utilization of the terahertz (THz)
band, Optical Wireless Communication (OWC), machine
learning, and the development of three-dimensional (3D)
networking [17], [18].

In the context of aerial communications, 6G introduces
solutions that surmount several limitations inherent to prior
generations of wireless communication technologies [19],
[20], [21], [22]. The core attribute of 6G communication
lies in its fusion of NTNs with 3D connectivity, seamlessly
integrated with ubiquitous AI-based services within the
3D spatial domain, rendering it particularly well-suited
for aerial communications [23]. 6G technologies promise
to deliver uninterrupted connectivity, precision positioning
capabilities, ultra-high bandwidth, and real-time remote-
control functionalities tailored for high-density aerial vehicle
environments. While THz bands may pose challenges for
drone operations due to elevated path loss and constrained
coverage, their integration with satellite networks presents a
viable solution to address these issues [24], [25], [26], [27].
In a specific research endeavour presented in [28], the

authors introduced an inter-satellite HO strategy grounded
in potential game theory. The objective was to minimize
the average number of HO events and evenly distribute the
load within the satellite constellation network. However,
it did not consider a terrestrial network and HO from
such a network. Addressing the critical issues of HO delay
and signalling cost reduction, [29] proposed various HO
procedures designed for a multi-layer network architecture
encompassing GEO satellites, high altitude platform systems
(HAPS), and terrestrial relay nodes. The use of GEO satellites
reduces the number of satellites required for connectivity,

but it has challenges relating to high latency and higher
signal attenuation. Reference [30] outlined a user-centric HO
scheme tailored for ultra-dense LEO satellite networks. Their
solution involved buffering user’s downlink data across mul-
tiple satellites simultaneously, facilitating seamless HOs and
mitigating the frequent HO issue. Reference [31] introduced
a reinforcement learning scheme wherein UE autonomously
made decisions to optimize long-term throughput while
minimizing unnecessary HO events among NT base stations.
This work does not consider HO for UAVs instead does it
for UEs. Like conventional terrestrial wireless networks [32],
NTNs can involve a NT Base Station (NT-BS) serving UEs.
However, a fundamental distinction exists betweenNTNs and
terrestrial wireless networks. In terrestrial wireless networks,
Base Stations (BSs) are typically stationed at fixed locations
without mobility. Consequently, multiple BSs can easily
coordinate with each other to support seamless services and
optimize mobility management through a network-driven
user access control approach. Conversely, NTNs introduce a
challenge due to the mobility of NT-BSs, including satellites
orbiting the Earth travelling over significant distances. These
NT-BSs exhibit high-speedmobility [33],with satellite speeds
reaching up to 7,000 m/s. These rapid and continuous move-
ments can disrupt the availability of links between NT-BSs,
making it exceedingly difficult for them to directly coordinate
with each other. Consequently, in NTNs, a UE-driven
user access control scheme, where each UE autonomously
selects an appropriate NT-BS, becomes a viable solution to
address this challenge. While network-driven user access
control schemes have demonstrated superior performance
in terrestrial networks, there have been discussions on
the development of UE-driven access control schemes in
terrestrial networks. These UE-driven schemes often focus
on the Received Signal Strength (RSS)-based method [34],
[35] where UEs typically connect to the BS with the strongest
RSS. The work done in the realm of HAPs HO, also
proves to be a critical point of advancement. HAPs can be
considered to have similar characteristics to that of a UAV
and therefore HO strategies developed for HAPs, can be
adopted for use within UAVs with certain modifications.
Reference [36] proposes an adaptive hysteresis margin
for HO within a Long Term Evolution (LTE) network,
specifically attempting to reduce ping-pongs. The hysteresis
margin relies on RSS measurements between the target and
serving base stations. Its accurate determination, among
other benefits, addresses the issue of excessive and repetitive
handovers, commonly known as the ping-pong effect. The
model proposed in this study incorporates the artificial neural
network (ANN) mechanism into the determination of the
hysteresis margin within the LTE handover process. This
integration aims to minimize handover delay and mitigate
ping-pong effects, accounting for the velocity of the UE.
This method is effective in reducing ping-pongs for ground
users but not for UAVs. Reference [37] proposes a design
with different HO procedures suitable for LEO-HAP system
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based on 5G protocol and analyse the performance on
delay and signalling cost. They employ a dynamic HO
strategy to optimize the HO moment and resource allocation.
Lagrange duality is used, and a sub-gradient algorithm is
presented. A prediction-based HO decision algorithm with
an adaptive threshold is presented in [38]. An auto-regressive
integrated moving average model (ARIMA) algorithm is
proposed, that predicts the values of RSS using time series
analysis model and dynamically adjust the HO initiation
time according to the prediction. This proves to be an
effective method, but as with other works, they cannot
be implemented for UAVs. Even though, HAPs are like
UAVs, they do have some fundamental differences that
changes the pattern of HO algorithms. Firstly, HAPs are
typically deployed at exceptionally high altitudes, often
within the stratosphere. This elevated positioning affords a
clear line of sight to extensive areas, minimizing obstacles
and reducing signal blockages. Consequently, the channel
can be modelled with relatively low path loss, rendering it
well-suited for establishing long-range communication links.
In contrast, UAVs operate at lower altitudes, and their line
of sight may encounter obstructions such as buildings and
terrain. Channel modelling for UAVs must therefore account
for potential signal blockages, leading to increased path
loss when compared to HAPs. Secondly, the development
of a handover scheme involves managing the transition of
communication links between base stations. In the realm of
airborne platforms like UAVs and HAPs, the development
of handover schemes may vary due to disparities in their
characteristics and operational environments. HAPs are engi-
neered to maintain a stationary or quasi-stationary position
for extended durations, resulting in relatively predictable
mobility characteristics. The associated mobility model
may incorporate considerations for sustaining connectivity
within a fixed coverage area. Conversely, UAVs are highly
mobile platforms capable of rapid position changes. The
mobility modelling for UAVs must adapt to the dynamic
nature of their movement, encompassing scenarios involving
handovers between ground stations and satellites. For UAVs,
high mobility necessitates adaptive handover schemes to
accommodate the UAV’s changing location, ensuring seam-
less communication. Potential interference and obstacles in
the communication path mandate mechanisms within the
handover scheme to assess the QoS and mitigate interference
or obstacles. Variability in communication range, influenced
by factors like altitude, terrain, and interference, underscores
the need for dynamically adjusting handover thresholds in
real-time conditions [39], [40]. Table 1 summarises the
existing works.

A. CONTRIBUTIONS
In this paper, a novel graph-based HO algorithm is proposed.
The decision-making is performed as part of a time-based
directed weighted graph, such that the satellites and base
stations form the vertices and the signal parameters as edges.
This paper therefore makes the following contributions:

• A heterogeneous satellite-ground networks is estab-
lished to ensure UAVs can access either satellites or base
stations seamlessly. UAVs can make these HO decisions
independently.

• The decision functions are designed to reflect the signal
parameters, viz. RSS, Signal-to-Noise-Ratio (SNR) and
elevation angle. This is multi-criteria decision-making
problem implemented through the WSM

• A graph theory-based algorithm is proposed, that
implements the Dijkstra’s algorithm for HO execution.

III. HANDOVER CHALLENGE IN AIR-TO-AIR NETWORKS
HO technology, is essential for maintaining uninterrupted
connections during user transitions between cells. It is
influenced by factors like signal level reduction, load
balancing, and high error rates. UAVs, due to their unique
characteristics, present specific challenges for effective HO
management in mobile networks. These challenges include
increased system complexity, the potential for Line-of-Sight
(LoS) control, and higher HO rates due to UAV speed [45].
The primary differences between our previous work and this
work has been highlighted in Table 2. Moreover, UAVs often
rely on terrestrial antenna side-lobes, leading to frequent
HOs, thereby degrading Quality of Service (QoS) [46].

Managing UAV HOs necessitates a distinct approach
compared to conventional UE HO techniques. Techniques
designed for terrestrial UEs may not be directly applicable to
UAV networks due to the unique aspects of UAV operations.
The primary goal is to ensure high-quality, reliable commu-
nication while facilitating seamless HOs among UAVs.

Although prior research has made efforts to address these
challenges, substantial hurdles remain. For instance, we pre-
viously explored vertical HOs in urban environments [47],
whereas this paper focuses on UAV HOs in rural areas
with limited terrestrial infrastructure. In this scenario, UAVs
transition between urban and rural regions, connecting to a
LEO satellite when terrestrial infrastructure is lacking/absent.
A graph-based decision-making HO algorithm, treating
satellites and terrestrial base stations as vertices and using
weighted summation models as edges for decision-making.
HOs are executed within this framework through Dijkstra’s
shortest path algorithm.

The results indicate that the proposed algorithm out-
performs existing solutions for similar networks, such as
the adaptive threshold method and hysteresis method [43],
and [38]. This research contributes to the advancement of
effectiveHOmanagement for UAVs operating in challenging,
dynamic environments, enhancing the performance and
reliability.

IV. GRAPH METHOD BASED HANDOVER DECISION
ALGORITHM
A. GRAPH THEORY
In the rapidly evolving landscape of UAVs and NT satellite
connectivity, ensuring seamless HOs between different
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TABLE 1. Summary of literature survey.

TABLE 2. Comparison with our previous work [45].

communication nodes is paramount. This paper introduces
a novel approach, the graph method based seamless HO,
designed to address the unique challenges of UAVs operating
within terrestrial-satellite networks. This approach offers
several key features that enhance the efficiency, reliability,
and performance of UAV communication in dynamic, multi-
node environments.

The foundation of this method lies in graph theory, where
communication nodes, UAVs, and satellites are represented
as nodes in a dynamic network graph. Edges between nodes

represent decision making parameters. This model provides a
comprehensive view of network topology, aiding in efficient
HO decision-making. The graph-based approach enables
proactive HO decisions by analysing signal RSS, SNR,
elevation angle to ensure uninterrupted data transmission.
By constantly evaluating available paths and selecting the
most suitable ones, it ensures UAVs maintain a robust and
consistent connection, even in challenging environments.
The graph-based approach can scale to accommodate a
growing number of UAVs and communication nodes, making
it adaptable for various deployment scenarios.

B. PROBLEM FORMULATION
Firstly, the list of notations are presented in Table 3.
The problem is formulated as a graph with distinct

instances of satellites and base stations denoted as s1, s2, s3
and s4 across a time duration T , segmented into several
short, equidistant time intervals t1, t2, . . . , ti. The optimal time
for HO from base station b1 to any of the target satellites
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TABLE 3. List of notations.

s1, s2, s3 or s4 is subject to various time-variable criteria.
In the proposed framework, each satellite and base station
is represented by multiple instances to account for changes
in satellite communication status over time. For instance,
in figure 3 the notations of the base stations and satellites with
respect to the time are shown. This means that base stations
BS1−1, BS1−2, BS1−3, BS1−4 represent the base stations at
time duration t1, t2, t3 and t4. Similarly for base stations at
time duration t5, t6, t7, and t8. In the case of satellites, they are
represented at time duration t9, t10 and t11 as s1−9, s1−10 and
s1−11. Given the context of the Starlink satellite network with
numerous LEO satellites and overlapping coverage periods,
the GPS-based approach outlined in [48] and the simplified
general perturbations (SGP4) model from [49] are employed
to determine UAV positions and LEO satellite information.

Consider a scenario where, for a given UAV, a sequence
of HOs is necessary from a base station to a satellite over a
time duration T . As previously mentioned, T is divided into
q equidistant time intervals ti, such that

∑q
i=1 ti = T , and

ti = (µi ± δ), where µi denotes the mean value of ti and δ

represents the relaxation period.
By treating satellite instances as graph nodes and the

HO decision-making criteria as directed weighted edges, the
timing and target sequence for HOs during the period T
are determined by identifying the highest-ranking path in
the directed weighted graph. Figure 4 depicts the directed
weighted time-based graph representing LEO satellites and

FIGURE 3. gNBs and satellites as time instances.

FIGURE 4. Representative graph for proposed model.

base stations. In this graph, straight edges denote transitions
between different instances of the same satellite/base station
(no HO), while diagonal edges represent HOs between
instances of two different satellites/base stations with over-
lapping coverage periods. The weight of each directed edge is
calculated as a weighted summation of decision parameters,
collectively forming the HO decision-making criteria.

Figure 5 provides a depiction of a sample graph alongside
its real-world counterparts, which are symbolically repre-
sented by the graph’s elements. Each node within the graph
signifies either base stations or satellites. These vertices are,
denoted by V = bm, sq.
The edges within the graph symbolize the times that take

to HO from one base station to a satellite. Edge weights
represent the time-weighted decision parameters RSS, SNR
and elevation angle denoted by M , and the edges itself is
represented by E = xgNB, xsat where x ∈ M encompassing
all elements ofM . The dotted lines represent the HO between
the nodes. This is between either two base stations or between
a base station and satellite. Within the scope of this work
only HO between the last base station and the satellite is
considered. Nevertheless, our proposed strategy possesses the
flexibility to accommodate both scenarios by the addition or
removal of nodes within the graph.
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FIGURE 5. Graph representing the possible handovers.

The optimal sequence of HOs within the graph is
established through the application of Dijkstra’s Algorithm.
This algorithm is employed to identify the shortest path
between two specified nodes, with the shortest path being
defined as the route characterized by the minimal summation
of weighted edges.

Thus, the graph is represented as a set of all nodes, edges,
weights, and the performance matrix is shown as follows,

G = {V ,E ,W ,M} (1)

where, V is the set of all the nodes, i.e., base stations and
satellites.

V = {b1, b2 . . . bm, s1, s2 . . . sq} (2)

E is the set of all decision parameters as defined in (11),

E = {xgNB, xsat } (3)

where, x ∈ M .

C. MODELLING THE DECISION PARAMETERS
In this work, we use RSS as shown in (4), SNR as shown
in (10) and elevation angle for the UAV to satellite are
considered as decision making signal parameters.

The RSS is the measured received power at UAV i
transmitted by base station m. Pi,m is considered to be log-
normal, thus the random variable Pi,m is Gaussian [50]

Pi,m(dBm) ∼ N (Pi,m(dBm), σ 2
dB) (4)

where,

Pi,m(dBm) = Π0(dB)− 10np log10(di,m/∆0) (5)

Here, Pi,j(dBm) is the mean power in dBm, σ 2
dB is the

variance of shadowing and Π0 is calculated from the free
space path loss formula [51].
The SNR is calculated as the ratio of signal power and the

noise power. Therefore, it is denoted as,

SNR =
∣∣∣∣ PsPN

∣∣∣∣ (6)

where, Ps is the signal power and PN is the noise power.
If the signal is represented as s(t), and it is deterministic

then
∣∣Ps∣∣ is defined to be:

Ps =
1
T

∫ T

0
s2(t)dt (7)

where
∣∣T ∣∣ is the observation duration interval. The

∣∣T ∣∣ is
equal to the period of s(t) and the root mean square (rms)
value equals the square root of its power.

The noise is represented as
∣∣N (t)

∣∣ and has a stochastic
description. Thus, the correlation function for noise signal
can be written as:

Rn(τ ) ≡ E[n(t)n(t + τ )] (8)

Here, E[·]| denotes expected value. PN is thus related to its
correlation function as follows,

PN =
∣∣Rn(0)∣∣ (9)

In this work, however, a white noise system is assumed.
This means the correlation function is equal to |N0/2 · δ(t)|,
where ∆(t) is known as Dirac’s delta function [52]. and N0/2
is the spectral height of the white noise and corresponds to the
value of noise power spectrum at all frequencies. The SNR
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changes to the following,

SNR =
∣∣∣∣
∫
s2(t)dt
N0/2

.

∣∣∣∣ (10)

Given below is the performance matrix M, which is a
3× 2 matrix, representing the 3 different RF parameters and
2 different networks.

M =
[
rgnb sgnb egnb
rsat ssat esat

]
(11)

where, rgnb, sgnb, egnb are the RSS, SNR and elevation angle
probabilities associated with the gNB and rsat , ssat , esat are
the RSS, SNR and elevation angle probabilities associated
with the satellite.

The decision-making parameters are implemented as a
WSM. A WSM is a mathematical framework that combines
multiple factors by assigning specific weights to each one.
These weights reflect the relative importance or contribution
of each factor to an overall outcome. The model computes
the result by multiplying each factor by its corresponding
weight and then summing these products. This approach
allows for customised and flexible analyses, making it
valuable in decision-making problems such as UAV-satellite
networks, where different signal parameters must be consid-
ered with varying degrees of significance to make informed
decisions.

For this, we define a weight matrix that assigns weighted
probabilities to each parameter. This is written as:

W =
[
0.45 0.45 0.10

]
(12)

The last step is to normalise the performance matrix and
then add weights to the normalised matrix. If the normalised
matrix is represented as vij, then,

vij =
aij
amaxj

(13)

and,

vij =
aminj

aij
(14)

where, a is an element of (11).
From, above equations, the WSMcan be represented as

follows,

vi =
∑
j

vijwj (15)

where, vij is the normalized performance matrix and wj is an
element.

D. DIJKSTRA’S ALGORITHM
Dijkstra’s algorithm is a widely used graph traversal and
shortest-path-finding algorithm. It efficiently calculates the
shortest path from a source node to all other nodes in
a weighted, directed graph. Dijkstra’s algorithm starts by
initialising distances to all nodes from the source as infinity,
except the source itself, which is set to zero. It maintains a

set of unvisited nodes and repeatedly selects the node with
the smallest distance as the current node. For the current
node, it explores its neighbours and updates their distances.
If a shorter path is found, the distance to that neighbour is
updated. This process continues until all nodes are visited or
the target node (if specified) is reached.

Algorithm 1 Dijkstra Algorithm for Shortest Path
Input: No. of nodes and weights of edges
Output: Shortest path to target node
1: Define the bm−1 as the source node in the built graph in

the proposed method
2: Calculate the weight-based cost to each node connected

to bm−1 as:
vi =

∑
j vijwj

3: if M = rgnb, rsat or sgnbssat then
4: Mark node with highest vi
5: else
6: Mark the node with lowest vi
7: end if
8: while sm−n is reached do
9: Calculate vi for each node connected to the marked

node.
10: if M = rgnb, rsat or sgnb, ssat then
11: Mark node with highest vi
12: else
13: Mark the node with lowest vi
14: end if
15: end while
16: end

Dijkstra’s algorithm uses a priority queue (min-heap) data
structure to efficiently select the node with the smallest
distance. This data structure ensures that the algorithm runs
in O(E + V log V) time complexity, where E is the number
of edges and V is the number of vertices in the graph.

E. PROPOSED METHOD
As explained in the previous sections, a graph is built
consisting of nodes that are base stations and satellites. The
vertices are modelled as a WSM of the decision parameters.

Figure 6, shows the flow diagram for the proposed
algorithm. The first step to acquire the measurement reports
from the terrestrial base stations and satellites by the UAV.
This is fed as input to the algorithm. The RSS, SNR and
elevation angle are identified as the decision parameters
and their weights analysed. Next, a relaxation period (δ)
is selected which is a fraction of the total time period.
In graph theory, when finding the shortest path in a graph,
relaxation is a fundamental operation. It is used to improve
the estimates of the shortest path time periods between
vertices. As a time-based graph is considered, shortest path
effectively means shortest time taken to transfer control to
the node with the best signal parameter, therefore relaxation
is referred to as relaxation period. Next, the LEO satellite
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FIGURE 6. Graph-based algorithm flowchart.

information is obtained, in this work we use the Starlink
Phase 1 constellation, the data for which is obtained by the
work done in [44]. After this, it is checked if the decision
parameter of the source node (terrestrial base station in this
case) is worse than the destination node (satellite) then HO
is performed, else control stays with the source node and the
process repeats.

This enables to generate the time-based graph, where then
the base station is set as the source and the satellite as
the destination and Dijkstra’s algorithm is used to find the
shortest time period to transfer control to the satellite.

The Dijkstra’s algorithm maintains a set of base stations
and satellites with tentative time instances from the source.
Initially, all nodes except the source gNB have time weights
set to infinity, and the source has a time weight of zero. It then
repeatedly selects the node with the smallest time period and
explores its neighbours to potentially update their times. The
following steps briefly explain the process:

• Initialize: Set the time periods of the source node to 0 and
all other nodes to infinity. Create a priority queue (or a
min-heap) to keep track of the nodes with the smallest
tentative time periods.

• Explore Neighbours: While there are nodes in the
priority queue, select the node with the smallest tentative

time periods. This node is considered visited. For each
of its unvisited neighbours, calculate a tentative time
period by adding the time periods from the source to the
selected node and the edge weight between the selected
node and the neighbour. If this tentative time periods are
smaller than the current time periods of the neighbour,
update the neighbour’s time periods.

• Repeat: Continue this process until all nodes have been
visited or until the priority queue is empty.

• Shortest Paths: Once the algorithm terminates, you have
the shortest time periods from the source node to all
other nodes in the graph. These time periods can be used
to reconstruct the shortest paths themselves.

Algorithm 2 explains the proposed algorithm in detail.
As discussed, previously, the input to the algorithm are
the signal parameters and the UAV location. Firstly, the
RSS, SNR and elevation angles are defined as the decision
parameters. A performance matrix M is defined as the
first step to implement the weight summation model. The
definition of M is given in (11). The weight matrix is defined
as in (12). Next, (11) is normalised to obtain the normalised
performance matrix vi. The time period for the simulation is
set as 1800 s and relaxation period δ is set as 300 s.

Algorithm 2 Graph Theory Algorithm for Handover
Sequence Selection
Input: UAV location, RSS, SNR, and elevation angle
Output: Optimised handover sequence
1: Define signal performance parameters as decision

parameters, RSS, SNR, and elevation angle
2: Define performance matrixM
3: Define weight matrixW
4: Normalize the performance matrix M and obtain

normalized performance matrix vi
5: Select time duration T and relaxation time δ

6: Obtain LEO satellite information
7: Define Appropriate Channel Model

G = 20log(c)− 20log(4πdf )+ 10log(A(d))+ χ

8: Select a beginning node bm−1 directed to the 1st node (in
this case a base station instance)

9: Add a virtual end node sm−n in this case an instance of
satellite

10: Solve the graph from first to last node using Algorithm 2
to obtain optimal handover sequence

The next step is to obtain the satellite information for the
LEO Starlink Phase 1 constellation. The channel model is
defined in the next step, this detailed in further sections.
Finally, Dijkstra’s algorithm to perform the HO from the
source to the target is implemented.

F. HANDOVER STAGES
Performing HO seamlessly involves three main stages:
preparation, execution, and completion. These three stages
entail various steps that transfers the UAV association from
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the base station to a satellite. These stages are shown in
figure 7 and explained in detail as follows:
There are 5 elements that enable a seamless HO between

the future next generation NodeB (gnB) and satellite in
a future 6G network: the UAV, source future gNB, target
satellite, the Access and Mobility function (AMF) and the
User Plane Function (UPF). The functions of the AMF and
UPF are described in [3].

1) Preparation: The first stage of HO involves preparing
the different elements to carry out the process. The
AMF broadcasts all the mobility related information to
every element, while the UAV gets the measurement
reports from the source node. The decision parameters:
RSS, SNR and elevation angles are analysed for their
weights and priority and then the HO decision is made.
Once the HO decision is made, then the request is sent
to transfer control from the future gNB to the satellite
to the AMF. The AMF then, acknowledges the request,
and sends the admission control command, enabling
the UAV to connect to the satellite.

2) Execution: In this second stage, the execution of
the HO takes place, after preparation. The first step
is to reconfigure all the Radio Resource Control
(RRC) connection, primarily the ‘‘mobilityControlIn-
formation’’, which is responsible for carrying all the
information is updated. Then the UAV detaches from
the old cell and synchronises with the satellite. Any
buffered or in-transit packets at this stage is re-routed
to the satellite. Next, Sequence Number (SN) status
transfer is sent to the AMF by the future gnB, which
ensures that the packet data convergence protocol is
transferred from the source to the target [53]. The
AMF sends the SN status transfer to the satellite.
The RRC reconfiguration is completed, and the UAV
now synchronises with the satellite. The last step of
execution is the UAV requesting the patch switch from
the gNB to the satellite.

3) Completion: In this stage, the final steps are performed,
and the HO is said to be completed. Firstly, the
path switch request is received, the UPF updates its
plane to associate with the satellite. The path switch
acknowledgement is then sent across to the satellite and
the UAV. The last step is to release the context from
the gNB, which refers to releasing the resources of the
network.

V. SIMULATION SET-UP AND RESULTS
Within the scope of this study, the UAV path involves
a transition from an urban environment to a rural area
devoid of terrestrial infrastructure, followed by a return to
an urban area. Consequently, the HO process encompassing
the transition from the final base station to the satellite and
subsequently back to the base station is examined.

The evaluation of the HO process unfolds through a dual
perspective. First, the examination of variations in decision
parameters, specifically RSS and SNR, serving as metrics for

TABLE 4. 5G parameters.

TABLE 5. UAV parameters.

TABLE 6. Satellite parameters.

evaluating HO performance is studied. Additionally, the eval-
uation extends to the analysis of QoS parameters, focusing on
throughput and latency as indicators of performance.

A. SYSTEM MODEL
We consider a three-layer system, as shown in figure 2. The
ground segment consists of a 5G gNB, to which the UAV
is initially associated with. The gNB and by extension the
UAV associated with it is part of the cellular 5G network.
We use the sub-6GHz frequency for the gNB, at maximum
transmitting power of 5G. The satellite in-view periods lie
between the 180 s and 750 s at an elevation angle of 10 °. All
the parameters are listed in Table 4 [54].

The air segment consists of the UAV, which is first
associated with the gNB and then to the satellite. The
proposed algorithm is deployed on-board of this UAV. It flies
at a height of 100 m at an average speed of 20 m/s. It uses
an omni-directional antenna with a transmitting power of
23 dBm. These parameters are summarized in Table 5

Finally, the space segment consists of the LEO satellite
constellation. In this work, the Starlink Phase 1 satellite
constellation at 550 km orbit is considered. The UAV sees
at a 10 ° elevation angle. These parameters are shown in
table 6 [44].

B. NETWORK MODEL
In this work, we consider a scenario of a quasi-stationary
fixed cell which does not consist base stations. We assume,
the UAV moving with a velocity of v moving out of a
cellular network with at least one gNB represented by
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FIGURE 7. Signal flow diagram for stages of handover.
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FIGURE 8. Handover scenario.

FIGURE 9. System model.

B = b1, b2, . . . bm into the quasi-stationary cell as shown in
figure 8.
This area is covered by satellite represented by S =

s1, s2, . . . sm. The satellite is seen by the UAV at an elevation
angle of α as shown in figure 9. This complete network is
modelled as a graph G = (n,E), where n represents the
nodes, i.e., either satellite or gNB and E represents the edges
that are the weighted summed functions explained earlier.

C. CHANNEL MODEL
The channel model considers Rician small-scale fading and
atmospheric fading [44]. The Rician fading is defined by two
parameters. The first one, is the ratio between the power in

the direct path and the power in the scattered paths,

K =
u2

2β2 (16)

The second one, is the Ω is the total power from both paths
and functions as a scaling factor to the distribution,

Ω = u2 + 2β2 (17)

The amplitude of the signal therefore is Rice distributed with
these parameters,

u2 =
K

1+ K
Ω (18)

β2 =
Ω

2(1+ K )
(19)

The resulting probability distribution function (ϕ) is:

ϕ =
2(K + 1)x

Ω
exp

(
−K −

(K + 1)x2

Ω

)
I0

(
2

√
K (K + 1)

Ω
x
)

(20)

The atmospheric fading A(d) is given by.

A(d) = 10
3dχ
10h (21)

where, χ is the attenuation through the clouds and rain in
dB/km, h is the UAV altitude and d is the propagation distance
between satellite and the UAV, calculated by,

d =
√
h2 + (x − ox)2 + y− o2y (22)

where (ox , oy) is the position right below the satellite.
Combining 21 and 22, the channel model expression is

written as,

G =
c

4πdfc

2
A(d)ϕ (23)

where,

c: Speed of light (3× 108 m/s)
d: transmission distance (as calculated in (22) )
fc : Operating frequency
A(d) : Atmospheric fading (as calculated in (21)
ϕ : Rician small scale fading (as calculated in (20)

D. RESULTS
In the sections above, we detail the use of the system,
channel, and network model for conducting simulations.
These simulations have a duration of 1800 seconds (30
minutes) with a relaxation period of 240 seconds.

1) DECISION PARAMETERS
This work employs three decision parameters: RSS, SNR,
and elevation angle. The results of these simulations are
analysed by plotting these parameters in conjunction with
QoS parameters.
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FIGURE 10. RSS vs time.

• RSS: RSS is a measure of the received radio signal’s
power by a UAV, reflecting signal strength or intensity.
Values typically range from −70 dBm to −90 dBm
within the sub-6 GHz spectrum. Variations in RSS over
time indicate potential HOs.

• SNR: SNR compares the strength of the desired signal
to unwanted noise, determining signal quality and reli-
ability. Higher SNR values indicate better performance,
while lower SNR values can lead to connectivity issues.

2) QOS PARAMETERS
Two QoS parameters are analysed to assess the proposed HO
algorithm’s impact on the communication link:

• Throughput: This measures the data transfer rate over
a wireless network, a critical factor for network perfor-
mance.

• Latency: Latency measures the delay in data transmis-
sion, with lower latency being desirable for faster data
transfer.

Additionally, the number of ping-pong HOs is measured.
Ping-pong HOs refer to situations where a UAV repeatedly
switches its connection between two or more base stations.
The performance of decision parameters is depicted in
Figure 10, which shows RSS plotted against time for three
methods: the proposed graph method, hysteresis method, and
threshold method.

The graph method shows an average RSS of−72.933 dBm
with only 2 HOs, outperforming the other methods. The
hysteresis method has an average RSS of −74.9 dBm
with 4 HOs, while the threshold method performs the poorest,
with over 5 HOs and an average RSS of −77.23 dBm. SNR
performance is evident in Figure 11, where the graph method
excels with the fewest HOs. The hysteresis method and the
threshold method under-perform in both SNR and frequency
of HOs. The higher number of HOs is partly due to ping-pong
HOs, as indicated in the plot.

QoS parameter analysis is presented in Figure 12, where
the implementation of the graphmethod improves throughput

FIGURE 11. SNR vs time.

FIGURE 12. Throughput vs time.

values compared to the other methods. This is attributed to
efficient HOs’ positive impact on communication system per-
formance. The hysteresis and threshold methods are affected
by their drawbacks and the occurrence of ping-pong HOs.

Figure 13 illustrates latency, showing that the implemen-
tation of the graph method reduces latency compared to the
other methods. Efficient HOs play a crucial role in enhancing
communication system performance, while the hysteresis
and threshold methods suffer from their drawbacks and the
occurrence of ping-pong HOs.

To visualize the HO process better, network status plots are
provided for each of the three methods. Figure 14 displays the
UAV’s network status, indicating connections to the satellite
or the 5G network at different time instances. Like the
decision parameter plots, HOs occur at 300 s and 1320 s.

In Figure 15, the network status for the hysteresis method
is shown, revealing 4 HOs at 300 s, 480 s, 1020 s, and 1320 s.

Lastly, Figure 16 depicts the network status for the UAV
using the threshold method, with 5 HOs and one ping-pong
HO, occurring at 1020 s and 1260 s.
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FIGURE 13. Latency vs Time.

FIGURE 14. Network status for proposed GM.

FIGURE 15. Network status for hysteresis method.

These results are obtained with a relaxation period set to
240 s. However, altering this value impacts link performance.

FIGURE 16. Network status for threshold method.

FIGURE 17. Throughput vs time at δ = 300 s.

When the relaxation period is set to δ = 300 s, throughput
improves by 7.94%, averaging 27.98 Mbps, but an additional
HO occurs at 1560 s as shown in figure 17. This is due to
Algorithm 1 exploring more nodes in the graph, potentially
finding better solutions but also leading to more HOs.

Figure 18 illustrates the latency plot for δ = 300 s, reflect-
ing an 8% improvement in values. However, an additional HO
is observed, as previously explained.

Increasing the relaxation period to δ = 360 s, as shown in
Figure 19, leads to a notable throughput enhancement, with
a 16.74% increase compared to δ = 240 s and an 8.14%
increase compared to δ = 300 s. HOs occur at 300 s, 1320 s,
and 1560 s, similar to the δ = 300 s scenario, with an
additional HO at 1200 s.

In Figure 20, the latency plot for δ = 360 s reflects
an approximate 9.88% improvement in values, similarly
accompanied by an additional HO, as previously discussed.
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FIGURE 18. Latency vs time at δ = 300 s.

FIGURE 19. Throughput vs time at δ = 360 s.

Hence, the choice of relaxation period should consider
the UAV’s application requirements, as it affects link
performance and the frequency of HOs.

To analyse the performance of the algorithms, the number
of ping-pongs is measured. In figure 21, it is seen that
proposed GM has no ping-pongs while the threshold method
has maximum ping pong HOs.

Finally, the probability of which decision parameters is
chosen by the WSM model is presented in figure 22
RSS is given the highest weight in the simulation;

therefore, it is selected with the highest probability as a
decision parameter.

As evident from the aforementioned findings, the devised
approach demonstrates superior performance compared to
certain prevailing industry benchmarks. Nevertheless, the
graph theory algorithm proposed herein is not without its
constraints. Notably, in the context of exceptionally extensive
networks, the application of the graph method necessitates
augmented storage capacities, posing a potential challenge

FIGURE 20. Latency vs time at δ = 360 s.

FIGURE 21. No. of Ping-Pongs.

FIGURE 22. Probability of decision parameters.

in deployment scenarios involving UAVs. It is anticipated
that forthcoming advancements in storage hardware will

VOLUME 12, 2024 33031



A. Warrier et al.: Future 6G Communications Powering Vertical Handover in NTN

offer a viable resolution to this issue. Additionally. this work
does not delve into the satellite visibility problem, working
under the assumption that the UAV sees the satellite all the
time. However, LEO satellite have a short visibility times
ranging from 240 s to 1200 s necessitating satellite to satellite
handover, (not part of the scenario considered for this work)
which would be a potential next step from this to fully
integrate the space based satellite network including GEO
satellites.

VI. CONCLUSION
In conclusion, the integration of UAVs into future 6G net-
works holds great promise for a wide range of applications,
from surveillance to precision agriculture and beyond. How-
ever, the challenge of ensuring uninterrupted connectivity
for UAVs in remote and dynamic environments cannot
be overstated. This paper has presented a groundbreaking
approach to addressing this challenge by leveraging graph
theory and developing a decision-making algorithm for opti-
mizing HOs between terrestrial and satellite communication
networks. Through a dynamic network node model, and
a decision-making algorithm that considers several factors,
such as RSS, SNR and elevation angle, this research has
demonstrated a seamless transition between communication
links, significantly reducing service disruption. The extensive
simulations and comparisons with existing solutions have
highlighted substantial improvements in key metrics like
RSS, SNR throughput, latency, and ping-pongs, leading to an
overall enhancement of UAV connectivity. This graph-based
seamless HO solution represents a pivotal advancement
in enabling reliable and uninterrupted communication for
UAVs operating in remote and challenging environments.
By effectively managing HOs between terrestrial and satellite
networks, this paper contributes significantly to unlocking the
full potential of UAVs in emerging applications, thus pushing
the boundaries of UAV technology. As we move forward into
the era of 6G networks, this work will play a vital role in shap-
ing the future of UAV technology and its myriad applications.
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