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Abstract: This paper presents an analytical exploration of sixth-generation (6G) satellite—terrestrial
integrated networks, focusing specifically on their applications within air mobility operations, such
as those involving unmanned aerial vehicles (UAVs). As the integration of satellite and terrestrial
networks promises to revolutionize mobile communication by extending coverage and enhancing
connectivity, this study delves into two critical aspects: link budget analysis and handover and
mobility analysis for UAVs. The link budget analysis assesses the communication requirements
necessary to ensure robust and consistent connectivity between satellites and UAVs, accounting
for factors such as path loss, antenna gains, and power transmission. Meanwhile, the handover
and mobility analysis investigates the challenges and solutions associated with UAVs transitioning
between different network nodes and layers in a dynamic aerial environment. This paper utilizes
theoretical models and simulations to provide insights into the design and optimization of these
networks, aiming to enhance the reliability and efficiency of UAV operations in the context of the
emerging 6G landscape. The findings propose not only technological advancements in network
architecture but also practical guidelines for the deployment of UAVs in complex environments,
marking a significant step toward the realization of a fully integrated, satellite-terrestrial ecosystem.
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1. Introduction

Urban air mobility (UAM) is a subset of advanced air mobility (AAM), and it is defined
as safe and efficient air traffic operations for passenger and cargo transport within the urban
environment, with an on-board pilot or a remote pilot in command (RPIC) or a completely
autonomous unmanned aircraft system (UAS) [1,2]. Such a technological capability requires
a robust communication system (among other systems) capable of operating in a congested
urban environment. The UAM system demands a communication system that has good
availability, integrity, and security for the safety of its operations in the urban environment.

In this paper, we study the communication systems requirements to support UAM
operations. To do so, existing and potential communication systems for UAM are reviewed;
they include 3rd Generation Partnership Project (3GPP) 6G technology [3,4]. LEO constella-
tions will be used to provide reliable and fast broadband services to the public in the future
and improve communication capabilities and efficiency in various fields [5]. In future
6G technology, space-ground-integrated-network, low-Earth-orbit satellites will play an
especially important role [6,7].

Furthermore, this paper elaborates on a performance analysis of the data link for
communication between ground stations to unmanned aerial vehicles (UAVs) using link
budget analysis and taking weather attenuation and the Doppler effect into consideration.
Additionally, the effect of altitude on the quality of service in terms of latency was studied
and is presented. These studies will help design robust communication system architectures
for UAVs in remote regions.
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Urban air mobility (UAM) vehicle operations require specialized communication sys-
tems that prioritize robustness and efficiency. Central to these requirements is a resilient
command and control (C2) data link, responsible for managing critical flight and safety
systems, telemetry data, and communication between the UAM vehicle and the ground
station [8-10]. This link must be immune to both unintentional and intentional interfer-
ence, such as jamming and spoofing, with contingency plans for quick recovery should
disruptions occur [11,12]. Additionally, the communication module on the vehicle should
be lightweight to conserve energy, thus enhancing the UAV’s range and endurance by
allowing more power to be allocated to propulsion systems.

UAM communication systems must adapt to the unique challenges posed by the oper-
ating environment [13]. They must ensure uninterrupted service across urban [14], rural, or
remote terrains at a typical altitude range of 600 to 5000 feet, even necessitating transitions
to satellite communications (SATCOM) when terrestrial networks are unavailable [15-17].
Introducing SATCOM s also brings many challenges, including interference management
and resource optimization [18-21]. High-speed UAV operation requires the system to accom-
modate Doppler shifts without failure. Additionally, precise location detection is crucial for
collision avoidance, while managing interference is vital to prevent potentially catastrophic
failures. To maintain operational efficiency and safety, the system must also support minimal
signal losses and low latency, ensuring reliable, real-time communication in urban settings.

Satellite—terrestrial networks employ an architecture that merges the extensive reach
of satellite systems with the high capacity and low latency of terrestrial networks [22].
This approach facilitates coverage extension to remote areas and significantly enhances the
performance capabilities of Internet-of-Things (IoT) applications; therefore, it is positioned
as a backbone for future smart ecosystems [23]. However, despite these advancements,
the specific deployment and optimization of these networks for UAV operations pose
unique challenges, particularly in maintaining reliable connectivity in dynamic aerial
environments. Current research has shown that, while theoretical models for network
integration exist, practical applications, especially those involving UAVs, often encounter
issues with efficient handover mechanisms and robust link budget management [24,25].

Our manuscript extends this discussion by analyzing the link budget and handover
and mobility for UAVs within a 6G satellite—terrestrial framework. This study leverages
recent advancements and identifies shortcomings in existing systems to enhance both the
theoretical understanding and practical implementation of integrated networks.

The communication system for UAVs and the data links are visualized in Figure 1 be-
low. The introduction of satellite-terrestrial networks could enhance the range of operations
of UAVs, especially in remote regions.

Whitworth et al. [26] carried out link budget analysis for 5G communication sys-
tems, considering only ground base stations. This paper further extends their study by
introducing satellite networks. The contributions of this paper are as follows:

* A detailed link budget analysis for UAV communication within satellite-terrestrial
networks. This analysis considers unique factors such as UAV altitude adjustments
and atmospheric conditions, which are crucial for ensuring reliable and robust com-
munication links.

*  The paper proposes a handover strategy that facilitates seamless network transitions
for UAVs.

¢  Utilizing theoretical models and simulations, the study evaluates the performance of
satellite network under various weather scenarios.

Choosing link budget and handover performance analysis for 6G satellite—terrestrial
networks targeting UAV operations addresses crucial connectivity needs. Link budget
analysis ensures that communication links between UAVs and satellites have adequate
signal strength for effective communication, which is crucial for UAVs operating at various
altitudes and speeds. Handover performance analysis maintains continuous service as
UAUVs travel through their designated path, which is crucial for minimizing disruptions
during transitions. These areas are interlinked, as a robust link budget underpins stable
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connections essential for smooth handovers, thus improving network reliability and service
continuity for UAVs in dynamic environments.

Figure 1. Communication system for UAM.

2. System Architecture

The proposed system architecture integrates 6G satellite and terrestrial networks to

support unmanned aerial vehicles (UAVs) in a range of operational scenarios, from com-
mercial deliveries to emergency services. This architecture is designed to leverage the
strengths of both satellite and terrestrial technologies, ensuring seamless connectivity, high
throughput, and low latency. It includes several key components: a satellite constella-
tion, terrestrial base stations, UAVs as mobile nodes, and a network management system.
The system has the following components:

Satellite constellation: A constellation of low-Earth-orbit (LEO) satellites provides wide
coverage and high-bandwidth communication links. These satellites are equipped
with advanced beamforming capabilities to dynamically focus connectivity on specific
areas or UAVs, enhancing signal strength and reducing interference [27-30].
Terrestrial network: Comprising 6G base stations, this network layer offers high-speed,
low-latency connections in urban and suburban areas [29]. The terrestrial network serves
as the primary means of communication where available, with the capability of handing
over to the satellite layer when UAVs move out of terrestrial coverage [31].

UAVs as mobile nodes: UAVs are equipped with dual-mode communication systems
capable of connecting to both satellite and terrestrial networks. These systems au-
tomatically switch between satellite and terrestrial links based on the signal quality,
network load, and predefined operational param.

Network management system (NMS): This central system coordinates between the
satellite and terrestrial networks. It manages resource allocation, monitors network
health, and orchestrates handovers between satellites and terrestrial nodes. The NMS
uses predictive algorithms to optimize routes and connectivity for UAVs based on
their flight plans and network conditions [32].

2.1. System Design

The system design focuses on the following key aspects:

Link budget analysis: The link budget is analyzed to determine the maximum range
and data throughput achievable under various conditions, including altitude, speed,
and weather. This analysis informs the selection of communication technologies and
antenna configurations.
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2. Signal handover strategy: An effective signal handover strategy is developed to
ensure seamless communication continuity as UAM vehicles transition between base-
station coverage areas. The entropy method is used to evaluate signal parameters and
determine the optimal handover point.

2.2. Testing and Evaluation

The proposed system will be thoroughly tested and evaluated in a simulated environ-
ment before deployment in a real-world UAM ecosystem. The testing will focus on the
following aspects:

1.  Link Performance: Link performance will be measured under various conditions to vali-
date the link budget analysis and ensure that data transmission meets the requirements.

2. Handover Performance: Handover success rate will be evaluated to ensure seamless
communication continuity during vehicle transitions.

3. Link Budget Analysis

A link budget analysis is performed to evaluate the feasibility and reliability of the
communication system. This analysis involves calculating all the gains and losses encoun-
tered along the transmission path to determine whether the signal strength is sufficient
for effective communication. This assessment takes into account various factors such as
distance, frequencies, antenna gains, weather, and signal losses. [33]

This research explores the following:

*  An evaluation of path losses in different weather conditions.
*  The effect of altitude on the QoS parameters of the UAV communication system.

The system parameters considered for the study are tabulated below in Table 1.

Table 1. System parameters.

System Parameters Specification
Operating (center) frequency 3.5GHz
Antenna gain (drone-mounted) 10 dBi

UAM vehicle velocity 45m/s
Polarization VV (Vertical)
Transmitter cable and connector loss 3dB

Receiver antenna diameter 1.5m

Antenna efficiency 75%

Base station power 38 dBm (6G ground station)
Noise temperature 300 K

Rain rate 80 mm/h
Specific attenuation (k) 2 dB/km
Polarization constant («) (for vertical polarization) 0.07

Specific attenuation for dry air (79) 0.08 dB/km
Specific attenuation for water vapor (yw) 0.5 dB/km
Minimum required C/N —120 dB (for 6G)
Satellite altitude 800 km

The values considered for the analysis were assumed based on a literature review, as
no standards have been established for 6G yet [34,35].

3.1. Link Margin

The link margin represents the excess power available, calculated as the difference
between the received power (Prx) and the minimum power required for the receiver’s
reliable communication, known as receiver sensitivity (RS). A positive link margin is
essential for the effective establishment of a communication system. The formula for
determining the link margin is outlined in Equation (1)

LM = Pgrx — RS 1)
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3.2. Link Budget Equation
The general link budget equation is shown below (Equation (2)):

Prx = Prx + Grx — Ltx — Lrs — Lm + Grx — Lrx )
where the following applies:

Prx: received power (dBm).

Prx: transmitter output power(dBm).
Grx: transmitter antenna gain (dBi).
Lrx: transmitter losses in dB.

Lrs: free space path loss in dB.

Ly other losses in dB.

Grx: receiver antenna gain (dBi).
Lrx: receiver losses in dB.

For the given Equation (2), the transmitter power (Prx), transmitter loss (LTx), and
receiver antenna gain (Grx) are given in Table 1. To calculate the transmitter gain, the fol-

lowing Equation (3) is used:
2
Grx = 10log (;7 X (”f) ) (3)

where the following applies:

#: antenna efficiency.
D: antenna diameter.
A: wavelength.

3.3. Attennuations

The communication system is expected to experience attenuation losses due to the
various factors outlined below:

*  Free space path loss: An essential component of the link budget analysis, the free
space path loss (FSPL) quantifies the reduction in signal strength as it travels through
open space unimpeded by any obstacles or interference. The formula for calculating
the free space loss (Lrs) is presented in Equation (4).

201og <4:d> = 20log(d) +201og(f) +201og(47t/c) (4)

where d represents the distance between the base station/satellite and the UAS.

*  Doppler effect: Given that the UAS will be moving at some speed, the Doppler effect
must be considered when determining the received power (Prx). This consideration
is incorporated into the formula as depicted in Equation (5), as all the variables in the
equation are expressed in dB.

Prx = Prx + Grx — Ltx — Lps — Ly + Grx — Lrx £ 10108(fds) (5)
where f; is the shift in the Doppler effect given in Equation (6):

fas = Urel% (6)

Uy is the relative velocity of the UAV with respect to the base station/satellite. In the
case of satellites, the relative velocity is considered to be the orbit velocity of the
satellite. In Equation (5), the & symbol indicates the direction of travel of the UAV—
whether it is moving towards or away from the base station. For this particular
scenario, it is assumed that the UAV is departing from the base station; therefore,
the '—’ sign is applied.
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Atmospheric attenuation: Atmospheric attenuation, mainly due to atmospheric gases,
significantly influences the link budget of communication systems, particularly at
higher frequencies. This type of attenuation adds to the total path loss and impacts
the strength of the signal that is received.
The attenuation, represented as y (dB/km), is determined using the formula shown in
Equation (7).

Y=Y+ Yw 7)

In this context, 7, represents the specific attenuation due to dry air, and 7, signifies
the specific attenuation due to water vapor.
The attenuation of the signal caused by the atmosphere is determined by multiplying
the overall specific attenuation, v, by the distance, d, that the signal travels through the
gas. Therefore, the power loss from gas attenuation, denoted as Lgt,,;, can be computed
using Equation (8).

Lotm = vd (8)

Rain attenuation: Rain attenuation is the decrease in signal strength that occurs due to
rain in the path of communication. It is a crucial consideration in link budget analysis,
particularly for AAM communication systems that operate at frequencies prone to
signal weakening caused by rain.

Rain attenuation is expressed in the following formula (refer to Equation (9)):

Arain = kR" (9)

In this Equation (9), the following applies:

- Rrepresents the rain rate in mm/h.
—  k denotes the specific attenuation measured in dB/km.
- wis the polarization constant, which can differ, based on the polarization orientation.

k and « are considered to be ky and ay for vertical polarization. The scenario presented
considers vertical polarisation only.
The impact of this attenuation on signal losses due to rain can be calculated as shown
in the next equation, where v is the vertical component of the distance from the UAV
to the base station.

Lygin = Arain ¥ 0 (10)

In the case of satellite communications, the rain and atmospheric attenuations are

limited to a certain altitude. The rain attenuation happens below the clouds, and the
atmospheric attenuation significantly drops beyond the stratosphere. This can be visualized
using Figure 2.

LEO Orbit

Atmospheric attenuation limit I

(Stratosphere limit)

Rain Attenuation Limit (Clouds)

Figure 2. Attenuation limits along the signal path.
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3.4. Total Path Loss

The path loss model encompasses all signal losses incurred during propagation from
the transmitter to the receiver, essentially aggregating all individual losses. For the specific
scenario in question, the path loss can be computed using the following formula:

Path Loss = FSPL —1010g(f4s) — Lgas — Lyain (11)
In addition to received power, two additional metrics that can be utilized to assess the

link budget analysis include the following:

*  The carrier-to-noise ratio: This ratio, represented in Equation (12), measures the
received carrier strength to the received noise. This is also called the signal-to-noise
ratio (SNR).

Prx
SNR = Soise Power (N) (12)
e Latency Latency denotes the delay that signals encounter as they pass through a
communication system. Although latency is not usually included in standard link
budget analyses, it plays a critical role in the planning and performance assessment
of communication frameworks, particularly in situations requiring an immediate or
time-sensitive exchange of data. The formula for latency (t) is given in Equation (13).

. Distance (d) (13)
c
The latency equation presented does not factor in the UAV’s speed. However, in prac-
tical scenarios, it would likely be influenced by the processing times at both the
transmitter and receiver ends. Since we lack specific data regarding this, we assume
that processing occurs instantaneously, without any delay.
These equations are applied to perform the link budget analysis for the given scenario.

4. Communication Handover

Handover refers to the mechanism through which mobile devices transition between
networks. In this research, the focus is on UAVs as moving devices. As a UAV travels
along its route, it must switch from one network tower (or base station) to another as it
enters and exits the coverage areas of these stations. Handovers can be a switching of
networks between the same type of network (horizontal handover) or to a different type of
network (vertical handover). Vertical handovers also include handovers to non-terrestrial
networks like satellite networks and high-altitude platforms (HAPs) to ensure reliable and
robust data links with flights and UAVs traveling above remote areas [4,36]. This process is
illustrated in Figure 3.

There are many handover strategies discussed and studied for satellites. One of the
strategies proposed is by Deng et al. [37], by whom an assisted soft handoff algorithm
was introduced, building on the WCDMA system’s soft handoff approach and using
location information to calculate the residence time. However, this method was proposed
for GEO satellites. For LEO satellite-based communication systems, Wu et al. proposed
handovers based on a ‘potential game’ for mobile terminals [38]. There are other strategies
for handovers that use the tracking time, signal quality, and maximum separation angle as
the decision parameter [39].

While there are multiple handover strategies, entropy-based handovers are preferred
for urban air mobility applications [40]. This is because of the following reasons:

*  Entropy-based methods can dynamically adjust to changes in various link parame-
ters like the received signal strength, latency, capacity of satellite, etc., reducing the
likelihood of dropped connections.
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e UAM vehicles, such as drones and air taxis, move at high speeds and altitudes, which
require rapid adjustments in network connections. Entropy-based systems can handle
these dynamics more effectively than traditional methods [41].

e This method is scalable. When more satellites or parameters are introduced, appropri-
ate weights can be designated for them.

— — — - Interference Signal

= = = = Desired Signal
= — UAV path

/ ~ 7 4

ol “’HEQ/\/\

Figure 3. Visualization of handovers.

Entropy-Based Handover

Entropy-based handover calculates the entropy of various handover criteria—such
as the signal strength, network load, and user mobility—to determine their respective
variability and impact on the network. Criteria with lower entropy (less variability) are
considered more stable and are given a heavier weight in the decision-making process.
This weighting helps in prioritizing handover targets based on a comprehensive, data-
driven evaluation.

The entropy weight method is employed to evaluate the spread of values across
various criteria or indices. It quantifies the level of differentiation among these criteria,
allocating increased weights to indicators that show more significant dispersion [41].

The mathematical formulation of the entropy method, essential for decision-making
in signal handover strategies, is detailed in Equations (14) and (18), as per [40]. The criteria
for a handover are as follows:

Puew > P, + Entropy (14)

Here, (Ppew) and (P,;) represent the power from the new and the old base stations,
respectively. The term "Entropy’ in this context is derived from the entropy weight method,
illustrated in Equation (15):

i pij - Inpj

Inn

In this equation, p;; stands for the normalized values for the i indicator and j*"
sample, defined as follows:

Ei=— (15)

.
by = (16)

=1 %i
For the analysis, three ground base stations and one satellite were considered. Given

that there are four base stations in total (n = 4), the specific entropy for signal strength is
given as follows:

Z}L:1 pij - Inpj
S O v
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ie.,
Entropy = —X(p(x)" log,(p(x))) (18)

In this analysis, for simplicity, we consider just one indicator, namely the received
signal strength (RSS), and with three samples from three base stations. This assump-
tion was made since the study was done for a single satellite. The introduction of new
satellites or a constellation of satellites would require inputs of other indicators like the
capacity, remaining service time, and satellite load (capacity). The weights for other in-
dicators are not considered, thereby simplifying the weighted entropy method to a basic
entropy calculation.

The standardized values of RSS are computed as follows:

RSS;

]
Pi= i oo (19)
J Yf; RSS;

This study aimed to develop a signal handover strategy for drones, focusing solely
on RSS. The network conditions before and after handovers are illustrated, along with the
corresponding signal strengths.

The assumptions for the study include the following:

¢ A drone travels in a straight flight path along the X-axis.

e Therain and gas attenuation are considered.

* A constant UAV altitude and a velocity of 45 m/s are involved.
*  The satellite is on the XY plane

*  The drone has an elevation mask of 60°, as shown in Figure 4.

Figure 4. Visualization of the elevation mask on the drone.

5. Results

Using the methods discussed in the previous section, the link budget analysis and
mobility-and-handover analysis were carried out by simulating the provided problem
statement in MATLAB R2024a The results are discussed below:

5.1. Link Budget
There are four studies that were done on link budget analysis, which are mentioned below:

e The effect of weather attenuation on the received power at different elevation angles
of a UAV receiver: Weather attenuation significantly impacts the quality of the com-
munication link. By evaluating how weather conditions affect the received power
at different elevation angles, the research provides insights into the robustness of
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the communication link across diverse atmospheric conditions. This is essential for
designing UAV communications that remain reliable in adverse weather.

The effect of the altitude of a UAV on the link parameters: The altitude of a UAV
directly influences several link parameters, such as the path loss, delay, and signal
strength. Higher altitudes may facilitate a better line of sight with satellites, but they
could also result in increased path losses with terrestrial base stations, as reported
in [26]. Evaluating this effect allows for the optimization of UAV operating altitudes to
balance the benefits of improved satellite visibility against the potential disadvantages
of increased path losses with terrestrial links.

Path loss vs. elevation angle: The path loss varies with the elevation angle due to
the changing distance and propagation environment between the transmitter and
receiver. This evaluation helps in understanding how the geometric configuration of a
satellite and a UAV impacts the efficiency of the communication link. Optimizing the
elevation angle can minimize the path loss, thereby enhancing the overall performance
of the network.

Link margin vs. elevation angle: The link margin, the difference between the received
signal strength and the minimum required signal strength for acceptable performance,
is a critical parameter in ensuring communication reliability. By studying how the
link margin varies with elevation angle, research can determine the most reliable
operational angles for UAVs. This is crucial for ensuring that UAVs maintain sufficient
link margins to handle unexpected variations in signal strength due to dynamic
changes in their operating environment.

5.1.1. Effect of Weather Attenuation or Received Power

To study the effect of attenuation due to weather, the received signal was analyzed

for a fixed-point drone. The received signal strength is noted for every elevation angle the
satellite achieves with the drone. This can be visualized using Figure 5.

Figure 5. Visualization of analysis setup.

This analysis was carried out for three cases, namely the following:

Free space.
Atmospheric attenuation only.
Atmospheric and rain attenuation.

For this analysis, the UAV was considered to be at a height of 500 m above the Earth’s

surface. The power received for each of the three cases mentioned above at different
elevation angles from the drone can be seen in Figure 6. Since the drone has an elevation
mask of 60°, the elevation angle varied from 60° to 120°.

From Figure 6, it can be inferred that the received power is reduced significantly due

to atmospheric attenuation compared to the one received in free space. Rain attenuation
further reduces the received power. There is a negligible loss in signal strength without
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attenuations, and hence, the received power is approximately constant with varying eleva-
tion angles. Similarly, the carrier-to-noise ratio or SNR variation due to various attenuation
is shown in Figure 7. From the results, we can infer that weather effects significantly impact
the signal quality. Bad weather may result in a lower range for the satellite. The signal
quality would be best when the elevation angle would be 90 degrees, i.e., the satellite,
the UAV, and the center of the Earth would fall in a straight line.

Latency and FSPL do not vary with the attenuation. This is because these parameters
are functions of distance only. The distance between the UAV and the satellite would vary
with changes in the elevation angle. The plots showing their variation with the elevation
angle are shown in Figures 8 and 9, respectively.

-150

o659

-200

-250

-300

-350

Power recerived (in dB)

400 —&—No Attennuation
#— Atmospheric Attennuation

Rain Attennuation

-450 . - -
60 70 80 %0 100 110 120

Drone elevation angle (in °)

Figure 6. Received power with various attenuation.
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Figure 7. C/N vs. horizontal distance for different attenuations.
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Figure 8. Latency vs. horizontal distance.
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Free Space Path Loss vs Elevation angle
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Figure 9. FSPL vs. horizontal distance.

5.1.2. Effect of Altitude of UAV on Link Parameters at a Given Speed

As discussed in the introduction, UAM requires communication systems at differ-
ent altitudes. The link parameters and quality of service vary with changes in altitude.
The analysis below was done while considering the power received via the UAV after rain
attenuation. The link parameters vs. the distance curves at various altitudes with the UAV
traveling at 45 m/s are shown in the figures below. The Doppler effect was considered
when evaluating the drone’s relative velocity, considering the satellite’s orbit velocity.

Figure 10 shows the variation in the received power as we increase the altitude. It
is evident from the figure that, as we increase the altitude, more power is received. This
is due to fewer losses along the path, as the path becomes shorter. It can be noted that,
beyond the altitude of 2000 m (above the cloud altitude), the change in the received signal
strength is much less. This happens since rain attenuation is no longer a factor beyond
2000 m in altitude.

PRx vs Horizontal distance at different altitudes
-168 T T T T T

=170 S —

)
d

B Altitude
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500 metres

!

3

w
T

Received Power (dB)
3
n

-174

175+

1000 metres

2000 metres
2500 metres

1500 metres |

3000 metres

176 ! ‘ | ‘ !
0 0.5 1 1.5 2 2.5 3
Horizontal Distance (m) x10%

Figure 10. Received power vs. horizontal distance at different altitudes.

Figure 11 shows the variation in FSPL as we increase the altitude. From the result
shown in the figure, we can infer that the free path loss decreases with an increase in
altitude, while it increases as the UAV moves laterally away from the satellite at a constant
altitude. This is because the distance between the satellite and the UAV decreases. Naturally,
this trend is the opposite of what was observed for ground base stations in [26].
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FSPL vs Horizontal distance at different altitudes
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Figure 11. FSPL vs. horizontal distance at different altitudes.

The carrier-to-noise ratio (SNR) and latency were calculated and plotted against the
horizontal distance for different altitudes. The results are shown in Figure 12 and Figure 13,
respectively. The SNR would decrease as the UAV moved closer to the satellite, and there
would be less noise as you moved closer to the source of the signal. Latency drops as the
UAYV moves to a higher altitude in the case of satellites as the distance between the UAV
and the satellite is reduced. These results show that the link budget parameters for satellite
communications exhibit opposite trends when compared to ground base stations [26]. This
is solely due to the direction of the source of the signal. When the altitude of the UAV is
increased, it moves closer to the satellite but away from ground base stations.

C/N vs Horizontal distance at different altitudes
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Latency vs Horizontal distance at different altitudes
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Figure 13. Latency vs. horizontal distance at different altitudes.
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From these figures, it can be noted that both C/N and latency decrease with an increase
in altitude. One of the factors important to note here is that, due to the vertical polarization
of the rain attenuation, the power loss is more in the vertical direction as compared to the
horizontal direction, and hence, for the given problem statement, a UAV moving vertically
up is more likely to lose its connection to the base station compared to a UAV moving
horizontally due to rain.

5.1.3. Path Loss vs. Elevation Angle

Figure 14 shows the path loss of the signal, considering the free-space loss, weather
attenuation, and Doppler effect. The minimum path loss occurs when the elevation angle
is 90 degrees. Hence, the best signal quality is achieved when the satellite is directly above
the UAV. As the satellite moves away from the UAV, the path loss gradually increases.

00 Total Path loss vs Elevation angle

450 F
400
350

300 |

Total Path loss (in dB)

250

200 . . . . .
60 70 80 90 100 110 120

Drone elevation angle (in °)

Figure 14. Path-loss vs. horizontal distance.

5.1.4. Link Margin

For the given minimum C/N required (i.e., —120 dB), and an altitude of 500 m, the link
margin was calculated and is shown in Figure 15. From the figure, we observe that the link
margin is not positive throughout the change in the elevation angle from 60° to 120°. The 6G
communication link can be maintained only when the link margin is positive. Hence, it can
be said that, even though the satellite is in the visible range of the receiver drone, it is not
always possible to establish a 6G link. The elevation angle needs to be roughly between 80
and 100 to maintain a 6G communication link (8};,;_ erevation = {80°,100°}).

Link Margin vs Elevation angle
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Figure 15. Link margin vs. horizontal distance.
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From the link margin, the range of the 6G satellite—terrestrial network can be deter-
mined. The elevation angle and the range where the link margin is positive can be related
using the following equations. Figure 16 can be used to understand the calculations.

6 =90° — Glim—elevation (20)
R
® = 0 — arcsin ( ° sin 9) (21)
sat
Rangeqc = R.(2n) @2)

The above equations, Equations (20)—(22), were used to calculate the range of the 6G
satellite network at 250 km on the ground.

LEO Orbit

?
R

%

Figure 16. Calculation of range of 6G satellites.

5.2. Mobility and Handover Analysis

The handover analysis was carried out for a UAV traveling at a constant altitude of 500 m.
The UAV communication link has to be handed over between various ground stations and
satellites along its path to maintain constant connectivity. This is shown in Figure 17.

Connegtion

((‘ ’)) estabished ..
.

A [osﬂ‘e\\\\ejﬂ_»_y_“___,,..
- c:‘:ec‘:.l:n.nwsy‘“' B
e S v=45mis *—
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BS1 o x=4000 m x=9000 m

Figure 17. Visualization of use case considered for analysis.




Electronics 2024, 13, 2855

16 of 20

The assumptions for the ground base stations are as follows (Table 2). The coordinates
(—1000, 0, 0), (2000, 800, 0), and (9000, —3000, 0) represent a deliberate placement of base
stations across a broad geographic area. This distribution allows for the assessment of
UAYV communication effectiveness over varying distances and directional paths, which is
crucial for testing the network’s handover protocols and signal continuity. By setting the
base stations at these points, there is an overlap of coverage areas, which is essential for
evaluating the handover algorithms.

The 6G terrestrial base station is assumed to have 38 dBm transmitter power [34].
The handover analysis was carried out along the UAV path, and the active base station is
shown in Figure 18.

Table 2. Initial values for handover analysis: Case-1.

Parameter Value

BS1 coordinates —1000, 0,0

BS2 coordinates 2000, 800, 0

BS3 coordinates 9000, —3000, 0

Frequency (f) 3.5GHz

UAV initial position (m) 0, 0, 500

UAV final position (m) 9000, 0, 500

UAV velocity 45m/s

Attenuation constants Same as Table 1

Power BS1 8 dB (6G ground station) [34,35]
Power BS2 8 dB (6G ground station)
Power BS3 8 dB (6G ground station)
Signal threshold —120 dB (assumed for 6G)

BS.Sat Change of serving Base-station along UAV path
-od T T T T T T T T

BS3 5

BS2 b

Serving Base Station

BS1F 7

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
UAV path (m)

Figure 18. Serving base station along the UAV path.

Figure 18 shows that there are four handovers taking place along the UAV path.
Serving BS = 0 means the signal is lost, as the RSS is below the signal threshold. For the
considered use case, since the serving base station is never zero, constant connectivity is
maintained throughout the flight path. The received signal strength (RSS) of the received
signal from each of the stations can be observed in Figure 19.
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Received Signal Strength along UAV path
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Figure 19. Received signal strength along UAV path.

From Figure 19, it can be seen why there are four handovers. The received signal
strength of the new signal is stronger than the sum of the old signal strength and its entropy
at that position. The maximum signal strength received via the drone is observed to be
higher than the signal threshold of —120 dB, considered for 6G connectivity. Another
interesting inference from the graph is that, even though the satellite comes into the visible
range at x = 4000 m, the signal strength is not enough to sustain 6G connectivity.

6. Discussion

The assumptions made about drone (UAV) flight conditions in this study, including
the use of only one satellite for comparison, constant-altitude travel in a straight line,
and 2D analysis, significantly shape the interpretation and applicability of the results.
Each of these assumptions simplified the real-world complexities of UAV operations and
satellite communications, which may have influenced the validity and generalization of
the findings.

The use of a single satellite to compare with ground stations limited the analysis to a
scenario where interference from other satellites or overlapping signals was non-existent.
In reality, multiple satellites might be available, offering alternative communication links
and affecting the signal quality due to interference. Relying on a single satellite may result
in an overestimation of the signal reliability and strength, as it does not account for potential
satellite malfunctions or suboptimal positioning relative to the UAV. The results might
suggest better connectivity or fewer handovers than might actually occur in a multi-satellite
environment where handover decisions could be more dynamic and complex.

For the link budget, a straight-line path for the UAV was assumed. This may have
led to an oversimplification of the analysis, potentially making the handover algorithms
less effective in adaptive or complex flight patterns encountered in practical applications.
The UAV, the satellite, and the center of the Earth were assumed to be in the same plane,
which meant that the analysis was 2D. The exclusion of 3D spatial factors could have
led to inaccuracies in predicting the signal strength and handover performance, making
the results less applicable to scenarios where the UAV’s relative altitude and geographic
positioning vary significantly from the satellite.

While the study’s assumptions streamlined the modeling and analysis, making the
complex problem of UAV-to-satellite communications more tractable, they introduced
limitations that could affect the practical application of the research findings. Recognizing
these limitations is crucial for interpreting the results and for considering further research
that incorporates more dynamic and realistic flight patterns and satellite environments. This



Electronics 2024, 13, 2855 18 of 20

acknowledgment also guides the development of more robust and adaptive communication
systems that can handle the complexities of real-world UAV operations.

7. Conclusions

The link budget analysis achieved a positive link margin for the given data, indicating
successful communication between the transmitter and the UAM vehicle. The effect of
velocity and altitude on various link parameters and quality of service metrics i.e., latency,
were also studied. This study was done while considering different weather attenuations.
A loss model was formulated, taking all the losses into account.

In the second part, a study on mobility and handover analysis was carried out for a
UAM vehicle moving on a straight-line path, using the entropy method and considering
three base stations. The signal strength at the UAV from three ground base stations and one
satellite base station along the flight path was studied. It was observed that the satellite
connection could provide 6G connectivity for only about 250 km on the ground at a time
instant. Hence, a larger number of satellites would be required in orbit to provide a 6G
terrestrial network to the whole world. The number would depend on the type of service
the 6G network aimed to provide.

This work contributes to the virtual knowledge bank for researchers working toward
the successful implementation of robust communication systems for urban air mobility
(UAM). This study highlights the effects of altitude and weather on communication systems.
It also proves a methodology for signal handover using the entropy method. This study
will be useful for use cases involving UAVs in remote areas, such as medical deliveries,
mapping, etc.

8. Future Work

This paper studied the link budget for one satellite through its visible time and
compared to ground base stations. In the future, various satellite constellations can be
studied, adding more indicators to the entropy-weight method for handovers. These
indicators can comprise capacity, data speed, and the remaining service time. More link
budget parameters, like the bit error rate, can be introduced, which would delve into
channel modeling for LEO SATCOM system:s.
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