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ABSTRACT

The integration of uncrewed aerial vehicles
(UAVs) with fifth-generation (5G) cellular networks
has been a prominent research focus in recent
years and continues to attract significant interest
in the context of sixth-generation (6G) wireless net-
works. UAVs can serve as aerial wireless platforms
to provide on-demand coverage, mobile edge
computing, and enhanced sensing and communi-
cation services. However, UAV-assisted networks
present new opportunities and challenges due to
the inherent size, weight, and power constraints of
UAVs, their controllable mobility, and the line-of-
sight (LoS) characteristics of communication chan-
nels. This article discusses these opportunities and
challenges from the viewpoint of mobile network
operators (MNOs), and offers a novel perspective
on efficiently utilizing modern city infrastructures
for UAV deployment in typical urban scenarios.
In these scenarios, UAV-mounted base stations
(UAV-BSs) can significantly improve service conti-
nuity and network energy efficiency. We compare
system performance in terms of user satisfaction
and energy efficiency between conventional UAV
deployment, which follows demand dynamics,
and an alternative approach where UAVs land
on urban infrastructure equipped with charging
stations. To identify the preferred UAV locations,
while considering the limited availability of such
stations and environmental dynamics, we employ a
data-driven genetic algorithm. This algorithm close-
ly approximates the true optimal locations subject
to a moderate computational budget.

ON-DEMAND INTEGRATION WITH
URBAN INFRASTRUCTURE

Inspired by the success of pilot projects on
Uncrewed Aerial Vehicle (UAV)-enabled com-
munications, such as AT&T’s flying COW and
Nokia’s F-cell [1], there is a growing interest from
mobile network operators (MNOs) in employing
UAVs as cost-effective aerial platforms. The shift
from the theoretical fundamentals to the practical
implementation of 5G+ networks marks a new
era of efficient communication, thereby opening
avenues into the envisioned domains. However,
this transition comes with challenges that demand
thorough attention and robust solutions [2].
Cellular networks are experiencing a surge in

heterogeneous mobile devices, many demand-
ing high-speed and reliable connections. This sce-
nario presents a significant challenge for MNOs:
enhancing and dynamically adapting their network
infrastructures to meet these escalating demands.
Traditionally, MNOs employed over-provision-
ing by densifying ground base stations (BSs) in
areas with expectedly high demand, particularly in
response to the growing need for real-time data
transmissions driven by live streaming, interactive
online gaming, and autonomous driving. Howev-
er, this approach has inherent limitations due to
the temporary nature of demand peaks in urban
and rural areas or during large-scale public events
[3]. These limitations result in high capital and
operational expenditures as well as unnecessari-
ly high network energy consumption during the
periods of low demand. Consequently, MNOs are
shifting their focus toward on-demand networks
that can adapt to varying usage patterns.

UAVs offer a promising solution for on-de-
mand network deployment by serving as
advanced airborne relay nodes that significantly
alter mobile network design and operation [4].
With UAV-mounted BSs (UAV-BSs), future net-
works become truly adaptive, versatile, and con-
tinuously evolving. The use of these UAV-BSs is
pivotal in many urban deployments, where the
existing city landscape presents considerable chal-
lenges for MNOs with regards to efficient net-
work planning and operation. Wireless UAV-BSs
can alleviate these challenges while enhancing
signal quality and improving data rates.

However, deploying and managing UAV-BSs
in dense and complex urban areas is not straight-
forward. Challenges include navigating the com-
plex airspace and determining the best UAV-BS
positions while respecting their limited battery
lifetimes. A large number of prior works discussed
these challenges and provided versatile solutions.
For example, the study in [5] investigates optimal
3D placement strategies for UAVs to maximize
coverage and minimize interference in urban
areas. The proposed algorithms dynamically
adjust UAV positions based on user demand and
environmental conditions. The work in [6] focuses
on an important aspect of backhaul optimization
for moving UAVs, while the research in [7] com-
pares flying and landed UAV deployments in envi-
ronments with highly dynamic user demands. The
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more recent works, for example, [8], go beyond
the integration of UAVs in cellular networks and
discuss the benefits that UAVs can bring to joint
communication and sensing applications.

Our research contributes to the topic by exam-
ining the dissimilarities between on-demand mov-
ing UAV-BS deployments and stationary landed
UAV-BS layouts in typical urban environments
where demand dynamics and user mobility can be
reasonably predicted. We base our assessment on
several assumptions regarding the behavior of UEs
and traffic fluctuations, while utilizing the informa-
tion available to MNOs about the environment,
such as the anticipated number of UEs, schedules
and locations of events. This knowledge enables
a proactive deployment of UAVs, which land in
strategic locations to meet UE demands while min-
imizing their energy consumption. To determine
the preferred locations for UAV-BSs, we employ
a data-driven approach using a genetic algorithm
(GA). This method robustly determines the best
UAV-BS placements within a given time budget,
hence ensuring a timely network response to real-
time changes in environmental conditions.

The rest of this article is organized as follows.
We explore the UAV-BS integration challenges
and elaborate on potential solutions. Following
that, we introduce our considered approach for
UAV-BS placement using urban infrastructure. We
then present our system-level framework, and dis-
cuss the results and lessons learned.

UAV-BS INTEGRATION CHALLENGES AND SOLUTIONS

This section addresses the integration of UAV-
BSs with urban infrastructure as part of MNO
networks, while focusing on key benefits and
challenges. It outlines the advantages of using
UAV-BSs in various scenarios and the obstacles
encountered in their integration, followed by a
discussion on potential solutions to these issues.

ATTRACTIVE SCENARIOS AND INTEGRATION BENEFITS OF UAV-BSS

Integrating UAV-BSs with urban infrastructure into
MNO networks enhances user Quality of Ser-
vice (QoS) while cost-effectively improving resil-
ience and operational efficiency. This subsection
explores the key benefits and scenarios enabled
by this strategic integration.

Expanding Service Coverage: UAV-BSs pro-
vide an attractive opportunity to extend network
services to remote and geographically challenging
areas [9]. This capability is particularly beneficial
for ensuring connectivity in rural or underserved
regions, where terrestrial network deployment
faces significant logistical and financial hurdles.
For MNOs, rapidly bridging coverage gaps with
UAV-BSs represents a strategic advantage in
expanding their service footprint and reaching
new customer segments.

Dynamic Capacity Scaling: In response to
fluctuating demand, UAV-BSs offer MNOs the
flexibility to scale network capacity dynamically.
This is particularly valuable during peak load sit-
uations or natural disasters where infrastructure
is overwhelmed or damaged. UAV-BSs can be
deployed promptly to augment the network, thus
ensuring uninterrupted service quality and user
experience without infrastructure modifications.

Enhanced Network Resilience: UAV-BSs sig-
nificantly enhance network resilience by offering

alternative connectivity means during terrestrial
network outages caused by technical malfunctions
or maintenance tasks. Their capability of rapid
deployment allows for a swift restoration of com-
munication services, while ensuring the continua-
tion of essential transmission links during outages
and reinforcing MNO’s dedication to reliability.

Smart City and loT Integration: Integrating
UAV-BSs within smart city layouts enhances urban
connectivity and supports the deployment of
numerous Internet of Things (loT) applications.
From traffic management and public safety mon-
itoring to environmental sensing, UAV-BSs pro-
vide the connectivity essential for intelligent urban
management systems, thereby promoting oper-
ational efficiency and contributing to sustainable
city functioning.

Cost-Effective Network Deployment: The
use of UAV-BSs offers a cost-effective solution
for MNOs to expand their service capabilities.
Compared to constructing and maintaining tra-
ditional infrastructure, UAV-BSs demand a lower
initial investment [1]. They can be redeployed as
needed, hence allowing for more efficient use
of capital and operational expenses in network
expansion and maintenance.

Agile Network Testing and Optimization:
UAV-BSs enable MNOs to perform agile and
in-depth network testing and optimization. Their
mobility allows for detailed network performance
assessment across various terrains and conditions,
while facilitating precise adjustments to antenna
placement, signal strength, and coverage patterns.
This capability is essential for maintaining robust
network performance.

CHALLENGES AND SoLuTioNS IN UAV-BS INTEGRATION
WITH URBAN INFRASTRUCTURE

UAV-BS integration with urban infrastructure pres-
ents several challenges. Addressing these issues is
crucial for successfully deploying and operating UAV-
BSs. Below, we explore these challenging aspects
along with potential solutions to overcome them.

Regulatory Compliance: Integrating UAV-BSs
into MNO networks faces regulatory hurdles that
vary across different regions. This includes navigat-
ing complex flight approval processes, adhering
to specific altitude restrictions, requiring a human
operator’s presence during UAV-BS flights [10],
collaborating with regulatory bodies to stream-
line permissions, and developing advanced UAV-
BS control systems that ensure compliance with
regional regulations. Implementing standardized
procedures for UAV-BS operations can also facili-
tate a more straightforward adaptation to diverse
legal frameworks.

Power Management and Energy Efficiency:
UAV-BSs are constrained by their battery lifetimes,
which restricts the operational duration. This lim-
itation poses a significant challenge for prolonged
and sustained use in network operations. Adopting
realtime control algorithms that dynamically adjust
UAV-BS power consumption based on the current
task requirements can improve battery usage [4],
thereby extending the operational time of UAV-BSs.

Data Security Protocols: With the capability
of UAV-BSs to collect and transmit data comes
a heightened risk of data breaches and/or unau-
thorized access, thus necessitating robust security
measures [11]. Implementing stringent security

With UAV-mounted BSs
(UAV-BSs), future networks
become truly adaptive,
versatile, and continuously
evolving. The use of these
UAV-BSs is pivotal in many
urban deployments, where
the existing city landscape
presents considerable
challenges for MNOs with
regards to efficient network

planning and operation.
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FIGURE 1. Integration of UAV-BSs with Urban Fixtures.

protocols, including encrypted data transmission
and secure authentication mechanisms, is essen-
tial to protect data integrity and confidentiality in
the face of cyber threats.

Spectrum Allocation and Interference Miti-
gation: Managing radio spectrum efficiently and
controlling interference presents a significant chal-
lenge in integrating UAV-BSs into MNO deploy-
ments. The potential overlap between UAV-BSs
operating over terrestrial communication sys-
tems [3] can lead to interference, hence affect-
ing service quality. Employing adaptive spectrum
management techniques alongside advanced
interference cancellation algorithms is instru-
mental to tackling this issue. Leveraging machine
learning methods to dynamically predict and con-
trol interference patterns can optimize UAV-BS
deployments, consequently ensuring seamless
coexistence with terrestrial networks.

Physical Limitations and Environmental Fac-
tors: The operational effectiveness of UAV-BSs is
limited by their range, flight time, and sensitivity
to adverse weather conditions. Enhancing UAV-
BS durability through improved materials capa-
ble of withstanding various weather conditions
and incorporating weather-resistant features can
mitigate these issues. Developing UAV-BSs with
extended range and battery life also helps over-
come these physical limitations.

UAV-BS POSITIONING VIA GENETIC ALGORITHM

This section focuses on the methodology behind
integrating UAV-BSs with urban infrastructure as
illustrated in Fig. 1 to improve network sustain-
ability. In the considered use case, UAV-BSs act as
mobile relays connected to the 5G/5G+ macro BS
over wireless backhaul links. The deployment of

UAV-BSs targets to efficiently accommodate spo-
radic user demands concentrated in specific areas.
The locations of UAV-BSs are reconsidered if the
expected system performance deteriorates under
their current placement. The performance can
be measured in the number of live-streaming UEs
whose timely throughput demands are met while
the system supports best-effort background traffic.

UAV-BS positions are significant for demand-
ing UEs that require, for example, high-quality live
streaming. The challenge lies in determining the
preferred location for a certain UAV-BS to land on
from the available landmarks and stations, including
lampposts, monuments, bus stops, and parked taxi
cars, by also taking into account the resulting UAV
altitude and quality of the backhaul and access links,
availability, accessibility, and stability of the stations.
The urban structures available for UAV-BSs can act
as a consistent power source and provide the neces-
sary equipment, thereby enabling UAVs to recharge
and extend their operational times.

In this work, GA [12] has been selected as
a practical solution for the considered UAV-BS
placement problem. We compare its perfor-
mance with another heuristic approach common-
ly used for the same task, namely, the Particle
Swarm Optimization (PSO) algorithm [13], and
the true optimal UAV-BS placement obtained via
an exhaustive search. Figure 2 demonstrates the
UAV-BS positions estimated by selected optimi-
zation methods. The performance comparison is
discussed further in the following sections.

In general, GA offers a robust method for solv-
ing complex optimization and search problems.
It can handle diverse data types, constraints, and
objective functions, thereby making it highly prac-
tical. Its stochastic nature, which involves random
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operators like mutation and crossover, ensures
diversity in the population, hence promoting a
broader search and helping to avoid local optima.
This approach enhances GA’s ability to find global
optima, thus providing more reliable solutions to
complex problems. The inherent parallelism of
GA further contributes to its feasibility by mak-
ing it well-suited for multi-core and distributed
computing environments, hence speeding up the
optimization process. Ease of implementation is
another practical benefit. The basic operations
of selection, crossover, and mutation are straight-
forward, which renders GA relatively simple to
implement and understand. It does not require
gradient information or other problem-specific
data, thus simplifying its application.

GA operates by initializing a population of pos-
sible UAV-BS positions and evaluating each can-
didate configuration by using a fitness function
that calculates the proportion of UEs whose timely
throughput demands are satisfied. The best-per-
forming options are then selected for crossover
and mutation operations to generate new potential
solutions. This iterative process refines the UAV-BS
positions, thereby enhancing user satisfaction rates.

In our study, the parameters employed as GA
settings include a population size of 150, a crossover
probability of 0.8, a mutation probability of 0.2, and
a maximum of 100 generations. These values were
chosen to balance exploration and exploitation with-
in the solution space, while aiming to ensure robust
optimization and acceptable time budget.

SYSTEM-LEVEL MODELING OF
ON-DEMAND UAV-BS DEPLOYMENT

This section summarizes our system-level model-
ing for the on-demand integration of cellular UAV-
BSs with urban infrastructure, aimed at enhancing
performance in the areas where terrestrial BSs
and moving UAV-BSs may face limitations. We
rely on simulations to demonstrate that UAV-BSs
on top of urban infrastructure can substantially
improve network energy efficiency while experi-
encing marginal user satisfaction loss.

URBAN SETUP AND DEPLOYMENT PARAMETERS

Area of Interest: For the reference use case, we
consider the city center of Brno, Czech Republic,
spanning approximately 0.25 square kilometers
around Freedom Square. The area is a complex mix
of public spaces, narrow streets, and buildings of
different types, as illustrated in Fig. 3. This location
has high pedestrian traffic during, for instance, the
annual Winter Festival, which may create a signifi-
cant demand for wireless communication services.

We further utilize OpenStreetMap, a free map
service that provides detailed maps for a realistic
model of the streets and building shapes in the
area. We use data from the Brno data portal to
add important city features such as landmarks,
streetlights, monuments, bus stops, and taxi park-
ing spots. These features play a crucial role in pro-
viding a wide range of candidate locations for
UAV-BSs to charge, especially important during
festivals when the area is crowded.

User Density and Mobility: Utilizing data
from the OpenStreetMap and Brno data portal,
we simulate the behavior of approximately 5,000
festival attendees, as reported by PredictHQ's
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FIGURE 2. UAV-BS placement using the considered Genetic Algorithm (GA),
the reference Particle Swarm Optimization (PS0) method [13], and the
optimal Exhaustive Search (ES) approach.

Live-Stream Users O
Non-Live-Stream Users
gNodeB

Energy Stations O

%
T stara 00 ¥
G VERE i

FIGURE 3. Area of Interest: Freedom Square, Brno, CZ.

event data, to reflect the actual user density and
mobility during peak event times. The UEs are
categorized into two groups: live-stream users and
non-live-stream users. This distinction represents
a realistic demand on wireless networks, where
live-streaming UEs constitute a significant share
of data usage. Our UE mobility model combines
a more conventional Manhattan model with a
nomadic community-based approach [14], hence
aligning with the specific pedestrian dynamics
observed in the area. The employed model accu-
rately captures the movement of a group of UEs
toward various attractions and live performances
commonly occurring at festivals.

Peak Hour Dynamics: In our evaluations, we
consider peak festival hours between 7 p.m. and
8 p.m. characterized by significant fluctuations
in UE activity. Based on our data, this timeframe
typically features around ten events, each hav-
ing an average duration of 15 minutes. These
events typically attract substantial crowds within
a 50-meter radius [14]. The observed crowds are
nearly static during the performances and then
begin to disperse shortly afterwards. This pattern
reflects the unique and highly predictable dynam-
ics that can benefit from the landed UAV-BS
deployments.
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General Parameters

User Traffic: We assume two distinct traffic
models. First, we consider users involved in live
streaming during the event duration. The traffic
of live-streaming users is well approximated by

Selected Values

Area of Interest

Area Size

Observation Period
Channel Bandwidth
Radio Access Network
Carrier Frequency
Pathloss Model

User Rate Threshold

BS Scheduler

Freedom Square, Brno, CZ

0.25 km? around Freedom Square
1 hour (from 7 p.m. to 8 p.m.)
100 MHz

5G sub-6 GHz

3.5 GHz

3GPP UMa and UMi

1.4 Mb/s

Proportional-Fair

UE Parameters

Antenna Height
Transmit Power
Antenna Gain

Noise Figure

1.5m
23 dBm
0 dBi
7 dB

Macrocell (BS) Parameters

Antenna Height

Transmit Power

Antenna Gain

Noise Figure

LoS Small-Scale Shadowing

NLoS Small-Scale Shadowing

30m
46 dBm
15 dBi
5dB

4 dB

6 dB

Microcell (UAV-BS) Parameters

Number of UAV-BSs
Antenna Height

Transmit Power

Antenna Gain

Noise Figure

LoS Small-Scale Shadowing

NLoS Small-Scale Shadowing

6,8,10,12
25m

30 dBm

5 dBi

7 dB

4 dB

7.82 dB

Traffic and User Mobility

Number of Users

Speed

Mobility Model

Traffic Load (Live-Stream)
Traffic Load (Non-Live-Stream)

Number of Active Users

5000

1.5 km/h

Nomadic, Community-Based
Gamma (1, 1000000)
Lognorm (4, 0.7)

ExtNegBin (10, 0.01, 1, 600)

Genetic Algorithm
Population Size 150
Crossover Probability 0.8
Mutation Probability 0.2

TABLE 1. Main modeling parameters.

the Gamma distribution [1]. This distribution is
important for predictive analysis and proactive
UAV-BS placement. Second, we account for users
whose network usage pattern is more sporadic
and less demanding. These users engage in var-
ious activities, from occasional web browsing to
social media use. For this group, the Log-normal
distribution can be used for traffic generation [1].
Urban Network Deployment: Our deploy-
ment model assumes a terrestrial gNB (gNodeB)
operating in the sub-6 GHz band and a number
of UAV-BSs for seamless connectivity. The loca-
tion of the gNB is taken from the OpenCelllD
database. The 3GPP Urban Macro and Micro
path-loss models are applied to characterize the
capacity of radio links, while considering both
LoS and nLoS conditions shaped by urban struc-
tures. Such considerations are essential for assess-
ing 5G+ network reliability and performance in
dense urban settings. The other parameters relat-
ed to the UAV-aided deployments of interest, as
described in [1], are collected in Table 1.

SUMMARY OF CONDUCTED SYSTEM-LEVEL EVALUATIONS

Simulations for Dynamic Network Analysis:
Our Python-based framework (The code is avail-
able on GitHub: https://github.com/balbal207/
UAV-BS-Integration-with-Urban-Infrastructure) is
designed to assess the performance of UAV-as-
sisted wireless networks over the peak hour of
a festival. The framework enables the evaluation
of UE data rates, network energy efficiency, and
user satisfaction rates given as a proportion of
live-streaming UEs whose achievable data rates
exceed a given threshold. These metrics are
essential for assessing the system and user per-
formance, as they offer insights into the network’s
capability to efficiently support user demands and
manage energy consumption across different con-
ditions. Together, they provide a comprehensive
view of the system-level efficiency.

Scenarios of Interest: We compare and
contrast two distinct scenarios to highlight the
network performance enhancements with the
considered UAV-BS approach.

Scenario 1, Mobile UAV-BSs: In this scenario,
users choose to connect either to flying/hover-
ing UAV-BSs or to terrestrial BSs, depending on
the signal-to-noise ratio (SNR). The UAV-BSs fly
toward a preferred location and may hover over
that location until when another location is decid-
ed by the macro BS. The adjustments of UAV-BS
locations are based on user movements and traf-
fic demand changes.

Scenario 2, Landed UAV-BSs: In this scenario,
UAV-BSs are directed to suitable power charging
stations within the urban infrastructure to land,
charge, and serve users. Meanwhile, by utilizing
urban infrastructure, UAV-BSs can considerably
reduce energy consumption and extend their
active time, thereby ensuring that the network
remains functional without interruptions.

NUMERICAL ASSESSMENT AND LESSONS LEARNED

This section opens a discussion of network per-
formance results obtained for the two considered
scenarios and summarizes important implications
of these results on further research directions. We
examine the benefits of landed UAV-BS deployments
in a dynamic environment with high user demands.

104 This workis licensed under a Creative Commons Attribution 40 License. For more information, see https://creativecommons.org/licenses/by/4.0/

IEEE Communications Magazine ¢ March 2025



ENERGY EFFICIENCY OF UAV-AIDED NETWORKS

Figure 4 shows the energy efficiency, which is
quantified in Bits per Joule and achieved under dif-
ferent scenarios and system configurations, specif-
ically for various numbers of deployed UAV-BSs.
The results demonstrate that deploying additional
UAV-BSs in the case of Scenario 2 (landed UAV-
BSs) noticeably improves the network energy effi-
ciency, while it does not considerably increase
the efficiency in the case of Scenario 1 (mobile
UAV-BSs). Importantly, the energy efficiency in
Scenario 2 with UAV-BSs landed on the city land-
marks and urban infrastructure is almost twice
higher than that in the conventional Scenario 1
with highly mobile and adaptive UAV-BS layouts.

For MNOs, this evidence highlights the poten-
tial of landed deployments to extend the oper-
ational times of UAV-BSs and ensure service
continuity. It also helps MNOs avoid network
over-provisioning, as the same UAV-BSs can
simultaneously serve the UEs and charge their
batteries. Such insights are valuable for network
planning in urban contexts, particularly when the
user demand is sporadic and the city infrastruc-
ture is difficult to work with.

USER SATISFACTION IN URBAN SETTINGS

Figure 5 illustrates the user satisfaction rates in an
urban environment under different UAV-BS deploy-
ment strategies. As anticipated, Scenario 1 consis-
tently shows higher user satisfaction than Scenario
2. Notably, the performance disparity widens with
the growing number of deployed UAV-BSs. This
trend may be attributed to the scarcity of charging
stations near high-demand areas, which results in
UAV-BSs being positioned in less suitable locations.

However, optimizing the placement of
charging stations in urban areas to align with
user and network demand dynamics may fur-
ther enhance user satisfaction while maintaining
reduced network energy consumption. This oper-
ational trade-off is crucial for supporting network
services, particularly in dense urban environ-
ments with high user demands. The capability of
UAV-BSs to perform continuous service without
excessive repositioning and recharging has the
potential to improve network sustainability when
facing traffic and user dynamics.

Noteworthy, the user satisfaction rate in Fig. 5
changes only marginally as the number of users
increases, which highlights the important role of
the UAV fleet size. Therefore, it is crucial to joint-
ly optimize the numbers of UAV-BSs and UEs to
determine the minimum population of UAV-BSs
required to meet the actual user demands. If the
number of UAV-BSs increases but remains below
a certain lower threshold, the resulting network
performance improvements may be insufficient to
enhance user satisfaction.

TOWARD INTEGRATED 6G-NON-TERRESTRIAL NETWORKS

High Altitude Platform Stations (HAPS) [2] have
been envisioned as mobile BSs serving different
types of users in mega-cells alongside legacy mac-
ro-cell and small-cell BSs. HAPS usually reside in
the stratosphere at the altitudes of about 20 km,
which allows them to operate in tandem with ter-
restrial BSs or UAV-BSs to support dynamic and
unpredictable capacity demand in urban regions.

[ Scenario 1 (Moving UAV-BSs)
B Scenario 2 (Landed UAV-BSs)
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FIGURE 4. Energy efficiency as a function of the number of deployed UAV-
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The integration of landed UAV-BSs with HAPS
becomes a promising approach for 6G networks,
particularly in addressing the more stringent user
requirements in dense urban environments. This
hybrid, semi-static deployment strategy offers sig-
nificant advantages in terms of sustainability, ener-
gy efficiency, and network performance, thereby
making it a timely topic with HAPS being one of
the top-10 emerging technologies according to
the World Economic Forum [15].

The integration of landed UAV-BSs with HAPS
has the potential to improve network coverage
and capacity in dense urban areas. According-
ly, HAPS provide wide-area coverage, while
UAV-BSs fill-in specific gaps and handle high
user demands by providing robust service qual-
ity and high data rates essential for 6G. This
hybrid deployment enhances energy efficiency by
employing HAPS for long-term, low-energy cover-
age, while UAV-BSs are deployed only as needed.
This reduces the overall energy consumption, thus
aligning with 6G-ready sustainability targets and
lowering the environmental impact. Moreover,
this approach offers flexibility, where UAV-BSs are
promptly repositioned to meet either changing
user demands or varying communication condi-
tions at HAPS to ensure a stable backbone. The
resultant scalability benefits the network, which
can then adapt to the actual environmental con-
ditions and serve emerging applications, hence
making it suitable for dynamic 6G requirements.

CONCLUSION

This study investigates an attractive deployment
approach for UAV-aided networks in urban
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areas that assumes the use of dedicated urban
infrastructure potentially equipped with charging
stations to land the UAV-BSs on. Such deployments
are significantly more energy-efficient, even though
they may experience moderate performance
deterioration in the user satisfaction rate for highly
demanding applications. Our research provides
new insights into the placement of UAV-BSs by
emphasizing the benefits of integrating them
with urban elements and discusses the potential
improvements for integrated urban deployments
based on a realistic system-level setup. Future
efforts are expected to extend these findings by
addressing network performance within versatile
use cases across diverse urban environments and
under more unpredictable demand dynamics.

ACKNOWLEDGMENT

This work was supported by the Research Council
of Finland (Projects ECO-NEWS, SOLID, RADI-
ANT, ALL-ON).

REFERENCES

[11Y. Zeng, Q. Wu, and R. Zhang, “Accessing From The Sky:
A Tutorial on UAV Communications for 5G and Beyond,”
Proc. IEEE, vol. 107, no. 12, 2019, pp. 2327-75.

[2] O. Abbasi et al., “HAPS for 6G Networks: Potential Use
Cases, Open Challenges, and Possible Solutions,” IEEE Wire-
less Commun., vol. 31, no. 3, 2024, pp. 324-31.

[31'S. Khemiri, M. A. Kishk, and M.-S. Alouini, “Coverage Anal-
ysis of Tethered UAV-Assisted Large-Scale Cellular Net-
works,” IEEE Trans. Aerospace and Electronic Systems, vol.
59, no. 6, 2023, pp. 7890-07.

[4] F. H. Panahi and F. H. Panahi, “Reliable and Energy-Efficient
UAV Communications: A Cost-Aware Perspective,” IEEE
Trans. Mobile Computing, vol. 23, no. 5, 2024, pp. 4038-49.

[5] C. Zhang et al., “3D Deployment of Multiple UAV-Mounted

Base Stations for UAV Communications,” IEEE Trans. Com-

mun., vol. 69, no. 4, 2021, pp. 2473-88.

N. Tafintsev et al., “Airborne Integrated Access and Back-

haul Systems: Learning-Aided Modeling and Optimization,”

IEEE Trans. Vehicular Technology, vol. 72, no. 12, 2023, pp.

16,553-66.

V. Petrov et al., “Hover or Perch: Comparing Capacity of Air-

borne and Landed Millimeter-Wave UAV Cells,” IEEE Wire-

less Commun. Letters, vol. 9, no. 12, 2020, pp. 2059-63.

[8] K. Meng et al., “UAV-Enabled Integrated Sensing and Com-
munication: Opportunities and Challenges,” IEEE Wireless
Commun., vol. 31, no. 2, 2024, pp. 97-104.

[6

[7

[9] H. Huang and A. V. Savkin, “Deployment of Heterogeneous
UAV Base Stations for Optimal Quality of Coverage,” IEEE
Internet of Things J., vol. 9, no. 17, 2022, pp. 16,429-37.

[10] D. Dissanayaka et al., “Review of Navigation Methods for
UAV-Based Parcel Delivery,” IEEE Trans. Automation Science
and Engineering, vol. 21, no. 1, 2023, pp. 1068-82.

[11] G. Geraci et al., “What Will the Future of UAV Cellular
Communications Be? A Flight from 5G to 6G,” IEEE Com-
mun. Surveys & Tutorials, vol. 24, no. 3, 2022, pp. 1304-35.

[12] V. D’antuono et al., “Optimization of UAV Robust Control
Using Genetic Algorithm,” IEEE Access, vol. 11, 2023, pp.
122,252-72.

[13] B. Kirubakaran et al., “Optimized UAV-Based Connectivity
Solutions for Urban loT Networks,” Proc. 2023 15th Int’l.
Congress on Ultra Modern Telecommunications and Control
Systems and Workshops, 2023, pp. 1-6.

[14] Y. Liao and V. Friderikos, “Optimal Deployment and Oper-
ation of Robotic Aerial 6G Small Cells with Grasping End
Effectors,” IEEE Trans. Vehicular Technology, vol. 72, no. 9,
2023, pp. 12,248-60.

[15] “Top 10 Emerging Technologies of 2024,” https://www3.
weforum.org/ docs/WEF Top 10 Emerging Technologies of
2024.pdf; accessed 22 Sept. 2024.

BIOGRAPHIES

BALAJI KIRUBAKARAN is pursuing a double-degree Ph.D. in Tele-
communications at Brno University of Technology, Czech
Republic, and Tampere University, Finland. With a Master’s in
Telecommunications from the University of Siena (2017), his
research focuses on mobile and NTN communications, and
machine learning.

OLGA VIKHROVA [M] is a Post-Doctoral Researcher at Tampere
University, Finland, holding an Academy of Finland Post-Doc-
toral fellowship. She earned her M.Sc. from RUDN University,
Russia (2014), and Ph.D. from the University Mediterranea of
Reggio Calabria, Italy (2021). Her research includes 6G wireless
networks and machine learning.

SERGEY ANDREEV [SM] is a Professor at Tampere University, Fin-
land, and a Research Specialist for Brno University of Technolo-
gy, Czech Republic. With degrees from TUT (Ph.D., 2012) and
SUAI (Specialist, 2006; Cand.Sc., 2009; Dr.Habil., 2019), he has
over 300 publications on intelligent 10T, mobile communica-
tions, and heterogeneous networking.

JIRI HOSEK [SM] received his M.S. and Ph.D. in Electrical Engi-
neering from Brno University of Technology (BUT), Czech
Republic, where he is an Associate Professor and Deputy Head
for R&D and international relations. An author of over 150
research works, his expertise lies in networking technologies,
wireless communications, QoS, user experience, and loT appli-
cations, focusing on industry-oriented R&D in mobile networks,
10T, and Industry 4.0 automation.

106

This workis licensed under a Creative Commans Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

IEEE Communications Magazine ¢ March 2025



