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Abstract

Background: Telecommunication infrastructure requires
regular maintenance and upkeep for its networks’ matrices,
but existing approaches have been associated with issues
such as time consumption and concern costs, as well as
safety hazards. Newer developments in drone technology
present progressive opportunity through the improvement of
current maintenance processes by means of automation,
predictability, and real time computation.

Objective: The article seeks to assess whether the use of
drone in telecommunication maintenance enhances the
operational productivity through increasing the efficiency,
reducing cost, safety, environmental and scalability and in
different terrains.

Methods: The methods followed included the conduct of
experimental surveys with drone operations in five different
telecommunication settings. These areas of interest were
inspection efficiency, the accuracy of condition-based
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maintenance, signal received signal power, delay reduction through edge computing,
and energy consumption. Sophisticated numerical computations, like Kalman filters
and various frameworks of edge computing, were used in this context to draw
analytical insights on the collected data.

Results: The methods that used drones lowered the time needed for inspections by
% and cut the expenses by 49.3% and increased safety and quality of the coverage.
Predictive maintenance was found to have achieved 89.7% accuracy with the system
response time being 246ms at different site. The results of energy consumption model
depicted the errors under 2% confirming this approach’s suitability for operational
planning.

Conclusion: By evaluating the applicability of drones in telecoms maintenance, the
paper shows that the notion of drones in this context is promising both now and in the
future. These results signal existing and potential applications of drones is to
incorporate drone technology into infrastructural management solutions to address
emerging needs in the industry.

Keywords: Drones, Telecommunications, Network Maintenance, UAV, 5G,
Infrastructure, Automated Inspection, Cost Reduction, Al Integration, Predictive
Maintenance.

1. Introduction

Modern telecommunication industry as an environment with high rates of
innovations, is exposed to constant pressure of growing requirements to the
quality and speed of connections. Existing approaches for maintenance
technologies rely on manual inspection and physical effort which is time-
consuming and poses several constraints such as; accessibility, cost and
safety. More recently, one of the emerging technologies revolutionizing the
solution that has been noticed and implemented in the sector is in the use of
the drones in infrastructure maintenance. Telecommunication can be
advanced by drones or unmanned aerial vehicles (UAVS) given the fact they
are capable of handling tasks which could have been complex difficult and
expensive in the past (Kurt et al. 2021).

Drones are used in telecommunications to attract attention for their
potential to perform self-survey of assets like cell towers and fiber optic
networks. This capability is especially beneficial for locations that can only be
accessed with great effort by a maintenance team and where it is otherwise
required that specialists climb to great heights or venture into dangerous
terrains. As mentioned above, drones are capable of being fitted with high-
definition cameras, thermal imaging and other instruments that can offer
detailed information of the condition of specific network assets and specific
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feedback in real time (Jacobsen et al. 2023). Through its capability to
eradicate the necessity for manual inspections, cost effective aerospace can
immense reduction on time unnecessary for regular maintenance and append
significant amount of expense for unleveled maintenance.

However, on the positive side, drones help telecommunications
companies not only to solve current operational issues but also to strengthen
the approach based on predictive analytics on equipment condition (Qasim et
al. 2022). Use of Al and ML can have the actual data processed through
drones to have instances of fault detected and enumerated before they
become serious problems. It will facilitate the precise realization of proactive
maintenance schemes, which has the potential to enhance the life cycle of
the network equipment, and reduce the occurrences of unscheduled
breakages (Guirado et al. 2021). Also, the use of drones ensures that large
guantities of data are collected at once, which in turn improves the quality of
data collected, decision making and operational planning for the
telecommunications providers (Mauro, Floriano De, and Shamim 2023).

Telecommunications are also adopting drones as a way of enhancing their
5G technology since this need’s infrastructure enhancement, and
maintenance frequently. Inspections may involve monitoring of wireless sites
which can be done by drones; this can help the 5G networks to be deployed
faster; also, with the help of drones, network planning can be enhanced; the
collection of data indicating the degree of coverage provided and wireless
performance can also be improved (Qasim and Jawad 2024). For instance,
telecom operators from United States used drone to check the towers
damaged by calamities while deutsche Telekom, a European company,
enhances its ability to monitor the health of its network through the use of
drone (Amponis et al. 2022). Such examples prove that next generation
telecommunication infrastructure can be complemented by drones, and also
improve the existing practices of maintaining social infrastructures (Qasim
and Nataliia).

Although there are so many benefits of drones in constructing telecom
facilities, there are challenges that ensue when using them. Recorded
deliveries are limited by rules governing the areas of airspace over which
drones can fly, licensing of pilots, and data privacy and security (Fatah and
Qasim 2022). Solving these issues calls for concerted efforts from the
telecommunications operators, technology vendors and regulatory authorities
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to put in place policies that support integrated relevant safe and responsible
drone operations. Moreover, personnel aspect requires telecommunications
providers to develop a new generation of workforce suitable for operating the
new technologies such as drones (Shayea et al. 2022).

Entailing the future, drones are expected to assume the role of effective
commodity as far as telecommunications infrastructure maintenance is
concerned, especially in the future when up and coming technology is taken
into account. Adding other new technologies like the Internet of Things (loT)
to drone technologies is said to increase their capabilities (Qasim et al. 2024).
Smart drones that interact with the 10T can used to monitor the parts of the
network to generate immediate schedules for the maintenance that
corresponds to the actual state of the equipment. Furthermore, due to the
possibility of providing preliminary assessment and temporary
communication connection during natural disasters it can be stated that
drones have the potential to being used to support telecommunications
resilience in terms of emergency (Abualigah et al. 2021).

Telecommunication aided through drones is a giant step in trying to make
the industry more effective, efficient, and safe relative to the current
techniques used. With the growing evolution of digital technologies in the
telecom industry, drones shall remain a key strategic enabler in the ongoing
evolution of telecoms networks in a connected world.

1.1. Aim of the Article
This article aims to explore the revolutionary characteristics of using drones
in network maintenance within the telecommunications sector. As
telecommunication infrastructure evolves to support new digital networks,
such as 5G and its successors, it faces significant challenges and expenses,
particularly when infrastructure must be installed in remote and hazardous
areas. Traditional maintenance approaches significantly limit centralized
management and fail to meet the demands for active network status
monitoring and the swift execution of resulting tasks. Drones, equipped with
advanced sensor technology and artificial intelligence (Al), present a
groundbreaking solution for telecom networks by enabling remote inspection,
preventive, and predictive maintenance, which are essential for network
functionality and reliability.

The article seeks to examine how the use of drones can significantly
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improve telecom network infrastructure management, impacting expenses,
downtime probability, and the safety of laborious maintenance operations.
Drones, enhanced with Al and machine learning, can conduct thorough
inspections, capture high-quality data, and detect emerging issues before
they become serious flaws. Additionally, the article aims to establish the
efficiency of drone-assisted maintenance, the costs incurred, and the
reliability improvements compared to conventional maintenance methods.
Furthermore, the study aims to identify the challenges that adopting drone
technology presents in the telecommunications industry. These challenges
include regulatory hurdles, privacy concerns, skilled personnel requirements,
and efficient data analysis systems. The article also discusses future
directions, examining how Al and drone technology will extend their
application range in the telecommunications industry beyond simple
maintenance, including emergency response, new network development, and
environmental monitoring. This article provides a comprehensive literature
review on drone-assisted network maintenance, contributing to the scientific
discourse on viable and innovative solutions in telecommunications
infrastructure  management, and demonstrating how drones will be
fundamental for the future of telecom network maintenance.

1.2. Problem Statement
The primary challenge in the telecommunications sector lies in managing the
vast and complex networks that are fundamental to providing efficient and
reliable services. As the industry transitions to advanced networks such as
5G and eventually 6G, maintenance requirements have increased in both
frequency and complexity. Traditional approaches to network maintenance
involve physical examination and repair, exposing technicians to hazardous
environments, including remote terrains and extreme temperatures, and
incurring significant operational costs. Moreover, these conventional methods
are inefficient in delivering instantaneous information and prognoses that are
crucial for avoiding network downtimes and ensuring service availability.
Consequently, the lack of effective, affordable, and preventive maintenance
solutions that meet the needs of telecom operators remains a critical issue.
Recent technological advancements in Unmanned Aerial Vehicles (UAVS)
or drones offer a novel approach to mitigating these maintenance challenges.
High-altitude inspections, thermal scanning, and radiofrequency (RF)
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analysis are among the roles drones can perform, reducing the need for
technicians to physically access hard-to-reach areas. Furthermore, the
integration of drones with artificial intelligence (Al) and machine learning
enables automatic data processing, facilitating near real-time monitoring of
network health and potential crash scenarios for telecom companies.
However, several challenges hinder the widespread adoption of drones in
telecom maintenance, including stringent regulatory policies, insufficient data
privacy measures, and the high capital investment required for advanced
technologies and skilled personnel.

This article aims to address the underutilization and incorporation of
drones in network inspection and repair within the telecommunications
industry. It examines the qualitative contributions of drones in overcoming
robust maintenance challenges, enhancing operational efficiency, and
reducing costs. Additionally, the article identifies the barriers telecom firms
must overcome to effectively utilize drones. To this end, the discussion
focuses on the implications of drone usage in maintaining telecom
infrastructure and provides strategic recommendations for the industry to
move towards technological solutions for maintenance.

2. Literature Review
Telecom industry infrastructure management is benefiting immensely from
drone innovations in terms of efficiency, accessibility, and flexibility in diverse
network conditions. This systematic literature review presents recent
research trends in UAV-based maintenance management, analyzes existing
research gaps, and suggests approaches to address these challenges, thus
providing a comprehensive perspective of this emerging research domain.
Drones have proven impressive in solving significant problems in telecom,
such as supply chain management, optimization, energy utilization, and
network flexibility. Silva et al. (2023) demonstrated how drones could improve
network coverage and efficiency while minimizing energy usage in aerial base
stations through resource management (Silva, Torres, and Cardoso 2023).
Similarly, Heidari et al. (2023) highlighted the role of machine learning (ML)
in enhancing predictive maintenance and autonomy for drone systems,
supporting the functionality of the Internet of Drones (loD) (Heidari et al.
2023).

In a related study, Qu et al. (2023) discussed the deployment of multiple
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drones in disaster response and underscored the importance of green and
power-conscious networking (Qu et al. 2023). This complements the work of
Angjo et al. (2021) proposed management of handover in 6G networks but
failed to illustrate the interconnection between mobility management and
latency optimization. Together, these studies emphasize the synergy
between energy efficiency, network stability, and mobility control in the
context of drones (Angjo et al. 2021).

Drones are also utilized in infrastructure inspection and design. Edelman
et al. (2023) examined specific designs of airports for autonomous drones to
integrate them more effectively into existing facilities (Edelman et al. 2023).
This aligns with the findings of Nooralishahi et al. (2022), who demonstrated
that texture analysis could complement multimodal surveys used in critical
structures fault detection (Nooralishahi et al. 2022). Additionally, Lee et al.
(2024) proposed maintenance strategies based on performance detection
through the incorporation of a Kalman filter in the quadcopter motor,
correlating infrastructure efficiency with optimal drone performance (Lee et al.
2024).

In smart city networks, Alsamhi et al. (2023) described how drones can
enhance signal intensity and proactive connection to 10T systems (Alsamhi et
al. 2023). Shah and Dave (2023) expanded on this view by assessing the
potential integration of drone technology with robotic solutions for telecom
tower maintenance, offering a consolidated perspective on automating
maintenance-related tasks (Shah and Dave 2023). Collectively, these studies
highlight the promise of drones in strengthening networks while reimagining
infrastructure potential.

However, several barriers have yet to be fully addressed, as elaborated in
the following section. Silva et al. (2023) pointed out that drones still suffer
from limited energy autonomy, reducing their working range and performance
(Silva, Torres, and Cardoso 2023). Heidari et al. (2023) called for the
development of ML-based loD systems, noting the scarcity of real
implementations, which raises questions about the loD's future potential
(Heidari et al. 2023). Qu et al. (2023) echoed these concerns, highlighting
inefficiencies in coordinating multi-drone systems in dynamic environments
(Qu et al. 2023).

Similarly, Angjo et al. (2021) noted the need for further investigation into
achieving perfect handover in high-speed 6G networks, as predictive models
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and routing algorithms to support these networks are still unknown (Angjo et
al. 2021). Criticisms from an infrastructure perspective were noted by
Nooralishahi et al. (2022) and Edelman et al. (2023), regarding issues with
sensor stability and suboptimal performance in varying conditions
(Nooralishahi et al. 2022; Edelman et al. 2023). Shah and Dave (2023) also
observed that, despite advancements in both drones and ground robots, a
lack of cooperation between the two systems hinders the achievement of fully
autonomous maintenance systems (Shah and Dave 2023).

To address these obstacles, the utilization of renewable power sources
and edge computing frameworks, as proposed by Koubaa et al. (2023), could
significantly enhance drone automation (Koubaa et al. 2023). Supervised
learning, employed with an online decision module suggested by Heidari et
al. (2023), integrates reinforcement learning to enable drones to make
suitable choices based on environmental conditions (Heidari et al. 2023).

Homayouni et al. (2022) highlighted the need for efficient protocols for
multi-drone coordination to standardize processes and improve performance
(Homayouni et al. 2022). Techniques such as the Kalman filter, proposed by
Lee et al. (2024), could further reduce maintenance time by predicting
performance declines (Lee et al. 2024).

Integrating drones with robotics represents a multimodal system for
telecom infrastructure maintenance, as advocated by Shah and Dave (2023).
Such integration may lead to input-output fault detection and auto-generation
and repair systems, addressing existing challenges in scalability and flexibility
(Shah and Dave 2023).

Drone-aided network maintenance is poised to revolutionize telecom
infrastructure efficiency, deployment coordination, and integration with
existing and new systems. Further research is required on multilateral Al
systems, green energy, and the establishment of acceptable norms and
conventions for telecom drone operations to optimize maintenance. Closing
these gaps will enable drones to become central to creating optimal, effective,
green, and robust network structures.

3. Methodology

The study uses an integrated quantitative and qualitative research design to
assess the possibility of the identified area of drone application in modernizing
telecommunications infrastructure. It combines methods of practical statistical
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experimental planning, data collection and elaboration, and prognosis as well
as validation supported by state-of-the-art math modeling for meeting the
goals in the area of inspection rate, network coverage, and prognosticated
maintenance. The research complies with similar methods applied in prior
studies by Kurt et al. (Kurt et al. 2021), Jacobsen et al. (Jacobsen et al. 2023),
as well as Guirado et al. (Guirado et al. 2021) to provide a comprehensive

theoretic framework for the evaluation.

3.1. Research Design

The research focuses on the effectiveness of inspection, real-time monitoring,
and predictive maintenance capabilities of drones. Surveys were conducted
with participants from ten field experiments carried out over two months in
five different locations, including urban areas, rural areas, and regions
frequently affected by disasters. These sites were deliberately chosen to
capture the variability of environmental conditions, as recommended by
Amponis et al. (2022) (Amponis et al. 2022).

The study engaged 20 engineers and technicians for operational testing
and interviewed 15 key industry professionals to discuss the challenges and
opportunities of operational drone technology. These interviews provided
gualitative insights that supplemented the experimental results. Additionally,
fifty technical reports were reviewed to identify recurrent issues with
conventional maintenance techniques and to confirm the effectiveness of
drones in enhancing maintenance processes, aligning with the findings of
Shayea et al. (2022)(Shayea et al. 2022).

3.2. Experimental Setup

In terms of the methodology the actual network maintenance procedures
were replicated with modern sophisticated drones and sensors in order to
obtain precise data. The prime drone for operation was the DJI Matrice 300
RTK which was fitted with high-definition cameras, thermal imagery and
LiDAR. These drones were fitted with 5G and Wi-Fi modules which lets these
drones work on real-time data transfers and edge computing, according to
Tropea et al. (Mauro, Floriano De, and Shamim 2023). The payload sensors
included a thermal camera for observing structures in temperature ranges of
-20°C to 150°C (Edelman et al. 2023), LIDAR for terrain modeling with an
accuracy of £2cm (Nooralishahi et al. 2022); RF analyzers for signal strength

1317



1318

Iranian:Journal of
Information
Processing and
Manage Nt  Special Issue | Summer 2025
and studying signal coverage areas (Alsamhi et al. 2023).
Such an approach helps to achieve methodological reliability and
constructiveness of the identified role of drones in the contemporary

telecommunication.

3.3. Data Collection

Data collection for this study was conducted over a two-month period,
encompassing 200 flight hours across five sites selected based on specified
criteria. These sites were chosen to represent various environmental
settings—urban, rural, and disaster-prone areas—thereby enhancing the
generalizability of the results. The study focused on three key assessment
parameters critical for network rehabilitation.

Structural inspections were performed using super high-resolution images
and LiDAR scans of thirty telecom towers to assess the structural condition
of the pylons. These advanced imaging techniques allowed for the early
identification of wear and tear at structural levels, providing essential data to
mitigate potential problems that could lead to catastrophic repairs or failures.
LiDAR's mapping precision and coverage enabled the assessment of
structural integrity and the detection of areas with potential signs of failure
that might not be observed during standard inspections.

Network performance and signal strength variations were evaluated using
Signal Strength Analysis to identify blind spots. RF signal measurements
were taken at different heights, ranging from 50 meters to 200 meters, across
100 locations. This analysis enabled the identification of weak signal zones
and provided practical recommendations for enhancing service continuity
through network coverage installations.

Predictive maintenance data was collected to develop advanced
algorithms capable of anticipating failures. These algorithms aimed to reduce
the uncalculated hours of device downtime per year while simultaneously
establishing maximum sustainable performance levels and material longevity.

The integration of drones with edge computing further minimized the process
by enabling real-time data processing. As Amponis et al. (2022) pointed out, this
approach reduced latency and improved the interactivity of maintenance-related
transactions (Amponis et al. 2022). This method not only confirmed the
benefits of using drones for network modernization but also validated the
concept of applying drones to modernize the telecommunications sector.
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3.4. Key Equations and Analytical Models
To analyze the collected data and corroborate the conclusions, the study
employed various complex formulas and equations. This kind of approach
provided accuracy and depended on essential fields for instance signal force,
structure stability, prognosis, preservation, energy use, and delay.

1. Signal Propagation in RF Analysis
PL(d) = PL(do) + 10nlogy, () + X, 1)
0

Where PL(d) is the path loss at distance d; PL(d,) is the reference path
loss; n is the path loss exponent specific to each site, and X, represents the
shadowing factor modeled as a Gaussian random variable. This model
accurately identified coverage gaps, aligning with observations by Abualigah
et al. (2021) (Abualigah et al. 2021).

2. LiDAR-Based Structural Integrity Analysis
The density of LIDAR points per square meter (D) was calculated as:

__ N-cos(9)
T AR%2A¢-Aa (2

Where D is density of LIDAR points per square meter; N is total number
of LIDAR points captured; A is surface area of the structure being inspected;
6 is incidence angle of the LIDAR beam relative to the structure's surface
normal; R is distance between the LIDAR sensor and the target structure; A¢
is horizontal angular resolution of the lidar sensor (in radians); A« is vertical
angular resolution of the LIDAR sensor (in radians).

This model can be used to differentiate deformations between structures
since it considers variations in point densities on surfaces. Low density
regions may suggest the existence of obstacles, elements or geometrical
complexities that need to be investigated. With this additional and
sophisticated calculation, the assessment of structural condition is improved
furthering maintenance planning and decision making.

This equation makes LIiDAR point distribution more detailed and should
provide a solid base for future university and industrial investigations of
telecommunication structures maintenance.

3. Kalman Filter for Predictive Maintenance

Fault prediction leveraged the modified Kalman Filter Algorithm, with
prediction and update steps as follows:

Predict the State Estimate:

Xc|t—1 = AX,_, + BU, (3

1319



1320

Iranian-Journal of

Information

Processingand

Manage Nt  Special Issue | Summer 2025

This equation predicts the state of the system ()?m_l) at the current time
(t), given the state at the previous time (t — 1); X,_,the known or estimated
state at the previous step; A the state transition matrix, which describes how
the system evolves over time in the absence of external forces; B the control
matrix, which translates external inputs (U, ) into effects on the system. This
step models how the system behaves naturally and predicts its next state.
Predict the Error Covariance:

Pt|t—1 = APt—1AT +0Q (3

This equation predicts the uncertainty (error covariance) of the state
estimate. P,_, the uncertainty in the state estimate at the previous time step;
AT the transpose of the state transition matrix, used for matrix multiplication
to account for how uncertainties propagate; and Q the process noise
covariance, representing uncertainties in the system model or random
disturbances. This step predicts how uncertain we are about the system's
state based on the model and any noise in the system.

Update. Calculate the Kalman Gain:
K, = Pt|t—1HT(HPt|t—1HT s R)_l (4)

Here K, is the Kalman Gain, which decides how much weight to give to the
predicted state versus the measured state; P, the predicted uncertainty
from the previous step; H the observation matrix, which maps the state
estimate to the measurement space; HT the transpose of H, used in matrix
multiplication; R the measurement noise covariance, representing
uncertainties in the observations; HPm_lHT + R the total uncertainty in the
measurement, combining both the predicted uncertainty and the observation
noise.

The Kalman Gain ensures that the update optimally balances the trust
between the predicted model and the actual measurements.

Update the State Estimate:
XAt = XAt|t—1 + K (Z, — HXt|t—1) (4)

Here X,the updated state estimate at the current time step; }?m_l the
predicted state from the prediction step; Z, the actual measurement from
sensors or observations; H)?m_l the predicted measurement, based on the
predicted state; Z, —H)?m_l the measurement residual (also called the
innovation), which is the difference between the actual and predicted
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measurements.

This equation adjusts the predicted state by incorporating new
measurements and weighing them according to the Kalman Gain.

Update the Error Covariance:
Po=(—-K; H)Ptlt—l 4)

Where P, the updated error covariance, representing the uncertainty of the
new state estimate; I the identity matrix, which ensures proper scaling; K, H
the correction factor that updates the error covariance. This step ensures that
the uncertainty of the state estimate is reduced after incorporating the new
measurement.

4. Energy Consumption Model

Drone energy efficiency was evaluated using the Battery Depletion Rate
Equation:

E(t) = E, — [, P(t)dt @)

Where E(t) remaining energy in the drone’s battery at time t; E, initial
battery capacity at the start of operation; P(t) instantaneous power
consumption rate of the drone at time t.

This model considers the energy consumption by the drone’s propulsion
system and payload sensors, communication modules, and onboard
processing units constantly in use. The integration stores the total energy use
over time and is able to provide a very accurate measure of energy remaining
at any point during the flight.

The power consumption rate, P(t), was further decomposed to reflect
different operational components:

P(t) = Pyropuision + Peensorg + Peommunidation + Pprocessing 4)

Where P, opuision POWEr used by motors for lift and maneuvering,
influenced by payload weight and environmental conditions, like wind; P;zps0rs
power required to operate high-resolution cameras, LIDAR, and thermal
imaging systems; P.,mmunication POWer consumed by 5G and Wi-Fi modules
for real-time data transmission; Pp,,cessing €N€rgy used by onboard edge
computing systems for data processing and analytics.

The analysis confirmed that incorporating energy-efficient sensors and the
best communication protocols considerably enhances endurance. These
findings resonate with Silva et al. (2023) argue that the optimization is a factor
best understood by distinguishing between performance and energy
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optimization to get longer flight while functioning appropriately (Silva, Torres,
and Cardoso 2023). This model allows energy control to be in advance, and
assist in mission planning with clear energy requirements.

5. Latency in Edge Computing

Latency in real-time data processing was modeled as:

Ttotal = Ttransmission + Tpracessing + Tresponse (4)

Where T, 1S total latency experienced in real-time operations;
Tiransmission 1S time taken to transmit data from the drone to the edge server;
ThrocessinglS time required for the edge server to process incoming data;
Tresponse 1S time for the processed results to be transmitted back to the drone.

The latency model highlights the key stages of data flow during drone-
assisted operations, with each component contributing to overall system
performance. By employing edge computing, significant reductions in
Tiransmission @Nd Tresponse Were observed compared to traditional cloud-based
processing.

Applying edge computing cut the average total latency to 250
milliseconds, and this improvement facilitated the drone’s operation in the
conditions, where fast decisions depending on the current situation are
crucial. This improvement echoes with the results observed by Koubaa et al.
to consider localized data processing the main factor that reduces latency. It
is most evident in real time object detection, predictive maintenance of
autonomous navigation applications (Koubaa et al. 2023).

3.5. Validation

To ensure methodological rigor, this study incorporated multiple validation
steps across key domains: inspection accuracy, energy efficiency, latency
optimization, and predictive maintenance. Each step was supported by
experimental data and cross-referenced with established studies to enhance
the reliability of findings and align with best practices in drone-assisted
telecommunications maintenance.

Inspection accuracy was validated using multi-modal analysis techniques,
combining LIDAR and high-resolution imaging to assess structural integrity.
This approach aligns with Nooralishahi et al. (2022) emphasized the role of
texture analysis in enhancing infrastructure inspections (Nooralishahi et al.
2022). The integration of autonomous navigation, as outlined by Jacobsen et
al. (2023) further strengthened the reliability of inspections, ensuring precise
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fault detection(Jacobsen et al. 2023). Communication models were
benchmarked against the StratoTrans framework by Guirado et al. (2021),
which demonstrated the effectiveness of drone-based 4G communication for
monitoring linear infrastructure (Guirado et al. 2021).

Energy efficiency validation focused on comparing the modeled battery
depletion rates with Silva et al.(2023) proposed energy-efficient resource
allocation for aerial base stations (Silva, Torres, and Cardoso 2023). The
findings were consistent, confirming the model’'s accuracy. Additionally, this
study referenced Qu et al.(2023), whose work on multi-drone coordination
provided further support for the energy optimization strategies implemented
(Qu et al. 2023).

Latency optimization was achieved through edge computing, with results
closely mirroring the 250ms latency reported in the AERO framework by
Koubaa et al.(2023) (Koubaa et al. 2023). This validation was reinforced by
comparisons with Homayouni et al. (2022) studied 3GPP-based latency in
low-altitude drone operations, ensuring robustness in real-time maintenance
scenarios (Homayouni et al. 2022).

Predictive maintenance, leveraging a Kalman filter algorithm, achieved
88.5% accuracy, aligning with the prognostic’s framework of Lee et al. (2024).
These validations collectively underscore the methodological soundness and
transformative potential of drone-assisted telecommunications maintenance
(Lee et al. 2024).

4. Results

4.1. Inspection Efficiency Improvements

Deploying drones in the inspection of telecommunication structures provides
the innovative opportunity in the management and maintenance of structures
in difficult terrains and conditions. The particular site inspections were
performed on 30 telecoms towers at five dissimilar test sites that contained a
mixture of urban, rural, and remote regions. These inspections compared the
effectiveness, safety, cost and coverage of using drone-supported approach
to the conventional manpower-controlled approach. More specific metrics like
average area inspected per drone, number of personnel participating in the
process, and effectiveness of minimizing downtime give a better way of
analyzing the benefits of drone than passing a general judgment that recalls
the performance of unmanned aerial vehicles only as inspection equipment.
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The detailed results are presented in Table 1 below where additional metrics

and data for every location have been provided.

Table 1. Comparison of Inspection Methods Across Locations
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. . 18 | 200 High Low 03| 2 78 | 76 | 71
Region Assisted
Disaster
Response Manual 90 | 800 Low Low 04| 8 0 0 0
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Disaster
Drone- .
Response ] 25 | 250 High Low 04| 2 79 | 72 | 69
Site Assisted

The information presented in the Table 1 below clearly outlines the broad
benefits of employing drones for inspection processes. Moreover, the use of
drones was also found to have greatly minimized the overall inspection time
by about 75% across all the locations, although more variation was noted in
suburban tower zones with 82 %time's reduction being realized.
Consequently, cost reduction tended to be 70%; slightly superior in the
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mountainous region with 71%; particularly because the area entails many
operational costs with frequent manual check-ups.

Evaluating the safety aspects of drone operations, it was proven that all
locations went up from Low or Moderate to High, by utilizing drone-aided
techniques. This change is due to the fact that there are numerous situations
where personnel no longer have to undertake dangerous operations, for
instance, in areas affected by disasters, or in the mountains. Also, regarding
issues of coverage quality, the more conventional inspections sustained or
even increased the coverage extent per session, which stayed fairly uniform
at 0.4 — 0.6 km2 regardless of technique.

Some way demands also recorded steep reductions in personnel
demands where drone glasses’ inspection only involved 2 people on average,
while traditional methods required 5-8 people. This helped also to cut down
on the number of personnel, which obviously affected the overall operational
costs and such aspects as the down time which rarely was more than 20%
on average, The efficiency and practicality of the drones in various
circumstances were obvious at this point.

4.2. Signal Strength Analysis Across Altitudes

To evaluate the RF signal strength, the study aimed at measuring the signal
strength at different heights (50-200 meters) from five Telkom
telecommunications sites to determine weak points of the network and ways
of their improvement. UAVs along with RF analyzer offer high accurate and
height-specific number of measurements that were crucial for the
understanding of spatial distribution and loss. This analysis was meant to help
improve the orientations of the antennas as well as the general network layout
in order to increase dependability of appearing covers across various terrains.
More metrics in form of signal variability and the coverage loss per meter
provide a detailed insight of signal behavior at higher altitudes or specific
locations.
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Table 2. Signal Strength Analysis Across Altitudes
Central

. ) Suburban | Coastal Mountainous Disaster Signal
Altitude City ) ) o Coverage
Zone Site Region Response Variability )
(m) Hub ) Quality
(dBm) (dBm) (dBm) Site (dBm) (xdBm)
(dBm)

50 -60 -65 -68 -70 =712 5 Good
100 -65 -70 -75 -78 -80 7 Moderate
150 -70 -78 -82 -85 -88 10 Poor
200 -75 -83 -87 -90 -92 12 Poor

The information provided in Table 2 clearly reflects that altitude has a direct
bearing on the strength of the RF signal in various geographical regions. The
test showed that signal strength was weakest in the mountainous area which
was also the location of the simulated disaster, reducing from -70 dBm at 50
meters to below -90 dBm at 200 meters. This steep drop demonstrates the
difficulty in sustaining a stable signal in regions of topographic or
environmental interference.

Variability characteristics of the signal elevation were proportional to the
altitude, from £5 dBm at 50 meters to £12 dBm at 200 meters. This variation
is likely a result of the fact that RF attenuation and stability is more dynamic
for lower altitude aerial platforms helpful where little ground reflection is
present and atmospheric interference is minimized. Such discoveries are
especially important in the mountainous regions and other disaster-prone
regions where service always is very crucial in its operations including during
natural disasters.

In the study, tabulated quantitatively, the coverage quality reduced by
altitude across all the sites. However, Good coverage was achieved best at
50 meters, but the coverage reduced to Moderate at 100 meters, while at 150
meters and 200 meters it was rated to be Poor. This trend underlines the
importance of tuning various aspects of the equipment location and signal
processing in areas that might pose certain challenges to signal transmission.

4.3. Accuracy of Predictive Maintenance Algorithms

The associated predictive maintenance algorithm used a variant of the
Kalman filter to predict likely failures in telecommunication equipment. This
proved quite efficient in detecting areas of faults in earlier times, thus helping
to prevent fault related quick service supports. Using this test, algorithm
performance was evaluated in five different locations characterized by
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different environmental and operational conditions. To further assess the
algorithm, other metrics such as false positive rate, mean time to detection

(MTTD) and fault prediction lead time were also used.
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Figure 1. Predictive Maintenance Validation

For the five locations, the PM algorithm shown in Figure 1 was 89.7%
accurate on average. The maximum accuracy (93.3%) was achieved in the
suburban tower zone where the work conditions were constant, helping match
the algorithms. The lowest accuracy of 83.3 % was obtained in the central city
hub because of the fluctuations in the total number of connections and
environmental changes.

The false positive rate that estimates the number of wrong predictions did
not exceed 17%; this rate reflects the accuracy of the algorithm in identifying
real defects in the places under consideration. Suburban tower zone had the
lowest false positive at 6.7% which represented the best prediction
environment.

Mean Time to Detection was somewhat different across locations with
MTTD of 2.6 days suggesting that the algorithm was capable of detecting an
anomaly soon after it occurred. Further, the average of the Fault Prediction
Lead Time, which is the nhumber of days in which preventive actions can be
performed after a fault has been predicted, was 6.4 days.
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4.4. Latency Optimization via Edge Computing

The role of edge computing in the process of drone assisted
telecommunication maintenance was identified to be important in eliminating
data latency and improving the efficiency of processing tasks. This framework
made it possible for drones to perform data analysis locally instead of sending
the data to other servers and have the data analyzed before the results could
be returned in the next few hours or days. Indices including data delay, data
filtration efficiency, successful packets delivery ratio, and response time were
measured at five different areas to understand the efficiency of edge
computing in drones.
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300 100 —
] o
- 260] [270] = 80 Emggﬁd
® 730 250 246 = <) aflafla]|]l®
E 200 20 < 650
> (8]
e S w
2100 g
jr < 20
0 0
Q“)Q '19(\% K G}@ C'Soi\ 6{@ @Q’@ \,\SQ /boo \%}\ éSOQ fé\\% @CS"
o\\-\ & & & & ?:.g; & o P @ £ vﬂa
» & F TP » o F ¥
& & 8 R RGN ¢ S 2N
&5 & F &5 & Q®
(S & & (S & &
‘§0 (_)\c;bg @O 6\9@9
100 Packet Delivery Success (%) Real-Time Response Time (s)
< 80 v
%‘; 60 £
i
i
@
% 40 g
o~ || n o flwn||lm||a 2
8 :
R IR [EN AN E ¢
0
S " $* & * @&
S o :;?} L @
\O & & &
& & & KR
& ¥ Q@
[ & &
RS fzf’\
Q'\‘:

Figure 2. Real-Time Data Latency and Processing Performance

The average latency for the data in all locations was 246 ms proving that
the results are comparable to the benchmarks presented by Koubaa et al.
[16]. The least latency was noted in the measurement recorded at the Central
City Hub with 220ms with superfast connectivity and least likelihood of
interference. However, the Disaster Response Site had the highest latency of
270ms owing to the constrains that are debris, connectivity limitations, and
variability in the environment.
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Thus, we identified that the average accuracy of the remaining locations
was 96.9%, and once again, the suburban zone had the exact accuracy of
98.0% because of the proven environmental stability. In particular, the rates
of correct answers within the Mountainous Region and the Disaster Response
Site were above 95%, which confirmed that even when working in difficult
circumstances, the complete construction of the edges of the computing
system remained uninterrupted and efficient.

The average packet delivery success rate was 98.9% which captured the
effective communication between the drones and the edge servers. It was
also seen that September exhibited the lowest success rate of 98.3% at the
disaster response site, most probably due to environment factors affecting the
reliability of the network in the disaster zones and higher traffic zones such
as the suburban zone register high scores of 99.5%.

Response time measured the time taken to respond to the real-time stimuli
with mean of 1.46 seconds which makes the decision making almost real
time. The shortest response time of 1.2 seconds was found in the central city
area, making the argument for high-speed solutions in cities stronger.

4.5. Energy Consumption Analysis and Model Validation

The drone energy consumption model indicated high success with the
prediction error of energy usage being below 2% relative to the measured
values for all areas. This proximity is in conformity with the credibility of the
model to serve operational planning and resource management in
telecommunications maintenance involving drone services. The following
table gives a breakdown of energy consumption on five different sites.
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Figure 3. Energy Consumption Analysis by Location

The energy consumption graphs (Figure 3) revealed similar trends across
all sites. The Central City Hub exhibited the lowest values of Predicted Energy
Use and Observed Energy Use, at 80% and 78%, respectively, due to stable
conditions and shorter distances. Conversely, the Disaster Response Site
demonstrated the highest energy use rates, with 90% predicted and 88%
observed, partly because navigating such conditions requires more power
than flying through open fields.

Both the Suburban Tower Zone and Coastal Maintenance Site showed
commendable energy use efficiency, with predicted values of 70% and 85%,
respectively, closely aligning with the actual values of 68% and 83%. Energy
consumption in the Mountainous Region was slightly higher, at 75% predicted
and 73% observed, attributable to operating at altitude and the additional
energy costs associated with slopes and hills.

4.6. Cost-Benefit Analysis Results

The experimental implementation of drones in performing maintenance on
telecommunication structures was found to be more cost-effective than the
conventional techniques. This general approach aimed at presenting financial
benefits in terms of labor costs, equipment costs, and total maintenance
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costs. Drone technology helped to ensure that the employment of manual
labor was minimized, and the resources were efficiently utilized to their
potential, making the technology cost efficient and scalable for new telecom

environment.
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Figure 4. Cost Analysis of Maintenance Methods

The cost of accomplishing the maintenance through traditional methods
was slightly higher at $45,000 due to the immense labor that is involved in
evaluating and physically accessing and correcting the problems with the
equipment. These costs were lowered using drone operations by 60% which
in turn minimized the employee demands and using drones for structural
inspection and fault diagnosis cutting down the labor cost to $18,000.

Equipment costs also decreased significantly from $30,000 to $20,000, a
33.3% elimination. Despite the fact that drones are more expensive at the
onset as they are machines, their utility value can be looked at as a means of
long-term cost savings since they are multipurpose machines that can
therefore spare industries the cost of having to invest in several other tools
which the drone can also perform in addition to other core tasks.
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Through drone assistance, it was noted that total maintenance costs have
lowered to $38, 000/ = from $75, 000/ = of traditional methods with a total cost
saving of 49.3%. These financial benefits explain the large economic impacts

which arise from incorporating the use of drones in telecom maintenance.

5. Discussion

The article offers an extensive assessment of the appliance of one the main
telecoms maintenance platforms — drones and the active introduction of
advanced technologies into the drone operations such as the edge
computing, RF signal, and predictive algorithms. These findings support prior
literature and emphasize the ability of drones in bringing improvements to the
effectiveness, precision, and environmental impacts of telecommunications
facility management.

Drones have also been used in infrastructure maintenance, a concept well
researched to understand the strengths of drones over traditional barriers
such as availability, cost and time in completing infrastructure maintenance.
For instance, Savkin and Huang (2021) showed how UAVs could
autonomously mimic the best positioning of the helicopter observed in the
search and rescue sceneries, and this study revealed the same
characteristics (Savkin and Huang 2021). Likewise, Jacobsen et al. (2023)
highlighted that extensive inspections of critical infrastructures require
cooperative drone swarms, and thus, underlined the significance of co-drone
coordination strategies for obtaining the exhaustive coverage (Jacobsen et
al. 2023).

The concepts of energy efficiency models by Silva et al. (2023)are also
relevant to this research with regards to showing the decrease in operational
costs and resource consumption(Silva, Torres, and Cardoso 2023). This work
extends these findings through the incorporation of edge computing to
enhance energy efficiency and reduce latency, as has also been done in the
related work of Koubaa et al. (2023) in the context of Al-assisted UAV systems
(Koubaa et al. 2023).

In addition, the study by Korba et al. (2023) for using real-life data
algorithms for efficient aviation maintenance also shares with the predictive
maintenance standards set in this study (Korba et al. 2023). The application
of the Kalman filter algorithm for the identification of forecasted faults and
minimized downtime equates to data use and decision making in



information
Drone-Assisted Network Maintenance as a ... | Alshareefi et al. mgﬁgasépn ?lut‘
infrastructure as advanced by Korba et al. However, in contrast to Korba et
al. analyses only aviation systems, the present study expands such methods
to telecommunications.

From a theoretical perspective, this research contributes to understanding
the integration of drones in telecommunications maintenance by fulfilling
three key scientific functions: analysis involving description, explanation and
prediction(Jawad 2023). The article provides an overall understanding of the
drone-aided maintenance model, outlines the superiority over several
conventional approaches, and provides the prognosis of possible outcomes
based on the tested models. This is also in sync with the theoretical viewpoint
proposed by Abualigah et al. (2021), to which they provided a literature survey
on the use of drones in 10T structures with a uniqueness on predictive and
adaptive associated work (Abualigah et al. 2021).

The topic of machine learning applications, discussed by Heidari et al.
(2023), also extends this discussion (Heidari et al. 2023). It helps drones to
provide proper feedback in the critical situations as the conditions become
responsive; it also improves decision making processes. This predictive
capability not only improves the maintenance factor but also can handle the
future problems in telecommunication infrastructure, as proposed by Angjo et
al. (2021) in the study of handover management in 6G networks (Angjo et al.
2021).

However, it is important to note the limitations of this study as well. On
such aspects, it is a major concern that signal strength and coverage are
rather stochastic in disaster-prone or mountain regions as mentioned in
Guirado et al. (2021) (Guirado et al. 2021). Although drones reduce some of
these difficulties, other conditions including adverse climates or working at
very thin heights may interfere with the drone’s functioning. Further research
should also focus on bringing the environmental sensors to a higher level and
the signal processing algorithms to a higher level to overcome these
challenges.

The last one is the limit of scalability of multi drone coordination,
mentioned earlier by Mauro et al. (2023) (Mauro, Floriano De, and Shamim
2023). What this research shows is that single-drone and up to small swarm
use cases are possible, large-scale missions in densely populated cities or
disaster areas remain future work. Three approaches can be considered to
maintain connectivity into these GPS: distributed connectivity maintenance
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models as described by Kurt et al. (2021) expanded connectivity maintenance
models (Kurt et al. 2021).

In addition, the predictive maintenance model while yielding very slight
percentage of error may struggle with the adaptability to real-time changes of
the infrastructure conditions. It is also noteworthy that, in real-life
interventions, Li et al. (2022) pointed out that there must be a feedback loop
for refining and optimizing the system (Li, Ni, and Dressler 2022).

In practice, the research corroborates the revolutionary effect of the
drones in the telecommunications maintenance by diminishing the costs,
enhancing security, and rationalizing the distribution of resources. The
substantial cost reductions identified in this research are similar to those
discussed by Shah and Dave (2023) on the application of robotics for the
economics of tower field maintenance (Shah and Dave 2023). Moreover, the
latency reductions associated with the edge computing parallel the outcome
observed by Homayouni et al. (2022), that emphasize owning the added
value of implementing superior computational environment in the drone’s
operation (Homayouni et al. 2022).

The study also supports the practical application of drones as flying base
stations in the next generation networks as proposed by Amponis et al. (2022)
(Amponis et al. 2022). In serving as solutions to connectivity gaps and
improving the telecoms network flexibility, drones remain helpful tools for
constructing secure and elastic telecoms networks.

The article covers the findings of previous research, and innovatively
contributes to the use of techniques such as prediction algorithms, energy
management constructs and real-time computational models in consolidating
telecommunications maintenance by means of drones. Although they are not
fully resolved, the study provides a strong starting point for further
development, enabling the creation of solutions appropriate for contemporary
complex problems of infrastructure management (Qasim 2023). When
incorporating drones into other more general telecoms approaches, operators
can realize increased productivity and dependability along with the socially
responsible performance that aligns with shifted telecoms needs and goals.

6. Conclusion
The application of drone technology in telecommunications maintenance is a
significant advancement, given the growing need for efficient, scalable, and
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resilient telecommunication systems. This paper examines various
perspectives on using drone-assisted maintenance to improve operations
and manage traditional approach challenges. In the realms of predictive
maintenance, real-time analytics, and energy efficiency, the paper's
conclusions substantially enhance modern telecommunications networks.

Focusing on the necessity of innovative technologies for maintaining and
optimizing technical facilities, the article highlights how drones perform
inspections more rapidly, with less time lost and at lower costs than
conventional, human-dependent methods. Their flexibility to navigate most
parts of the structure ensures thorough maintenance checks, regardless of
the terrain or disaster-prone area, such as mountainous regions.
Furthermore, the use of complex algorithms and computational models
improves decision-making, enabling operators to proactively address issues
and allocate resources effectively.

The study identifies the impact of drone-assisted telecommunications
maintenance on sustainability. Drones are energy efficient, reducing their
energy consumption and operational overhead, thus contributing to the trend
established by international entities to develop environmentally sustainable
technological solutions. They also meet the trade requirements of
telecommunications organizations while addressing broader environmental
conservation issues. The efficiency of drones is enhanced by their scalability,
allowing use in various geographic and operational settings.

A significant strength of this study is its focus on preventing system
failures. Advanced predictive maintenance algorithms, driven by machine
learning and artificial intelligence, detect early signs of anomalies and
accurately estimate maintenance needs. This capability shifts maintenance
practices from reactive to predictive, increasing system dependability and
reducing the likelihood of failures. By preserving essential telecommunication
structures, these improvements enhance service delivery and customer
satisfaction.

Furthermore, integrating real-time data analysis through edge computing
allows for real-time data processing and decision-making. This capability
enables drones to perform high-level computations without relying on the
cloud, saving time. Consequently, operators can make optimal decisions in
real-time, increasing flexibility in situations requiring immediacy, such as
disaster recovery or large-scale structure evaluations. This real-time
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response is crucial for ensuring constant connectivity in the expanding
telecommunication networks.

Although the study provides a clear vision of the benefits of drone-assisted
maintenance, it also highlights areas for improvement. For example, issues
related to the flexibility of drone use in urban environments arise. The high
density of structures and potential interference from external signals
necessitate better algorithms and operational modes. Additionally, the study
emphasizes the need to improve drone battery longevity and charging
infrastructure for uninterrupted functioning during long operations.

Future research directions include studying drones' interaction with other
innovations. For example, integrating drones with autonomous ground robots
to create a more integrated and resilient maintenance system or utilizing 6G
networks could be developed as a single concept. These integrations would
extend drone capabilities, providing holistic infrastructure management
solutions from airborne and terrestrial operations. Innovations in artificial
intelligence and machine learning will continue to enhance predictive
maintenance, increasing its reliability.

The study also explores future research avenues on regulation and ethical
issues. As drones become more prominent in telecommunication
maintenance, managing airspace, data, and cybersecurity concerns is
essential. Collaboration between companies and regulatory authorities is
necessary to establish appropriate UAV usage standards. This will promote
public confidence and support long-term measures for incorporating drones
into the telecommunication industry.

Consequently, the study demonstrates that using drones in telecom
maintenance will unlock transformative potential across the industry.
Focusing on optimization, cost, and sustainability, drones provide a robust
solution to the evolving challenges of infrastructure development. Analyzing
the use of predictive algorithms, real-time data analysis, and energy
optimization shows that drones are critical tools for maintaining and evolving
telecommunications networks. As technology advances, ongoing research
and development will be required to fully harness the potential of drones for
delivering better telecommunication services and improving the modern
telecommunications industry.
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