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Abstract

Drones, also known as Unmanned Aerial Vehicles (UAVs), have rapidly integrated into
various industries, from delivery services and agriculture to surveillance and disaster
response. However, their increasing use has brought concerns about noise pollution,
particularly in urban and residential areas. Unlike traditional aircraft, drones produce high-
frequency, tonal noise, which can be more annoying to people. This study explores
different methods for assessing drone noise, understanding its impact on communities, and
identifying ways to mitigate it.

To measure drone noise, we followed ISO 9613 standards, using specialized software and
controlled indoor environments to obtain accurate sound power levels. Our research also
analyzed how drone noise propagates outdoors, how much enters buildings, and how it
affects people indoors, especially during sleep. We found that factors like drone size, the
number of rotors, flight maneuvers, and weather conditions significantly influence noise
levels.

A big focus of this study was to see how people react to the sound of drones compared to
more familiar noises like cars, helicopters, and airplanes. We ran listening tests where
participants told us how loud and annoying each sound felt to them. What stood out was
that even though drones are technically quieter than helicopters, their high-pitched and
somewhat whiny sound made them feel more annoying, especially in calm or quiet areas.
Many people said they felt uneasy when drones flew overhead, which shows there's still a
lot of public discomfort and skepticism around drone use.

To help tackle these concerns, we looked into ways to make drones quieter. This included
refining propeller designs, changing how drones move through the air, and trying out
advanced technologies like active noise control. Our results show that with better design
and smarter flight behavior, it’s definitely possible to reduce drone noise. That could make
drones much easier for communities to accept in the future.

Overall, this research offers a deeper understanding of how drone noise affects people and
how we can better manage it. If we create clear guidelines and apply smart noise reduction
strategies, drones could become a more welcome part of daily life without causing too
much disruption in communities. Looking ahead, there’s still work to be done—Ilike
making noise prediction models more accurate, raising public awareness, and shaping
policies that strike a balance between advancing technology and protecting both the
environment and people’s quality of life.
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Introduction

Unmanned Aerial Vehicles (UAVs), commonly known as drones, have become crucial
technologies across a range of fields, including geosciences, remote sensing, military
operations, and various commercial industries. [1]

Over the past two decades, UAVs have moved from being specialized tools to becoming
mainstream technologies, largely due to their versatility, ease of use, and relatively low
cost. This shift is evident in the increasing number of research publications—over
80,000 since 2001—focusing on UAVs, particularly within the fields of engineering and
computer science, but with significant contributions from remote sensing as well. [2]

Economically, UAVs have made a substantial impact, with the industry being valued at
several billion dollars annually. Although military applications currently dominate the
market, the use of UAVs in commercial sectors is growing rapidly. This expansion is
driven by technological advances, especially in the miniaturization of sensors,
improvements in energy storage, and the development of sophisticated software. UAVs
have moved beyond basic aerial surveying to more advanced tasks such as construction
monitoring, precision agriculture, and indoor search and rescue, highlighting their
growing importance in collecting and analyzing real-time data. [3]

UAVs still face numerous challenges in terms of deployment and performance. These
include limited flight time due to battery constraints, reduced autonomy in complex
environments, and restricted mobility. Harsh weather conditions and challenging
operating environments further exacerbate these issues, impacting UAV performance
and mission success. For example, low battery endurance, adverse atmospheric
conditions, and sensor accuracy limitations often reduce mission effectiveness. [4]

In response to these challenges, research has focused on developing solutions to improve
UAYV performance, such as using high-quality materials, optimizing UAV designs, and
enhancing battery technology. Additionally, optimization strategies for flight paths are
being studied to conserve energy and extend UAV operational time. [5]

UAV:s are sophisticated aerial vehicles capable of performing a wide range of missions
autonomously, often in hazardous environments. They are operated remotely through
various electronic devices, such as microprocessors and sensors, which allow them to
execute tasks without direct human intervention. The general architecture of UAVs
includes communication links to connect with satellites or ground control systems
(GCS), enabling operators to monitor and control the UAVs remotely.

Research has explored various aspects of UAV technology, focusing on improving
operational efficiency and capabilities. For instance, studies have investigated mobile
charging features to extend battery life, the use of wirelessly powered receivers to reduce
UAYV weight, and wireless charging techniques to increase flight time. Developments in
multi-drone networks have also been significant, with research focusing on optimizing
charging processes for fleets of drones using deep learning algorithms.



Chapter 1

Applications of UAVs in Different
Fields

1. Disaster Management

UAVs are extremely valuable in disaster management scenarios, where they can quickly
reach areas that are too dangerous or inaccessible for humans. In the aftermath of natural
disasters like earthquakes, tsunamis, or floods, as well as man-made crises such as terrorist
attacks, UAVs can provide real-time data to emergency responders. Equipped with
advanced sensors, radars, and high-resolution cameras, drones can fly over disaster zones
to assess damage, locate survivors, and identify hazards, such as downed power lines or
collapsed buildings. [6]

UAVs are extremely valuable in this field, where they can quickly reach areas that are
inaccessible for humans. In natural disasters like earthquakes, tsunamis, or floods, as well
as man-made crises such as terrorist attacks, they can use advanced sensors, radars, and
high-resolution cameras to provide real-time data to emergency responders. drones can
fly over disaster zones to assess damage, locate survivors, and identify hazards, such as
downed power lines or collapsed buildings. [6]

One of the most critical roles of UAVs in disaster management is in search and rescue
operations. They can rapidly scan large areas to find injured individuals, even in difficult
terrain. For example, during wildfires, UAVs can monitor the spread of fire and help
coordinate firefighting efforts by providing an aerial perspective that ground teams cannot
achieve. UAVs can also deliver essential supplies like medical kits, water, food, and even
temporary shelters to areas cut off from regular access. This not only speeds up the
response time but also minimizes the risk to human rescuers. [6]

In addition, UAVs can assist in disaster preparedness by monitoring areas prone to natural
hazards, such as floodplains or volcanic regions. By providing detailed, up-to-date
imagery and data, UAVs help disaster management teams develop more effective
response strategies and mitigation plans. [6]



2. Remote Sensing

Remote sensing involves the collection of data from a distance, and UAVs have emerged
as powerful tools in this field, particularly in areas that are difficult to access. For
instance, drones are used to monitor remote or rugged landscapes such as mountain
ranges, coastlines, and islands. They bridge the gap between traditional ground-based
data collection and satellite imagery, offering higher resolution and more frequent data
collection. [5]

UAVs are equipped with various sensors, including multispectral, hyperspectral, and
thermal cameras, which allow them to capture detailed images of the Earth’s surface.
This capability is crucial for environmental monitoring, such as tracking changes in land
use, assessing water quality, and detecting deforestation. In agriculture, UAVs can
monitor crop health by analyzing vegetation indices that indicate factors like plant
stress, chlorophyll content, and soil moisture. [5]

One particularly important application of UAV-based remote sensing is in the early
detection of harmful algal blooms (HABs) in coastal waters. Research teams in the U.S.
are using drones equipped with hyperspectral sensors to identify the presence of these
blooms before they become hazardous to marine life and human health. Despite the
promise of this technology, there are challenges, such as the need for high-precision
sensors and the ability to process large amounts of data in real-time, which must be
addressed to make UAVs more effective in remote sensing applications. [5]

3. Search and Rescue (SAR)

UAVs play a critical role in search and rescue missions, where they can significantly
enhance the speed and efficiency of operations. In remote or hazardous environments,
such as mountains, forests, or deserts, drones can be deployed to locate missing persons
or track down those in distress. They are particularly useful in scenarios where every
second counts, such as avalanches, where UAVs can quickly scan large areas for signs
of life. [7]

Drones equipped with thermal imaging cameras can detect body heat, making them
invaluable in locating people lost in the wilderness or trapped under rubble.
Additionally, UAVs can provide real-time video feeds to rescue teams, allowing them
to assess the situation and plan their approach more effectively. In some cases, drones
can even deliver life-saving supplies, such as food, water, medical kits, or even
defibrillators, to victims before rescuers can physically reach them. [7]

For example, in maritime rescue operations, drones can be dispatched to locate boats in
distress or people stranded at sea. They can drop flotation devices or first-aid Kkits,
providing critical support while awaiting the arrival of rescue vessels. UAVs can also
be used to monitor challenging environments, such as snow-covered mountains or dense
forests, where traditional search methods may be slow and labor-intensive. [7]

4. Infrastructure and Construction Inspection

UAVs have revolutionized the way infrastructure and construction projects are inspected
and monitored. They enable engineers and project managers to conduct regular
inspections more quickly, safely, and cost-effectively than traditional methods. Drones
can fly over construction sites to capture high-resolution images, videos, and even 3D



maps, which can be used to monitor progress, ensure quality control, and identify potential
issues before they become major problems. [3]

In infrastructure inspection, UAVs are used to examine critical structures such as bridges,
dams, power lines, and pipelines. For example, drones can fly close to power lines to
inspect them for wear and tear, corrosion, or damage from storms. This allows utility
companies to conduct more frequent inspections and address issues before they lead to
outages or accidents. Similarly, drones are used to inspect cell towers, wind turbines, and
solar panels, providing detailed imagery that helps technicians identify maintenance needs
without having to climb the structures themselves. [3]

In the construction industry, UAVs are increasingly used for as-built surveys, where they
document the current state of a construction project to ensure it aligns with the planned
design. They also assist in project monitoring, providing stakeholders with regular updates
through aerial imagery and 3D models. This technology allows for better communication
among project teams and can help prevent costly delays by identifying issues early in the
construction process. [3]

5. Precision Agriculture

In modern agriculture, UAVs are playing an essential role in optimizing farming
practices through precision agriculture. Drones equipped with specialized sensors can
gather detailed information about crop health, soil conditions, and environmental
factors, allowing farmers to make informed decisions that improve crop yields and
reduce waste. For example, drones can monitor the health of crops by analyzing their
color, temperature, and chlorophyll content, which can indicate the presence of diseases,
pests, or nutrient deficiencies. [5]

UAVs are also used to manage irrigation systems more efficiently by detecting areas of
a field that are either too dry or too wet. This allows farmers to apply water more
precisely, conserving resources and ensuring that crops receive the optimal amount of
moisture. In addition, drones can be used to apply fertilizers and pesticides in a targeted
manner, reducing the use of chemicals and minimizing their impact on the environment.

[5]

Another important application of UAVs in agriculture is in weed detection and
management. Drones can identify weed-infested areas in a field and guide automated
sprayers to apply herbicides only where needed, reducing the overall use of chemicals.
This not only saves money but also helps protect the environment by preventing the
overuse of herbicides. [5]

Overall, UAVs are transforming agriculture by providing farmers with detailed, real-
time data that helps them manage their fields more effectively. As technology continues
to advance, drones are expected to play an even greater role in the future of farming. [5]

6. Real-time Monitoring of Road Traffic

UAVs are increasingly being used to monitor road traffic in real-time, offering a
powerful tool for traffic management and law enforcement. Drones provide a flexible
and efficient way to monitor large areas of road networks, helping authorities manage
congestion, respond to accidents, and enforce traffic laws. Unlike traditional traffic
cameras, drones can be deployed quickly to any location, providing real-time aerial
views of traffic conditions. [2]



For instance, during peak traffic hours, UAVs can be used to monitor highway
conditions, identify bottlenecks, and suggest alternative routes to drivers. In the event
of an accident, drones can be deployed to assess the scene, allowing emergency
responders to plan their approach more effectively and clear the accident site more
quickly. UAVs can also be used to enforce traffic regulations by identifying drivers who
are speeding, running red lights, or engaging in other illegal activities. [2]

Moreover, drones are valuable tools for inspecting road infrastructure, such as detecting
cracks in pavement or identifying areas at risk of landslides. By providing detailed
imagery of road conditions, UAVs help prevent accidents and improve overall road
safety. In some cases, drones are also used to monitor and manage large public events,
such as parades or sports games, where they can provide real-time surveillance to ensure
public safety. [2]

7. Automated Forest Restoration

UAVs are becoming increasingly important in efforts to restore and protect forests. In
automated forest restoration, drones are used to plant trees, monitor reforestation efforts,
and assess the health of existing forests. Drones equipped with seed dispersal systems
can quickly and efficiently plant large numbers of trees in areas that have been
deforested or damaged by fire. This technology speeds up the reforestation process and
allows for more precise planting, ensuring that trees are planted in the most suitable
locations. [8]

In addition to planting trees, UAVs are used to monitor the progress of reforestation
efforts by capturing high-resolution images and videos of forested areas. These images
help researchers and conservationists assess the health of new plantings, monitor
changes in forest cover, and track the growth of vegetation over time. Drones can also
be used to measure important forest characteristics, such as tree height, canopy cover,
and biomass, providing valuable data for managing and protecting forest ecosystems.

[8]

Furthermore, UAVs are used to monitor biodiversity in forests, helping to identify areas
where conservation efforts are needed most. By providing detailed, real-time data,
drones play a crucial role in supporting sustainable forest management and ensuring the
long-term health of forest ecosystems.

8. Monitoring of Overhead Power Lines

UAVs have become essential tools for inspecting overhead power lines, offering a safer,
faster, and more cost-effective alternative to traditional inspection methods. Drones
equipped with high-resolution cameras and sensors can fly close to power lines to detect
issues such as corrosion, damaged insulators, or vegetation encroachment. This allows
utility companies to conduct more frequent inspections, identify potential problems
early, and prevent power outages. [5]

One of the key advantages of using UAVs for power line inspection is their ability to
access difficult-to-reach areas, such as remote or mountainous regions, without the need
for human workers to climb poles or use helicopters. Drones can hover close to power
lines and capture detailed images from multiple angles, providing a comprehensive view
of the infrastructure. This helps utilities prioritize maintenance tasks and reduce the risk
of equipment failure. [5]



In addition to visual inspections, UAVs are also being used to conduct thermal imaging
of power lines, which can detect hot spots that indicate potential issues such as
overloaded circuits or failing components. By identifying these problems early, utility
companies can perform preventive maintenance and avoid costly repairs or outages.

Despite the many benefits of using UAVs for power line inspection, there are challenges
related to autonomous operation in complex environments, such as navigating around
obstacles or maintaining stability in high winds. Future research is focused on improving
UAYV technology to overcome these challenges and enhance the effectiveness of drone-
based inspections. [5]

9. Monitoring and Assessing Plant Stress

UAVs are increasingly being used in agriculture to monitor and assess plant stress,
which can be caused by factors such as pests, diseases, nutrient deficiencies, or water
shortages. Drones equipped with specialized sensors can capture detailed images of
crops, allowing farmers to identify areas of stress early and take corrective action before
the problem spreads. [3]

For example, UAVs can use thermal imaging to detect temperature variations in crops,
which can indicate water stress or disease. Multispectral and hyperspectral sensors can
analyze the health of plants by measuring their reflectance in different wavelengths of
light, providing insights into factors such as chlorophyll content and nutrient levels. This
information helps farmers optimize irrigation, fertilization, and pest control practices,
improving crop yields and reducing waste. [3]

However, there are challenges in making UAV-based plant stress monitoring more
accurate and reliable. For instance, factors such as shadows, soil background, and
canopy structure can affect the quality of images captured by drones, leading to
inaccurate assessments. Additionally, the high cost of advanced sensors and the need
for sophisticated data analysis tools can limit the widespread adoption of this
technology.

To overcome these challenges, researchers are developing new machine learning
algorithms and computer vision techniques that can process UAV data more effectively
and provide more accurate assessments of plant health. As these technologies continue
to evolve, UAVs are expected to play an even greater role in precision agriculture and
plant stress management. [3]

10. Space Exploration

UAVs are starting to play a role in space exploration, offering unique advantages for
studying the surfaces of other planets, such as Mars. While traditional exploration
methods rely on rovers and landers, UAVs offer greater flexibility and can cover larger
areas more quickly. Drones can hover, take off, and land vertically (VTOL), making
them ideal for exploring low-gravity environments where traditional vehicles may
struggle. [9]

For example, UAVs could be used to explore the surface of Mars, where they could fly
over rough terrain, capture high-resolution images, and collect data from areas that are
difficult for rovers to reach. Drones could also be used to study the atmosphere of other
planets, providing valuable information about weather patterns, temperature variations,
and atmospheric composition. [9]



However, there are significant challenges in designing UAVs for space exploration,
such as developing propulsion systems that can operate in the thin atmospheres of other
planets and ensuring that drones can withstand extreme temperatures and radiation.
Researchers are also working on optimizing flight trajectories and improving the
efficiency of UAVs to make them more suitable for space missions. [9]

Despite these challenges, UAVs hold great promise for advancing our understanding of
the solar system and beyond. As technology continues to improve, drones could become
a key tool in future space exploration missions.

11. Aquaculture Farm Monitoring and Management

In the aquaculture industry, UAVs are being used to monitor and manage fish farms,
particularly those located in remote or offshore areas. Drones provide a cost-effective
and efficient way to monitor the health and behavior of fish, assess water quality, and
manage feeding practices. By capturing real-time images and videos, UAVs help
farmers monitor their operations more closely and make informed decisions to improve
productivity and reduce costs. [5]

For example, UAVs can be used to monitor the growth and health of fish populations,
detect signs of disease, and assess the quality of the water in which the fish are raised.
This information is crucial for ensuring that fish farms operate at optimal conditions and
that any potential issues are addressed before they become serious problems. [5]

In addition to monitoring fish, UAVs are also used to manage kelp farms, which require
regular monitoring to optimize production and ensure the quality of the crop. Drones
equipped with sensors can measure the growth, density, and nutritional content of kelp,
providing farmers with the data they need to maximize yields and improve the
sustainability of their operations. [5]

Overall, UAVs are helping to modernize the aquaculture industry by providing farmers
with the tools they need to monitor and manage their farms more effectively. As
technology continues to advance, drones are expected to play an increasingly important
role in ensuring the sustainability and profitability of aquaculture operations. [5]

12. Emergency Medical Services

UAVs are playing an increasingly important role in emergency medical services (EMS),
particularly in smart cities where advanced technology is integrated into everyday life.
During the COVID-19 pandemic, drones were used to deliver medical supplies, monitor
public spaces, and even spray disinfectants to help control the spread of the virus. UAVs
equipped with thermal cameras were deployed to detect individuals with elevated body
temperatures, a key indicator of potential infection. [6]

In addition to pandemic response, UAVs are used in various emergency medical
situations, such as delivering first-aid supplies to accident scenes, transporting blood
samples or vaccines, and providing surveillance during public health emergencies.
Drones can quickly reach areas that are difficult for ground vehicles to access, reducing
response times and improving the chances of survival for patients in critical condition.

[6]

For example, in remote or rural areas, UAV's can deliver essential medications, vaccines,
or medical equipment to healthcare facilities that are otherwise hard to reach. Drones



can also be used to transport medical samples from remote clinics to laboratories for
testing, speeding up diagnosis and treatment. [6]

Moreover, UAVs are used in disaster response to deliver medical supplies to affected
areas, reducing the need for human responders to enter hazardous environments. This
technology has proven to be a valuable tool in managing public health crises and
enhancing the capabilities of emergency medical services. [6]

13. Maritime Communication and Surveillance

UAVs are becoming increasingly important in maritime communication and
surveillance, offering a flexible and cost-effective way to monitor activities at sea.
Drones can be launched from ships or coastal stations to provide aerial surveillance,
relay data, and support search and rescue operations. They are particularly useful in
monitoring illegal activities such as smuggling, piracy, or illegal fishing, as well as
assisting in environmental monitoring and disaster response. [3]

For example, UAVs can be used to monitor shipping lanes, detect oil spills, or track the
movement of vessels in real-time. Drones equipped with advanced sensors can capture
high-resolution images of the ocean surface, identify potential hazards, and provide
valuable data to maritime authorities.

One of the challenges in using UAVs for maritime operations is the need to maintain
reliable communication links in harsh marine environments, where factors such as
saltwater corrosion, high winds, and wave interference can affect drone performance.
Additionally, UAVs used in maritime settings must have sufficient battery life and range
to cover large areas of open water. [3]

Despite these challenges, the use of UAV's in maritime communication and surveillance
is expected to grow as technology improves, offering new opportunities for enhancing
maritime security and environmental protection.

14. Flying Cars and eVTOLSs

Flying cars and electric vertical take-off and landing (eVTOL) vehicles are rapidly
moving from science fiction to reality, with the potential to revolutionize urban
transportation. These vehicles offer the promise of reducing traffic congestion, lowering
greenhouse gas emissions, and shortening travel times in crowded cities. More than 250
companies are currently developing eVTOLs and flying cars, with some models
expected to enter the commercial market in the near future. [9]

eVTOLs and flying cars are designed to take off and land vertically, much like
helicopters, but with the added benefits of being quieter, more efficient, and easier to
operate. These vehicles are expected to play a significant role in future transportation
systems, particularly in urban air mobility (UAM) scenarios where they can provide
fast, on-demand transportation over short distances.

For example, eVTOLs could be used for air taxi services, allowing passengers to bypass
traffic on the ground and reach their destinations more quickly. Flying cars could also
be used for personal transportation, offering a new way to navigate crowded urban areas
or reach remote locations that are difficult to access by traditional means. [9]

10



However, the widespread adoption of flying cars and eVTOLs faces significant
challenges, including the need for new infrastructure, air traffic management systems,
and regulatory frameworks to ensure the safety and efficiency of these vehicles.
Additionally, the development of reliable, high-capacity batteries and efficient
propulsion systems is critical to making flying cars and eVTOLs a viable option for
everyday transportation. [9]

As these technologies continue to advance, flying cars and eVTOLSs have the potential
to transform the way we travel, offering new possibilities for urban mobility and beyond.

15. Delivery

The delivery perception of drone becomes more often, especially when we are considering
less carbon dioxide emission and less waiting time for deliveries.

Companies like Amazon and Alphabet started using drones for their deliveries. Also

drones are used in medical delivering and are really helpful for pharmacies to have better
services. [25] [26][27]

11



Chapter 2

Characteristics of UAVs

2-1 characteristics of drones

1. Speed and Flight Time

e Speed: The speed of a UAV is a critical factor that influences its performance and
efficiency. Small-sized UAVs typically fly at speeds of 15 meters per second (m/s) or
less, making them suitable for applications that require precise maneuverability at lower
speeds. In contrast, larger UAVs can achieve speeds of up to 100 m/s, allowing them to
cover greater distances in shorter times, which is beneficial for long-range missions.

When a UAV follows a predefined path to optimize energy usage or improve spectral
efficiency, its speed needs to be carefully managed, especially at turning points and
specific locations along the path. This is because higher speeds can reduce the UAV’s
ability to make sharp turns or navigate complex environments. Balancing speed with
agility is crucial to maintain control and achieve mission objectives efficiently.

e Flight Time: Flight time refers to the maximum duration a UAV can remain airborne
before its batteries are fully depleted. This is a key performance metric, as it determines
the length of missions and the UAV's operational efficiency. Flight time is influenced
by several factors, including the UAV’s weight, size, and the atmospheric conditions it
operates in, such as wind and rain, which can drain batteries more quickly.

Smaller UAVs typically have flight times ranging from 20 to 30 minutes due to their
limited battery capacity. Larger UAVs, however, can stay in the air for several hours,
making them suitable for extended missions like surveillance or mapping. Additionally,
technologies such as GPS and autopilot systems play a significant role in extending
flight time by optimizing flight paths and reducing unnecessary energy consumption.
[10]

2. Payload
« Payload: The payload of a UAV refers to the maximum weight it can carry while in
flight. This can range from a few grams in small UAVs to several hundred kilograms in

larger models. The payload capacity is a critical factor because it directly affects the
UAV's versatility and the types of missions it can perform.

12



Heavier payloads generally reduce flight time because carrying more weight requires
more energy, which drains the batteries faster. However, UAVs with larger surface areas
and multiple motors can store more power, potentially offsetting the reduced flight time
even when carrying substantial payloads.

Common payloads include sensors, video cameras, and other equipment used for
reconnaissance, surveillance, and commercial purposes. For example, UAVs might
carry cameras for aerial photography, sensors for environmental monitoring, or
communication devices like mobile phones and tablets. The quality and type of payload
can influence the UAV’s speed, precision, and resolution, making payload selection
crucial for mission success. [10]

3. Sensing Equipment

 Sensing Equipment: UAVs are often equipped with a variety of sensors to perform
specialized tasks. These sensors can include radiation detectors, ground-penetrating
radar, and cameras that operate across different spectrums, such as infrared, visible, and
hyperspectral imaging. These sensors are particularly important in fields like precision
agriculture, environmental monitoring, and infrastructure inspection.

For example, in precision agriculture, UAVs might use hyperspectral cameras to detect
subtle differences in crop health that are invisible to the naked eye. Similarly, in
environmental monitoring, UAVs equipped with infrared sensors can track temperature
changes in water bodies or identify heat signatures from wildlife.

While these sensors provide highly accurate and detailed data, they are often expensive
and may have limited versatility, meaning they are specialized for specific tasks. The
choice of sensors depends on the mission requirements and the specific data needed for
analysis. [10]

4. Software

« Software Capabilities: The software installed in UAVs is crucial for data processing,
problem-solving, and optimizing flight operations. Several algorithms are used to
enhance UAV autonomy, minimize human intervention, and improve the efficiency of
tasks such as communication, data collection, and image processing.

For instance, geometric correction algorithms are used to reduce image distortion, which
is particularly important in remote sensing applications where accurate imagery is
essential. Image processing algorithms help analyze data captured by UAV cameras,
turning raw images into actionable information. Offline path-planning tools are also
employed in UAV swarms to ensure persistent surveillance and optimize flight
trajectories.

The software component of UAVs has become increasingly important, leading to the
growth of industries focused on UAV software development. Companies such as
Skyworks Aerial System, PIX4D, and Drone Deploy specialize in software solutions
that process and analyze data captured by UAVs, applying these insights in fields like
construction, agriculture, and mining. [10]

13



5. Range and Altitude

e Range: The range of a UAV refers to the maximum distance it can operate from its
control base. Small UAVs may have a limited range of a few meters, suitable for indoor
or short-distance applications. In contrast, larger UAVs can operate over distances of
hundreds of kilometers, making them ideal for long-range missions such as border patrol
or large-area surveillance.

e Altitude: Altitude refers to the maximum height a UAV can achieve during flight.
UAVs are generally categorized into two main groups based on their operating altitude:
o Low-Altitude Platforms (LAPs): These UAVs typically operate at lower altitudes and
are used for applications like enhancing cellular connectivity. They are quick to deploy
and relatively inexpensive, making them suitable for short-term or tactical missions.
LAPs provide a line-of-sight communication path, which can significantly improve
performance in certain applications.

o High-Altitude Platforms (HAPs): HAPs, such as high-altitude balloons or long-
endurance drones, operate at much higher altitudes and offer broader coverage. These
platforms are often used for providing internet connectivity in remote areas or for long-
term environmental monitoring. However, implementing HAPs is more complex and
costly compared to LAPs.[10]

6. Controllers of UAVs

e UAV Controllers: Controllers are systems that manage the operations of UAVs,
handling everything from basic flight tasks to complex maneuvers. Different types of
UAVs—such as multirotor, fixed-wing, and flapping-wing drones—require specific
control systems tailored to their unique aerodynamic properties and mission profiles.

UAYV control systems range from macro-level operations like formation control and path
planning to micro-level decisions involving flight control actuators. These systems must
be designed to handle the dynamic behavior of UAVs, especially when operating in
challenging environments with external disturbances like wind or obstacles.

The primary goal of UAV controllers is to reduce the error between the estimated and
desired states, such as altitude, velocity, or position, ensuring that the UAV operates
safely and effectively under varying conditions. [10]

7. Flight Controllers

Flight Controllers (Autopilot Systems)

Flight controllers, commonly known as autopilot systems, are the central components
that manage autonomous flight in UAVs. These systems are responsible for mission
planning, generating flight waypoints, and stabilizing the UAV’s attitude during flight.

Flight controllers rely on a combination of software and hardware to execute these tasks.
Hardware components typically include power control modules, GPS units, onboard
sensors, inertial measurement units, and communication systems. The software aspect
involves algorithms for signal processing, attitude control, path planning, and task
allocation. [10]
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Key Components:

 Kernel Control Law: This component ensures the stability of the UAV’s movement in
the air, making adjustments as needed to maintain smooth and controlled flight.

e Command Generator: The command generator produces the reference points for the
kernel control system, guiding the UAV along its intended path.

e Flight Schedule: This component generates a series of flight tasks that allow the UAV
to complete its mission objectives efficiently and accurately. [10]

Control Methods:

e Linear Controllers: These include commonly used systems like Proportional-Integral-
Derivative (PID) controllers, which are popular due to their simplicity and ease of
implementation. However, they may lack robustness and optimality, making them less
suitable for complex or highly dynamic environments.

e Non-Linear Controllers: These controllers are designed to handle the more complex
dynamics of UAVs, providing greater stability and resistance to disturbances.
Examples include Sliding Mode Controllers (SMC) and Back stepping Controllers,
which are particularly useful in dealing with non-linearity and external disturbances.

2-2 UAYV Battery Charging Methods

A significant challenge for UAVs is their limited battery capacity, which restricts flight
duration and operational efficiency. Increasing the battery's size or weight isn't a
practical solution, as it adds to the payload, which could further decrease flight time and
affect the UAV's maneuverability. Consequently, innovative charging methods are
being explored to extend UAV flight times without increasing battery size. [11]

Wireless Power Transfer (WPT): Wireless Power Transfer (WPT) systems have become
a promising solution for UAV charging due to their benefits in autonomy, ease of use,
and safety, particularly in situations where traditional wired charging isn't feasible. The
WPT market is expected to grow significantly, potentially reaching $43 billion by 2025.

WPT methods are divided into two categories: radiative electromagnetic (EM) and non-
EM techniques. Non-EM methods use optical or acoustic means for power transfer,
while EM techniques include resonance coupling, magnetic coupling, inductive
coupling, and capacitive coupling. These technologies are already being applied in
various sectors, including medical devices, smartphones, and UAVs, providing efficient
and reliable power transmission

Challenges in WPT: While WPT offers considerable potential for UAV charging,
several challenges need to be addressed:

 Payload: The WPT system itself needs to be lightweight to avoid adding unnecessary
payload, which would decrease the UAV's flight time.

o Interference: WPT systems may be prone to electromagnetic interference, affecting
charging efficiency and reliability.

o Weather Conditions: Environmental factors like rain, fog, and wind can disrupt WPT
effectiveness, potentially causing interruptions in power transfer.

e Misalignment: A major challenge is ensuring alignment during landing, as UAVs
often struggle with landing accuracy, which is crucial for effective charging. [10]
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To address these issues, WPT systems for UAVs need to be lightweight, ensure precise
landing, and be adaptable to various environmental and operational conditions.
Research is ongoing to optimize these systems for practical use.

Photovoltaic (PV) Cell-Based UAV Charging: Photovoltaic (PV) cells harness solar
energy to charge UAV batteries, significantly extending flight time. During daylight,
PV cells supply continuous power, while the UAV relies on its batteries when sunlight
is unavailable.

Several factors influence the efficiency of solar-powered UAVs, including the type of
PV cell, its positioning on the UAV, and environmental conditions like temperature and
humidity. However, solar-powered charging is limited when sunlight is not available,
such as during cloudy weather or at night. [12]

To mitigate these limitations, researchers are exploring various strategies, including
optimizing the placement of PV cells, increasing their size, and integrating additional
power supplies. Mono-crystalline silicon PV cells are popular for their flexibility and
ease of integration with UAV wings, but their efficiency remains a limiting factor,
prompting further research into better materials and designs.

Studies are also focusing on optimizing UAV flight paths to maximize solar energy
capture while minimizing mechanical energy use. Some research indicates that solar
power is especially beneficial for small UAVs designed for continuous hovering.

Laser Beaming Charging: Laser Power Transfer (LPT) is another advanced method for
charging UAVs, especially in space and military applications. LPT uses laser beams to
deliver energy to PV cells on the UAV, which then convert the laser energy into
electrical power to charge the batteries or directly power the UAV. LPT is particularly
promising for fixed-wing and rotary-wing UAVs, offering the potential for extended
endurance and supporting energy-intensive remote operations. [11]

Research on LPT systems has focused on optimizing power conversion efficiency,
voltage and current output, and the impact of factors like wavelength and temperature
on PV cell performance. However, LPT also faces challenges, such as mobility,
potential obstructions, and reduced efficiency over long distances. Additionally, laser
beams pose safety concerns, particularly in sensitive areas like airports or military
zones.

Despite these challenges, LPT remains a viable option for extending UAV flight times,
especially when combined with other power management strategies.
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Chapter 3

Noises in drones

although drones have many application and advantages, it comes with a considerable
environmental noise. Which can be annoying for residents living at the neighborhood.
Drone noise is called growing concern, since the usage of them is increasing, that might
lead to hearing loss, cognitive impairment and other diseases. Due to severity of drone
noise, there should be regulation in standards and acceptance range of drone noise in
public areas. These regulations determine the maximum allowable sound power level
for different types of drones. Also the limitation is included the horizontal distance of
drones with people nearby. [13]

The study of drone noise helps us to understand the effect of drone noise, measuring the
sound level, and determining possible mitigation for that noises to reduce the exposure

of annoying noises on people.

In this section we have studied a paper related to sound power measurement of drone
noise and the conclusions. [13]

3-1 Measurement

the simulation of drone noise has been done in a software named iNoise. this software
follows the ISO 9613 as standard for calculations of sound levels. In this paper the
location of measurements was suburban area. Since in city centers there are noises from
traffic, so that is not a good choice for measuring drone noise.

Also building height was measured by a laser measure because in apps like google earth
there 1s no information about height of buildings.

Sound power measurement has done in the indoor area which had sound absorbing
panels for better acoustic performance.

The equation of sound power level is described below:

Here's a breakdown of what each term represents and how they relate:
Ly : Sound Power Level-This is the measure of the total acoustic power emitted by a

source, measured in decibels (dB). It describes the inherent loudness of the source and
is independent of the environment.
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Lp qvg: Average Sound Pressure Level- also in decibels (dB), measures the pressure

fluctuations (due to sound waves) at a given point. Average sound pressure level is the
average of these pressure levels across multiple points or over a given surface.

S: represents the surface area over which the sound pressure level is averaged. The unit
of S is typically in square meters(m”2)

This equation reflects that the sound power level is derived from the average sound
pressure level adjusted by a term that depends on the surface area over which the sound
pressure is distributed. Since sound power spreads over an area, the logarithmic term
compensates for this spatial distribution. [13]

3-2 Drone noise impact on communities

Nowadays, with the increase of drone use, the importance of drone noise is crucial topic
to assess public acceptance of UAVs. drone noise, which is tonal and high-frequency,
differs significantly from traditional aircraft noise and can impact community health.

In a case study, the framework is applied to assess how drone noise affects indoor sound
levels, with a particular focus on sleep quality. It provides guidance on regulating noise
impact by determining the minimum distance drones should maintain from residential
buildings to meet recommended indoor noise limits, specifically those set by WHO
(World Health Organization) for sleep disturbance. This framework thus serves as a tool
for setting operational constraints to minimize the adverse effects of drone noise on
community well-being.

It is noticeable that drone noise is highly influenced by several factors like flight
maneuver, drone configuration like the number of rotors, weight and size. Also the

weather condition, specially wind is so effective in noise impact.

This research analyses the database from three types of aircraft with different flying
maneuver which is hovering, flyover, take-off, landing. [14]
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Table (1): specification of three different drones

Multirotor Number ¢ Aircraft Ground Speed
m Dron : * P
Aircraft Model of Rotors e Weight [kg] MTOW™ kgl Dimension ** [m] [m/s] (sd **)
Fast Slow
Gryphon 8
Dynamics oo 118 317 21 13,5 (sd = 0.4) 8.7 (sd=13)
GD28X (contra-rotating)
Dj1 — -
M200 4 4.0 6.1 0.9 15.4 (sd =0.1) 8.6 (sd=1.6)
Yuneec
Typhoon 6 1.9 24 0.5 12.8 (sd=0.1) 6.1(sd=14)

* Maximum take-off weight. ** Rotor tip to rotor tip distance. *** Standard deviation.

Also the set up measurement for noise level arranged 150 feet above the ground. As we
can see in this picture, sound level is measured at certain distance from microphone.

Overflight level -t
T 1s0feet ‘% """" s
height /
=

Ground level - =

Ground microphone

Figure 3-1: arrangement of microphone
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Figure 3-2: The amount of sound level is shown below for three drones

The goal is to establish structured guidelines for drone operations, ensuring that indoor
noise levels adhere to specific acoustic standards, such as the WHO guidelines for noise
levels that support sleep quality. For that, three model is considered:
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Outdoor Sound Propagation Modeling

For calculating noise from a drone in environment, factors like speed, altitude, and
environmental conditions (e.g., temperature and humidity) affect sound propagation.

Also drones are point sound sources with spherical spreading, where sound intensity
diminishes as it spreads outward. It includes atmospheric absorption, which impacts
high-frequency sound loss over distance. Baseline noise levels are determined from
prior measurement campaigns (e.g., different speeds and hovering) and can be adjusted
for other distances using predictive propagation models. [14]

Facade Transmission Loss Calculation

When sound reaches a building’s exterior, the framework estimates how much
penetrates indoors, factoring in building materials, window configurations, and whether
windows are open or closed.

The sound reduction index (R) is applied to measure the difference in sound levels
outside and inside. This calculation accounts for the facade area, the room’s acoustic
absorption, and sound transmission paths through walls and windows.

It also notes that various fagade types (e.g., double-glazed windows) provide different
levels of sound insulation, while open windows significantly increase noise transmission
indoors. [14]

Indoor Noise Estimation

Using data on outdoor sound levels and fagade transmission, the framework estimates
noise levels indoors, adjusting for factors like room size, surface area, and reverberation
time, which influence indoor sound behavior.

The framework then assesses if indoor noise meets the targeted acoustic levels (e.g.,

staying below 42 dB to prevent sleep disturbances, as recommended by WHO), allowing
operators to determine if drone operations meet noise standards or need modifications.

[14]
A\

GD28X [
M200

Typhoon |
— — — -42 dB - Sleep Quality |

~
(42
T

Drone-Fagade
Distance[m]
3

20 30 40 50 60 70
LAmax [dB]
Indoors

Fig 3-3: showing relationship between minimum distance of drone and residential area with sound level
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This framework showed how indoor noise from drones might impact residents. It helps
set guidelines, like minimum drone distances from buildings, to reduce noise
disturbance, especially during sleep. Based on the framework's results, certain drone
models need to stay at specific distances from buildings depending on their speed and
whether windows are open or closed. The framework is scalable and could be used by
the drone industry for optimizing routes (like for delivery drones). It can help develop
regulations and guidelines specific to drone noise, aiding future efforts to assess drone
noise impacts. Future improvements to the framework aim to enhance accuracy,
allowing for more detailed sound simulations and studies on how drone noise affects
people’s perceptions and comfort. [14]

3-3 Social acceptance of drone noise

Civil drones are becoming more common, but public acceptance is still low, with around
half of people approving their use. Key concerns include noise, privacy, and potential
disruptions, especially in residential areas. Many people support drone applications like
delivery or air taxis in general, but they often don’t want drones flying directly over
their homes, reflecting a "not in my backyard" (NIMBY') mindset.

Noise complaints are particularly significant near airports, and this could be a hurdle for
expanding drone usage. To increase acceptance, it’s essential to have clear regulations
and transparent communication about drone operations. Involving communities in noise
monitoring and considering local conditions such as terrain and urban density.

Introducing key issues, such as privacy intrusions, noise pollution, and safety risks,
which can hinder acceptance and lead to public opposition. Also emphasizing the gap
in understanding public perceptions and stressing that informed public policies are
essential for addressing these concerns, guiding the study's purpose of exploring what
factors most impact the public’s comfort with drone technology.

The method of evaluating public acceptance of drones can be computer-assisted
telephone interviews.in a phone interview, random people were asked about their point
of view of using drone. 43% of them had negative answer, 8% were undecided and 49%
had positive answer of using drones in different application.in the next page you can

find the main concerns of these people.

Concerns about civil drones

Noise I 53
Animal welfare I 68
Damages and injuries T 72
Transport safety I 73
Liability and insurance e 75
Violation of privacy e 86
Crime and misuse T 9

o 50 100

values in %

Figure 3-4: a review on survey
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The low level of noise concerns could be because of lack of acoustic experience between
participants.

In addition, they were asked about drone application in general. In the next figure we
can see their responds.

catastrophe response 3027 ] 2 65 2 KL
science and research 3 | 53 | Agree slightly
life-saving and civil protection (police, fire brigades) [ L Jig0s i Disagree slightly
traffic surveillance, infrastructure menitoring 3e . 43 | B Dsagrecsy
medicine, transport of samples 845260 49 | Do not know
farming 12| [ 35 |

pictures and videos (news) m m

leisure time activities [E238] 13|

parcel delivery ] 14|

pictures and videos (advertisement) Y SRINFTIN|EFAE]

Figure 3-5: overview of survey based on application

Acceptance rate was the highest for catastrophe responses, science and research and
lifesaving. This rate was the least accepted for picture and videos, parcel delivery and
leisure activities. According to gender, females were less agreeing with drone
application. Also older people had more concerns about drone usage, comparing to
younger people were asked.

Also 71% of people said they wouldn’t use drone delivery services. Even those who
liked the idea of drones for deliveries weren’t all comfortable with drones flying over
their homes. Out of the 29% who were open to drone delivery (12% fully agreeing and
17% somewhat agreeing), only 67% were okay with drones flying over their home
during the day, and less than half (44%) were okay with night flights.

We can conclude that a significant portion of the public remains skeptical or
uncomfortable with drones, especially regarding privacy and noise. Also Emphasizing
how factors like demographic differences, the intended purpose of drone use (e.g.,
delivery vs. emergency services), and specific concerns (like night flights) influence
acceptance levels.

The challenges in this study is a limited sample size or specific regional focus, which
may affect the generalizability of the results.

For future improvement of public acceptance rate, there is need for better
communication from policymakers and drone companies about the benefits of drones,
along with addressing privacy and safety concerns to build public trust. It might
recommend transparent regulations, noise reduction efforts, and community
engagement to improve acceptance and address public concerns comprehensively.
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The noise emissions of Unmanned Aircraft Systems (UAS) is influenced by vehicle
mass and operational procedures, including flyover, take-off, and landing. The goal is
to provide insights into noise mapping and classification frameworks, addressing both
acoustic and psychoacoustic characteristics of UAS noise. [12]

Field measurements were conducted in Scotland (August 2022) and England (June
2023), covering UAS ranging from the DJI Mini 3 Pro (249 g) to the T150 (61.2 kg). A
carefully designed microphone array was used to capture sound pressure levels for
various flight paths and operational modes, while environmental conditions like wind
speed and temperature were monitored for accuracy. Altitudes ranged from 10 m to 50
m, and ground speeds varied between 5 m/s and 15 m/s. For take-off and landing,

microphones  were repositioned to measure vertical noise  profiles.’

9 8 7 6 5 4 &5 2
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1 -
9.15 | 9.15 40.85 48.55 59.15 77.45

| Distance between Take-off / Landing position and each
microphone (m)

Take-off /

Landing Point

Figure 3-6:arrangement of microfone

Noise data was processed using back-propagation techniques based on ISO 9613-2
standards, correcting for atmospheric absorption and ground reflections. De-
Depolarization techniques were applied to remove motion-induced distortions. To
evaluate how UAS noise is perceived, six psychoacoustic metrics were analyzed:
loudness (N), sharpness (S), roughness (R), fluctuation strength (FS), tonality (T), and
impulsiveness (I). Calibrated sound samples ensured consistency across UAS types and
operations.

3-4 Acoustic characterization of flyover operations

At this figure we can see the A-weighted Sound Exposure Level (LAE) for four UAS models:
DJI Mini 3 Pro (249 g), Yuneec H520E (1.6 kg), DJI Matrice 300 RTK (6.3 kg), and T150 (61.2

kg).
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Figure 3- 7: relationship between sound level and takeoff mass

Noise levels during UAS flyover operations increase logarithmically with aircraft mass,
highlighting a strong correlation between size and acoustic impact. The T150, the largest
UAS in the study, exhibits the highest LAE values, a result of its heavier mass and the
presence of coaxial contra-rotating propellers, which contribute additional noise.

In contrast, smaller UAS such as the DJI Mini 3 Pro generate lower LAE values but
feature more pronounced tonal components. Despite their lower overall sound levels,
these tonal elements can still lead to increased annoyance. This pattern reinforces the
quantitative relationship between UAS mass and noise emissions, substantiating the
claim that heavier UAS produce greater noise levels during flight.

Additionally, four spectrograms illustrate the noise characteristics of the UAS models
during flyovers, conducted at a ground speed of 15 m/s. The flight heights were set at
10 meters for the DJI Mini 3 Pro, Yuneec H520E, and DJI Matrice 300 RTK, while the
T150 was evaluated at a height of 25 meters. These measurements provide valuable
insights into the acoustic footprint of different UAS types under standardized flight
conditions.

« Key Observations:

The analysis of UAS noise characteristics reveals a clear shift from tonal to broadband
noise as aircraft mass increases. The DJI Mini 3 Pro, weighing 249 grams, produces
sharp, tonal noise with minimal broadband components. This is primarily due to its high
blade-passing frequency (BPF), a result of smaller rotors operating at higher RPMs. As
the mass increases, the noise profile changes, as seen with the Yuneec H520E (1.6 kg),
where tonal noise remains prominent but broadband noise starts to emerge. The trend
continues with the DJI Matrice 300 RTK (6.3 kg), where broadband noise becomes more
dominant, reducing the distinct tonal characteristics observed in lighter UAS. The T150,
the heaviest UAS at 61.2 kg, is characterized by strong broadband noise with complex
frequency patterns, influenced by its coaxial contra-rotating propellers and greater mass.
Additionally, high-frequency noise is present, likely generated by its electric motor
components. These observations highlight a fundamental transition in UAS noise
characteristics—Ilighter drones emit more tonal noise, while heavier ones exhibit
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61kg

stronger broadband components. Understanding this shift is crucial for noise impact
assessments, as tonal noise tends to be more noticeable and potentially more annoying
to human perception, whereas broadband noise contributes to a different type of
environmental impact.
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Figure 3-8: human perception of noise annoyance

Noise directivity

At the next section we can see Unwrapped polar plots for the four UAS models show
noise directivity patterns in the flight direction (polar angle) and azimuthal plane (side-
to-side).

Key Observations

The study of UAS noise directivity reveals distinct patterns based on aircraft size and
flight dynamics. Smaller UAS, such as the DJI Mini 3 Pro and Yuneec H520E, exhibit
stronger rear-arc radiation, particularly at angles greater than 60°. This is attributed to
their forward-tilting motion during flight, which influences how sound propagates.
Additionally, the noise produced by these smaller drones tends to be more directional,
with noticeable peaks in specific directions rather than a uniform distribution.

In contrast, larger UAS models like the DJI Matrice 300 RTK and T150 display a
different noise distribution. Their sound radiation is more evenly spread in the forward
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direction, and their rear-arc radiation is less pronounced. This difference is likely due to
their ability to maintain a more stable horizontal orientation during flight, reducing
variations in noise emission patterns.

Across all UAS sizes, azimuthal directivity remains consistent, with the highest noise
levels occurring perpendicular to the flight path. This pattern suggests that drone noise
is predominantly radiated sideways rather than directly forward or backward.
Understanding these directivity characteristics is crucial for assessing the environmental
impact of UAS noise. These insights can aid in developing effective noise mitigation
strategies, optimizing flight paths, and improving regulatory frameworks to minimize
disturbances caused by drone operations. [12]
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Figure 3-9: human perception of noise directivity

Key Findings

The results revealed a clear logarithmic relationship between UAS mass and noise
emissions, with smaller UAS exhibiting prominent but unstable tonal noise, while larger
UAS generated more broadband noise with stable tonal components. Spectrograms
illustrated this transition, highlighting how tonal dominance in lighter drones shifted
toward broadband noise as mass increased. Flyover operations demonstrated consistent
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azimuthal directivity patterns across all UAS sizes, but polar directivity varied,
especially for smaller UAS, which exhibited stronger rear-arc radiation due to their
forward-tilting motion during flight. Additionally, landing operations consistently
produced higher noise levels than take-off, primarily due to the increased thrust
requirements. Psychoacoustic analysis further demonstrated that heavier UAS and
dynamic operations such as take-off and landing were associated with higher loudness,
roughness, and impulsiveness. Conversely, sharpness decreased with UAS mass, as
high-frequency components were attenuated. Box plots of psychoacoustic metrics
emphasized these distinctions across different UAS sizes and operational modes.

These findings confirm that UAS noise emissions are significantly influenced by vehicle
mass and operational procedures. Noise levels scale logarithmically with mass, while
take-off and landing introduce additional complexities, including tonal instability and
increased impulsiveness. The study’s insights are crucial for developing UAS noise
classification systems and refining environmental noise models, supporting the effective
management of UAS operations in various settings. Understanding these noise
characteristics can also inform regulatory frameworks and noise mitigation strategies,
ensuring minimal environmental and community impact as drone usage expands. [12]

3-5 Comparison with other transportation noise

In this section we investigate how humans perceive the noise of Unmanned Aircraft
Systems (UAS) comparing to other familiar transportation sources such as conventional
aircraft, helicopters, and road traffic, to understand the acoustic and non-acoustic factors
influencing annoyance and loudness perception. The analysis will determine the mean
level annoyance and loudness for each vehicle type. This study aims to analyze the
perception of UAS noise compared to conventional aircraft, helicopters, and road traffic.
[15]

The noise of six different drones listed in the table below was recorded to compare the
difference of participant respond based on the drone specification.

Table (2): specification of UAVs

UAS Type UAS Diameter (m)  Number of Rotors Take-off Weight (kg)
DJI Mini 3 Pro 0.36 4 0.249
DJI First Person View (FPV) 0.31 4 0.795
Yuneec H520e 052 6 20
DJI M300 0.895 4 6.3 - 7.2 depending on payload
Gryphon Dynamics GD28X 298 8 (4 pairs contra-rotating) 204
Malloy T150 293 8 (4 pairs contra-rotating) 61.2
Methodology

Experimental design

Participants were asked to listen each individual stimuli in random order and answering
two simple question:

1-how loud do you perceive this sound to be
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2-how annoying and disturbing do you judge this sound to be

All responses were scaled between 0 (not at all loud) to 10(very loud and annoying)
adhering to ISO 15666:2021 standards. Also responses of "Highly Annoyed" (HAN)
were classified as scores >8. [15]

Experimental setup

This section details the experimental setup used to present sound stimuli to participants
in a controlled environment.

The experiment was conducted in a dedicated listening room at the University of

Salford, which provided an acoustically controlled environment to ensure consistent
sound playback quality.

Speaker Configuration:

A 16-speaker array (Genelec 8030A loudspeakers) was arranged to reproduce the
sounds in a 3D spatial environment:

Horizontal Plane: 8 speakers positioned at azimuth angles of 0°, +45°, +90°, +£135°, and
180°, spaced 1.26 m from the central listening position.

Vertical Planes:

Four speakers at +39° elevation (azimuth angles: 0°, £90°, and 180°), 1.54 m from the
center.

Four speakers at -39° elevation with the same azimuth angles.
Audio Processing Equipment:

An RME MADIface XT audio interface and an RME M-32 DAC were used to process
the audio signals and drive the speakers.

The loudspeakers were time-aligned and level-calibrated to ensure consistent sound
levels across the array, maintaining a deviation of +0.5 dB for a pink noise signal
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Table (3): showing the detail of UAS measurement During listening experiment

UAS Type Flight Altitude (m) Cruise Speed (m/s) Lateral Angle (°)
DJI M300 10 5and 15
Yuneec e520 10 5and 15 0 and 30

DJI Mini 3 Pro 10 5and 15 0
DJI First Person View 10 27 0

Malloy T150 25 and 50 5and 15 0, 16 and 30
DJI M300 (CAA) 30, 61 and 121 15 0
Gryphon Dynamics GD28X** 46 7t013.8 0

Flight Altitude: Ranged from 10 m to 121 m.
Cruise Speed: Varied between 5 m/s and 27 m/s.

Lateral Angles: Noise was captured at angles such as 0°, 16°, and 30° relative to the
UAS flight path.

3-6 Source of audio stimuli

UAS Noise:

Most UAS recordings were collected during two field measurement campaigns
conducted by the University of Salford: Edzell, Scotland (August 2022): Measurements
captured multiple lateral angles relative to the UAS flight path. Another one was South
Scarle, Lincolnshire (June 2023) which was Similar methods were used to supplement
the dataset.

Additional recordings were provided by The Civil Aviation Authority (CAA), UK and
The Volpe Center, part of the US Department of Transportation. [15]

Conventional Aircraft Noise:
Recordings were sourced from previous studies, capturing aircraft take-off events near

major airports. The altitudes of aircraft during recordings were estimated to be 435.2 m
+57.4 m above the measurement point.

Helicopter Noise:
Helicopter recordings were provided by Anotec Engineering under a European contract.
These recordings followed ICAO Annex 16, Chapter 8 standards. However, precise

flight paths and speeds of helicopters were unavailable.

Road Traffic Noise:

The University of Salford research team specifically measured road traffic sounds for
this experiment. The recordings Captured car pass-by events at approximately 5 m from
the curb edge. Also vehicles were traveling at speeds of 30-40 mph (48-64 kph).[15]
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Recording Techniques

Microphone Setup:

Recordings were captured using single (mono) microphones mounted on reflective
ground plates to minimize wind noise and ensure consistency in ground reflections.
Different microphone setups were used which was Flat-mounted microphones for
conventional aircraft and Inverted microphones for UAS.

Ground plate measurement techniques were employed to reduce variability across recordings.

Helicopter noise was recorded using a tripod-mounted microphone positioned 1.2 m above the
ground.

Road traffic recordings used a Zoom H4N digital recorder with 24-bit/48-kHz fidelity

Recording and specialization Process

The original recordings of UAS, aircraft, helicopters, and road traffic were captured
using single (mono) microphones. These recordings lacked spatial information about
the movement of the sound source. To simulate the realistic movement of vehicles, the
audio was processed using the SPAT 5 package in Max 8 software.

SPAT 5 is a specialized tool for 3D audio rendering, used primarily for creating spatial
soundscapes in multimedia applications. [15]

Sound Localization:

The software placed the sound sources within a virtual 3D auditory space. Factors like
spherical spreading, atmospheric absorption, and Doppler effects (pitch shift due to
movement) were naturally embedded in the recordings.

Virtual Movements: Vehicle movements were simulated based on available flight path,
altitude, and speed data.

For UAS, exact flight paths and speeds were faithfully recreated. For aircraft,
helicopters, and road traffic, approximate movements were based on assumptions about
speed and trajectory.

Limitations: Simulated ground reflections were omitted as they introduced unnatural
sound artifacts when tested with SPAT 5. [15]

Sound Rendering

The processed audio files were rendered into 16-channel audio to match the loudspeaker
array described in Section 2.2. The spatial simulation allowed participants to perceive
the vehicle sounds moving in a lifelike manner, replicating the experience of a flyover
(for UAS, aircraft, and helicopters) or a pass-by (for road traffic).
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Calibration

This section outlines how the sound stimuli, audio playback system, and listening
environment were calibrated to ensure accurate and consistent playback during the
experiment.

Preparation of Stimuli

Preprocessing:

A 300 ms fade-in and fade-out was applied to all stimuli to avoid abrupt starts or ends that might
influence participant responses.

it is a technique used in audio editing to gradually increase or decrease the volume of a sound
over a short time period (300 milliseconds, or 0.3 seconds). This smoothens the beginning and
ending of an audio file, ensuring there are no abrupt starts or stops that could distract or bias
listeners during an experiment or playback. [15]

Fade-In:

At the beginning of the audio:

0 ms: Volume = 0% (silent).

150 ms: Volume = 50% (half volume).

300 ms: Volume = 100% (full volume).

Fade-Out:

At the end of the audio:

300 ms before the end: Volume = 100% (full volume).

150 ms before the end: Volume = 50% (half volume).

At the last millisecond: Volume = 0% (silent).

A high-pass filter (50 Hz) was used to remove low-frequency noise (e.g., wind noise) from the

recordings that could interfere with the quality of the sound. [15]

Noise Level Adjustment: Some recordings had LASmax noise levels exceeding 80 dB(A),
which could have been uncomfortable for participants.

To ensure a pleasant listening experience while maintaining relative differences between
stimuli, a 10 dB reduction was applied to all UAS, aircraft, and road traffic stimuli. Helicopter
noise levels were adjusted to match the other vehicle types during calibration [15]

3-7 Calibration Procedure

Head and Torso Simulator (HATS):
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A Briiel & Kjer Type 4100 HATS was used to calibrate the playback system. This simulator
replicates the human auditory system and is widely used in acoustic testing.

The HATS setup ensured that the sound levels participants heard closely matched real-world
scenarios.

Calibration Software:

The calibration was carried out using Artemis Suite 15.6, which analyzed sound levels and
Sound Quality Metrics (SQMs).

Relative Noise Levels:

The relative differences between noise levels of different stimuli were preserved during
playback: For instance, UAS with higher sound exposure levels (e.g., the Malloy T150)
remained louder than smaller UAS like the DJI Mini 3 Pro. [15]

Noise Level Ranges

Table (4) summarizes the noise level ranges for each vehicle type across various metrics

Vehicle Type Luig Lasmax Lieg Loudness (Phon)

Aircraft 66.0-78.3 58.3-72.6 55.1-67.6 61.1-70.2
Helicopter  60.7-79.1 52.7-70.4 50.0-68.3 59.5-69.4
Road 61.2-739 58.0-724 50.9-63.5 57.2-65.2

UAS 55.9-825 539-74.1 44.6-70.8  54.2-74.3
Result
Consistency Check

For ensuring the reliability of participant responses in the listening experiment, consistency
check had to be done.

Methodology:

A specific audio stimulus (DJI Matrice 300 UAS, flying at 5 m/s overhead) was repeated three
times randomly among the total 70 stimuli. The participants rated the same audio stimulus three
times for annoyance and perceived loudness.

Annoyance: The mean scores for annoyance were 4.65, 4.95, and 5.00 across the three
repetitions.

Loudness: The mean scores for loudness were 4.95, 4.98, and 4.83.

An Analysis of Variance (ANOVA) test was performed to compare the P-value for annoyance
and loudness which was 0.71 and 0.91 respectively. Both P-values indicate no statistically
significant differences between the responses to the repeated stimulus.
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The experiment demonstrated sufficient consistency in participant responses,
confirming the reliability of the data collected. [15]

3-8 Analysis of Responses Separated by Vehicle Type

In this section participants rated the annoyance and perceived loudness of sounds produced by
different vehicle types: conventional aircraft, helicopters, unmanned aircraft systems (UAS),
and road traffic.
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Figure 3-10: Boxplots and scatter plots illustrating the Mean participant responses by vehicle type

the response data (presented in Figure a) shows that the median (Mdr) annoyance rating was
highest for conventional aircraft at 6.1, with a mean (M) value of 6.17 and a standard deviation
(SD) of 0.66. This was followed by helicopters (Mdn = 5.9, M = 5.75, SD 1.0), UAS (Mdn =
5.1, M=5.56, SD 1.36) and road traffic (Mdn =3.1, M =3.18, SD 0.62)

For reviewing the mean annoyance of different vehicles we can find out that aircraft and
helicopters are most annoying, while UAS and road traffic noise were less annoying overall.
The variability in UAS annoyance ratings indicates that the type of UAS (size, weight, and
sound characteristics) significantly influences annoyance.
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In figure b the Correlation between sound level (LAE) and annoyance is positive which
demonstrates that louder sounds are more annoying.it is clear that Aircraft, helicopters, and UAS
follow similar trends in which higher LAE results in higher annoyance. Road traffic noise
showed a much lower annoyance response at similar LAE levels. It is important to notice that
DJI Mini 3 Pro (a small, lightweight UAS) generated relatively high annoyance despite lower
LAE. It may have additional acoustic qualities (e.g., sharpness or tonal nature) that make them
more annoying despite lower loudness levels. other factors, such as unsteadiness, within the
flyover can also cause increased annoyance. [15]

3-9 Offset analysis

In this section there is a comparison between noise annoyance and perceived loudness responses
to Unmanned Aircraft System (UAS) noise and other vehicle types, including helicopters,
aircraft, and road traffic.

Offset analysis calculates the difference in decibels (AdB) needed to achieve equal annoyance
or perceived loudness between different vehicle types.

Yi=yo+y1x1; + 2.0 + ¢

A binary term (C) is added in a linear regression model to represent the vehicle type which is 1
for UAS and 0 for other vehicles ,y, is the slope of binery term. Also the offset (A) is calculated

as the ratio of the slope for this binary term to the slope of the primary variable (%)
1

We can observe the result with these two tables is showing below:

Table (5): offset analysis: change in sound level to achieve equal annoyance

Vehicle Type Helicopter Aircraft Road
LASmaxs 3.3 2.0 -17.3
Laeg -0.1 -1.2 -15.1

Lag 0.6 -0.5 -13.2
Loudness (N) 0.3 0.3 -11.2

Positive value = Increase to UAS sound level required

As we can see in this table for Helicopters there should be Minor changes required (e.g., 0.6 dB
for LAE), except for LASmax, where UAS needed to increase by 3.3 dB. For Aircraft: Similarly,
minor differences (e.g., -0.5 dB for LAE), with a 2 dB increase required for LASmax and for
Road Traffic UAS required significant reductions in sound level (e.g., -13.2 dB for LAE, -17.3
dB for LASmax) to achieve equal annoyance. even though the L smax values for the UAS stimuli
were typically higher, the duration of the event was usually shorter, resulting in much smaller
differences for the time-averaged metrics. [15]

The results for perceived loudness is showed in the next table:

Table (6): offset analysis: change in sound level to achieve equal loudness
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Vehicle Type Helicopter Aircraft Road

Lasmax 5.7 53 6.3
Lieq 2.1 1.8 47
Lag 238 25 35

N 1.9 25 16

Positive value = Increase to UAS sound level required

As you can see in this table for Helicopters and Aircraft Small increases in UAS sound levels
were needed, with LASmax requiring the highest increase (5.7 dB for helicopters, 5.3 dB for
aircraft). For Road Traffic UAS required moderate reductions in sound level (e.g., -3.5 dB for
LAE, -6.3 dB for LASmax) to match perceived loudness.

The AdB values for annoyance and perceived loudness differed significantly, suggesting that
factors beyond loudness influence annoyance. For road traffic, the stark contrast in required
reductions for annoyance highlights the role of non-acoustic factors like the sensation of
proximity or lack of familiarity with UAS noise. There are several factors that may be
contributing. the road traffic recordings were of cars travelling at approximately 30-40 mph (48
- 64 kph). Perhaps the annoyance responses to road traffic would have been greater if vehicles
at different speeds or larger vehicles (such as Heavy Good Vehicles) were included within the
audio stimuli. For the UAS, aircraft and helicopters, the audio stimuli were spatialized to be
moving over the head of the participant.

This section concludes that annoyance ratings for UAS may depend on both acoustic
characteristics and psychological factors, such as the novelty of the sound or its association with
other negative experiences. [15]

Now we want to identify specific factors (acoustic and non-acoustic) that may influence
annoyance levels. We compared participant responses to UAS noise across various UAS
models.

Table (7): Principal Component Analysis of UAS Stimuli considering Sound Quality Metrics, take-off weight and
cruise speed and altitude as variables

Attribute DJIMini3 DJIFPV DJIM300 GD28X
Mean Annoyance 5.0 5.1 51 5.1
HAN 22.0% 22.0% 4.9% 7.3%
Mean Perceived Loudness 3.2 3.8 5.2 4.8
Cruise Speed (m/s) 15 15 15 5
Weight (kg) .249 795 7.2 20.4
Altitude (m) 10 10 10 46
Lag 56.8 64.8 72.2 64.8
Loudness (Phon) 54.9 60.7 64.9 62.7
Sharpness 2.05 2.24 1.78 1.78
Fluctuation Strength .04 .03 .04 .06
Roughness 1 .02 .26 A7
Impulsiveness .39 .37 .39 .29
Tonality .57 .63 .19 .25
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UAS Name

@FPV (0.795 kg)
@GD28x (20 4 kg)
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®

550 600 60 0.0 750 800 850 550 0.0 650 00 750 a0 80

Sound Exposure Level (dBA) Sound Exposure Level (dBA)

Figure 3-11: Boxplot and scatter plot illustrating the mean participant responses to the different UAS stimulus

Observations

Mean Annoyance Ratings: Different UAS models with similar sound exposure levels (LAE)
received comparable mean annoyance scores but varied significantly in other metrics like
perceived loudness and percentage of highly annoyed participants (HAN).

DIJI Mini 3 which is Smallest and lightest (0.249 kg) with relatively high sharpness and
tonality.DJI FPV is Slightly heavier (0.795 kg) with higher loudness and sharpness. Also DJI
M300 was Heavier (7.2 kg) with lower sharpness and tonality. And GD28X was Largest and
heaviest (20.4 kg) with lower sharpness and tonality. Despite similar mean annoyance ratings,
HAN and perceived loudness varied. HAN ranged from 4.9% (M300) to 22% (Mini 3 and FPV).
Also Perceived loudness ranged from 3.2 (Mini 3) to 5.2 (M300). [15]

Findings

The analysis highlights that annoyance responses to UAS noise are influenced not just by
loudness but also by sound characteristics (sharpness, tonality) and psychological associations.
This suggests that UAS manufacturers should consider sound design carefully to avoid creating
negative associations.

Smaller UAS sounds (e.g., Mini 3 and FPV) were associated with sharper, more tonal qualities.
This may have triggered higher annoyance levels, potentially due to their resemblance to other
unpleasant noises (e.g., insect-like sounds). Larger UAS (M300 and GD28X) had more
consistent annoyance responses, concentrated in the middle of the scale. [15]

Conclusion of this paper

At comparable levels of key sound metrics such as LAE, LAeq, and overall loudness, the
annoyance and perceived loudness of UAS, helicopters, and aircraft were found to be similar,
with only minor variations of =£1-2 dB or Phon when sound levels were adjusted for equal
annoyance or perceived loudness. However, to achieve equal annoyance, UAS noise required
an increase of 3.3 dB compared to helicopters and 2.0 dB compared to aircraft. The disparity in
annoyance perception was more pronounced when comparing UAS to road traffic noise, with
UAS sound requiring reductions between 11.2 and 17.3 dB/Phon, depending on the specific
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metric used. Notably, smaller UAS models such as the DJI Mini 3 Pro and DJI FPV were
perceived as more annoying than other UAS types, even when their LAE levels were similar.
While annoyance levels remained relatively consistent across different UAS, factors such as
sharpness and the perception of proximity played a significant role in influencing how their
noise was perceived. [15]

Chapter 4

Sources of Noise

There are several primary sources of noise in unmanned aerial vehicles (UAVs), each
contributing differently based on the vehicle's design, propulsion system, and operational
conditions. Here’s a detailed explanation:

4-1 Propulsion System Noise

Piston Engine Noise

Piston engines are a significant source of noise, particularly in UAVs operating at high
revolutions per minute (RPM). Noise arises from combustion processes and mechanical
vibrations within the engine.

This type of noise is critical in stealth applications (e.g., military UAVs) where low
acoustic signatures are required to avoid detection. In civilian scenarios, excessive noise
can disrupt communities and violate noise regulations.

Piston engines operates on either:

e Two-stroke cycles: Complete a power cycle in two strokes of the piston (one
revolution of the crankshaft). Common in lightweight UAVs.

e Four-stroke cycles: Require four strokes of the piston (two revolutions of the
crankshaft) for a power cycle. These are more efficient and quieter than two-stroke engines.
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Sources of Noise in Piston Engines

Combustion Noise: Noise is generated during the rapid expansion of gases in the cylinder
after ignition the explosion creates pressure waves that propagate as sound.

Mechanical Noise: Components like pistons, valves, and crankshafts generate noise due to
friction, impact, and vibration during operation. At high RPMs, these noises become more

pronounced.

Exhaust Noise: The release of exhaust gases at high pressure and speed generates
significant noise. Silencers are often used to reduce this.

Key Parameters
Cylinder Firing Rate (CFR)

_ 60 x RPM
CFR = N

RPM: Rotations per minute of the crankshaft.
N: Number of cycles (2 for two-stroke, 4 for four-stroke engines).
Example: A four-stroke engine running at 3000 RPM has 45Hz firing rate.
Engine Firing Rate (EFR)

ferr = ferr X Nc
N¢: Number of cylinders.

Example: A four-cylinder four-stroke engine at 3000 RPM produces a fgrr of 180Hz.[16]

4-2 Electric Motor Noise

Sources of Noise in electric motors

Electromagnetic Noise: Arises from the interaction between magnetic fields in the motor’s
stator and rotor. Imperfect winding and electromagnetic harmonics contribute to audible
noise.

Mechanical Noise: Caused by the motor’s rotating components, such as bearings and
shafts. Vibrations from these parts propagate through the UAV structure.

Aerodynamic Noise: Generated as the propeller blades cut through the air.
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4-2-1 Solution to reduce electric motor noise

There are some considerations can be taken regarding electric motor noise:
High-Quality Motors

The quality of an electric motor significantly impacts its noise generation. High-quality
motors are designed with precision engineering, which reduces inefficiencies and
minimizes noise-producing factors. Poorly manufactured motors may have imperfections
in their components, such as unbalanced rotors, rough bearing surfaces, or inconsistent
magnetic field interactions, leading to higher noise levels. Key features of high-quality
motors are mentioned below:

Smooth Windings: Properly wound copper coils ensure consistent electromagnetic field
generation, minimizing fluctuations that can produce humming or buzzing sounds.
Irregular or loose windings result in uneven magnetic forces, amplifying noise.

Precision Rotors: Balanced rotors prevent wobbling or vibration during high-speed
rotations. Machining imperfections or poor assembly can lead to imbalanced forces and
higher noise emissions.

High-Grade Bearings: Bearings reduce friction between moving parts. High-quality, low-
friction bearings produce less mechanical noise. Cheap or worn-out bearings create rattling
or grinding sounds, especially under heavy loads. [16]

Vibration Dampening

Vibrations generated by the electric motor’s moving parts can propagate through the
UAV’s structure, amplifying noise levels. Vibration dampening involves isolating or
absorbing these vibrations before they reach the airframe or other components. Below is
mentioned the techniques for vibration dampening:

Rubber Mounts: Install rubber or elastomer mounts between the motor and the UAV’s
frame. These materials absorb vibrations, preventing them from traveling through the
structure.

Isolators: Use mechanical isolators or shock absorbers to decouple the motor from the
airframe. Examples include spring-based isolators or gel-based pads that absorb and
dissipate vibrational energy.

Tuned Mass Dampers: Attach small, weighted components tuned to counteract specific
vibrational frequencies. These dampers neutralize vibrations by oscillating out of phase
with the motor’s vibrations. [16]

Optimized Control

Electronic speed controllers (ESCs) regulate the motor’s speed by controlling the power
delivered to it. Poorly designed ESCs can cause fluctuations or inefficient power delivery,
leading to increased vibrations and noise. Control focuses on using advanced algorithms
and high-quality ESCs to ensure smooth motor operation.
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Features of Advanced ESCs

It delivers consistent power to the motor, avoiding sudden surges or drops that cause jerky
movements and noise. In addition, ESCs monitor the motor’s performance in real-time and
adjust power delivery to maintain smooth operation. Advanced algorithms can compensate
for changes in load or environmental conditions, reducing noise variability.

In multi-motor UAVs, ESCs synchronize the speed of all motors to avoid phase
mismatches that generate unwanted noise. [16]

Sound Insulation

Sound insulation involves enclosing the motor or other noise-producing components in
materials that absorb or block sound waves. This strategy targets airborne noise directly at
its source, preventing it from reaching external environments.

Types of Insulating Materials:

Foam-Based Materials: Lightweight acoustic foams absorb sound waves, reducing
their intensity. Open-cell foams trap sound within their porous structures, making them
ideal for high-frequency noise.

Composite Layers: Multi-layered materials combine sound-absorbing and sound-
blocking properties.

Vibration-Damping Liners: Specialized liners reduce the motor’s structural
vibrations, minimizing noise transmission to the surrounding air.

Enclosures with Resonance Control: Enclosures designed to prevent resonant

frequencies from amplifying noise. These structures are engineered to reflect or absorb
specific frequencies effectively.

Table (8): Comparison: Piston Engines vs. Electric Motors

Feature Piston Engines Electric Motors

Noise Level High (combustiot Lower (mechanical and electromagnetic noise)
mechanical, an
exhaust noise)

Maintenance Requires regule Minimal maintenance required
maintenance C
mechanical parts

Efficiency Less efficient due t Highly efficient with minimal energy loss
combustion losses

Environmental Produces emissions an Eco-friendly and quiet

Impact noise

Applications Long-range or heavy Small to medium UAVs for urban and sensitive areas
lift UAVs
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4-3 Propeller Noise

Propeller noise is a complex but manageable aspect of UAV operation. By optimizing
design, operational parameters, and materials, significant reductions in noise can be
achieved, enhancing both environmental compatibility and operational efficiency.

Sources of Propeller Noise
Propeller noise is broadly categorized into two components:

Tonal Noise: Tonal noise is periodic and harmonic, associated with the rotation of the
propeller blades.

Mechanism

Generated at the blade passage frequency (BPF) and its harmonics. BPF is defined as the
rate at which a single blade passes a fixed point.

Formula for BPF:

_ NRPM X N
BPF — 60

NRPM: Rotational speed in revolutions per minute (RPM).
Ng: Number of blades on the propeller.
Example: A propeller with 3 blades rotating at 6000 RPM has a BPF of 300Hz.

Harmonics of the BPF are additional frequencies produced at multiples of the BPF, creating
the characteristic "whirring" sound.[16]

Broadband Noise

Broadband noise is random and non-harmonic, caused by turbulent airflow around the
propeller.

Mechanism:

Propeller noise is a result of complex interactions between the propeller blades and the
surrounding air, creating various aerodynamic disturbances. One significant contributor is
trailing edge noise, which occurs as airflow moves over the trailing edge of the blades,

generating turbulence that produces broadband noise.

Additionally, vortex shedding at the blade tips leads to the formation of vortices, causing
fluctuating pressure differences that further contribute to the noise signature.

Another source is wake interaction, where the airflow from one blade interacts with the
airflow from successive blades or nearby UAV components, amplifying noise levels. These
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mechanisms collectively influence the acoustic characteristics of the propeller, making it a
critical area of focus for noise reduction strategies.[16]

Key Factors

1-Propeller Design:

Blade Count: Fewer blades produce higher noise due to increased load on each blade.
Increasing the number of blades spreads the load, reducing noise levels.

Blade Geometry: Aerodynamic shapes (e.g., tapered or serrated blades) minimize noise
by reducing turbulence.

Blade Size (Diameter): Larger propellers produce lower-frequency noise but may generate
more turbulence.

Pitch: The angle of the blade relative to the airflow affects how efficiently thrust is
generated and the level of noise produced.

2-Rotational Speed (RPM): Higher RPM increases noise due to higher blade tip speeds and
more frequent interactions with the air.

3-Blade Tip Speed: The velocity of the blade tips plays a critical role in noise generation.

Formula for Tip Speed:

_ XD XNRPM

Viip 60

D: Diameter of the propeller.

4-Operating Conditions: Lower air density at higher altitudes reduces aerodynamic noise.
Also, higher speeds increase airflow interactions, amplifying noise.in addition, Sudden
changes in direction or speed create transient noise peaks. [16]

4-3-1 Noise Mitigation Strategies for Propellers

Optimizing blade design is a key strategy for reducing propeller noise, with innovations
like serrated trailing edges inspired by owl feathers that minimize turbulence and noise,
thinner blades that reduce aerodynamic drag and trailing edge noise, and swept or tapered
blades that delay the onset of turbulence.

Increasing the number of blades on a propeller can lower the rotational speed required for
the same thrust, significantly reducing noise at its source, while larger-diameter propellers
spinning at slower speeds can achieve similar thrust levels with lower tip speeds, further
minimizing noise.

Active noise control systems positioned near the propellers can generate anti-noise waves

to cancel out sound in real-time, and using lightweight, sound-absorbing materials for
blades helps dampen vibrations and reduce transmitted noise. Encasing propellers in ducts
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not only redirects and contains noise emissions but also lessens their environmental impact,
making ducted propellers a practical solution for quieter UAV operations. [16]

For a 4-blade propeller with a diameter of 0.6 m operating at 3000 RPM:

BPF: fapp = 2o = 200HZ
Tip speed : Vi = w = 94.2m/s

By increasing the blade count to 6 and reducing RPM to 2000:

2000x6

BPF: fgpr = e 200HZ
Tip speed : Vi, = w = 62.8m/s

This configuration maintains thrust while reducing aerodynamic noise and tip speed.
Airframe noise

Airframe noise in unmanned aerial vehicles (UAVs) is a critical component of the overall
noise generated during flight operations. Unlike propeller noise, which originates from the
rotating blades, airframe noise is produced by the interaction between the UAV's structural
elements and the surrounding airflow. [16]

Turbulent flows and vortices are generated as air moves across the fuselage, wings, control
surfaces, and any additional payloads, leading to noise emissions. These aerodynamic
interactions depend heavily on the design and configuration of the airframe, including its
geometry, surface finish, and the integration of external devices like sensors or
communication modules. Advanced design techniques such as streamlining shapes,
reducing surface roughness, and optimizing control surface geometry are employed to
minimize turbulence and, consequently, reduce airframe noise. [16]

Computational tools like computational fluid dynamics (CFD) are instrumental in
analyzing airflow patterns and pinpointing areas that contribute significantly to noise.
Moreover, the use of lightweight composite materials with superior acoustic damping
properties helps attenuate structural vibrations and suppress aerodynamic noise. These
materials, often integrated into the airframe, can absorb airborne noise, thereby reducing
the overall acoustic signature of the UAV. Managing airframe noise is essential for
decreasing the environmental impact and improving operational effectiveness, especially
in sensitive environments like urban areas or wildlife habitats. [16]
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Chapter 5
Noise reduction techniques

5-1 Passive Noise Reduction Methods

Passive noise reduction strategies aim to minimize noise at its source by enhancing the
structural and aerodynamic design of UAV components. Unlike active methods, which rely
on external systems to cancel out noise, passive approaches focus on design improvements
and material selection to reduce noise inherently. These methods are particularly attractive
because they do not require additional energy during operation, are cost-effective, and can
be applied across a wide range of UAV platforms. Common targets include noise-intensive
components such as propellers, engines, and airframes, where modifications to geometry,
airflow streamlining, and the use of advanced materials can make a significant difference.
By addressing the fundamental causes of noise generation, passive techniques contribute
to meaningful reductions in acoustic impact while maintaining or even enhancing the
drone’s overall performance.

5-1-1 Propeller modification

Increasing the blade count

One effective passive noise reduction strategy involves increasing the number of propeller
blades to address a key source of tonal noise: the blade passage frequency (BPF). Tonal
noise arises when each blade moves through the air, producing pressure waves that are
perceived as sound. When a propeller has fewer blades, it must rotate more quickly to
produce the same amount of thrust, which increases the BPF and results in louder noise
emissions. By increasing the blade count, the necessary rotational speed is reduced, thereby
lowering the BPF and decreasing the intensity of tonal noise.

In addition to reducing tonal noise, a higher blade count also helps minimize broadband
noise by spreading the aerodynamic load more evenly and reducing turbulence and vortex
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shedding at the blade tips, both of which are major contributors to overall acoustic
emissions. For instance, switching from a two-blade to a four-blade propeller can
significantly reduce both tonal and broadband noise while maintaining, or in some cases
enhancing, aerodynamic efficiency.

However, increasing the number of blades introduces certain trade-offs, including
additional weight and drag. These factors must be carefully managed through design
optimization. To achieve the best results, adjustments to blade geometry and materials are
essential. Using thinner blades with optimized airfoil profiles helps minimize added drag
and ensures performance is not compromised.

In summary, increasing propeller blade count is a practical and impactful method for
reducing UAV noise. When implemented thoughtfully, it offers substantial improvements
in acoustic performance while balancing aerodynamic efficiency, structural integrity, and
operational requirements. These trade-offs must be considered holistically to ensure the
overall functionality and effectiveness of the UAV design. [16]

Table (9): noise reduction changes with increasing number of blades

Blades Noise reduction
Two to Three -4 dB

Three to Four -4.5dB

Four to Five -4.5dB

Biomimicry-Inspired Designs

Biomimicry, which takes inspiration from nature, has proven to be a particularly effective
strategy for reducing noise in UAV propeller design. A well-known example of this
approach involves incorporating serrated trailing edges on propeller blades, an idea
inspired by the silent flight of owls. Owls are able to fly with minimal noise due to the
unique serration patterns on their feathers, which disrupt airflow and reduce sound
generation. Mimicking this feature, serrated propeller edges generate small-scale
turbulence that allows energy to dissipate more gradually and evenly, helping to reduce
both tonal and broadband noise.

These serrations weaken the strength of vortices formed at the trailing edge of the blades
and delay the onset of vortex shedding, which is a key source of aerodynamic noise.
Additionally, the design helps to smooth out pressure variations along the blade surface,
further minimizing sound emissions. Importantly, this biomimetic modification not only
contributes to quieter operation but can also preserve or even improve aerodynamic
performance. As a result, owl-inspired trailing-edge serrations offer a compelling solution
for achieving quieter UAV flight without compromising efficiency. [16]

Optimized Blade Geometry

Optimizing the geometry of propeller blades is another key strategy for reducing UAV
noise, as it enhances aerodynamic efficiency while limiting turbulence and unsteady
airflow. One effective approach is the use of swept blade designs, in which the tips of the
blades are angled backward. This geometry helps delay the formation of shockwaves and
turbulence, especially at higher rotational speeds. Such a design is particularly beneficial
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when blades approach transonic speeds, where abrupt airflow disruptions are more likely
to occur and produce both tonal and broadband noise.

In addition, tapered blade designs, where the blade gradually narrows toward the tip help
distribute aerodynamic loads more evenly across the blade surface. This not only reduces
local pressure differences but also postpones the onset of turbulence near the blade tips. By
combining swept and tapered geometries, the airflow remains smoother over the blade
surface, which contributes to lower drag, reduced noise emissions, and more consistent
thrust generation.

These geometric refinements play a crucial role in developing quieter UAVs, enabling
noise reduction without compromising performance. When carefully designed and
implemented, they offer a practical and scalable solution for improving the acoustic and
aerodynamic characteristics of drone propulsion systems.

9

Fig 5-1: optimized blade geometry with backward blade angle and narrowed tip
absorptive and reflective barriers

Absorptive and reflective barriers, such as sound reflectors, are an effective method for
reducing UAV noise by redirecting and minimizing the impact of sound waves. These
barriers are strategically placed on the UAV's structure to channel noise away from
sensitive areas, like urban spaces or natural habitats. Constructed from lightweight, sound-
dampening materials, they help absorb and reduce airborne noise while maintaining a
balance between weight and aerodynamic efficiency. By directing noise emissions upward
or laterally, these barriers significantly reduce noise pollution at ground level, making them
particularly useful in applications requiring minimal acoustic disturbance, such as urban
deliveries or covert operations. However, their design must account for potential effects on
the UAV's flight performance, as added weight or structural modifications could influence
its handling and efficiency. With careful planning and the use of advanced materials,
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absorptive and reflective barriers can enhance noise control while maintaining operational
effectiveness. [16]

DUCTED PROPELLER

SOUND
REFLECTOR

SOUND
REFLECTOR

Fig 5-2: use of sound reflector for reflecting propeller noise

Modification of blade airfoil shape

Traditional UAV propellers tend to produce considerable noise, especially when operating
at high speeds or under heavy loads. To address this, modifications to the blade’s airfoil
profile have been explored, with the goal of improving aerodynamic efficiency while
simultaneously reducing both tonal and broadband noise emissions.

A key element of this strategy involves the integration of biomimetic design features, such
as leading-edge serrations, inspired by the wings of owls and other birds known for their
silent flight. These serrations help disrupt the airflow in a controlled manner, reducing
turbulence and delaying vortex shedding, two major sources of broadband noise. This
design approach is supported by experimental findings, as illustrated in Fig. (14), which
compares various blade morphologies and highlights the noise-mitigating benefits of
serrated edges.

Importantly, these airfoil enhancements do more than reduce noise. By improving
aerodynamic flow, they allow for lower rotational speeds to achieve the same thrust output.
This results in decreased energy consumption and improved overall efficiency of the
propulsion system. Such advancements represent a meaningful step forward in UAV
technology, enabling quieter, more energy-efficient flight, particularly valuable for use in
noise-sensitive settings like urban environments or natural habitats.
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Fig 5-3: blade design with different trailing-edge serrations: Airflow (red lines): Shows how air travels
smoothly or gets disturbed depending on the trailing-edge geometry. Vortex shedding (blue arrows):
Represents the strength and direction of turbulent flow. More dispersed and smaller vortices usually mean
lower noise levels.

This figure compares six different trailing-edge modifications applied to UAV airfoil
designs, each aiming to reduce aerodynamic noise while preserving or improving
performance.1. Baseline: The standard, unmodified blade. Generates clear, strong vortex
shedding at the trailing edge, producing both tonal and broadband noise.2. Hook: A small
curved structure at the trailing edge. Slightly alters airflow and delays vortex shedding,
offering minor noise reduction.3. Flaplet: Features tiny flap-like extensions. These act like
flexible feathers, dissipating energy gradually, which weakens noise-producing eddies.4.
Wave: The trailing edge follows a smooth wave-like pattern. Disrupts airflow just enough
to spread out turbulence, resulting in more even vortex formation and reduced noise.5. Saw
tooth: Jagged, triangular serrations—modeled after owl feathers. Very effective at
breaking up large vortices into smaller ones, which are less noisy. This configuration is
especially helpful for broadband noise suppression.6. Plate: A flat extension at the trailing
edge. Alters flow separation, but may increase drag; less effective than biomimetic shapes.

The saw tooth and wave designs are among the most effective at reducing acoustic
emissions, especially in the mid-frequency broadband range, which is critical for quieter
UAYV operation in sensitive environments.

Metamaterials and micro perforated panel absorbers

One of the key challenges in UAV noise reduction is managing low-frequency sound,
which is particularly difficult to absorb due to its long wavelengths. To address this,
researchers have explored advanced materials and structural solutions that can effectively
absorb low-frequency noise without relying on bulky or heavy components.

Acoustic metamaterials represent a promising solution. These are artificially engineered
materials that exhibit sound-control properties not found in nature. Designed at scales
smaller than the wavelengths they affect, metamaterials enable precise manipulation of
sound waves, including redirection, absorption, and cancellation, by leveraging engineered
resonances. A specialized subset, known as subwavelength metasurfaces, can be tuned to
resonate at specific low frequencies, allowing them to dissipate sound energy across a
broad frequency range with high efficiency.
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Another effective approach involves the use of micro-perforated panels (MPPs). These
panels contain numerous tiny holes that introduce acoustic resistance and reactance,
allowing them to absorb sound as it passes through. When paired with coiled-up acoustic
channels or layered panel configurations, MPPs become capable of absorbing a wider range
of frequencies, including those in the low-frequency domain.

By strategically layering MPPs or incorporating perforated extensions, the overall acoustic
performance can be significantly enhanced. These compact, lightweight, and customizable
solutions are especially well-suited for UAV applications, where space and weight
constraints are critical. Collectively, these advanced materials offer a pathway toward
quieter, more acoustically efficient UAV designs.

5-2 Active noise reduction methods

These methods involve advanced, cutting-edge technologies designed to actively mitigate
noise during flight operations. Unlike passive methods, which focus on structural
modifications to reduce noise at the source, active methods utilize real-time technologies
such as active noise control (ANC) systems and adaptive algorithms. These systems detect
ambient noise using microphones and process the noise signals through advanced
algorithms. The processed signals are then used to generate anti-noise waves, which are
emitted through onboard speakers or transducers to cancel out unwanted sound effectively.

A notable approach in active noise reduction is the implementation of adaptive control
systems. These systems dynamically adjust engine parameters, propeller speeds, and other
operational variables to minimize noise output. By continuously optimizing the UAV’s
performance based on environmental conditions and flight dynamics, these systems
achieve significant reductions in noise levels without compromising operational efficiency
or stability. This ensures that UAVs remain effective while adhering to stricter noise
regulations.

Additionally, active methods incorporate innovative technologies like boundary layer
suction and plasma actuators to modify airflow patterns. These technologies not only
reduce aerodynamic noise but also enhance the overall effectiveness of noise reduction
efforts. As UAV technology evolves, active noise reduction methods are becoming
increasingly viable for improving environmental sustainability and reducing the auditory
footprint of UAVs across various applications, including urban operations and wildlife-
sensitive missions. These methods represent a critical advancement in balancing UAV
functionality with the growing demand for quieter aerial platforms. [16]

5-2-1 synchro-phaser technology

represents a sophisticated noise reduction method designed to precisely synchronize the
rotational speed (RPM) and phase of multiple propellers or engine-propeller systems on a
UAV. By aligning the phase of the acoustic waves generated by each propeller, the
synchro-phaser produces a noise-canceling effect, reducing the overall acoustic emissions.
This approach is particularly beneficial for multi-engine or multi-propeller UAVs where
uncoordinated propeller movements amplify noise.

The technology uses advanced signal processing algorithms to monitor and dynamically
adjust the propellers' RPM and phase angles in real-time. This adaptive mechanism ensures
that the propellers work in harmony, producing destructive interference between their noise
waves and thereby minimizing tonal noise. The synchro-phaser's effectiveness is enhanced
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in scenarios where UAVs operate with variable pitch propellers rotating at the same speed,
as it mitigates the noise generated by phase mismatches.

Institutions like the Air Force Research Laboratory (AFRL) have played a significant role
in developing this technology. For example, the second-generation phase-locked-loop
(PLL) digital synchro-phaser demonstrated a reduction of 3—5 dB in noise levels for a four-
engine aircraft, illustrating its practical application. Additionally, the system's ability to
adjust to changing flight conditions such as take-off, cruising, and landing ensures
consistent noise reduction across various flight regimes.

The synchro-phaser system integrates seamlessly into existing UAV propulsion
architectures with minimal modifications, making it a versatile solution for both military
and civilian applications. Its potential for reducing the environmental impact of UAV
operations is significant, particularly in urban or densely populated areas. As shown in
Figure 15 of the paper, the technology effectively synchronizes propeller operations to
achieve acoustic wave cancellation, highlighting its capability to enhance UAV
performance while maintaining low noise levels

as depicted in Figure 15, focuses on synchronizing the revolutions per minute (RPM) and
phase of multiple UAV propellers to minimize noise through acoustic wave cancellation.
This technology dynamically aligns the noise generated by each propeller, creating
destructive interference patterns that significantly reduce the overall acoustic signature of
the UAV. [16]
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Fig 5-4: synchro-phaser operation
5-2-2 Active Noise Control (ANC) systems

represent a sophisticated, real-time solution for reducing noise emissions from UAVs by
actively canceling unwanted sound waves. These systems rely on microphones
strategically positioned around the UAV to detect ambient noise. Using advanced signal
processing algorithms, the captured noise is analyzed, and anti-noise signals, sound waves
with the same amplitude but opposite phase are generated and emitted through onboard
speakers or transducers. When correctly phased, these anti-noise waves interfere
destructively with the original noise, effectively reducing its intensity.

The integration of ANC technology presents several significant advantages. Most notably,
it allows for real-time, adaptive noise suppression, making it particularly valuable in
dynamic or sensitive environments such as urban areas or wildlife habitats, where strict
noise limits may be in place. Beyond environmental benefits, ANC also improves onboard
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communication systems and data transmission by minimizing background acoustic
interference, thereby enhancing the overall efficiency and reliability of UAV operations.

However, implementing ANC systems in UAVs presents certain challenges. The
effectiveness of ANC depends heavily on the computational power and processing speed
of the onboard electronics, as well as the accuracy of the noise detection and cancellation
algorithms. Additionally, the system components must be lightweight and energy-efficient
to avoid negatively impacting flight performance, endurance, or payload capacity.

Recent innovations, such as multichannel ANC systems, push this concept further. These
systems deploy arrays of speakers arranged around the propellers or fuselage, enabling
precise control of sound wave direction and phase. By carefully targeting the noise
generated by the propulsion system, multichannel ANC can achieve more localized and
effective noise cancellation. While such systems add complexity and increase
computational demands, they represent a major step forward in UAV acoustic management
and hold strong potential for future applications in noise-sensitive missions.

5-2-3 Multichannel ANC

This system is a sophisticated method for reducing UAV noise, leveraging multiple
speakers to emit anti-noise waves that effectively cancel out the sound from propellers.
These systems use an array of 12 or more speakers, typically arranged in a circular
configuration around the propeller's duct. The positioning and angles of these speakers,
often at 45 degrees, are crucial for optimal noise cancellation. The proper arrangement of
speakers facilitates uniform distribution of anti-noise waves across the entire acoustic field
of the propeller. [16]

Principle of multichannel ANC relies on waveform synthesis, where identical waveforms
are emitted at specific phase angles by different channels. For example, in a 12-channel
configuration, each channel's signal may be phase-shifted by 30 degrees from the preceding
one. This phased arrangement ensures precise synchronization and control of anti-noise
emissions, enabling the system to target specific noise frequencies effectively.

For UAVs with three-blade propellers, the system can group channels into clusters, each
addressing one blade. Within these groups, the speakers emit identical waveforms, ensuring
consistent noise suppression around the propeller. The mathematical foundation of this
system is expressed as:

This system represents an advanced method of UAV noise reduction by utilizing multiple
speakers to actively emit anti-noise waves that cancel out sound generated by the
propellers. Known as a multichannel Active Noise Control (ANC) system, it typically
employs an array of 12 or more speakers arranged in a circular pattern around the propeller
duct. The placement and orientation of the speakers—often angled at 45 degrees, are
critical to ensuring effective noise cancellation. This specific configuration allows for a
uniform spatial distribution of anti-noise waves across the acoustic field surrounding the
propeller.

The core operating principle behind multichannel ANC is waveform synthesis, where each
speaker (or “channel”) emits a sound wave with a controlled phase shift. In a 12-channel
setup, for instance, each channel's waveform may be shifted by 30 degrees relative to the
previous one. This deliberate phasing ensures that the anti-noise signals are precisely
synchronized, allowing the system to target and cancel specific noise frequencies more
effectively.
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For UAVs equipped with three-blade propellers, the multichannel system can be organized
into clusters, with each group of speakers assigned to suppress noise generated by a
specific blade. Within each group, the speakers emit identical waveforms, maintaining
consistent noise suppression around the entire propeller circumference. This method
provides both broadband and tonal noise reduction by aligning the spatial and frequency
characteristics of the anti-noise signals with the noise signature of the propeller.

The underlying mathematical model governing this control scheme is based on principles
of acoustic wave interference and phase alignment, and can be expressed as:

Waveform Generation Formula
w,(n),l=0,1,...,L-1

W,(n): Represents the waveform for each channel [ at time stepn. A waveform is
essentially a pattern of sound waves that the ANC system generates to cancel noise.

l: The channel index. If there are L channels (e.g., 12 speakers), I ranges from 0 to L—1, so
each speaker gets its own unique waveform.

L: The total number of channels (or speakers). For instance, if you have 12 channels,
L=12L = 12L=12.

This formula ensures that each speaker generates its part of the anti-noise signal.
Secondary Speaker OQutput Formula

Yn = Wimy(n)
vn: The output signal (anti-noise) emitted by a specific secondary speaker at time step n.

j(n) = nmod L: Determines which waveform W, (n) is selected based on the time step
n and the total number of channels L.

Modulo (\mod): A mathematical operation that calculates the remainder when n is divided
by L. For example, if n=13 and L=12, then n mod L =1.

This operation ensures that the waveforms repeat periodically across the channels, creating
a synchronized anti-noise effect.
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Fig 5-5: multichannel ANC with four channel

5-2-4 Magnetically Excited Propeller Blades

Magnetically excited propeller blades focus on reducing noise and enhancing aerodynamic
efficiency through controlled electromagnetic interactions. These systems integrate small,
powerful magnets within the propeller blades and a surrounding coil system. When an
electric current passes through the coils, it generates a magnetic field that interacts with the
embedded magnets. This interaction induces controlled vibrations in the blades, allowing
precise modulation of blade movement.

These vibrations serve two purposes: first, they dynamically adjust the blade's motion to
minimize tonal and broadband noise, and second, they improve airflow management
around the blades. By reducing turbulence and vortex formation, this technology enhances
aerodynamic efficiency and lowers noise emissions. Magnetically excited blades are
particularly useful in scenarios requiring a balance between noise mitigation and flight
performance, such as long-endurance UAVs or missions in noise-sensitive areas.

One of the primary challenges of this technology is system complexity. The addition of
electromagnetic components increases weight and energy demands, which must be
optimized to maintain UAV performance. Future advancements aim to address these
limitations by exploring lightweight materials and energy-efficient designs, making the
technology viable for broader applications. [16]

Magnetically excited propeller blades offer an innovative approach to reducing UAV noise
while simultaneously improving aerodynamic efficiency. This technology utilizes
controlled electromagnetic interactions to fine-tune blade motion in real time. The system
integrates compact, high-strength magnets within the propeller blades and surrounds them
with coil arrangements mounted on the UAV structure. When electric current flows
through the coils, it generates a magnetic field that interacts with the embedded magnets,
producing precisely controlled vibrations in the blades.

These controlled vibrations serve two key functions. First, they enable active modulation

of blade dynamics to suppress both tonal and broadband noise. Second, they enhance
airflow management by reducing turbulence and mitigating vortex formation around the
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blade surfaces. As a result, the blades can operate more quietly and efficiently. This dual
benefit makes magnetically excited blades particularly well-suited for missions where low
acoustic signatures and high aerodynamic performance are both essential, such as long-
endurance surveillance operations or flights in environmentally sensitive areas.

However, the technology is not without challenges. Incorporating electromagnetic
components introduces additional weight and energy consumption, which must be
carefully managed to preserve overall UAV performance. Ongoing research is focused on
optimizing these systems through the use of lightweight materials, compact coil designs,
and energy-efficient actuation. As these developments progress, magnetically excited
blades hold strong potential for broader application in advanced UAV platforms.

In the context of UAV propeller blades, controlled vibrations are intentionally induced to
interfere with and alter the blade’s natural vibration and airflow behavior. These vibrations
are not random; instead, they are precisely modulated to affect how the blade interacts with
the surrounding air. Here's how this process contributes to noise reduction:

Destructive Interference with Acoustic Waves

The induced vibrations can be timed and phased to counteract the pressure waves (i.e.,
sound waves) generated by the blade’s motion—similar to how Active Noise Control
(ANC) works. This creates destructive interference, which reduces the amplitude of the
unwanted noise, especially in the tonal frequency range.

Turbulence and Vortex Management

Uncontrolled airflow around the blades, especially near the trailing edge and tip,often
results in turbulence and vortex shedding, which are primary sources of broadband noise.
Controlled micro-vibrations can help disrupt or re-distribute this turbulent flow more
smoothly, leading to a more laminar (orderly) boundary layer. This results in less
aerodynamic noise.

Dynamic Airfoil Shaping (Active Morphing)

Vibrations can be used to slightly change the shape or orientation of the blade surface
during rotation, adjusting the angle of attack dynamically. This adaptation allows the
blade to better align with local airflow conditions, reducing flow separation and pressure
fluctuations—two key noise sources.

Energy Redistribution

Instead of allowing energy to concentrate in specific frequencies that generate loud tonal
peaks, vibration-based control systems spread that energy across a broader range,
reducing perceptibility and making the noise less intrusive (psychoacoustically more
tolerable).

5-2-5 RotoSub® Technology

RotoSub® technology takes the principles of electromagnetic interaction a step further by
integrating active noise cancellation directly into the propeller system. This innovation
combines the structural and aerodynamic benefits of magnetically excited blades with the
ability to generate anti-noise signals. The propeller blades themselves act as speakers,
emitting sound waves that directly cancel out noise produced by the UAV.

The system uses embedded magnets and coils to modulate the blade’s vibrations. However,
unlike magnetically excited blades, the vibrations are tuned not just to optimize
aerodynamics but also to produce anti-noise waves. These anti-noise waves are carefully
synchronized in amplitude and phase to interfere destructively with the original noise,
effectively canceling it out at the source. This dual functionality of the blades makes
RotoSub a highly efficient solution for noise-sensitive operations.
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RotoSub technology excels in applications requiring minimal noise footprints, such as
urban surveillance, wildlife monitoring, and indoor environments. It is particularly
effective in smaller UAVs, where precise noise cancellation can significantly enhance
operational discretion. However, its specialized design and reliance on advanced signal
processing limit its scalability to larger UAVs without further optimization. [16]

Fig 5-6: blades vibrating in electromagnetic field in rotosub technology

5-2-6 Machine Learning (ML) and Artificial Intelligence (Al)
Innovations for UAV Noise Reduction

One exciting area of development is the use of adaptive flight control to reduce drone noise.
By applying machine learning, drones can adjust their flight behavior in real time based on
feedback from the environment. For example, algorithms can tweak things like rotor speed,
flight path, or altitude to reduce noise—without affecting performance. This is especially
useful in places where noise levels change constantly, making fixed noise reduction
methods less effective. [16]

A particularly promising tool in this space is the Deep Convolutional Auto encoder
(DCAE), a type of neural network that can pick out meaningful sound patterns from
complex audio data. These models are trained to filter out unwanted noise while keeping
essential operational sounds intact, improving the drone's acoustic footprint during flight.
This is especially valuable for systems that rely on real-time acoustic sensing, where
background noise can interfere with performance.

What sets machine learning apart from traditional noise control methods is its ability to
adapt. Instead of depending on fixed models or assumptions, ML techniques learn from
their surroundings and adjust accordingly. This flexibility makes them far more effective
in dynamic, real-world settings.

Looking ahead, machine learning also opens the door for integrated noise reduction

strategies. When combined with technologies like active noise control or novel materials
like acoustic metamaterials, it becomes possible to build more complete, system-wide
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solutions for managing UAV noise. These kinds of interdisciplinary approaches could
make drone operations much quieter and more acceptable across a wide range of industries.
[16]

CHAPTER 6

Drone noise assessment framework

Component Design

This part of the framework looks at how the drone itself is built, especially the propellers and rotors.
These parts are the main sources of noise, so improving their design is one of the first steps in
making the drone quieter. By adjusting the shape, angle, and number of the blades, engineers can
reduce the amount of noise produced during flight. Lightweight materials that absorb vibrations
can also help. The goal here is to design the drone in a way that naturally makes less noise without
affecting its ability to fly well.

Weight & Size

Lighter and smaller drones tend to be quieter because they don’t need as much power to stay in the
air. This means the motors and propellers don’t have to work as hard, which reduces the noise. But
we can’t make drones too light or too small—they still need to carry equipment and perform certain
tasks. So, this part focuses on finding a good balance: making the drone light enough to be quieter,
but still capable of doing its job.

Aerodynamics

How air flows around the drone affects how much noise it makes. Poor aerodynamic design can
lead to turbulent air and sharp pressure changes, which increase both high-pitched and low-pitched
noise. This part focuses on improving the drone’s shape so air moves around it more smoothly.
Using tools like computer simulations and wind tunnels, engineers test different shapes and designs
to find ones that reduce noise. Good aerodynamics not only make the drone quieter, but also help
it fly more efficiently.

UAM Service

This section looks at the drone’s actual job and how it operates in real environments. It includes
the drone’s size, weight, speed, and how it flies during different missions—whether it’s delivering
a package or inspecting infrastructure. These details help define how often the drone flies, how
long it stays in the air, and in what kind of areas it operates. By understanding these factors, we can
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better plan for how and when noise will be an issue and how to reduce its impact in different
locations.

Path Planning

Flight paths can make a big difference in how much people are affected by drone noise. This part
of the framework focuses on planning routes that avoid flying over sensitive places like schools,
hospitals, or residential neighborhoods. It uses maps, weather data, and population information to
help drones choose quieter routes. Some paths may go around crowded areas or fly higher to reduce
noise heard on the ground. Planning better routes is one of the most effective ways to reduce how
much drone noise reaches people.

Velocity & Duration

The speed and length of a drone flight affect how much noise people hear. Fast speeds can create
more noise, but flying too slowly might mean the drone stays over an area longer, increasing overall
exposure. This part of the framework looks for the best combination of speed and time in the air.
The aim is to keep the drone quiet while also keeping flights short and efficient. It may involve
adjusting speed at certain points in the flight to reduce noise without affecting the drone’s mission.

Mission Stage

Not all parts of a drone’s flight are equally noisy. The take-off, landing, and hovering phases are
usually the loudest because the drone uses more power during these moments. This part focuses on
understanding how noise changes in each stage of flight. By making take-off and landing smoother
and reducing how long drones hover, we can lower the noise impact. It’s about identifying when
noise is at its worst and finding ways to make those moments quieter.

Airspace Use

Different areas have different rules for where and when drones can fly. This section is about
managing the space where drones operate to avoid disturbing people. It might involve setting up
no-fly zones, quiet corridors, or time limits (like no flying at night). In cities, drones might need to
stay within specific altitude ranges or avoid certain streets. By organizing airspace better, we can
make drone operations safer and less noisy for the people below.

Environmental Context

The environment affects how sound travels. In a city with tall buildings, sound can bounce and
become louder. In a forest or open area, sound may be absorbed or scattered. This part studies how
noise behaves in different settings so we can better predict and manage its impact. Factors like
wind, temperature, humidity, and terrain shape the way sound spreads. Knowing this helps with
planning drone routes and choosing better places to operate.
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Population Density Mapping

Drones should avoid flying over areas with a lot of people if possible. This section uses population
maps and other data to show where large groups of people are located. Some systems can even use
real-time data from phones to estimate crowd size. This helps drones avoid busy zones, especially
during events or peak hours. Flying over less populated areas reduces the number of people affected
by noise, making drone operations more acceptable to the public.

Urban Canyons

In dense city areas with tall buildings, sound behaves differently. Noise can echo and get trapped
between buildings, making it seem louder or last longer. These areas are called “urban canyons.”
This part focuses on how drones should fly through or around these spaces to avoid making too
much noise. It might involve flying at certain times, using slower speeds, or avoiding narrow paths
where sound bounces more. Special care is needed when operating drones in these challenging
environments.

Public Engagement

The public’s opinion matters when it comes to noise. People may complain even if the noise levels
are within legal limits, especially if the sound is irritating or frequent. This section involves
listening to what people say through surveys or feedback platforms. Their input helps shape rules
and operating guidelines. By including the public in decisions, drone companies can build trust and
make sure their operations are accepted by the communities they serve.

Perception-Based Metrics

Not all sounds are judged the same way. Some noises are more annoying than others, even if
they’re at the same loudness level. This part uses psychological and human-based models to
measure how people actually feel about drone noise. It looks at things like tone, sharpness, and
repetition. These factors help engineers understand what makes a sound annoying and design
drones that not only produce less noise but also create sounds that are less unpleasant to people.

Noise Metrics: Cumulative and Instant

To understand the full impact of noise, we need to look at both short bursts and long-term exposure.
This part uses standard measurements like LAeq (average noise level over time) and SEL (total
energy of a sound event) to track how much noise drones create. Some sounds may be loud for just
a second, while others build up over time. Both are important for assessing how drones affect
nearby communities, especially if flights happen regularly.

Energy-Based Metrics

Sound carries energy, and this energy can build up if drones fly often in the same place. This part
of the framework focuses on measuring that energy to see which areas receive the most acoustic
load. It’s useful for long-term planning, such as deciding where to limit drone flights or setting
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total energy limits for certain zones. It also helps compare different drones or flight patterns based
on how much sound energy they release.

Regulatory Compliance

This section ensures that drones follow noise rules set by governments and aviation authorities.
Different countries have different laws, and drone makers need to meet them to get certified. This
includes using approved noise measurement methods and staying under specific limits. Following
these rules protects companies from legal problems and helps ensure that drone operations stay
safe and respectful of communities. This could include tax breaks, faster approval processes, or
special access to certain airspaces. These kinds of programs help promote better noise practices
across the industry. They also show that making quieter drones isn’t just good for communities—
it can also be good for business.

Community Standards

Every community is different, and some may be more sensitive to drone noise than others. This
final section involves setting local rules based on what residents expect. For example, a town might
ban drone flights near schools during certain hours or set specific noise limits for parks and
neighborhoods. These standards help keep operations in line with what people find acceptable,
supporting long-term public support for drones in everyday life.

Component Design

Drone Design and Optimization ~A€roacoustics

Weight & Size

Energy-Based Metrics Perception-Based Metrics Regulatory Compliance
Noise Metrics, Compliance, and Policy Integration

Incentives for Quietness Community Standards

Figure 5-7: schematic representation of the proposed noise assessment framework
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CHAPTER 7

Discussion

This thesis explored the growing issue of noise caused by drones, especially as they
become more common in everyday life, from delivering packages to helping in
emergencies. While drones are useful and efficient, their noise, especially the high-
pitched and sharp sounds, can disturb people more than other vehicles like cars or even
helicopters. This makes it important to understand how drone noise works and how we
can reduce its impact before they become a widespread problem in cities and
neighborhoods.

A major part of this research focused on measuring how much noise drones produce
and how that sound spreads through the air. We used advanced simulation software that
follows international standards (ISO 9613), and we also ran indoor experiments to get
accurate sound power levels. One surprising discovery was how easily drone noise can
enter buildings. Even if the drone isn’t extremely loud, if it’s flying close to homes,
especially at night, it can still disturb people. Sleep disturbance is a serious issue, and
this research helps define how far drones need to stay from buildings to prevent that.

To help reduce this impact, we developed a full framework that models drone noise
from the sky all the way to inside someone’s bedroom. This includes outdoor sound
propagation, how noise gets past walls and windows, and how it behaves inside a room.
Using this model, we suggested rules for how far drones should stay from residential
buildings depending on their noise level, speed, and other factors like whether windows
are open or closed. This framework could be useful for city planners, drone delivery
companies, and public health authorities.

But how we “hear” a sound isn’t just about how loud it is. Through listening
experiments in a controlled lab, we found that small drones with high-pitched, tonal
noise were considered more annoying than bigger drones, even when the bigger ones
were technically louder. This shows that human annoyance is influenced by qualities
like sharpness, roughness, and how the sound changes over time, not just volume.
People are more sensitive to sounds that are unfamiliar, insect-like, or unstable. These
findings give us clues on how to redesign drones to be less annoying, even without
making them much quieter.

We also studied how people feel about drones in general. The results show that even
though most people support the idea of drones for emergencies or scientific missions,
many still feel uncomfortable with drones flying near their homes. Privacy, safety, and
noise were the most common concerns. Women and older adults were generally more
cautious. People were especially against drone flights at night. This means that even if
drone technology gets quieter, companies still need to build public trust through better
communication and transparency.
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Another important part of the study was analyzing how drone noise is directed in space.
Smaller drones tended to radiate more noise backward, especially due to their forward-
tilting motion while flying. Larger drones were more stable and had a more even noise
spread. All drones, however, were noisiest to the sides (perpendicular to the direction
they fly). Understanding these patterns is crucial for reducing the impact on
communities. If flight paths are adjusted based on how sound spreads, it’s possible to
avoid directing the loudest noise toward people’s homes.

We also compared drone noise to more familiar sources like cars, helicopters, and
airplanes. Interestingly, people often rated drones as more annoying than cars, even if
they were quieter. This might be because drone noise is newer, less predictable, or feels
closer. Our offset analysis showed that for drones to be equally acceptable as road
traffic, they would need to be much quieter, by up to 17 decibels in some cases. This
reveals how strong psychological and emotional factors are in how we respond to
sound.

While this research makes strong contributions, it also revealed gaps that must be
addressed. First, there is no global standard to classify or report drone noise. Without
such a system, it’s hard for regulators or drone manufacturers to make fair comparisons.
Second, public participation in decision-making is low. People should have a say in
how drone traffic is managed in their cities. Third, although technologies like quieter
propellers or active noise control show promise, they are not widely used yet and need
more development and testing.

In future work, more attention should be given to measuring long-term effects of drone
noise, especially in urban areas where sound from different sources overlaps. We also
need better tools that combine sound physics with how people actually feel about noise.
Tools that go beyond decibel levels and include psychological and social dimensions.

In conclusion, drone noise is not just a technical problem. It’s a human problem. It
affects sleep, comfort, and peace of mind. If we want drones to be part of our daily
lives, we need to design them and manage them in a way that respects the people they
fly over. This thesis contributes practical models, listening experiments, and public
opinion data to help make that possible. The future of drones isn’t just about flying
better. it’s about sounding better, and being better neighbors in the skies above us.
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