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SUMMARY

Urban Air Mobility (UAM) is the term used for air vehicles transporting either freight

or passengers using short take off and landing (STOL) or vertical take off and landing

operations (VTOL). This solution to congestion on the ground is versatile in the operations

that it can accomplish: last mile package delivery, medical transportation, search and rescue

evacuation, air taxi, and the list continues. However, there are obstacles to the adoption of

such vehicles, noise being a main contributor to a lack of public acceptance.

Noise is a public concern as it has been shown to contribute to lack of sleep, lack of

cognitive abilities in children, and decline in overall cardiac health. There is extensive noise

policy in the form of land use compatibility guidelines and noise certification limits on

traditional aircraft. Currently, no noise policy exists for vehicles in the category of UAM.

Entities like Amazon and Joby Aviation are well into the testing phase of their vehicles.

As these concepts become more mature, it is important that regulation stay equally paced

in order to ensure appropriate rules are in place. When faced with new technology which

pushes past existent laws, regulators turn to incautious action or immobility. The latter is

usually the case, and it has the consequence of retarding the arrival of such a technology

to the market. The use of the former has the outcome of regulation that is overly lenient

resulting in public retaliation and complaints to lawmakers.

Entities like the National Aeronautics and Space Administration (NASA) and the Fed-

eral Aviation Administration (FAA) recently created a survey recommending that studies

be conducted on the use of current noise metrics on vehicles in the UAM category. As a part

of the NASA project named the Design Environment for Novel Vertical Lift Vehicles (DE-

LIVER), engineer Andrew Christian conducted a psychoacoustic test on small Unmanned

Aerial Systems (sUAS) to measure human annoyance toward these vehicles in comparison

to current delivery vehicles such as box vans. The study found that at the same decibel

level, test subjects found sUASs more annoying than they did delivery vehicles. The study
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also found that the correlation between annoyance and decibel level using four different

noise metrics was relatively low.

In a preliminary comparison of spectral content between a helicopter and one of the

sUASs in the study, it can be seen that the sUAS’s spectral content has more tones in the

region of increased human sensitivity. To account for human sensitivity to these tones, the

hypothesis is posed: A new frequency weighting, which allows Sound Exposure Level to

better correlate with human annoyance caused by an sUAS noise event, will create a larger

SEL contour area that is more indicative of sUAS noise.

In the first phase of the approach, this hypothesis was tested by creating a design of

experiments of different frequency weightings created by modifying the A-weighting scale

in order to find a new weighting yielding a larger coefficient of determination than that

found in Christian’s study. In the second phase, sound exposure level contours were created

using the new frequency weighting and current frequency weightings in order to observe

an area change.

The resulting frequency weighting (the X-weighting) increased theR2 value from 0.784

to 0.853. The weighting itself has obvious peaks and valleys at specific one-third octave

bands causing curiosity regarding the acoustic phenomena within these recordings that is

causing annoyance to these particular frequency bands. Without in-depth acoustic analysis

in the form of high fidelity CFD and anechoic chamber testing, these speculations cannot

be answered; however, within the power spectras and spectrograms of these recordings, it

can be seen that there are tones that stand out in the recordings themselves.

This new weighting was applied to Sound Pressure Level (SPL) values and used in

NASA’s Aircraft Noise Prediction Program (ANOPP2) to create SEL contours that were A-

, C-, and X-weighted. Because of the different frequencies that are depressed and amplified

from weighting to weighting, a large variation in contour area shape and size is seen. For all

dB levels, the contour area saw an increase when comparing the A- and the X-weighting.

The SEL 65 dB contour experienced a 79%, 18%, and 78% increase in width, length, and

xvi



area respectively between then X- and the A-weighting for one of the sUASs investigated.

This methodology grants stakeholders such as regulators and original equipment man-

ufacturers a process to assess frequency weightings and their efficacy in capturing human

annoyance; in doing so, this could enable all sUAS stakeholders to create a common “lan-

guage” with which to discuss the noise created by these vehicles effectively.

xvii



CHAPTER 1

INTRODUCTION

1.1 Motivation

Urban areas have become increasingly congested; the space within these metropolitan areas

is demanded for use by commercial businesses, housing, infrastructure, transporting goods,

services, and people. An overview of urban growth statistics show staggering numbers:

according to a study published by the United Nations, by 2050, 68% of people will live

in urban areas compared to 55% in 2018 [1]. Because of this, services such as personal

transportation are in high demand and are only forecasted to grow [2]. The ride sharing

company, Uber, recorded 6.9 billion trips in 2019 [3]. In September 2018, Uber’s main

competitor, Lyft, logged 1 billion trips [4].

Accompanying these thriving transit companies are delivery services with larger amounts

of momentum. During the Covid-19 Pandemic especially, delivery services saw a large in-

crease in demand with UPS reporting an 11% increase in profits on a yearly basis and a

28.8% increase in the number of packages delivered on a daily basis [5]. Amazon in-

creased its employee count to a total of 1.1 million people to account for the larger demand

caused by the pandemic [6].

The main takeaway from these facts is that delivery services are booming, urban area

population density is increasing, and the demand for transportation is growing as well.

This raises concern regarding passenger commute times, emissions, noise pollution, and

air quality hand-in-hand with public health. The aerospace industry has acknowledged this

issue and identified a potential solution: utilizing civil airspace, which is not being taken

advantage of, in order to alleviate the congestion on the ground. The industry coined the

term “Urban Air Mobility” (UAM): utilizing air vehicles to transport freight or passengers
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in short take off and landing (STOL) or vertical take off and landing operations (VTOL)

[7].

Because of the versatility of these vehicles, they have been proposed for use by emer-

gency medical services, search and rescue, taxis, last-mile package delivery, and the list

continues. Companies such as Ehang (China), Joby Aviation (US), and Kitty Hawk (US)

have made strides by creating prototypes, which can be seen in Figure 1.1. Although first

received apprehensively, the idea of aerial mobility on this scale has gained momentum,

according to Uber regarding their “Uber Elevate” Program, which has been a collaborative

project with the National Aeronautics and Space Administration (NASA) and the Federal

Aviation Administration (FAA) [8]. Uber has since sold their Elevate program to Joby

Aviation and has invested 75 million dollars in the company as well [9].

Figure 1.1: (Left to Right) Medical Care concept by Jaunt, Air Taxi by Joby, Last Mile
Package Delivery by Amazon [10] [11] [12].

1.1.1 Last Mile Delivery

The most mature path of UAM is the use of small Unmanned Aerial Systems (sUASs), also

known as drones, for Last Mile Delivery (LMD). LMD is known to be the most expensive

stage of a shipping process. This is because this stage has the most human interaction, the

most uncertainty due to delivery vans and trucks having to interact with everyday traffic

on urban roads, and the lowest mileage per gallon for transportation vehicles [13]. Today,

companies are having to become more competitive as customers expect a “free delivery”

option such as the one provided by Amazon Prime delivery. The advent of sUASs for LMD

is forecasted to be within reach; the FAA has projected it to be viable at $4.20 per delivery
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for an estimated 500 million deliveries per year by 2030 [14]. LMD has been looked into by

many companies like FedEx, UPS, Amazon, and even Dominos for Pizza Delivery. These

concepts can be seen in Figure 1.2.

Figure 1.2: FedEx Wing concept (Left) Dominos Pizza Delivery (Right) [15] [16].

Although UAM lends itself as an idea with great returns, it has many obstacles to its

implementation. A study presented by MIT explains how the obstacles to UAM present

themselves [17]. Firstly, the airspace that would be used for UAM vehicles is much closer

to the ground than traditional aircraft as stated by the FAA [18]. The amount of air traffic

controllers (ATC) employed will need to increase in order to manage such an increase in

operations, especially in an airspace that is not currently managed by ATC. Secondly, the

infrastructure needed for operations involving air taxis, or even last-mile package delivery

using sUASs, are not fully developed. VTOL airports (also known as vertiports) and fulfill-

ment centers for LMD, may be needed for the take off and landing portions of operations.

Finally, the study mentions the impact of noise from these vehicles on community accep-

tance. These vehicles will be much closer to the ground and suburban infrastructure during

their operations than traditional aircraft that take off from airports and are usually hundreds

if not thousands of feet above ground level. Because of this, the sound levels experienced

by humans will be much different than conventional aircraft. Keeping in mind that the FAA

has forecasted a magnitude of 500 million annual operations, noise is obviously a barrier

to take into account. In this thesis, this last obstacle to UAM is explored.
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Overarching Research Objective: Contribute to the understanding of noise as a

roadblock to Urban Air Mobility by investigating noise metric efficacy.

Aviation noise has been shown to affect many facets of everyday life from negatively

impacting children’s cognitive abilities and performance at school to being linked to quality

of sleep and overall health [19]. The FAA has taken steps in the direction of noise mitiga-

tion by creating noise limit levels on different types of aircraft such as large transport air-

planes, jet airplanes, helicopters, tilt-rotorcraft, and small propeller-driven airplanes. The

FAA also created the Noise Complaint Initiative (NCI); this is a portal where the general

public can submit a noise complaint for review by the FAA [20]. Currently, no noise policy

for UAM vehicles exists for even the most mature vehicles in this category: sUASs.

Policies are created with the assistance of metrics which allow technical experts/engineers,

law creators, and lay-people to “speak the same language” with regards to a certain subject.

For example, when creating rules for the roads, one of the key metrics that is used is speed

(with the unit being miles per hour or kilometers per hour). In this thesis, the understanding

of sUAS noise is detailed by investigating the competence of current metrics to describe

the annoyance that is created by such vehicles. This leads to the first Motivating Question

for the literature review:

Motivating Question #1: What current noise metrics exist and what kinds of acous-

tic phenomena do they account for?

Recently, the technical paper, “Urban Air Mobility Noise: Current Practice, Gaps, and

Recommendations” written by NASA, the FAA, and others was published regarding UAM

noise. The paper identified gaps in current practices and recommendations for law makers

and Original Equipment Manufacturers (OEMs) [21]. In this paper, a high-level goal was

to assess metrics for audibility and annoyance, on a single-event basis, using predicted and

measured data. The authors identified that existing metrics such as maximum A-weighted

Sound Pressure Level (SPL), A-weighted Sound Exposure Level (SEL), and Effective Per-
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ceived Noise Level (EPNL) could be appropriate for UAM vehicle regulation. Later, they

recommended that in order to assess human response to UAM noise, more data should be

simulated and acquired for subjective and community studies. To begin to answer Motivat-

ing Question #1, a closer investigation of current noise metrics and their use in regulation

must be reviewed.

1.2 Background

In the study conducted by Rizzi et al [21], they reference multiple noise metrics that are

currently used in noise policy. These metrics are all calculated differently and take different

acoustic properties into account. In the following subsections, these calculations will be

discussed further.

1.2.1 Sound Pressure Level

Sound Pressure Level (SPL) is the starting point for most acoustic measurements. The

calculation of SPL uses the atmospheric pressure variation caused by a sound and relates it

logarithmically with a reference pressure. This is shown in Equation 1.1

SPLdB = 10 log10

(
P 2

P 2
ref

)
(1.1)

where Pref is equal to 20µPa for sound traveling in air and P is the acoustic pressure

caused by a source. Frequency weightings and scales can be applied to SPL in order to

capture the sensitivity of the human auditory system to sounds at different frequencies.

1.2.2 Human Auditory System

An illustration of the human ear’s response to different sounds is shown in Figure 1.3.

It shows how, at different frequencies, sound can be lower in intensity but still have the

same effect when it comes to the actual amount of pain a person experiences. The auditory
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system is especially sensitive to sounds at frequencies between 2 and 5 kHz (highlighted in

yellow), this is due to these frequencies resonating inside of the ear canal [22].

Figure 1.3: Human hearing envelope [23]

Notice how in Figure 1.3, the scale used to measure the noise level is the decibel (dB).

Because of the wide range of human hearing, dB is used on a logarithmic scale, which

objectively measures the strength of sound created. Although this is objective, the actual

loudness of a sound is subjective and can vary from person to person. The phon unit

was created in order to take an individual’s perception of loudness of 1 dB at 1 kHz [24].

Decibels are most commonly used in practice and are modified to take into account the non

uniformity of human response.

1.2.3 Frequency Weighting

Human perception to noise is dependent on the characteristics within the noise itself. This

can be things such as:

1. Loudness: the magnitude a listener seems to experience when hearing a sound. Loud-

ness is subjective. [25]

2. Sharpness: When a sound has more high frequency content than low frequency con-
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tent. This is measured with the acum. [25]

3. Roughness: Sound that has fluctuations in loudness (50 to 90 fluctuations per second)

[25]

4. Tonality: Sound containing a high amount of energy in one frequency relative to

neighboring frequencies [26]

5. Impulsiveness: short duration noise [27]

In an attempt to take into account frequency dependent sensitivity, different scales have

been created to add or subtract corrections from certain one-third octave frequency bands.

One-third octave bands divide the audible frequency spectrum into 32 parts. The Interna-

tional Standards Organization (ISO) has standardized the center frequencies (these can be

found in Appendix A) of these bands and the upper and lower limits can be calculated using

Equation 1.2

fc = flower2
1/6 =

fupper
21/6

(1.2)

where fc is the center frequency. The standardized weightings that can be applied to

these bands can be seen in Figure 1.4.

1. The A-weighting scale is used to characterize the human auditory system’s response

to pure-tone noise at 40 phon and for sounds between 24 and 55 dB of Sound Pressure

Level [28]. The A-weighting curve was created by Fletcher and Munson in 1933

by averaging the perceived loudness recorded by many subjects. This study was

validated by a more contemporary study in 2003 [29]. The A-weighting is the most

commonly used weighting in aviation noise metric calculations.

2. The B-weighting scale is made to de-emphasize the low frequency portion of the

frequency spectrum and is also used to approximate the human ear’s response to

medium-level sounds (approximately 70 phon or between 55 and 85 dB) [23].
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Figure 1.4: Response to A-E Noise Weightings [23]

3. The C-weighting scale is made to characterize human response to higher-level sounds

(approximately 100 phon or above 85 dB). It includes low and mid-frequency energy

which A-weighting understates.

4. The D-weighting scale was made to especially emphasize the high frequencies in a

sound, which can be seen in Figure 1.4, and to mimic the weighting of equal loudness

curves which will be discussed later.

5. The E-weighted scale was made to emphasize higher-level frequencies relative to

the D-weighting scale and to characterize the human auditory response to aircraft

flyovers.

These weightings are used by adding the corresponding corrections shown in Figure 1.4

to the spectral content, i.e., the pressure levels measured from microphones or predicted by

a program at different frequencies. An example calculation is shown in the Appendix A

using the A-weighting.

1.2.4 Effective Perceived Noise Level

Effective Perceived Noise Level (EPNL) is calculated in a multi-step process starting with

the Perceived Noise Level (PNL). This is calculated using “Noy Bands” or equal loudness
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curves, which can be seen in Figure 1.5. These curves were created and standardized in

2003 by the International Standard Organization (ISO) by using models based on the human

auditory system [30]. Using the relationships between SPL and Noy bands, the associated

PNL (measured in PNdB) can be calculated by the following equation:

PNdB = 40 + 10 log2 (Noy) (1.3)

Figure 1.5: SPL to Noy Band mapping for PNL Calculation [31].

The second step toward computing EPNL is calculating the Tone Corrected Perceived

Noise Level (PNLT). Pure tones have been found to be more annoying to the human

ear [31]. An example of a pure tone could be the tone transmitted from a compressor

9



of a traditional turbofan engine [32]. A thorough explanation for the tone correcting calcu-

lation is found in the Federal Aviation Regulations Part 36 Appendix A2. In summary, the

calculation identifies where there are the largest changes in slope to recognize a tone that

has a larger SPL than neighboring frequencies. Depending on the one-third octave band

containing the tone, a correction factor is added to the PNL decibel value resulting in a

PNLTdB value shown in Equation 1.4.

PNLTdB = PNL+ Cmax (1.4)

The final calculation for EPNL adds a correction for the duration of the noise event.

This correction is calculated by using the time history portion that is within 10 seconds of

the maximum PNLT recorded in the noise event.

D = 10 log10

[
2d∑
0

10
PNLT (k)

10

]
− PNLTMax − 13 (1.5)

where d is the time interval during which the sound level is within 10 PNLTdB of PNLTMax.

This is then added to the maximum PNL calculated to finally calculate the EPNL for that

noise event.

EPNL = PNLmax +D (1.6)

EPNL is used by the FAA for aircraft takeoff and landing certification. An example

of a noise certification limit is shown in Figure 1.6. These certifications are specified for

different types of aircraft as well as a function of their weight and operation. For example,

Figure 1.6 shows the certification limits for a Stage 2 helicopter approach at a takeoff

weight over 1000 lbs.
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Figure 1.6: Stage 2 Helicopter EPNL Limit for Certification [33].

Aircraft stages correspond to the stringency placed on the aircraft in terms of noise reg-

ulation. Stage 1 civil jet aircraft are the loudest and Stage 5 are the quietest. For helicopters

in particular, there are 3 different stages. As aircraft become older, the FAA phases them

out meaning they are no longer within the fleet [34] lowering the fleet-wide noise.

1.2.5 L5

Lx is a noise metric based on statistics; the designation “x” stands for the amount of sound

that is exceeded “x” percent of the time. This metric is usually used at a specific point of

interest in order to monitor the noise fluctuations in that area. An example of this would be

monitoring noise from road traffic [23]. As this is a metric specified to monitor noise that

is exceeded 5% of the time, it yields sounds that are relatively loud. This does not take into

account duration of a noise event or tonality [28].

1.2.6 Sound Exposure Level

Sound Exposure Level (SEL) is a metric which is used by the FAA in order to make noise

recommendations to airports using Day Night Average Noise Contours. This will be dis-
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cussed further below. SEL is calculated such that it is as if the noise event occurred in a

single second [35]. It is made to describe the “noisiness” of a complete noise event. The

formula is shown in Equation 1.7

SELdB = 10 log10

[
1

t2 − t1

∫ t2

t1

P 2
A(t)dt

P 2
0 t0

]
(1.7)

where PA(t) is the A-weighted pressure as a function of time, P0 is the reference sound

pressure (20 µPa), t0 is one second, t1 is the time at the beginning of the noise event,

and t2 is the time at the end of the noise event [31]. It is important to note that SEL is

not required to be A-weighted; it can be weighted by the other scales shown in Figure 1.4

as well. SEL is often visualized with the use of a noise contour: a region on a map that

represents equal levels of noise exposure. An example of an SEL contour of an aircraft

departure is shown in Figure 1.7.

Figure 1.7: Departure SEL Contour at John Wayne Airport [36].

In this image, it can be seen that smaller areas closer to the airport are exposed to higher

noise levels. As the sound travels, the intensity also spreads over a larger surface area which

reduces the level. The different coloring in the lines depicts the difference in contour area
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and shape given two different procedures flown by the aircraft.

1.2.7 Day-Night Average Sound Level

Day-Night Average Sound Level (DNL) is used by airports and the FAA in order to reflect

the amount of noise exposure in a 24-hour interval. DNL takes into account the time of

day of an operation as events that occur at night receive a 10 decibel noise penalty. This is

done because the ambient noise in a given area at night is on average 10 decibels quieter

when compared to the ambient noise in that same area during the day; this is a result of less

activity in general. DNL also takes into account the number of noise events that occur in

this 24 hour interval as well as their magnitude. It is calculated using Equation 1.8.

DNL = 10 log10

[(
1

86400

) N∑
1

10
SELj+Wj

10

]
(1.8)

where SELj is the SEL noise for that operation during the day, N is the number of SEL

noise events during the day, and Wj is a weighting applied to noise events during the night

time; therefore the value is 0 for day-time events and 10 for night-time events [31]. So, it

can be seen that DNL is similar to an average of SELs with additional weightings to take

into account human annoyance factors.

1.2.8 Community Noise Equivalent Level

The Community Noise Equivalent Level (CNEL) is a cumulative noise metric that was

created before the DNL was adopted by the FAA. The California Airport Noise Standards

state that the acceptable level of aircraft noise for persons living in the vicinity of airports

is a CNEL of 65 dB [37]. It can be calculated using Equation 1.9

CNEL = 10 log10

[
ND∑
j=1

10
SELj

10 +

NE∑
j=1

10
SELj+WE

10 +

NN∑
j=1

10
SELj+WN

10

]
− 49.4 (1.9)

where ND is the number of SEL noise events during the day(7AM-7PM), NE is the
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number of SEL noise events during the evening (7-10PM), and NN is the number of SEL

noise events during night-time (10PM-7AM). Evening and nighttime operations have cor-

responding weights WE and WN equal to 4.77 dB and 10 dB respectively [37]. CNEL is

similar to DNL in being a quasi-average of the SELs in a 24 hour time period.

Figure 1.8: CNEL for SFO airport [38].

It can be seen that contours based on metrics like DNL and CNEL take not only time

of day into account but are also dependent on flight schedules, types of aircraft, operation

type, and runway location/geographic layout of the airport.

1.2.9 Noise Contour Generation and Usage

Contours such as those shown in Figure 1.8 are created using noise propagation methods.

One method is the Ffowcs-Williams Hawkings Equations and Lighthill’s Acoustic Anal-

ogy. These equations are a rearrangement of the Navier Stokes Equations into a wave

equation that is a function of pressure. They are utilized in the NASA tool, the Aircraft
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Noise Prediction Program (ANOPP). ANOPP has the ability to produce noise power dis-

tance curves (NPDs). NPDs allow noise levels to be obtained as a function of observer

distance via spherical spreading through a standard atmosphere. Other correction factors

are applied to obtain the desired sound field metrics at the location of a modeled receiver

[39]. The FAA utilizes the Aviation Environmental Design Tool (AEDT), which houses

Noise Power Distance curves (NPDs), in order to calculate noise radiated from an air-

craft. Both of these software are constantly being validated and refined by entities like the

VOLPE center, Aviation Sustainability Centers (ASCENT), and NASA.

Using these different metrics, the FAA creates guidelines regarding the handling of

community noise; this is done with the assistance of noise contours. For metrics like DNL

or CNEL, residential areas have been integrated into community noise initiatives where

airports retrofit houses with double-paned windows and doors in order to mitigate the noise

residents experience indoors should their home be within the 65 dB contour lines [40]. Not

only are noise contours used for residential retrofitting initiatives, they are also used for

land use guidelines. Places like hospitals, schools, mobile home parks, places of worship,

and concert halls are not to be within contours upwards of 65 dB. An example of guide-

lines from the FAA are shown in Figure 1.9. Here, designations with Y signifies that land

use is compatible with such structures, N signifies land is not compatible and should be

prohibited. The subsequent designations vary with compatibility determined and enforced

by local municipalities.
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Figure 1.9: Land Compatibility Guidelines by the FAA [41]

It is common for the validity of noise metrics to be challenged. Recently, government

representatives have brought attention to the applicability of the DNL. In 2018, the FAA

Reauthorization Act was published which states “the Administrator of the Federal Aviation

Administration shall complete the ongoing evaluation of alternative metrics to the current

Day Night Level (DNL) 65 standard” [42]. On September 23, 2020, 27 members of the

House of Representatives sent a letter to the administrator of the FAA stating that the report

the FAA created in response to this mandate was “wholly inadequate” and “unacceptable”.

These representatives have also asked for a new report to be written in response to the Reau-

thorization Act [43]. In addition to this, the FAA has newly released a report discussing

that people are more annoyed with aircraft noise compared to previous years [44]. This

causes further scrutiny to be applied on metrics for new noise policy.

The existence of these many noise metrics leads one to think that there are many avail-

able ways to regulate the noise made by sUASs thereby raising the following Motivating

Question:
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Motivating Question 2: Can noise metrics that are currently used for traditional air-

craft operations be used to capture the annoyance caused by vehicles like sUASs?

1.2.10 Past sUAS Acoustic Studies

Major companies like Amazon, the USPS, UPS, and Fedex are creating prototypes for

LMD by drone causing organizations like NASA to dedicate projects to UAM vehicles in

order to understand their physical characteristics in parallel to their design development.

The findings of these projects have the ability to contribute to the answer of Motivating

Question #2.

NASA has outlined a project titled the Design Environment for Novel Vertical Lift Ve-

hicles (DELIVER) [45]. The project aims to use current conceptual design tools that are

used for rotorcraft and apply them to unconventional vehicles that use VTOL operations

for missions like air taxis or package delivery. The main tool used for these simulations is

the NASA Design and Analysis for Rotorcraft (NDARC). Multiple data sets for full anal-

ysis must be supplied to NDARC and those originate from Aeromechanics tools (CAM-

RAD2, Propeller Analysis System - PAS), Aerodynamics tools(OVERFLOW, RotCFD,

FUN3D, and XFoil), Acoustics Tools (PSU-WOPWOP, and Broadband Acoustic Rotor

Codes - BARC), and Propulsion Tools (NPSS).

In addition to the computational analysis and simulation work being conducted, there is

also a significant amount of experimental data being generated and collected for validation

purposes. This is one part of the recommendations posed by the UAM noise study by Rizzi

et al discussed earlier [21]. In the acoustics portion of DELIVER, experimental work is

in the form of actual sUAS noise recordings using microphones as well as psychoacoustic

testing: asking human test subjects about their auditory response to noise recordings in

terms of their annoyance.

A psychoacoustic study performed by NASA Langley engineer Andrew Christian sought
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to evaluate human annoyance to sUASs and compare that annoyance to delivery vehicles

such as box trucks and vans [28]. Delivery vehicles and sUASs were used for comparison

because, if these sUASs are used in the future for delivery purposes, then these vehicles

would hopefully generate the same amount or less annoyance given the same level of noise

created. This study would assist one in making the observation regarding the ease of adop-

tion of sUASs into a delivery service, replacing or supplementing the vehicles that are

already present.

The recordings played for the test subjects consisted of different vehicles in the ground

vehicle category and the sUAS category. The ground vehicles consisted of a box truck, a

utility van, a step van, and a Subaru Impreza. These are shown in Figure 1.10.

Figure 1.10: Ground Vehicles studied in Psychoacoustic Test. [28]

For the sUASs, the recordings were from the Drone America DaX 84 fix-pitched oc-

tocopter, the Stingray 5005 (VPV) variable-pitched quadcopter, the DJI Phantom 26 fixed-

pitch quadcopter, and the Endurance Drone from Straight Up Imaging (SUI). Images of the

vehicles are shown in Figure 1.11 and vehicles specifications shown in Table 1.1.
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(a) SUI Endurance (b) Stingray 500 (VPV)

(c) Phantom (d) DaX 84

Figure 1.11: sUASs used in psychoacoustic test [28].

Table 1.1: sUAS Vehicle Specifications [28].

Vehicle Pitch Type # Blades Weight [kg]

DaX 84 Fixed 8 8.0

Stingray 5005 (VPV) Variable 4 4.0

DJI Phantom Fixed 4 1.6

SUI Endurance Fixed 4 3.2

There were 38 test subjects that participated in the study from the community around

NASA Langley. The requirements for participation in the study were that the candidates

had no more than 30 dB of hearing loss between 250 Hz and 4 kHz, the subjects were within

18 and 50 years of age, and the proportion of subjects were between one-third and two

thirds female. The test was conducted in the NASA Langley Exterior Effects Room (EER)

19



in 4, 15-minute intervals. During these intervals the recordings were played in random

orders for each subject so as to remove biases from the subjects’ annoyance responses.

The recordings played went through post-processing in the form of filtering, upsampling,

windowing, and applying gains. The subjects were asked to rate the recording they heard

on a scale from “Not at all annoying” to “Extremely Annoying” as seen in Figure 1.12.

Figure 1.12: Test Subjects Response Input. [28]

Using the recordings, each sound was measured using four noise metrics: SELA,

SELC , EPNL, and L5. SELA and SELC is the SEL calculated using the A-weighted

and C-weighted pressure of frequency content. In the study, Christian related the noise

levels and the annoyance levels using a pooled linear regression method, Equation 1.10, to

fit a line. In this equation,

Ŷ = β0 +Xβ1 (1.10)

β0 and β1 are regression coefficients, Ŷ is a column vector of model predicted mean

responses to the sample sounds andX is a column vector of noise metric values. Using this

method, a coefficient of determination, R2, was calculated between the dB level calculated

for each metric and the annoyance level recorded by the participants. This coefficient shows

the percentage of variation described by the line created from linear regression compared

to the entire variation in the sample. The values of this coefficient can range between 0 and
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1, with values closer to 1 representing a linear model which explains most of the variation

in the response variable (annoyance) around its mean [46]. In Fields [47], it was shown

that logging data in the form of this psychoacoustic study should be related in the form of

specifically a linear regression rather than a quadratic or another type of regression.

The results of this regression method can be seen in Figure 1.13. The values in each

point represent an average of the annoyance from all 38 participants of a single recording.

Two initial observations are taken away from the results of this study:

1. Subjects found sUASs more annoying than ground vehicles. This is illustrated in

Figure 1.13 because most of the markers used for ground vehicles lie below the line

of linear regression and most of the markers for the sUASs lie above this line at the

same or similar decibel level.

2. There is a relatively low correlation between annoyance and dB level for multiple

metrics.

Figure 1.13: Subject Annoyance vs sUAS and Ground vehicle noise. [28]

These results have not been used to definitively comment on the usefulness of the noise
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metrics because of an overlapping in confidence intervals when looking at the R2 values

from metric to metric; however, this does not exclude the usefulness of this data to inves-

tigate human annoyance correlation with these metrics. Christian describes different areas

of future work that could come from this Psychoacoustic study:

1. Analysis of Variance (ANOVA) on samples repeated to test subjects with repeated

recordings and conditions (altitude/speed combinations) to investigate the relation-

ships between altitude, speed and annoyance

2. An exploratory work of noise metrics which include correction factors for loitering

and tonality.

It is at this point in the literature review where a gap is identified. This study was

conducted in 2017 and since then, this second vein of future work has not been explored

Literature Gap: No work has been done to potentially make a new noise metric to

quantify the annoyance caused by sUASs

This literature gap is the founding point for the problem formulation of this thesis.

Research questions, hypotheses, and experiments will be created to fill this gap in the

knowledge regarding sUAS noise.
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CHAPTER 2

PROBLEM FORMULATION

2.1 RQ 1 and Hypothesis 1 Development

From the previous discussion, it can be seen that there are a multitude of noise metrics

available for aircraft certification. However, their existence is not helpful for sUAS noise

description if they do not capture human annoyance well. The literature gap identified in

Chapter 1 leads to the first Research Question in this thesis:

Research Question #1: How could a noise metric be created in order to better capture

the relationship between sound exposure level and human annoyance to sUASs?

Before further discussion on this research question, there is a third observation that

should be noted from Christian’s study:

The same noise metric with the different frequency weightings was not able to correlate

well with annoyance in either case. The results show that with the A-weighting only 61%

of the annoyance in the noise can be explained by SELA.

An additional piece of information that assists with answering RQ1 is the spectral con-

tent of the noise from these vehicles. If one investigates the power spectra from a sUAS

and a traditional rotorcraft, it can be seen that there are obvious differences between the

two. Figure 2.1 shows two noise spectra which show the power in each frequency that each

vehicle creates while flying overhead.
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Figure 2.1: sUAS (Left) and Helicopter (Right) noise spectra comparison [48].

When observing these spectra it can be seen that the sUAS has tones in the region

that are of higher annoyance toward humans as shown in Figure 1.3 such as the tone at

3 kHz. This has created the focus of this thesis to be on the weightings that are placed

on frequencies in different SEL calculations and therefore on DNL and CNEL. The noise

spectra for the sUAS also shows a large tonal presence; the origin of these tones cannot be

known without an in depth acoustic analysis.

The spectral content and the third observation from Christian’s study bring more clarity

to the area that should be under investigation in the creation of noise metrics: the frequency

weightings. This leads to a clarification in the wording of Research Question #1 :

Research Question #1: How could a frequency weighting be created in order to bet-

ter capture the relationship between sound exposure level and human annoyance to

sUASs?

To answer RQ1, a new weighting, the A-weighting, and the C-weighting must be tested

against the annoyance data used in Christian’s study. This leads to the first Hypothesis to

be tested:

Hypothesis 1: A new frequency weighting, which allows SEL to better correlate

with human annoyance caused by an sUAS noise event, will create a SEL contour

area that is more indicative of sUAS noise.
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2.2 RQ 2 and Hypothesis 2 Development

Changing the frequency weighting that is applied to noise will undoubtedly change the

noise level that is calculated for any event. This can be shown in Equation 1.7 where the

pressure can be weighted. This will therefore change the SEL contour area leading to the

next Research Question:

Research Question #2: How would a new frequency weighting that better correlates

SEL with annoyance affect the SEL contour area?

Given observation #1 from Christian’s study: that subjects found sUASs more annoying

than ground vehicles, this thesis’s second Hypothesis is formulated:

Hypothesis 2: A new weighting, which allows Sound Exposure Level to better cor-

relate with human annoyance caused by an sUAS noise event, will create a larger

contour area when compared to an A-weighted SEL contour area.

In order for the weighting to better correlate annoyance with SEL, the points on the

plots in Figure 1.13 will have to shift to the right, yielding a higher SEL level and therefore

a larger contour area.

2.3 Data Acquisition

There are two major milestones that must be achieved in order to test these hypotheses:

1. Create a new, more representative noise weighting.

2. SEL noise contours using the new and current frequency weightings must be mod-

eled.

The approach to complete these milestones is shown in a two phase methodology shown

in Figure 2.2. Before the technical approach is executed, the researcher logistically orga-

nized the process of data sharing between Andrew Christian at NASA Langley and Georgia
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Tech. The researchers at Langley have made this data publicly available in the form of mul-

tiple types of files:

1. The noise recordings were shared in the form of .wav files. Wav files are typically

higher resolution than mp3 files as they are a “lossless” method to store recording

data [49].

2. Visual trajectory files are also included within this data with information including

the position of the aircraft in front of the microphone, and above the microphone.

(Altitude above ground level. The position data for these files correspond to the

location of the sUAS at a given time, not with respect to when a subject received the

sound.

3. The human subject response data is given in the form of a 103 x 38 matrix where the

103 columns indicate the 103 sounds that were played during Christian’s study and

the 38 rows indicate each subject. The response data is given in values between 1

and 11 which correspond to labels on the psychophysical scale shown in Figure 1.12.

2.4 High-Level Technical Approach

An overview of the Technical Approach is shown in Figure 2.2. It begins in Phase 1 with

creating a Design of Experiments which will allow the determination of the best weight-

ing. This will be passed into Phase 2 where SEL contours will be created with this new

weighting and the A-weighting for comparison. This technical approach is explained in

detail throughout in Chapter 3.
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Figure 2.2: Technical Approach. [28]

27



CHAPTER 3

PHASE 1: APPROACH AND RESULTS

3.1 Phase 1 Technical Approach

The first step in the technical approach is to create a sequence of frequency weightings and

apply them to the content of each noise recording using the process explained in Appendix

A. This leads to the first Experimental Implementation Question:

Experimental Implementation Question #1: How is a new weighting created within

a reasonable weighting range?

There are multiple ways the different weightings can be made. A blind test of multiple

ranges could be performed, where a large range of correction factors are tested. This ap-

proach, while comprehensive, will allow for an unnecessary amount of combinations many

of which may be unhelpful. In this case, a focused Design of Experiments (DoE) was used

where the ranges that are tested and the factors that are varied are specified. A full factorial

design consists of all possible factor combinations in a test varying the factors simultane-

ously rather than one factor at a time [50]. A DoE usually has a starting place or a baseline

to bring the researcher to a location closer to what should be the “optimal” solution. In this

case, the baseline used will be the A-weighting; this is an appropriate baseline because it

was the highest in correlation with the subjects’ annoyance responses in Christian’s study

[28] and because it is the most widely used in current aviation noise regulations. This

allows Experimental Implementation Question #1 to be answered.

In this DoE, the factors are each of the one-third octave bands from 50 Hz to 10,000

Hz. The reasoning for changing the values in one-third octave bands and not narrow band

frequency is because of the method in which traditional frequency weightings (like the A-

and C-weighting) are created. These are the frequency bands that are most commonly used
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in aviation applications. A full factorial DoE created for all 24 frequency bands at 3 lev-

els (high, low and baseline) would yield over 282 billion combinations. The calculation for

each SELX , the SEL with each case applied as the weighting (“X” standing for experimen-

tal), lasts approximately 0.23 seconds. This leads a computation time of over 2000 years.

This emphasizes the need to focus on certain bands of interest and the second Experimental

Implementation question:

Experimental Implementation Question #2: Which one-third octave bands should be

varied and by how much?

The content of the noise in these flyover recordings can assist with the specification of

frequency bands. In Figure 3.1, it can be seen that the point corresponding to a Phantom II

flyover had a higher annoyance level but a lower SEL level. This also causes it to lie further

away from the line of linear regression. In this plot, only the sUAS data are shown. This

is to focus on a weighting that will characterize the noise to the sUASs rather than both

the aerial and ground vehicles. This will help to satisfy the objective of creating a common

“language” to describe sUAS noise, not sUAS noise and delivery van noise. The reasons

for this data point to have a higher annoyance value can be speculated based on the noise

spectra and spectrogram.
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Figure 3.1: Linear Regression Location of Flyover Data

Another qualitative takeaway from Christian’s psychoacoustic study is, that in a dis-

cussion between the researchers and the participants, the participants stated that “sounds

which appeared to linger were judged more annoying than those which did not” [28]. This

characteristic can be seen in the spectrogram in Figure 3.2. Spectrograms allow users to see

the power in the frequency content throughout the flyover. In this spectrogram, frequencies

at 475 Hz and 730 Hz extend the length of the flyover time, which could be attributed to

the subjects complaints of lingering noises.
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Figure 3.2: Full Flyover Spectrogram of Phantom II

Another characteristic of this noise is the large variation in frequency content in low

ranges seen in Figure 3.3. This could be attributed to the presence of large tonal content

variation, harmonics from the blade passage frequency and rotor airframe interaction in

flight. As it was mentioned previously, this cannot be definitively stated without an in-

depth acoustic analysis.

Figure 3.3: Direct Flyover Noise Spectra of Phantom II.
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An investigation of the points similar to the one found in Figure 3.1 were identified,

allowing for certain bands to be focused on and therefore answering Experimental Imple-

mentation Question #2. This finalized the frequency bands of 315 Hz to 5000 Hz to be

varied in the DoE. The combinations used in the DoE can be seen in Figure 3.4. In this

DoE, the frequency bands 315 Hz to 800 Hz were given a high and low variation of 10

decibels in correction and the frequency bands 1000 Hz to 5000 Hz were given a high and

low variation of 5 decibels in correction – all relative to the baseline A-weighting curve

. These ranges and frequencies were chosen to comprehensively cover bands, which have

lingering frequencies throughout the flight as well as any tonality that could be present in

the higher frequency domain. It was also created to capture the variation from current fre-

quency weightings. For example, the C-, D- and E-, weightings all attenuate low frequency

less than the A-weighting. This is captured in the larger +/- 10 dB for the lower frequency

bands. The D- and E- weightings both mimic equal loudness curves in their correction

factors. This is captured in the +/- 5 dB in the higher frequency bands in the DoE. This

DoE yielded 1,594,323 combinations with a computation time of approximately 4.25 days.

Figure 3.4: Design of Experiments Ranges and Frequency Specification.

In order to combat any biases that could have been made in the weighting, an equal
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amount of each sUAS recording was used. Figure 3.5 shows that a large majority of the

data is from the SUI Endurance sUAS. To remove any biases, 5 recordings from each

vehicle were taken from a variety of locations on Figure 3.1 so as to gain a variety of

subject responses and SEL (A-weighted) levels. Five recordings were taken from each

vehicle as the VPV had the limiting amount of recordings.

Figure 3.5: Amount of data from each Vehicle in recording set.

The recordings used were strategically picked to capture a wide array of the annoy-

ance and SEL levels calculated. In the following figures, the A-weighted SEL values and

annoyance values are shown for each of the recordings that were used.
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Figure 3.6: DaX8 recordings used in DoE.

The points chosen from the data available on the DaX8 was simple. There were only 6

data points from which to choose 5, shown in Figure 3.6. Making sure to keep the choice

of recordings diverse, only one of the two data points close to (77.1, 5.7) was chosen. The

rest were chosen by default.

Figure 3.7: Phantom II recordings used in DoE.
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The points chosen from the data available on the Phantom II, like all other vehicles, has

the theme of diversity of choice. Of the points chosen, the highest and lowest in SEL were

chosen, as well as one close to the line of linear regression, one further away and one that

was further away from all the points previously chosen. These points are shown in shown

in Figure 3.7.

Figure 3.8: SUI Endurance recordings used in DoE.

The points chosen from the data available on the SUI Endurance was more complicated

being that there were 6 times the amount of choices as the DaX8. Again to ensure diversity

of SELA value and annoyance rating, the points were chosen to be on the perimeter with 2

closer to the center. The highest and lowest data points in annoyance were chosen but also

a data point directly on the line of linear regression as well as a point furthest away from

this line: (63.8, 4.7). The points chosen are shown in Figure 3.8.
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Figure 3.9: VPV recordings used in DoE.

The cases chosen for the VPV were simple as there were only 5 recordings to choose

from and therefore all had to be used for the DoE. This is shown in Figure 3.9.

For each of the cases in the DoE, the coefficient of determination, R2, was calculated

using a linear regression to be comparable with the original data in Christian’s study. The

case in the DoE with the largest R2 value was chosen as the weighting to be used in Phase

2.

3.2 Phase 1: Results

The final weighting with the highest coefficient of determination is shown in Figure 3.11.

This is the weighting that is used in Phase 2 of the approach. A noticeable trend in all of the

weightings with the highest coefficients of determination was for the weighting correction

to be from the low variation in the DoE (the yellow line in Figure 3.4) in the 630 Hz

frequency band. It is not clear exactly what has caused this; the physical reason could be

found through an in-depth acoustic analysis. Investigating the spectrograms and the noise

spectra of the recordings used (all of which can be found in Appendix C), shows large
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variation in the lower frequencies. There is no clear reason through spectrograms and noise

spectras alone.

The areas of larger “peaks” in the weightings have been highlighted in select figures

in Appendix C. The transparent shading colored green, pink, and white atop the figures

represents the lower and upper bounds of the 500 Hz, 800 Hz, and 1600 Hz one-third

octave frequency bands respectively. This shading allows one to more easily observe any

strong tonal content that could be lasting for the duration of the recording. In Table 3.1,

it can be seen which recordings have tonal content which lingers during the recording for

each one-third octave band highlighted.

Table 3.1: One-Third Octave Bands With Lingering Tones.

Figure # 500 Hz 800 Hz 1600 Hz

Figure C.7

Figure C.11

Figure C.13

Figure C.15

Figure C.17

Figure C.23

Figure C.27

Figure C.31

The same figure as the one shown in Figure C.17 and Figure C.31 are shown in Fig-

ure 3.10.
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Figure 3.10: Spectrograms with High and Lingering Tonality.

Figure 3.11: Final weighting found from DoE.
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Figure 3.12 shows how the original points have shifted in SEL value by using the X-

weighting instead of the A-weighting. This is a rightward shift, which is the first indication

that the SEL contour area will be larger for the X-weighted SEL when compared to the

A-weighted contour.

Figure 3.12: Linear Regressions of A-weighting and X-weighting.

It is important to note that the coefficient of determination values have been skewed

from the original values of 0.16 and 0.61 in the results from Christian’s study for SELC

and SELA respectively . The values ofR2 using these 20 recordings and the corresponding

annoyance values is found in Table 3.2. These values are much higher than the ones in

the study. One reason for this being the absence of the ground vehicles when they were

calculated and another being the 20 recordings chosen for investigation.
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Table 3.2: Coefficient of Determination for different weightings.

Weighting R2

A-weighting 0.784

C-weighting 0.549

D-weighting 0.734

E-weighting 0.730

X-weighting 0.853

3.3 Chapter Summary

In this chapter, Research Question #1 is answered by taking advantage of the method of

design of experiments in a full factorial approach. This allowed a new weighting with a

coefficient of determination higher than what was produced by the A-weighted SEL. In this

weighting, certain one-third octavevbands were highlighted as contributing to annoyance

more than others. The answer regarding why this is the case is difficult to precisely answer

without an in depth acoustical study. With the finding of a new weighting, Phase 2 can be

started where it, and the A- and C- weighting, can be applied to SELs to understand how

they will change the contour area.
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CHAPTER 4

PHASE 2: APPROACH AND RESULTS

4.1 Technical Approach

4.1.1 Choosing a Noise Propagation Method

Phase 2 of this thesis has the objective of directly answering RQ #2 and testing Hypothesis

#2. In order to complete these milestones, a method for creating SEL contours is necessary.

Noise propagation is a highly researched topic especially for military purposes in min-

imizing detectability and maximizing stealth. For civilian purposes it is researched to

minimize community disturbance. There are multiple software packages that have been

developed at universities and by governmental entities like the FAA and NASA that pre-

dict and model noise, many of which also have the capability to generate SEL contours.

These vehicles are of a much smaller aircraft regime compared to what is usually mod-

eled. NASA’s Aircraft Noise Prediction Program (ANOPP) is a widely used software with

the capability to predict the propagated noise levels from high fidelity computational fluid

dynamics (CFD) analyses of aircraft. ANOPP is in the development stages of predicting

sUAS noise in its submodule the Propeller Analysis System (PAS) within ANOPP’s second

version, ANOPP2. PAS uses a series of its own submodules: the Improved Blade Shape

Module, the Integrated Blade Aerodynamic Module, the Subsonic Propeller Noise Module

(SPN) to name a few, that allow the system as a whole to predict noise from a propeller.

In Figure 4.1, ANOPP-PAS’s prediction is compared against the Broadband Acoustic Ro-

tor Codes (BARC) and experimental measurements in NASA Langley’s anechoic chamber

at this particular sUAS’s blade passage frequency. It can be seen that PAS has adequate

predictive capabilities for sUAS noise.
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Figure 4.1: PAS Performance Compared to Experimental and Higher Fidelity Modeling
Approaches [51].

Predictive capabilities are not necessary for this phase of the approach given that the

noise sources are already available in the form of the noise recordings given from Chris-

tian’s study [28]. This necessitates a down selection of different noise propagation codes.

In Table 4.1 ANOPP, BARC, Pennsylvania State University’s WOPWOP (PSU-WOPWOP),

and the FAA’s Aviation Environmental Design Tool (AEDT) are compared given their ca-

pabilities and the requirements needed for this work. The propagation method must be able

to use a sUAS recording as a noise source and propagate this source to modeled receivers.

It must also be computationally moderate. BARC is a noise prediction software for blade

wake interaction and rotor self noise rather than a noise propagation capability. AEDT uses

Noise-Power-Distance (NPDs) curves which can be made by ANOPP in order to model

noise propagation and is not computationally intense in its noise propagation. ANOPP

uses Acoustic Data Files (ACD) as input files which contain information about SPL values

at a combination of power settings and Mach numbers for each polar/azimuthal angle. This

is information that can be gathered from the noise recordings and trajectory files. PSU-

WOPWOP also has similar capabilities to ANOPP. ANOPP and PSU-WOPWOP can be
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computationally intense if given noise sources in the form of high fidelity CFD results.

Since this is not the case, they are not as computationally intense. A distinguishing factor

between ANOPP and PSU-WOPWOP is that the researcher is more familiar with ANOPP

and therefore makes it the selected program for use. However, it is recognized that NPDs

could be made in ANOPP for a sUAS allowing this information to be given to AEDT. This

makes AEDT a third feasible alternative. In order to explore as many contours as possible,

ANOPP was utilized to minimize the time required setting up the computational tools.

Table 4.1: Noise Propagation Programs

ANOPP BARC PSU-WOPWOP AEDT

Use Noise Recordings as Sources Y N Y N

Propagate Noise to a Receiver Y N Y Y

Computationally Intense N Y N N

4.1.2 Noise Recording to ANOPP input

As mentioned previously, ANOPP receives input ACD files with noise information at a

given receiver location, Mach number, and power setting. This information can be taken

from the noise recordings that are within the NASA data package received. There are a

total of 62 recordings available in the package from 4 different vehicles at a variety of

altitudes and speeds. After one of these has been selected the .wav file and trajectory file

needs to be analyzed for the necessary information. In the ANOPP ACD files, the SPLs

for polar angles ranging between 20 degrees and 160 degrees are needed in increments

that are chosen by the user. In this case, the increments were 10 degrees; this was so

that the recordings did not overlap more than 50% from increment to increment. This

can be calculated from the recordings because of the accompanying trajectory files which

recorded the spatial information about the vehicle at a frequency of 50 Hz. Because this is

the information taken by a microphone during a flying forward operation, Doppler effects,
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atmospheric effects, and spherical spreading will be present. In order to use ANOPP, these

effects should be removed so as to make sure they are not redundantly accounted for when

ANOPP propagates the sound. Figure 4.2 shows a diagram of how the polar angles can be

calculated at different points in the flight. The azimuthal angle will always be zero because

the sUASs were all flying directly over one microphone. Because of this, all of the contours

will be symmetric about the Y axis.

Figure 4.2: Example of Different Points in Trajectory to Extract SPL Information.

4.1.3 Accounting for Spherical Spreading, Atmoshperic Effects and Doppler Shift

The ACD file models the SPL values that are given to it as if the noise source is a 1 ft di-

ameter sphere flying through the air with the noise characteristics that were extracted from

the recordings. To account for spherical spreading, the SPL values must have a correction

factor added to it using this equation:

SPLcorr = SPL+ 20log10

[
R1

R2

]
(4.1)

where R1 is equal to the distance between the sUAS and the microphone minus 1 foot

and R2 is equal to 1 foot. SPL is the value of the SPL at the microphone and SPLcorr is

the value of the SPL at the one foot sphere.

Calculating the Doppler shift given a 5 m/s flyover yields a 1.5% change in the narrow-
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band frequency values. This was deemed to be negligible enough that it can be ignored.

When investigating the effects of the atmosphere on noise propagation, a major contribu-

tor is the humidity and wind on the day of the flights. The noise propagated over a large

distance has the opportunity to change the spectral content considerably. However, in this

recording, the vehicles are a maximum of 233 feet away from the microphone. The in-

stances in which atmospheric absorption would be a main concern is 1000s of feet between

the source and the receiver for an aircraft flyover. Atmospheric effects could make differ-

ences to frequencies above 10 kHz, however that is outside of the frequencies of interest

for this calculation. Therefore, the atmospheric effects were deemed negligible.

4.2 Phase 2 Results

The process for creating the SEL contours is shown in Figure 4.3 where the different soft-

ware and file types inputted and outputted are also shown.

Figure 4.3: MATLAB, ANOPP2 and Available Recording and Trajectory Data Used to
Create SEL Contours.

The flyovers analyzed were the SUI Endurance (SUI) at 20 m above ground level (AGL)

and flying at 10 m/s, the Phantom 2 (P2) at 20 m AGL and flying at 10 m/s, the SUI at 30 m

AGL and flying at 5 m/s, and the SUI at 20 m AGL and flying at 10 m/s. The specifications

of the SUI and P2 can be seen in Table 1.1. These four flyovers were chosen because

1) they were not used in the creation of the weighting and 2) because they demonstrate

how a variation in altitude, speed and vehicle will affect the noise contours simulated.
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The simulations for all contours were created on a 3000 ft by 3000 ft grid with simulated

receptor points every 50 feet. This proved to be high enough resolution while staying within

ANOPP2’s simulation limits.

4.2.1 Phantom 2: Altitude= 20 m, Speed= 10 m/s

The contours generated for all flyovers include the A-, C- and X-weighted SELs. The A-

and C- weightings were chosen as they are the weightings that were used in Christian’s

study [28]. The contours are shown in Figure 4.4. The SELA contour shows the flight

direction and the flight path the vehicle took in the ANOPP2 simulation. This is constant

for the rest of the contours that will be shown.

The reasoning for the contour differences in shape or area size cannot be definitively

commented on without an in-depth acoustic analysis through the use of high-fidelity CFD

and anechoic chamber testing; however, reasons for the shapes can be speculated upon.

A cursory glance of these three contours highlight how the A- and X- weightings di-

rect the frequencies that are prominent in their weightings much differently than the C-

weighting. Recall that the C-weighting barely attenuates any frequency; this can be seen

in Figure 1.4. The A- and X-weightings both attenuate low frequencies, i.e those below

200 Hz, which can also be seen in Figure 1.4. This leads to the possible conclusion that

there could be strong low-frequency content emanating in front of the vehicle and behind

it during the flyover.
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(a) (b)

(c)

Figure 4.4: A-,C-, and X-weighted contours Phantom 2.

A characteristic of the A- and C- weighted contours that is not as apparent as the length

of the C-weighted contour is the rounded shape of these contours. Laterally, it can be

seen that the A- and C-weightings cause a round contour in the positive and negative

x-directions. This is accentuated more in the X-weightings. The reason the A- and C-

weighting contours look similarly (laterally) can be attributed to the similarities in these

curves in the mid- and high- frequency region of their weightings, which can be seen in

Figure 1.4. The way in which the A- and C-weightings are weighting the high and mid
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level frequencies could cause their lateral shapes to be similar. The variation in weighting

in the X-weighting to these same one-third octave bands cause the lateral shape to differ.

Figure 4.5: Difference between the X and A weighting Contours

Figure 4.5 shows the difference in the A- and the X- weighted SEL contours by plotting

the dB difference at each receptor point and using a diverging color map to distinguish

larger differences from smaller ones. The location with the largest difference is in front of

the vehicle with some deltas being as high as 10 dB. This figure also makes it easy to see

the how large the change in area is for each contour. For example, the 55 dB dotted line

(the SELX) is approximately the same size as the 50 dB solid line (the SELA).
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(a) (b)

(c)

Figure 4.6: Length, Width and Area of Contours for the Phantom 2.

Figure 4.6 shows the values for the area, length and width of the 50 dB, 55 dB, 60

dB, 65 dB, and 70 dB contours. Across all contour measurements for length, width and

area, the X-weighting is larger. In fact, the A-weighting does not have a 70 dB contour in

general. Because of this, in Figure 4.16, the data for the P2 and the SUI at 20 m AGL and

10 m/s is excluded.

4.2.2 SUI Altitude= 20 m, Speed= 10 m/s

Figure 4.7 shows how the directivity for the SUI at the same flyover conditions is much

different than the P2. The same behavior in the C-weighted contour is seen with a larger

bulge toward the bottom of the contour (behind the aircraft during its flight) and a smaller

bulge in front of the aircraft as well. All three contours have a similar rounded lateral

contour shape. A commonality between the X- and the C-weighting is a small pocket of

higher noise level right in front of the aircraft at the end of its trajectory. This is highlighted
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by the difference plot, Figure 4.8, as the brighter red region just ahead of the flight path

with a 7 dB delta.

(a) (b)

(c)

Figure 4.7: A-,C-, and X-weighted contours for the SUI Endurance.

An interesting characteristic about Figure 4.8 is the halo of lower noise difference

around the 60 dB contour for the A-weighting. This is shown as a ring of lighter blue

with pink inside and outside of it. This shows that the amount of noise difference does not

monotonically increase or decrease in this region closer to the flight.
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Figure 4.8: Difference between the X and A weighting Contours

(a) (b)

(c)

Figure 4.9: Length, Width and Area of Contours for the SUI.
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Finally, in looking at the length, width, and area of the contours it can be seen that the

differences in these characteristics are not as large as they were for the P2. This can also

be seen in Figure 4.16. The grey bars (symbolizing the P2) is much larger than the green

bars (symbolizing the SUI at the same flight conditions).

4.2.3 SUI Altitude= 20 m, Speed= 5 m/s

(a) (b)

(c)

Figure 4.10: A-,C-, and X-weighted contours for the SUI Endurance 20 m and 5 m/s.
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The noise contours for the SUI at 20 m and 5 m/s have similarities to both the P2 and the

SUI at 20 m and 10 m/s. In the C-weighted contour, the elongation of the contours from

the P2 figures (Figure 4.4) is seen similarly. Additionally the “butterfly” effect of the SUI

contours is seen in the A-weighted contour but is more rounded similarly to Figure 4.7.

In Figure 4.11, the amount of area that is pink or red colored is the least out of all of the

flyovers.

The contour area, length and width is again larger for the X-weighting when compared

to the A- and C- weightings for all dB levels. The contour lengths have the smallest per-

centage differences from the A-weighting (as shown in Figure 4.16) however the width

differences are significant.

Figure 4.11: Difference between the X and A weighting Contours for the SUI Endurance
20 m and 5 m/s

The length, width and area of this flyover is larger than the SUI flying at 10 m/s. This is

due to the trade-off between a higher amount of noise being generated in a smaller amount

of time with a faster flyover. Because SEL is an integrated quantity (see Equation 1.7), a

flyover that lasts a longer amount of time has the ability to be louder because of the duration
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of the flight.

(a) (b)

(c)

Figure 4.12: Length, Width and Area of Contours for the SUI (altitude = 20m , speed = 5
m/s).
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4.2.4 SUI Altitude= 30 m, Speed= 5 m/s

The contour from a SUI flyover at a higher altitude and slower speed is shown in Fig-

ure 4.13.

(a) (b)

(c)

Figure 4.13: A-,C-, and X-weighted contours for the SUI Endurance 30 m and 5 m/s.

The areas which have a higher delta in Figure 4.14 are similar to the areas that have

higher deltas in Figure 4.11 for the SUI flying at the same speed. However, the amount

of area with the larger deltas is larger for the flight at 30 m altitude AGL than 20 m al-

titude AGL. This can be seen by the amount of area that is pink/red on Figure 4.11 and
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Figure 4.14.

Figure 4.14: Difference between the X and A weighting Contours for the SUI Endurance
30 m and 5 m/s
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(a) (b)

(c)

Figure 4.15: Length, Width and Area of Contours for the SUI (altitude = 30m ,speed = 5
m/s).

In these contours, the length of the C-weighting actually surpasses the X- and the A-

weighting for the 50 and 55 dB noise level. For the 60, 65 and 70 dB level the X-weighting

is larger in terms of length. In terms of width and area, the X-weighting is the largest at all

dB levels.
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(a) (b)

(c)

Figure 4.16: Length, Width and Area Percentage difference between X- and A-Weightings
for all sUASs.

The differences in area and width between the A- and the X-weighted contours increase

as the dB level of the contour increases. The largest differences are in area and width;

however, the differences of all three measurements are significant.
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CHAPTER 5

EXPECTED BENEFITS

The use of sUASs in everyday life is a very contemporary situation. News articles like this

one by Fox News [52] are being published often about different companies that will be us-

ing them in the near future; this article was published June 19, 2021. This article describes

how El Pollo Loco is in a test flight stage with their partner Flytrex to assess the feasibility

of their restaurant inspired airline “Air Loco”. Not only are new companies approaching

this technology but new laws are also surfacing from the FAA regarding sUASs. On April

21, 2021, the FAA released a press briefing regarding drone operations over people, opera-

tions at night, and remote identification [53] or identifying drones in flight and the location

of their control stations.

5.1 Response to Research Question #2 and Hypothesis #2

These new pieces of information spell out the stakeholders involved with these vehicles

and their operations: regulators, companies like El Pollo Loco looking to take advantage

for business opportunities, manufacturers like Flytrex, and everyday people who will be

interacting with these vehicles on a daily basis. In the FAA’s statement, they state that

“the Department [of Transportation] looks forward to working with stakeholders to ensure

that our UAS policies keep pace with innovation, ensure the safety and security of our

communities, and foster the economic competitiveness of our country”. This is critical for

the future of these vehicles. As the amount of operations increases however, noise can

become a serious concern.

As discussed throughout the noise contour analysis, the X-weighting is larger at all

dB levels above 60 in length, width and area. This answers Research Question #2 and

verifies Hypothesis #2. The ramifications of verifying Hypothesis #2 is of importance to the
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stakeholders involved. From a regulator’s perspective, the affects of a new weighting which

better correlates with human annoyance can allow them to take more particular action when

creating the noise policy for these vehicles. Because the X-weighting has a much larger

contour area than the A-weighting at each decibel level, this brings attention especially to

areas in the future that could experience higher than normal sUAS noise. Without a correct

weighting, higher than normal noise complaints could be recorded by a governing body

like the FAA or ICAO for creating policy that is considered relatively lenient.

The work in this thesis allows for a method where a language, or a metric, can be made

in order for all stakeholders to understand one another and, while doing so, characteriz-

ing/quantifying sUAS noise in an appropriate and meaningful way. Carrying out the ap-

proach explained in Chapter 3 and in Figure 2.2 will provide commentary on the usefulness

of current metrics on noise from vehicles like sUASs. This will contribute to the conver-

sation started by NASA, the FAA and other entities regarding an investigation into current

noise metrics. This thesis will show the possible repercussions of non-representative fre-

quency weightings in the form of SEL contours and providing answers to both Research

Questions posed. This commentary will provide useful information to two groups: regu-

lators and operators. For regulators, this will provide insight to metrics used for different

noise policies being made for this new vehicle type. For operators, this will be helpful for

planning purposes, especially for choosing locations to start using sUASs in their day-to-

day operations.

The main takeaway from this work is the methodology behind assessing a weighting

and the capability of it to describe the human annoyance that is caused by the noise gen-

erated from sUASs. There are many different avenues in which this methodology can be

used. These are explained in the following section.
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5.2 Future Work

The methodology shown in Figure 2.2 is made out of building blocks. Each box is a

method which can be changed depending on what area of acoustics, verification, and noise

propagation one would like to explore. For example, in creating the weighting – there

are multiple avenues that can be researched. A Design of Experiments has many different

options in creating the combinations one would like to test. Other methods, apart from full

factorial, allow combinations of the weighting correction factors in the one-third octave

bands to be varied with fewer cases. Although some combinations would be left out, this

could allow a larger resolution in the variations to be used (rather than 3 levels – high, low

and baseline).

An additional way different weightings could be made is by taking a more electrical

engineering approach and treating them as actual filters. In this way, the researcher would

need to specify different combinations of poles and zeros in a transfer function. This would

still proceed in the same way of applying this transfer function to the pressure values in

each recording rather than the SPL values in one-third octave bands. This could allow the

researcher to calculate SEL values on a narrow band basis rather than a one-third octave

band basis as well.

The weighting found in this thesis was calculated given data from 20 flight recordings

and 38 subject responses. To make this a higher fidelity study, more data in general would

be useful. Larger surveys of human response are being made where people can perform

the same psychoacoustic test from the comfort of their own homes and can submit surveys.

In this way larger amounts of data can be used by scientists. Additionally, to make the

propagation of the noise higher-fidelity the same flyovers could be recorded by multiple

monitors so that azimuthal directivity could also be taken into account.

Like it was mentioned before, the noise propagation method had many different possi-

bilities: PSU-WOPWOP, AEDT and ANOPP2. These can also be thought of as “blocks”
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that fit into the Noise Propagation block of Figure 2.2.

Finally, Christian’s mention of future work in his study can also be referenced [28].

He mentions how looking into a duration correction or lingering correction factor could be

used given the complaints from the subjects. Therefore, instead of using SEL or weightings,

EPNL can be tested with an added correction factor. Although making EPNL contours is

not a common practice, the values can still be correlated and compared with a regular EPNL

value.
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In this example, the A-weighted Sound Pressure Level is calculated from octave bands

rather than one third octave bands. This same procedure was used for one third octave bands

at the corresponding center frequencies that are shown in Table B.1 and Table B.2. First,

the SPL is measured for each center octave band frequency: an example is given in the first

row of Table A.1. Next, correction factors are added from the A-weighting scale shown in

the second row of the table. The resultant SPLs for each frequency band are shown in the

third row. These are then used to calculate the total noise level using Equation A.1

dB(A) =

[
n∑

i=0

10
L(i)
10

]
(A.1)

where i is the index corresponding to each of the 10 frequency bands. This calculation

yields a value of 103.2 db(A).
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APPENDIX C

SPECTROGRAMS AND NOISE SPECTRAS FOR FLY OVERS USED IN DOE

The following are spectrograms and spectras of the recordings that were used in the design

of experiments for the creation of the X-weighting. The spectrograms show the entirety

of the recording and the spectras were created from half a second of the recording before

and after the aircraft is directly over the microphone. These figures can provide insight into

spectral and frequency content that caused annoyance to the subjects.
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Figure C.1: Full Flyover Spectrogram of SUI Endurance sUAS: altitude = 100 m; speed =
5 m/s.

Figure C.2: Noise Spectra SUI Endurance sUAS: altitude = 100 m; speed = 5 m/s 0.5s
before and after microphone flyover.
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Figure C.3: Full Flyover Spectrogram of SUI Endurance sUAS: altitude = 20 m; speed = 5
m/s.

Figure C.4: Noise Spectra SUI Endurance sUAS: altitude = 20 m; speed = 5 m/s 0.5s
before and after microphone flyover.
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Figure C.5: Full Flyover Spectrogram of SUI Endurance sUAS: altitude = 100 m; speed =
5 m/s.

Figure C.6: Noise Spectra SUI Endurance sUAS: altitude = 100 m; speed = 5 m/s 0.5s
before and after microphone flyover.

70



Figure C.7: Full Flyover Spectrogram of SUI Endurance sUAS: altitude = 20 m; speed = 5
m/s.

Figure C.8: Noise Spectra SUI Endurance sUAS: altitude = 20 m; speed = 5 m/s 0.5s
before and after microphone flyover.
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Figure C.9: Full Flyover Spectrogram of SUI Endurance sUAS: altitude = 20 m; speed = 5
m/s.

Figure C.10: Noise Spectra SUI Endurance sUAS: altitude = 20 m; speed = 5 m/s 0.5s
before and after microphone flyover.
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Figure C.11: Full Flyover Spectrogram of DaX8 sUAS: altitude = 20 m; speed = 5 m/s.

Figure C.12: Noise Spectra DaX8 sUAS: altitude = 20 m; speed = 5 m/s 0.5s before and
after microphone flyover.

73



Figure C.13: Full Flyover Spectrogram of DaX8 sUAS: altitude = 20 m; speed = 5 m/s.

Figure C.14: Noise Spectra DaX8 sUAS: altitude = 20 m; speed = 5 m/s 0.5s before and
after microphone flyover.
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Figure C.15: Full Flyover Spectrogram of DaX8 sUAS: altitude = 40 m; speed = 5 m/s.

Figure C.16: Noise Spectra DaX8 sUAS: altitude = 40 m; speed = 5 m/s 0.5s before and
after microphone flyover.
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Figure C.17: Full Flyover Spectrogram of DaX8 sUAS: altitude = 55 m; speed = 5 m/s.

Figure C.18: Noise Spectra DaX8 sUAS: altitude = 55 m; speed = 5 m/s 0.5s before and
after microphone flyover.
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Figure C.19: Full Flyover Spectrogram of DaX8 sUAS: altitude = 55 m; speed = 5 m/s.

Figure C.20: Noise Spectra DaX8 sUAS: altitude = 55 m; speed = 5 m/s 0.5s before and
after microphone flyover.
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Figure C.21: Full Flyover Spectrogram of Phantom II sUAS using Blades from Advanced
Precision Composites (APC): altitude = 20 m; speed = 10 m/s.

Figure C.22: Noise Spectra Phantom II sUAS using Blades from (APC): altitude = 20 m;
speed = 10 m/s 0.5s before and after microphone flyover.
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Figure C.23: Full Flyover Spectrogram of Phantom II sUAS using Blades from (APC):
altitude = 5 m; speed = 10 m/s.

Figure C.24: Noise Spectra Phantom II sUASusing Blades from (APC): altitude = 5 m;
speed = 10 m/s 0.5s before and after microphone flyover.
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Figure C.25: Full Flyover Spectrogram of Phantom II sUAS using Blades from (APC):
altitude = 20 m; speed = 10 m/s.

Figure C.26: Noise Spectra Phantom II sUAS using Blades from (APC): altitude = 20 m;
speed = 10 m/s 0.5s before and after microphone flyover.
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Figure C.27: Full Flyover Spectrogram of Phantom II sUAS using Carbon Fiber Blades:
altitude = 10 m; speed = 10 m/s.

Figure C.28: Noise Spectra Phantom II sUAS using Carbon Fiber Blades: altitude = 10 m;
speed = 10 m/s 0.5s before and after microphone flyover.
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Figure C.29: Full Flyover Spectrogram of Phantom II sUAS using Carbon Fiber Blades:
altitude = 20 m; speed = 10 m/s.

Figure C.30: Noise Spectra Phantom II sUAS using Carbon Fiber Blades: altitude = 20 m;
speed = 10 m/s 0.5s before and after microphone flyover.
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Figure C.31: Full Flyover Spectrogram of VPV sUAS: altitude = 10 m; speed = 5 m/s.

Figure C.32: Noise Spectra VPV sUAS: altitude = 10 m; speed = 5 m/s 0.5s before and
after microphone flyover.
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Figure C.33: Full Flyover Spectrogram of VPV sUAS: altitude = 30 m; speed = 5 m/s.

Figure C.34: Noise Spectra VPV sUAS: altitude = 30 m; speed = 5 m/s 0.5s before and
after microphone flyover.
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Figure C.35: Full Flyover Spectrogram of VPV sUAS: altitude = 10 m; speed = 5 m/s.

Figure C.36: Noise Spectra VPV sUAS: altitude = 10 m; speed = 5 m/s 0.5s before and
after microphone flyover.

85



Figure C.37: Full Flyover Spectrogram of VPV sUAS: altitude = 10m; speed = 10 m/s.

Figure C.38: Noise Spectra VPV sUAS: altitude = 10 m; speed = 10 m/s 0.5s before and
after microphone flyover.
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Figure C.39: Full Flyover Spectrogram of VPV sUAS: altitude = 10 m and speed = 10 m/s.

Figure C.40: Noise Spectra VPV sUAS: altitude = 10 m; speed = 10 m/s 0.5s before and
after microphone flyover.
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