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Abstract

Purpose of Review: This review aims to evaluate and discuss the current
advances in the measurement and assessment of the noise generated by uncon-
ventional aircraft, such as unmanned aircraft systems (UAS) and urban air
mobility (UAM) vehicles. Building upon the findings of this review, research gaps
are identified, and further work is proposed to enhance existing and emerging
methods for the appropriate noise management of these advanced air mobility
(AAM) technologies.

Recent Findings: Noise has been highlighted as one of the key concerns for
the wider deployment of UAS and UAM operations. This is suggested to be due
to having acoustic signatures with sound characteristics commonly associated
with noise annoyance, such as ‘sharpness’ (the perceived proportion of high-
pitched sonic energy) and ‘tonality’ (the perceptual prominence of concentrated
sonic energy at discrete frequencies). These types of ‘psychoacoustic features’
are thought to be connected with observations of increased noise annoyance for
AAM, compared with conventional aircraft and road vehicles, at the same level
of sound exposure.

Summary: In the last few years, there has been a growing body of research on
UAS and UAM noise. Research has focused on a comprehensive understanding
of the sound sources of these unconventional aircraft under a wide range of
operating and operational conditions. Based on gathered evidence, measurement



protocols for both laboratory and field studies are very advanced for the acous-
tic characterisation of UAS in terms of sound level, frequency and directivity.
Looking at the human response to UAS and UAM noise, loudness has been con-
sistently reported as the main contributor to noise annoyance, with second-order
contributions from other psychoacoustic features, such as sharpness, tonality
and ‘amplitude modulation’ (fluctuations in loudness over time), varying among
studies. Noise targets for UAS certification have been derived from existing reg-
ulations for conventional aircraft and rotorcraft, but might not account for the
usually reported annoyance offset between UAS/UAM and conventional vehi-
cles. Key research gaps identified include the lack of studies focusing on multiple
events, and deeper understanding of the influence that personal or contextual
factors may have on responses, which will be important for the development
of robust methods for the assessment and minimisation of community noise
annoyance due to the operation of these unconventional aircraft.
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Introduction

Significant advances in electric propulsion and autonomous technologies are leading
to innovation in the form of transformational flight technologies and unconventional
aircraft designs. ‘Advanced air mobility’ (AAM) stands at the forefront of this innova-
tion, promising a paradigm shift in air transportation of goods and people for urban
environments and regional transport. ‘Urban air mobility’ (UAM), focused on sustain-
able air mobility technologies for urban environments, can be considered as a subset of
AAM. Novel aircraft designs within AAM include: electric vertical takeoff and landing
(eVTOL) aircraft, and unmanned aircraft systems (UAS).

AAM can bring substantial societal benefits, such as more efficient air transporta-
tion, reduction of carbon footprint, and increase in accessibility. A recent economic
impact report predicted socioeconomic benefits of AAM for the UK (by 2040) at an
annual valuation in the range of £1.1-2.1bn, and annual reductions in carbon dioxide
emissions (CO2e) of up to 222m tonnes [1]. Forecasts undertaken for the UK govern-
ment indicate that there may be as many as 900,000 UAS operating by 2030 in the UK
alone, with a national economic contribution of up to £45bn, associated with CO2e
reductions of 2.4m tonnes [2].

However, the noise generated by these novel aircraft, and the potential impact this
could have on exposed communities, cannot be ignored. Research indicates that soci-
etal acceptance of UAM and UAS is likely to hinge on approaches taken to addressing
primary public concerns, which, alongside safety, security and privacy risks, include
concerns about potential noise pollution [3-5] (although the relative importance of
these concerns for public acceptance is debated [6]). Moreover, tests indicate that the
sense of privacy intrusion from UAS is linked with sound perception [7], suggesting
that, even if there is variation in the weight of noise concerns prior to widespread
deployment of these technologies, there is considerable value in pre-empting noise prob-
lems arising. It is also important to ensure that lessons learned from noise management
for conventional civil aviation (eg, a historically slow, reactive approach, prompting
communities to respond with collective action) are applied to the burgeoning AAM
sector [8].

It is widely recognised that the acoustic signatures and operational characteris-
tics of AAM vehicles will differ significantly from conventional aircraft and rotorcraft
(eg, refs [8-10]). Accordingly, there are important issues that should be addressed
to avoid noise becoming a hindrance to the introduction of AAM technology. These
include appropriate sound measurement, and community noise impact assessment and
management for AAM aircraft operations.

This review focuses mainly on commercial and civil applications of UAS, the
first AAM aircraft under wider deployment, but also includes ongoing advances in
UAM noise. The goal of this review is to present state-of-the-art methods for acoustic
measurement, characterisation of human perception and response, noise metrics and
regulation applied to UAS and UAM noise.

The research questions addressed by the review comprise:

1. What are the most appropriate noise measurement methods for the acoustic
evaluation of UAS and UAM?



2. What metrics are used for assessing human response to UAS and UAM noise?

3. Can psychoacoustic methods improve the assessment of UAS and UAM noise?

4. What are the challenges and opportunities facing current and future UAS and UAM
noise management?

Acoustic Measurements

In a pioneering white paper on UAM noise by Rizzi et al. [9], one of the high-level
goals recommended was the definition of measurement methods and procedures to
support noise regulations and assessment of community impact.

In recent years, the development of methods for sound measurements and fur-
ther acoustic characterisation of UAS/UAM have been investigated by government
aviation agencies, technical standardisation boards, and researchers [11-15]. Measure-
ment methods have been developed for UAS, using guidelines originally created for
conventional fixed-wing aircraft and rotorcraft (eg, [16]). The application of existing
methods for UAS acoustic certification and the development of new methods and met-
rics to account for the unconventional acoustic footprint, operational characteristics,
and annoyance caused by UAS have also been discussed [17, 18].

A summary overview of various experimental approaches employed for noise
measurement and acoustic characterisation of UAS is presented in Table 1.

Space-geometrical and environmental parameters are relevant when investigating
the applicability of sound measurement setup configurations. Typically, laboratory
measurements commonly employ anechoic chamber configurations, which can also
include wind tunnel facilities under very controlled ambient conditions and very low
background noise levels. In this scenario, the size of the test facility and the airflow
conditions could limit the range of operation to test eg, hover and yaw manoeuvres.

On the other hand, field measurements consider acoustic evaluation during more
realistic UAS operations. In this case, flyovers, hover, landing, and takeoff operations
are more easily tested. However, outdoor methods should account for the variability of
weather conditions, wind gusts, and potential interference from other sources of noise
in the nearby testing area.

Laboratory Measurements

Intaratep et al. [19] presented one of the first experimental works to evaluate the
noise and thrust produced by a small UAS (sUAS) quadcopter during static flight for
four different sets of propellers. From a single measurement point, it was possible to
detect the tonal spectral components corresponding with shaft frequencies, blade-pass
frequencies (BPFs) and upper BPFs’ harmonics. The 4-rotor interaction was found to
produce a significant increase in broadband noise at the mid-to-high frequency range.
A very prominent tonal component at the high-frequency region, related to the motor
‘self-noise’, was also reported.

The calculation of sound power level (L) of a series of SUAS quadcopters was
carried out by Papa et al. [20, 21] applying ISO 3745 [46]. Sound signals were recorded
at measurement points over a hemisphere in an anechoic environment during simulated
hovering operation.



Table 1 Sound Measurement and Acoustic Characterisation Methods for Unmanned Aircraft
Systems

UAS Description

Author Number Operation®

Acoustic Parameters

of Rotors* H T L F iM oM FP Microphone setup® Reported metrics and reports?

Laboratory measurements

Intaratep et al. [19] 1 . . Single stand-mounted microphone PSD, L,, Ly, directivity

Papa et al. [20, 21] 4 . . SLM at hemi-spherical positions L, Ly, directivity

Kloet et al. [2 4 . Acoustic camera Noise source localisation

Cheng and Herrin [23) 4 . . P-U Probe Particle velocity, L, Lz, 1/3 octave bands

Linear microphone array in
Zawodny et al. [24] 4 . . L,. PSD
wind tunnel facility

X 4 arc-mounted microphone array for 8 points,
Tinney and Sirohi [25] 1,6 . . Ly, PSD, directivity
and 9 line-array points

Microphones placed at 4 positions and altitudes )
Didkovskyi et al. [26] 4 . . PSD. L, 1/3 octave band, Ly
surrounding the sUAS

Herreman et al. [27]

4,8 . . 20 and 40 microphone sphere Ly 1/3 octave bands, Ly
Herreman 2]

Large-aperture scanning microphone array (LASMA),
Callanan et al. [20] 4 . seat 5 v ( ) L,
1728 points

Alkmim et al. [30 4 . o 18 hemispherical microphone array, one binaural HATS L, spherical harmonics, SQMs
Cussen et al. [31] 4 . SLM at 10 different positions L,. L, 1/3 octave bands
Putzu et al. [32] 4 D SLM L,. PSD

Heutschi et al. (33

1.6 . . 5 microphone arc-array PSD, Ly, Ly, directivity
Wunderli et al. [34]

Rectangular array conformed by 80 microphones, ]
4 .« . . . L. PSD, directivity,
and 8 vertical aligned microphone array

Zhou et al

Field measurements

F-w
Senzig and Marsan [17] . 3 types of plate-mounted microphone Lamax: Lan
1.6
Kloet et al. [22] 4 . 2 SLMs L,. PSD, yaw profile directivity
Fw 2 ground-board
Zawodny et al. [24] . . Ly, Lag, EPNL, SQMs
46,8 and 1 tripod-mounted microphones
Didkovskyi et al. [26] 1 . Pole-mounted microphones PSD, L, 1/3 octave band, Ly
Cussen et al. [31] 4 . . SLM Ly. L. 1/3 octave bands, Lacq. Laen
Heutschi et al. [33] 5 microphones distributed over
! 46 . . Ly, Lae
Wunderli et al. [34] ground and elevated positions
Zhang et al. [36] 1 B . 40 phase-matched microphone array L, source localisation
Humphreys et al. [37] 6 . 185 electret microphone array L, source localisation
Alexander and Whelchel [3] [ . . 5 ground-board microphones PSD, Lag
Fow 1 pole-mounted microphone
Read et al. [39] e e e e Lamax: Lag
1.6,8 2 ground plate-mounted microphones
Hui et al. [40] 4 . . 1 tripod-mounted microphone and 1 audio recorder Laca: Lamax. PNL, TPNL, SQMs, PA, Lag

. 12 inverted ground plate microphones
Konzel and Greenwood [41] 8 e e s . . PSD. L. Lag
2 tripod-elevated microphone

19 microphones: 3 microphone arrays,
Cutler-Wood et al. [42] 6 . . 2 ground mounted array (linear and circular), L, 1/3 octave bands, directivity

and 1 elevated array.

Ramos-Romero et al. [43] 1.6 . . 9 ground plate microphones Ly, Lamax. Lag, directivity hemisphere, SQMs

13 inverted ground plate microphones,
Valente et al. [44] 6 . 3 tripod-mounted microphones L,

Data reported from single ground-plate microphone.

3 aligned tripod-mounted microphones,
Lieb et al. [45] 4.8 o e e e one binaural HATS, 12-microphone hemisphere, Ly, Lw

and 1 high altitude poled microphone

* No. rotors F-w: fixed wing.

b Operation H: hovering, T takeoff, Lilanding, F: straight flyover, iM: inspection manoeuvre, oM: other manocuvre, FP: UAS in a fixed position.

head and torso simulator,

© Microphone setup SLM: sound level meter, LASMA: large-aperture scanning microphone array, HATS:
4 Reported metrics PSD: power spectral density, L,: sound pressure level, Lyy: sound power level, L;: sound intensity level, Lag: A-weighted sound exposure level, PNL: Perceived Noise Level,

EP}

: Effective Perceived Noise Level, TPNL: Tone-corrected Perceived Noise Level, SQMs: sound quality metrics. Laeq: A-weighted equivalent continuous (energy time-averaged) sound level,

cighted maximum sound pre

Limax sure level, PA Laen: day-eve ight sound level

Cheng and Herrin [23] performed measurements of particle velocity on imaginary
surrounding panels at close distances from an sUAS. The far-field sound pressure
level (L,) was then calculated from the discrete volume velocities. This approach
to discretising complex noise sources is commonly referred to as Panel Contribution
Analysis.



Tinney and Sirohi [25] investigated the sound produced by an sUAS at static
thrust under quasi-hemi-anechoic conditions. Two types of microphone arrays (arc
and line) were performed with 4 microphones. The resulting modulation due to the
quadratic interaction between the fundamentals of blade passing frequencies (BPFs)
were reported from time-frequency analysis.

Didkovskyi et al. [26] investigated the detection of sUAS under different rotor
RPMs using a series of acoustic features (eg, spectrum and narrowband signal rep-
resentation). Measurements of L, were performed under laboratory conditions and
further UAS detection was carried out at outdoors. The harmonic structure of the
acoustic signal emitted by the sSUAS was also considered by Blanchard et al. [47] for
localisation of an sUAS by using a beamforming technique. The method was validated
with measurements in anechoic and outdoor conditions.

Herreman et al. [27] evaluated the sound power emission of an octocopter UAS
in a simulated hovering condition. Data were obtained with a 20 and 40-microphone
spherical array. The aim was to project the L, at any distance under different envi-
ronmental conditions. A similar setup was previously applied on a quadcopter sUAS
by Herreman [28].

Callanan et al. [29] presented a method to quantify the spatial acoustic pressure
distribution of a quadcopter during hovering in the acoustic nearfield. A large scanning
microphone array which included 1728 points was used for data acquisition.

Alkmim et al. [30] installed a hemispherical microphone array to measure the sound
radiation of a quadcopter sUAS during a simulated hovering operation. Measurements
were made of L, at different angles, and directivity patterns were presented using
spherical harmonics. Additionally, the method allowed for the evaluation of sound
quality metrics (SQMs) at any point away from sUAS.

Cussen et al. [31] calculated Ly from indoor L, measurements, and used it as
input to sound propagation models for environmental noise mapping, considering the
overflight of an sUAS as an omnidirectional source.

An alternative to evaluate the aeroacoustic performance of a quadcopter in free-
flying operations under laboratory conditions was presented by Putzu et al. [32]. A
modular wind generator system allowed the simulation of non-static flight operations.

Zhou et al. [35] carried out a full-scale, realistic UAS flight test in an anechoic
chamber. The rectangular array of microphones provided information about the direc-
tivity and sound pressure field on the ground. The measurement reported that the
highest OASPL at ground level was observed behind the instantaneous position of the
drone during forward flight; this was attributed to the source tilt angle.

Field Measurements

Humphreys et al. [37] characterised the sound emission of an sUAS using an extended
field-deployable microphone array. The developed beamforming hardware and software
systems allowed the visualisation of the acoustic field produced by one hexacopter
during hovering. A beamforming technique was also applied by Zhang et al. [36]. A
phase-matched array of 40 microphones was used for the identification of BPFs and
their harmonics for a quadcopter during hovering and flyover operations. The acoustic



signal was processed by a de-Dopplerisation algorithm, to improve the identification
of BPFs during flyovers.

Kloet et al. [22] described a method to report the directivity of an SUAS in hovering
operation by means of a yaw profile at different flight altitudes. This paper also includes
experiments in laboratory conditions describing the noise profile of an sUAS located
at a fixed point simulating a hovering operation. The study identified the clear tonal
footprint of the sUAS under study.

Zawodny et al. [24] presented alternatives for exploratory research and applica-
tions on the acoustics of sUAS. The document included a complete overview of the
acoustic characterisation of sUAS, including tests under both outdoor and wind tun-
nel conditions, computational predictions, sUAS component tests, auralisations, and
psychoacoustic tests. It was shown that the proximity of the rotor and airframe
components significantly affects the tonal sound emissions produced by a UAS.

Alexander and Whelchel [38] clearly identified the different sound sources of a hex-
acopter under flyover and hovering operations: tonal components at low frequencies
due to BPF's (and their harmonics), rotor self-noise at high frequency, and broadband
noise at high frequency due to interaction effects. The comparison between the sound
exposure level (Lag) metric calculated for overflight and an equivalent period of hov-
ering indicates that the directivity of the source can significantly influence this metric.
Hence, the authors reported that the directivity should be analysed when the impact
of community noise is estimated.

A technical report by Read et al. [39] included a detailed description of a mea-
surement campaign for a series of UAS. A comparison of the UAS tested was done
on the basis of conventional aircraft noise metrics. The correlation between UAS
size and Lagmax (A-weighted maximum sound pressure level with ‘Slow’ exponential
time—weightingl) was investigated. It was found that the Lasmax levels do not vary
significantly between slow and fast overflights for the same UAS.

Measurement devices attached to the sUAS during flight operations have also been
used with specific sound signal processing goals. Examples of this application are UAS
noise synthesis based on experimental data [33], and the design of a UAS system for
high-quality audio recording[49].

Hui et al. [40] reported an extensive group of 16 acoustic and psychoacoustic
metrics from measurements made during hover and flyover operations at different
heights. The data from pole-mounted positions were applied in listening experiments
investigating subjective perception and responses to sUAS noise.

Focused on the development of a standard ground-based acoustic measurement
procedure for sUAS, Konzel and Greenwood [41] developed a robust method based on
a full-sized microphone array. It was found that propagation effects due to changes in
meteorological conditions (eg, wind direction and speed) could be a significant source
of variability in reported acoustic metrics, and therefore should be taken into account

1 A-weighting is applied to sound signals as a coarse approximation of the frequency-dependency of human
loudness perception. This enables the convenience of a single-figure level value to be assigned to the signal
that is roughly proportional to the perceived loudness, although the reliability of this procedure for different
sounds is widely debated. Time-weighting is applied to ‘smooth’ a signal, which enables meaningful statis-
tical descriptors to be extracted on a time-varying basis; the degree of smoothing applied is proportional
to the weighting time constant (with ‘Slow’ weighting applying greater smoothing than ‘Fast’ weighting).
Technical information and mathematical descriptions can be found in ref [48].



during measurements outdoors. Additionally, flyovers at higher speeds produced lower
L g, despite the instantaneous increase on L,, due to the short exposure time.

The estimation of sound emission from different UAS flight operations has
also been approached by Cutler-Wood et al. [42]. Source directivity, measured by
ground-inverted and elevated microphones in hovering operations, was applied to the
prediction of Lag for takeoff operations. However, it was discussed that the estimated
values could have been underestimated at specific angles due to the variability related
to flight operation and manoeuvring.

A modelling framework for the acoustic emission of UAS based on measurements
was developed by Wunderli et al. [34]. The authors approached the modelling based
on noise profiles measured with two possible microphone arrays in anechoic or outdoor
environments. The approach was successfully validated with three types of UAS at
different flight speeds. An important finding of this work was that the directivity
seems to be independent of the rotors’ rotational speed. Forward flight noise emission
can be estimated from the stationary hover flight data, and with rotational speed and
multicopter-specific corrections.

Ramos-Romero et al. [43] presented a method for field measurements and signal
processing for the acoustic characterisation of sSUAS through the calculation of L agmax
and Lag?. The measurement setup followed technical recommendations for outdoor
tests made by a NASA UAM noise working group [51], and the guidance in Draft
ISO/FDIS 5305 [15]. The techniques used allowed the description of source directivity,
following guidance from NLR [16]. Aeroacoustic scaling was made possible by means of
correlating acoustic data with the rotor ‘advance ratio’ aerodynamic performance. A
psychoacoustic analysis was also carried out using SQMs. Interesting findings include:

1. The spectral balance of broadband and tonal sound® depends on the size of the
UAS, with broadband sound dominating for larger UAS and tonal components
dominating for sUAS).

2. The maximum noise emission is at the rear arc of the polar directivity (likely due
to a pitch angle during forward flight operations).

3. Amplitude modulation* was present in the sound emissions at azimuthal angles of
about +30°.

The variability in the reported L, during hovering operations due to the influence of
sUAS state variables was studied by Valente et al. [44]. Acoustic signals were recorded
through several hovering altitudes with a single microphone placed in the ground posi-
tion below the sUAS. Important findings were that noise tends to increase in response
to most deviations from the hover trim condition, and that noise is significantly more
sensitive to changes in yaw than roll and pitch, both angle and speed.

Lieb et al. [45] analysed the application of ISO 3744 [52] on UAS Ly, . The difficulty
of exactly repeating the flight path for each UAS operation, even if the automated flight

2The corresponding sUAS sound recording database is available in [50].

3‘Broadband sound’ comprises acoustic energy over a (wide) range of frequencies, while ‘tonal sound’
comprises concentration of energy at individual frequencies — the ‘tonality’ (or lack thereof) of a sound can
also be understood from a psychoacoustic perspective, as described in the Sound Characteristics sub-section.

4<Amplitude modulation’ can be understood as fluctuations in sound energy that are perceptible to the
human ear — see the Sound Characteristics sub-section.



control is pre-programmed, has been reported as an important source of variability
during the flight test on-site.

The presented literature on noise measurement methods reports the application
of varying approaches from single microphone configurations to advanced beamform-
ing techniques. The selected microphone positions do not follow a standardised height
above the ground. Pole-mounted microphone setups include on their recordings the
effect of the comb filter due to ground reflection, which might compromise the acoustic
characterisation of vehicles tested. A ground-plate inverted microphone configuration
avoids the aforementioned filter effect; however, the amplitude recorded must be cor-
rected due to the inclusion of correlated sources (ie, direct signal and reflected signal)
[53].

In addition, digital signal processing facilitates tasks such as frequency domain rep-
resentation, estimation of aerodynamic noise components, and calculation of acoustic
and psychoacoustic metrics. Psychoacoustic experiments, aimed at evaluating noise
annoyance of tested vehicles, have also been performed from the post-processed data.

In general, the applied measurement protocols have been executed during steady
flight operations, overlooking the transitional phases between them. While this
approach simplifies analysis, it disregards the complex acoustic signature with time-
varying sound and changes in tonal characteristics during transient operations. These
abrupt transitions could be considered as potential sources of noise annoyance,
indicating a need for a more comprehensive assessment.

Psychoacoustics

Sound Characteristics

Various SQMs have been developed to measure and predict the perceptual charac-
teristics of sound. These aim to describe the subjective impression of temporal and
spectral features based on psychoacoustic theory and experimental results. Detailed
theoretical developments and empirical bases for several SQMs can be found in refs
[54, 55]. To briefly summarise the most relevant components:

e ‘Loudness’ (N) describes the perceptual impression of amplification intensity. This
can be expressed either as overall loudness or as ‘specific loudness’, which represents
the loudness perceived at different frequencies.

e ‘Sharpness’ (S) can be considered as the degree of higher-frequency spectral skew
within the (specific) loudness.

® ‘Roughness’ (R) and ‘fluctuation strength’ (F') are related SQMs indicating the
perception of amplitude modulation (temporal level variation) in a sound, either as
an overall or ‘specific’ (spectral) evaluation. Each metric covers different ranges of
modulation rate that perceptually manifest in different ways:

— Roughness addresses a perceptual sensation of sonic ‘texture’, due to modulation
at rates that are faster than the auditory system can discriminate as discrete
‘rise-fall’ events.
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Fig. 1 Comparison of narrowband spectra for a range of vehicles, including two multicopter UAS
(all spectra normalised to 70 dB Laeq, with frequency line spacing Af = 4 Hz)

— Fluctuation strength represents the sense of a sound’s changing loudness envelope
over time, due to relatively slow modulation that can be discriminated in terms
of its ‘rise-fall’ pattern.

e ‘Tonality’ (T) indicates the subjective prominence of discrete harmonic components
across the sound spectrum (hums, drones, beeps, whistles, etc).

e ‘Impulsiveness’ (I) describes how much of the sound is composed of discrete rapid
changes in the loudness envelope (bangs, clatters, crashes, clicks, etc).

Whereas sound exposure metrics are widely regulated and often standardised (as
discussed in the following section, Sound Exposure Metrics and Noise Regulation),
SQMs can refer to differing models of the basic concepts, and are far less frequently
regulated (excepting tonality and impulsiveness, which feature in various rudimentary
forms within common environmental noise assessment methods, eg, [56-58]). Nonethe-
less, SQM standardisation has progressed, albeit with varying implementations (eg,
[59-64]).

Sound signatures of UAS or UAM vehicles are acoustically distinctive from other
forms of transport, including conventional aircraft or rotorcraft (Fig. 1) [10, 40, 65].

The distinctive sonic characteristics of UAS are due both to engineering design fea-
tures and the nature of typical flight operations. The multi-rotor designs incorporate
relatively small propellers, operating at higher rotation frequencies than encountered
in conventional rotorcraft (such as helicopters). As indicated in Fig. 1, these aspects
lead to a skew towards the middle and upper ranges of the frequency spectrum, and
introduce complex harmonic spectral characteristics.

10
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Fig. 2 Spectrograms of (top) Airbus A320 passenger jet and (bottom) Yuneec Typhoon hexacopter,
with frequency line spacing Af =4 Hz and time resolution At = 0.25 s (corresponding with spectra
shown in Fig. 1)

The contrast with conventional aircraft is further illustrated in Fig. 2, which shows
that, while the passenger jet spectrum is skewed towards lower frequencies and exhibits
sparsely-spaced tones (brighter horizontal ‘stripes’) at higher frequencies, the UAS
sound contains greater energy concentration in the upper frequencies, and a large num-
ber of prominent, closely-spaced tonal harmonics extending from the low frequency
into the high-frequency range, which themselves are composed of more than one indi-
vidual tonal frequency — a characteristic caused by the multiple rotors operating at
marginally different rotation speeds, with interactions occurring between rotors.

11



Flight operations of UAS and UAM typically take place at lower altitude than
conventional aircraft, which means there is less influence of atmospheric effects on the
sound propagation (including sound absorption by viscous processes and scattering by
turbulence, which have greater influence on higher frequencies), helping to emphasise
the prominence of blade self-noise in the spectrum [65]. The typical operating prox-
imity also influences the time profile of the sound, as UAS approach, pass and retreat
from a static receiving point relatively quickly, meaning the sound has rapid amplitude
rise and fall times, compared with conventional civil aviation. UAS and UAM have rel-
atively low mass, and, to compensate for local atmospheric variations, onboard flight
controllers must continuously make adjustments to operating parameters to maintain
the intended trajectory, which would also be reflected in the sound output, as rotor
speeds and torques are varied by the controller. A pronounced radiation directivity
pattern [10, 30] may also serve to enhance variability in the sound emissions, which
is likely to be further multiplied by a wide range of novel aircraft configurations and
designs [66].

Sound quality analysis (Fig. 3) provides further perceptual insights: while experi-
enced at the same energy time-averaged A-weighted sound level (Laeq), the example
UAS flyover sounds analysed have much ‘louder’ portions of the sound compared with
the steadier vehicle sounds. This feature is expected to contribute to a greater over-
all impression of loudness, despite the larger weight towards quieter periods within
the distributions of time-varying values (which is a consequence of the rapid rise-fall
flyover characteristic).

Comparison of the sharpness distribution of the UAS sounds with other vehicle
types confirms the observations made in the spectral analyses (Figs. 1 and 2).

The SQM analysis (Fig. 3) also indicates that the UAS flyover sounds have rela-
tively high values of roughness, which is also observed to be a feature of the helicopter
sound. On the other hand, by comparison with the helicopter, the UAS fluctuation
strength values are relatively low.

Finally, the tonality analysis indicates that the example hexacopter has a relatively
high tonality distribution, comparable with the conventional passenger jet.

As discussed below, the various sound characteristics and psychoacoustic qualities
of UAS/UAM vehicles influence human detection, perception and responses to acoustic
immissions.

Human Detection, Noticeability, Perception, and Response

A summary of information from relevant research studies of AAM sound involving
human participants is provided in Table 2, indicating the spread of test locations,
AAM vehicles and flight operating modes investigated.

5The ‘5% exceeded’ value (ie, the 95" percentile) is commonly used as an aggregate indicator for the
‘overall’” value of a time-varying SQM. There remains debate about time-varying SQM aggregation, and
ongoing research into how this may accurately reflect human sensory impression [59]; differing approaches
are in current use (eg, [64]).
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Detection, Noticeability and Perception

In an experiment, Huber et al. [70] found that the sound of an SUAS within a highway
soundscape could be detected by listeners (over headphones) at a relative A-weighted
sound level of -17 dB.

Stalnov et al. [79] used a model of the human auditory system to estimate detection
thresholds in recorded soundscapes for measurements of sound from a UAS-type rotor
rig. This simulation indicated that predicted detection thresholds were roughly 5 dB
higher in the urban environment compared with a rural soundscape, and that an effect
of the blade number (influencing the frequencies of prominent tones in the spectrum)
was also evident.

Consistent with these predictions, in an immersive audio-visual virtual reality
experiment, Aalmoes et al. [76] found that participants rated UAS flyovers as sig-
nificantly more noticeable and loud when experienced in a quiet rural locale than in
a busy urban street setting. In post-test interviews, participants indicated that the
UAS sound was less noticeable (and sometimes not noticed) in the urban soundscape,
suggesting the ambient environment provided sound masking. The maximum abso-
lute sound level and the visual size of the UAS in the simulations were also found to
influence noticeability ratings.

Unsurprisingly, studies have shown that sound exposure metrics designed to
approximate human perception of overall loudness, such as Perceived Noise Level
(PNL), Effective Perceived Noise Level (EPNL), and A-weighted sound levels are
strongly related to subjective impressions of UAS loudness [72, 76, 77], although stud-
ies vary in the testing and selection of exposure metrics. Interestingly, Green et al. [77]
found that Laeq or Lasmax Were equally well-correlated with subjective loudness rat-
ings as the loudness SQM employed (DIN 45631/A1 [80]), and more closely correlated
than Lag (another common sound level index applied to aviation sound sources).

In an online listening test, Torija and Nicholls [75] found that, alongside PNL,
ratings of loudness for a wide range of UAS types and operational conditions tended
to be most influenced by sharpness and fluctuation strength SQMs, while ratings of
‘perceived pitch’ (using a sliding scale from ‘low pitch’ to ‘high pitch’) were dictated
by roughness and tonality SQMs.

Gwak et al. [71] tested perceptions of hovering UAS in a laboratory listening test,
finding that categories of semantic sound quality descriptor terms most applied by
participants included ‘buzzing’ and ‘sharp’, which were associated with the SQMs
fluctuation strength and sharpness, respectively.

Response

Experiments have indicated that UAS sound tends to be judged as more annoying than
the noise of either conventional aircraft [71, 73] or road traffic [68, 78], with differences
in observed annoyance found to be broadly equivalent to overall A-weighted sound level
increases of ~5-10 dB and ~4-7 dB, respectively. The greater annoyance observed in
response to UAS sound at an equal sound level to conventional transportation sounds
can be partly explained by the particular sound qualities analysed above (eg, Fig. 3),
as discussed further below.
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Several experimental studies have investigated which SQMs appear to influence
sound preference ratings or ratings of noise annoyance assigned to AAM sounds within
a laboratory setting [40, 65, 66, 68, 69, 71, 74, 75] (Table 2). The majority of these
studies have elicited noise annoyance ratings from participants without contextualising
responses, and involve short exposures (<60 s) in carefully controlled conditions — as
discussed further below, this type of response may be considered to represent a kind of
‘psychoacoustic annoyance’®, which is related to sound qualities, but effectively absent
of judgement framing and emotional connotations. The short exposure durations also
omit potential effects that may be associated with long-term or repeated exposures, as
typically represented by the ‘chronic’ or ‘field’ annoyance quantified in observational
social survey studies [81].

The most consistent result from these experiments is that the loudness of AAM
sound (represented either directly in a version of the loudness SQM, or in proxy by
PNL or an A-weighted sound level index) is, as would be expected, the most important
perceptual predictor of noise annoyance [40, 66, 69, 71, 74, 75].

In line with these observations, Gwak et al. [71] developed exposure-response func-
tions (ERFs) for the percentage ‘highly annoyed’” persons (%HA) for experimental
sound exposure to three sizes of UAS quad- or octocopters in hover mode (covering
a range of takeoff weights from 0.1-6.0 kg), and a civil jet aircraft, using Laeq as
the independent (loudness proxy) variable. Similarly, Aalmoes et al. [73] also derived
%HA ERFs using Lag from laboratory results for a range of UAS/UAM and heli-
copter flyovers. The resulting ERF's from both sets of experiments exhibit similarities,
illustrating the observed ‘offsets’ in annoyance responses between UAS/UAM and
conventional aircraft at equal sound levels (Fig. 4).

Findings from analysis of SQMs bearing secondary influence (after loudness) on
annoyance ratings differ between studies, which might be explained in part by varia-
tions in the sound qualities of different AAM types and vehicle flight operating modes
(see Table 2), as well as by selections of which SQMs to test, differences in SQM imple-
mentations and other methodological variations. Studies reported in Table 2 highlight
a range of SQMs and SQM combinations as potentially important explanatory factors
in predicting subjective responses to the AAM sounds tested in each case.

Some studies have used SQMs identified as influential to refine predictive models
for psychoacoustic annoyance, based on a formulation developed by Widmann [84]°

8This form of ‘annoyance’ is conceptually similar to what Kryter termed ‘perceived noisiness’ [81]
that is, the ‘unwantedness’ or ‘unacceptability’ of a sound to an individual, based solely on perception of
its acoustic features, and not on the conveyance of its meaning or broader implications for behavioural
interference, such as emotional feelings of intrusion (etc), which might otherwise be evoked by introducing
consideration of the exposure context. Although the term applied by Kryter to this notion could be accused
of conflating the perceptual and affective components of psychological processing, it does appear that Kryter
intended for the concept to be considered more as a sensation than as an affective response [82]. Further
discussion on distinctions between ‘noisiness’ and (contextualised) noise annoyance can be found in ref [83].

A binary outcome measure derived from dichotomous classification of annoyance ratings.

8Data from ref [71] has been adjusted to Lag according to reported stimuli duration.

9 Although the model for psychoacoustic annoyance is often attributed to Zwicker (likely due to its publi-
cation in ref [54]), it seems that during doctoral research under the supervision of Prof. Hugo Fastl, Widmann
developed the ‘psychoacoustic’ annoyance model from the ‘unbiased’ annoyance concept proposed earlier
and piloted by Zwicker [85] — see footnote 10. Both models clearly originate from the so-called ‘Munich
school’ led by Zwicker and Fastl.
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from an earlier proposal by Zwicker [85] for a model of ‘unbiased annoyance’'’. The
model for psychoacoustic annoyance (PA) takes the general form:

n
PA=N |1+ |+ > wwk, (1)
i=1
where: v = nominal weighting coefficient terms, to be determined depending on

the specific model formulation
wx, = a function of each of the n SQMs (represented by X;) included in the
model, also determined by the specific model formulation

Alongside a loudness function (wy), the original PA model was based on sharp-
ness (wg), and a combined weighting function incorporating fluctuation strength and
roughness (wgg). For application to (conventional) aircraft sound, More and Davies

10The unbiased annoyance proposed by Zwicker is similar to psychoacoustic annoyance, but includes
consideration of the modifying influence of the time of day (a contextual factor). Further discussion on the
distinctions between various noise annoyance concepts can be found in ref [86].
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[87] extended the model by incorporating a tonality term (wr). Torija et al. [74]
applied the PA model to an experimental UAS rotor rig, finding that predictions
were more closely correlated with subjective responses when a term was included for
impulsiveness (wy), alongside tonality.

Personal and contextual factors

The PA model (Eq. 1) omits the potential influence of personal and contextual fac-
tors'! on noise annoyance responses, which may include a wide range of influencing
variables (Table 3). A considerable body of social survey evidence has shown that fac-
tors such as these can have a substantial effect on responses to noise [88]. As discussed
below, some of these factors have been investigated in relation to UAS/UAM noise.

Table 3 Examples of personal and contextual factors that may be influential in determining
subjective responses to sound exposure

Personal

Demographic factors

Personality traits

Expectations connected with demographics and the situational context
Sensitivity to noise or other environmental stressors

Experience with or attitude towards the sound source type, and what it may represent (eg, societal
benefits)

Perception of personal risk (ie, safety)
Economic involvement or benefits

Trust in authorities and regulatory protections, and perception of fairness in planning processes

Contextual

The nature of the receiving environment, including the ambient soundscape and the visual land-
scape

The time of day
The nature or importance of activities being undertaken (and potentially disrupted)

The presence of other environmental stressor co-exposures associated with the sound source, such
as visual impact, odour etc

The strength or sense of community and social cohesion in the area

Political and industry approaches to communicating, informing and policy-making in relation to
the technology and potential benefits associated with the source source

The activities of and information disseminated by other interested parties, such as civic groups
and community campaigners

Torija et al. [72] found that soundscape scenes with a hovering UAS present were
judged to be quieter, less annoying and had increased ratings of pleasantness in sound-
scapes more influenced by road traffic than soundscapes with a lesser component of

11 Also commonly termed ‘non-acoustic’ factors, although some of the factors considered, such as the
ambient soundscape at the listening location, have acoustic dimensions; hence, this term is not used here.
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road traffic sound (in other words, the adverse impact of UAS noise on responses
appeared to be higher in soundscapes less affected by road traffic noise, and vice versa).

Similar results were obtained by Aalmoes et al. [76], who found that annoyance
ratings attributed to UAS sound were higher in a rural (soundscape and landscape)
virtual environment, than in an urban street scene. Interview responses elaborated
that ratings were influenced by the incongruence between participants’ preconceived
expectations for a rural location and an apparently intrusive noise source.

Aalmoes et al. [76] also investigated the potential influence of attitudinal framing
in the experiment. The participant sample was separated into two groups: one group
was played a video intended to emphasise positive aspects of the use of UAS, while the
other served as a control and was not exposed to any framing. The results indicated the
framing had a negligible effect on the outcome measures, which is somewhat in contrast
with previous experimental results obtained in relation to wind turbine infrasound
[89, 90]. The authors speculated that their unexpected results could have been due
to the control group having received ‘no framing’, rather than an active opposing
condition, ie, ‘negative framing’.

Krishnamurthy et al. [78] tested the influence of participant contextual briefing
cues on ratings of noise annoyance in relation to UAS and road vehicle sounds within
a remote, internet-hosted listening study. The participant sample was divided into
two groups: one group were briefed with a contextual cue instructing them to imagine
the exposure occurring repeatedly outdoors near their home, while the control group
were not provided with a contextual cue. The results indicated that the contextual cue
group assigned higher annoyance ratings to the UAS sound than the control group.
Interestingly, the analysis suggested that the effect of context briefing on annoyance
responses did not extend to the road vehicle sounds. A plausible explanation for this
result could include the effects of familiarity and personal involvement with road
vehicles.

Within the same study, the sample was also stratified by geographic region of
residence, with the separation applied by participant postal code into eastern and
western parts of the US. Analysis indicated regional differences in responses; partic-
ipants located in the western region had higher annoyance responses. Details of the
characteristics of locations or demographics that might support further consideration
of explanations for this apparent difference were not reported.

Variations in human responses to noise in different locations (nations, regions, and
communities) are often found in observational studies based on social surveys (eg, in
relation to conventional aircraft noise, refs [91, 92]). As noted in Table 2, the experi-
mental studies discussed in this section include participants covering (at least) seven
countries over three continents, with a range of different local environments and cul-
tures. However, of these studies, only one has reported a systematic investigation of
the influence of participant locations on subjective judgements (ref [78], as discussed
above). Heterogeneity among experimental studies also makes direct international
comparisons difficult, so it may not yet be feasible to assess these issues in detail
in relation to AAM sound. However, investigating potential geographic variations
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may become more realistic in observational study contexts as flight trials and com-
mercial deployments are introduced. Progress in developing online-based surveys and
experiments may offer particular opportunities for investigating such factors further.

Sound Exposure Metrics and Noise Regulation

The governance and regulation of UAS noise is broadly being managed by the avia-
tion regulators including the Federal Aviation Administration (FAA) in the USA, the
European Union Aviation Safety Agency (EASA), and the Civil Aviation Authority
(CAA) in the UK. As such, it is understandable why the certification and assess-
ment methodologies being proposed are strongly influenced by existing aviation and
rotorcraft noise assessment methods. However, as the differences between the acous-
tic characteristics of UAS and conventional aircraft and rotorcraft along with human
perception of UAS sound become better understood, the need for further research into
appropriate assessment metrics for UAS has become more apparent.

UAS Certification

There are several established conventional metrics that can be used to establish
potentially suitable criteria for UAS noise. Some of the metrics frequently used for cer-
tification (the method of regulating the maximum allowable sound level an individual
aircraft is allowed to emit) of conventional aircraft and rotorcraft include:

® [ g, which represents the overall acoustic energy within a single event by summing
the energy between the maximum level and the £10 dB points of the event

® PNL, which is a time-integrated descriptor for the overall perceived loudness based
on the ‘Noy’ scale, derived from a combination of amplitude and frequency in third-
octave bands [93]

e EPNL, which elaborates on PNL by including a tonal correction, calculated through
analysis of the third-octave band data — this metric is commonly used for the noise
certification of larger commercial aircraft, both propeller and jet driven [94]

For the classification of UAS, vehicles are separated into different categories
depending on a number of factors, including (but not limited to) weight, size, purpose,
and proximity of use to human populations. These categories are called Open (low risk
operations), Specific (moderate risk) and Certified (high risk) within the EU and UK.
Depending on the classification of the UAS the noise certification method is different.

For sUAS weighing less than 4 kg that would generally fall into the Open category,
and would be operated within visual line of sight and away from urban areas, EASA
has specified maximum A-weighted sound power levels [95, 96] (L ), dependent on
the UAS class and maximum takeoff mass (MTOM) (Table 4).

No limits are specified within the regulation for classes C3 and above (which could
fall into the ‘specific’ or ‘certified’ categories depending on other factors. Though the
Lwa must be published for all classes of UAS. The measurement method required
for the classification of Open category UAS noise is described within ISO 3744 [52].
However, concerns have been raised about the practical implementation of the mea-
surement method [97]. Some of the issues encountered with the measurements included
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Table 4 Maximum allowable sound power level for UAS by class and maximum takeoff mass
defined by EASA [95, 96]

Maximum Ly [dB]

UAS Class and C1* and C2 Cc2?
MTOM m in [g] m<900g 900 <m < 4000 g

As from entry into force 85 85 + 18.510g1¢ 50
As from 2 years after entry into force 83 83 + 18.510gy¢ 50
As from 4 years after entry into force 81 81 + 18.510g;¢ 555

? Class C1 is limited to m < 900 g

b Class C2 is limited to m < 4000 g

difficulties maintaining the UAS in a stationary hover position for the required 20
seconds, 5-10 seconds was considered more realistic and a lack of clarity relating to
where the specified 0.5 m above ground hover height was to be measured from, ie, UAS
centre or foot plane. Treichel et al. [97] goes on to highlight other limitations within
the method such as appropriate correction values that relate to the difference between
product noise and extraneous noise and environmental correction parameters. The
paper concluded by recommending that the method recommended within 2019/945 is
in need of optimisation and should include a requirement to collect acoustic data for
operating states other than hover.

For UAS with an MTOM up to 600 kg operating in the ‘Specific’ category, new
guidance from EASA [12] recommends acoustic data is collected for both hover and
flyover or cruise operations. The guidance recommends that (Lag) is the metric to be
reported for flyover operations, and L z.q is recommended for hover operations. Unlike
the Open category, no specific noise limits were recommended within this document.
The guidance does not recommend a measurement method or presentation metric for
other operations such as takeoff, landings or transitions.

The Federal Aviation Administration (FAA) applied a noise certification standard
in 2022 for the Matternet Model M2, a quadcopter designed for parcel delivery with
an MTOM of 11.5 kg [98]. Subsequently, certification standards have been issued for
a number of UAS applications to operate within the US. Noise certification standards
are being issued to individual UAS, as it was noted that no “generally applicable
noise certification standards were available” at the time the aircraft were presented
for certification [99]. The certification process for flyover noise has been broadly based
on the noise certification method for small helicopters defined within Part 36, Subpart
H, Appendix J of the Code of Federal Regulations [100]. Although alterations to the
method have been proposed to make it more suitable for UAS, such as reducing the
flyover altitude to 250 ft from 492 ft, the standards have stipulated a noise limit of
78 dB Lag, which roughly equates to the same limit as small helicopters once the
change in flyover altitude has been factored into the calculation. The rationale for
this maximum noise level provided by the FAA is that it is their intent to “maintain
a consistent noise certification approach that includes aircraft of all sizes, including
UAS” [98].
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A recent consultation paper by EASA [101] presented a method for the certification
of larger UAM vehicles. This method has recommended EPNL (measured in EPNdB)
as the metric to be used for takeoff, flyovers and approach operations, and Laeq for
hover operations. The range of maximum allowable EPNLs for takeoff, flyover and
approach operations are dependent on the MTOM of the vehicle (Table 5); a maximum
allowable level (Laeq) has not been specified for hover operations.

Table 5 Maximum Effective Perceived Noise Level of UAM vehicles by maximum takeoff mass and
flight operation proposed by EASA [101]

Maximum Allowable EPNL in [EPNdB] by MTOM m in [kg]

Lower Maximum Maximum Upper Maximum
Event (m < 788 kg) (788 < m < 80000 kg) (m > 80000 kg)
Takeoff 86 57.1295 + 9.9673log,, m 106
Flyover 84 55.1295 + 9.9673log,, m 104
Approach 89 60.1295 + 9.9673log;, m 109

Concerns have been raised regarding the use of EPNL and how appropriate the
tonal correction will be for UAS [68, 102]. EPNL applies a correction based on the
single most significant tonal element of the noise, which may be suitable for aircraft
where the jet engines operate in unison. However, this is not the case for UAS, where
propellers may be rotating at different speeds. This results in multiple BPFs and har-
monics, which could manifest in prominent and dissonant multi-tonal characteristics.
Supplementing PNL with a tonality SQM could improve assessment of multiple tones
within a sound.

Efficacy of Environmental Impact Metrics — Single Event

Several research papers discuss the efficacy of conventional metrics for predicting
human response, particularly annoyance, to single event UAS noise. Green et al. [77]
designed a listening experiment to investigate the suitability of different broadband
metrics in estimating perceived loudness and annoyance associated with four different
UAS operations (takeoff, hover, landing and flyover) when the listener is simulated to
be in either an indoor or outdoor location. Results of the experiment indicated that
the Lacq and Lagmax metrics performed equally well at predicting both perceived
loudness and annoyance.

Another study [40] found that both Laeq and Lapmax (‘Fast’-weighted maximum
sound level) have a strong correlation with the annoyance associated with a hovering
UAS, while Lag and Lapmax both demonstrated a strong correlation with annoyance
for UAS flyover events.

Efficacy of Environmental Impact Metrics — Multiple Event

To date, little research has been identified which investigates the efficacy of metrics
designed to measure the impact of multiple UAS noise events.

22



There are several examples of Environmental Noise Impact Assessments for com-
mercial UAS operations [103, 104] in the US that have used the Day-Night Level (Lqy,)
as the metric for measuring impact over a period that may feature multiple events.
Ly, is the standard noise index used by the FAA to represent impact over a 24-hour
period, taken as an average over one year. Lq, applies a +10 dB penalty to the sound
level during a 9-hour night-time period (2200-0700hrs), which is time-averaged along
with the (non-penalised) 15-hour daytime period [105].

In the EU, the Day-Evening-Night Level (Lgen) is typically used for the same
purpose — this is very similar to Lg,, but with a shorter 12-hour daytime period
definition, an intermediate +5 dB penalty applied to the sound level during a 4-hour
evening period, and an 8-hour (+10 dB-penalised) night period!?, as defined in Eq. 2.

12 X lo(Lday/lo) + 4 X 10[(Levening+5)/lo] + 8 X 10[(L11ight+10)/10]
24

Lgen = 10logyg {

(2)
The Survey of Noise Attitudes (SoONA) published by the CAA [106] found that, for
conventional aircraft, the metric with the highest efficacy for estimating annoyance
was the Laeq over the 16-hour daytime period 0700-2300hrs (Laeq,16h)- The Laeq,16n
is the primary metric currently used in the UK to quantify aircraft noise impacts.
However, the study acknowledges that the time-averaged and logarithmic nature of
Lacq,16n can impede public understanding. Consequently, the CAA also states that
‘Number Above’ event metrics, ie, single events which exceed a specified L agmax level
within a time period, could be beneficial as supplemental metrics, as they may be
easier for exposed communities to understand — in view of the potential influence
of contextual factors noted above, ensuring community understanding could enhance
trust in regulating authorities, which may in turn help to mitigate adverse responses
to noise. The criterion recommended by the CAA is the N65, denoting the number of
events that exceed 65 dB Lagmax- A similar observation is noted within [107], which
questions the applicability and accuracy of using average noise indicators Lqe, and
Lyignt to observe associations between aircraft noise and health outcomes (such as
awakening reactions). Instead, the document states that indicators based on number of
events (such as frequency of Lamax exceedances) may be more appropriate. However,
it concedes that such indicators are not currently widely used. Further research is
required into the efficacy of different metrics, including both period-weighted and time-
averaged metrics such as Lgn o Laeq,16h, and ‘Number Above’ event-based metrics,
for quantifying the environmental noise impact, as this appears to be a significant gap
in current knowledge.

Summary and Conclusions

The proliferation of regulatory controls and certification procedures (some at consulta-
tive proposal stages), and strategic visions for future airspace management [108, 109],
indicate that AAM, UAM and UAS are quickly becoming viable and attractive

12The EU Lgen, metric definition allows some flexibility over the precise diurnal periods used in its
calculation, according to individual national custom.
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concepts for civil aviation. This deployment will inevitably be accompanied by a
degree of noise ‘pollution’, involving novel and diverse sound sources, and supporting
infrastructure.

The body of research covering acoustic measurements, sound characterisation,
application of noise metrics, psychoacoustics, human perception, and response to
UAS and UAM noise is rapidly expanding. Procedures for laboratory and field mea-
surements have been developed to achieve detailed characterisation of and insights
into UAS acoustic emissions for the main operating flight modes, in terms of sound
intensity, spectro-temporal and spatial directivity features. Psychoacoustic experi-
ments have demonstrated that the particular acoustic features of UAS sound have
the potential to increase noise annoyance responses compared with those associated
with existing transportation modes. This suggests it will be vital to consider sound
quality parameters alongside the more traditional intensity-centred sound character-
isation approaches. Noise regulation and certification procedures aimed at managing
UAS and UAM environmental impacts have been introduced or proposed, although
these are primarily based on existing aviation noise management approaches. Uncer-
tainty remains over whether such conventional strategies can provide adequate support
and mitigation for these innovative aircraft technologies, in view of the acoustical
distinctions observed.

The current research evidence suggests that UAS (and potentially UAM) noise
presents particular challenges and potential opportunities. The sonic characteristics of
UAS are markedly different from traditional aircraft and rotorcraft, with features that
may attract attention and cause disturbance. Torija and Clark [8] discussed how noise
impact from UAS operations could potentially undermine positive environmental and
societal advantages that these new aircraft technologies can bring. The use of UAS for
parcel deliveries can reduce greenhouse gas emissions (per parcel-kilometre) compared
with internal combustion engine ground transportation [110], which could contribute
to improving air quality and addressing global heating. Increased accessibility and
capacity for medical deliveries (especially for remote or otherwise difficult-to-reach
areas) are also important societal benefits associated with UAS [111].

As well as easing the introduction of a new technology with broad societal bene-
fits, effective management of noise from AAM is important for protecting the health of
individuals and promoting wellbeing. For example, aside from annoyance, noise from
conventional aircraft has been associated with sleep disruption [112], cognitive impair-
ment, reading comprehension and language development in children [113, 114], and
may be associated with incidence of anxiety, depression and cardiovascular disease
[115, 116]. Moreover, noise annoyance itself has been suggested as potentially linked
with increased risk of adverse mental health outcomes [117]. Controlling sound immis-
sions from UAS/UAM will contribute to reducing these risks for individuals, and the
associated public health burden for societies.

The currently embryonic deployment stage of these unconventional aircraft, inter-
secting with contemporary psychoacoustic understanding, modelling and analysis
techniques, suggests that research efforts to ease the introduction of AAM technology
into society could have substantial societal impact, enhancing the potential benefits of
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improved connectivity and more-sustainable transportation. Research gaps identified
by the present review are summarised in the following section.

Key Findings and Research Gaps

Research into UAS (and UAM) noise measurements, metrics, perception and response
to noise is a recently-emergent field, with relatively few studies published (especially
in the case of UAM noise). The key findings from an extensive literature review, and
scope for further work, are presented below:

® Acoustic measurements

— In most laboratory experiments, the constraints posed by facility size and the
need for collision avoidance measures often result in the assessment or simula-
tion of flight operations under static conditions, where the UAS is affixed at a
particular location and angle. This can make it hard to measure how different
rotational speeds affect the noise footprint produced by UAS when they turn or
tilt. The design of stands that offer additional degrees of freedom could potentially
improve the accuracy of noise measurements. A significant challenge in laboratory
measurements is the replication of the effects of small variations in vehicle oper-
ating conditions (due to weather conditions and vehicle control system) which
significantly influenced the UAS (and especially sUAS) noise emission.

— Field measurement methods allow a complete characterisation of UAS sound
emissions, including information on sound pressure levels, frequency spectra, and
directivity. Even with a large number of approaches to reduce variability, such
as pilot control, programmed trajectory overflights, and testing in fairly stable
weather conditions, the sound footprint of UAS has proven to be as complex and
different as the number of UAS types available in the market. However, UAS
acoustic footprints share some consistent features, such as prominent tonal com-
ponents in the low-to-mid frequency region, broadband noise in the mid-to-high
frequency region, and electric motor noise in the high-frequency region (although
the dominance of each of these components varies depending on the UAS size
[43]). The development of an approach to develop a scaled noise emission level
analysis framework, based on the stratified category of UAS and performance
parameters [118] supported by acoustic measurements on the ground, could be
beneficial for the overall characterisation of UAS.

— Although the measurement techniques presented in this review focus on the eval-
uation of individual flight events, such as stationary flight or overflight of a single
UAS, it is crucial to investigate the acoustic footprint generated by more realistic
or potential scenarios, such as the evaluation of repeated overflights. Regarding
individual aircraft operations, modelling approaches for quantifying the overall
noise footprint of an AAM vehicle during a complete operation cycle (eg, takeoff,
transition to forward flight, flyover, hover, landing) are needed.

— While promising results have been obtained in the acoustic characterisation of
sUAS, there is considerable potential to extend these techniques to larger vehi-
cles (eg, eVTOL for UAM) that could incorporate more complex multi-rotor
propulsion systems, with different operating conditions. Consequently, extending
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current UAS acoustic characterisation methods to suit the diverse spectrum of
larger multi-rotor aircraft systems emerges as a necessary task.

The majority of published research in acoustic measurements has so far been
focussed on UAS of a relatively small size. This is likely due to both practical rea-
sons, such as unit cost, ease of acquisition and logistical arrangements for smaller
vehicles, and the commercial issues surrounding larger UAM aircraft innovation,
including the technology readiness, research and development costs, intellectual
property protection concerns, etc.

Human detection, noticeability, perception, and response

Sound quality analysis indicates that UAS acoustic emissions can contain charac-
teristics that are distinctive in comparison with conventional vehicle sound, which
may increase the risk of adverse responses, such as noise annoyance.

Evidence suggests that loudness perception is the primary contributor to AAM
noise responses. Sound exposure metrics commonly used for aircraft noise assess-
ment (eg, Laeq, Lasmax and Lag) have been found to correlate reasonably well
with UAS noise annoyance and perceived loudness. However, research shows that
other psychoacoustic features (eg, sharpness or tonality) also influence the overall
perception of sound generated by AAM vehicles. This indicates that models and
metrics could be improved by incorporating sound quality components, which can
more accurately represent the perception of the distinctive acoustic characteristics
of AAM sound emissions.

Only a small number of experimental studies have investigated the effects of
personal and contextual factors on responses, and the available evidence indicates
these could have considerable influence, which should be accounted for.

The existing human response studies generally consider the sound of an individual
AAM vehicle. In a similar manner to conventional aircraft, commercial deploy-
ment of the technology in urban areas would likely involve centralised ‘vertiports’
and demarcated flight paths hosting multiple vehicles at any given time — as
yet, the more complex psychoacoustics of these types of scenario have not been
examined.

Further experimental research could be used to develop indicative exposure-
response functions for annoyance, which are often useful in regulatory contexts.
The usefulness of SQMs in practical regulatory applications remains constrained
by variation in implementations (despite the advancements in standardisation of
methods), as well as by the need for high fidelity acoustic data as input, which
remains challenging for data handling in the context of routine field surveys of
environmental sound. This suggests a continuing need for metrics that approx-
imate sound quality, based on efficient models that can predict perception and
response to UAS/UAM sound from lower fidelity data, without compromising on
an acceptable degree of accuracy.

No studies have yet been identified that explore the potential impact of UAS
sound on sleep, or physiological responses. Research employing objective response
measurement methods could be valuable in developing understanding in these
areas.
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— Although commercial/public deployment of UAS/UAM technology remains
mainly at trial stages, flight operation trials do offer valuable opportunities for
field research within relevant communities, and to compare observational data
with experimental results.

— This review has focussed on evidence on the effects of human exposure to AAM
sound, yet to support and mitigate the introduction of this technology it is also
important to investigate the potential for sound and noise to affect wildlife.

® Sound exposure metrics and noise regulation

— Although the regulation on UAS/UAM noise is steadily increasing, with recom-
mended measurement methods and targets for noise certification, this is mainly
based on existing practice for conventional aircraft and rotorcraft. There are some
important issues with this approach, as (i) the operational characteristics of UAS
(and UAM) differ from conventional aircraft; and (ii) the derivation of noise tar-
gets for UAS based on conventional aircraft and rotorcraft (accounting only for
changes in source-receiver distance) might not be appropriate due to the usu-
ally found annoyance offset between UAS and conventional vehicles for the same
sound level.

— As yet, given the lack of studies examining multiple UAS/UAM events, there
is insufficient evidence to confirm whether existing multiple event aircraft noise
metrics are suitable for UAS/UAM noise assessment and management.
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