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The noise signature of small Unmanned Aerial Systems (sUAS) is highly influenced by specific operating 
and weather conditions. Accurate noise assessment of sUAS operations requires field noise measurements 
that capture all the complexity of sound emission and propagation during realistic flight situations. 
This paper presents a measurement and analysis framework for the acoustic characterisation of sUAS 
through the calculation of conventional noise metrics (L Amax and L AE ), frequency and directivity features. 
Using a multi-channel measurement approach, and back-propagating the sound from ground microphone 
to source, the presented framework allows the calculation of acoustic hemispheres for a selection of 
acoustic metrics. Important findings are that (i) the framework is robust for a variety of multi-rotor 
sUAS varying in size and configuration; (ii) broadband noise and tonal noise are the dominant noise 
sources during flyover for larger sUAS and smaller sUAS respectively; (iii) the maximum noise radiation 
of the sUAS tested is found in the rear arc of polar directivity; and (iv) angles of maximum radiation of 
amplitude modulated noise have been found for most sUAS tested at � angles ±30◦ . This work is intended to be 
relevant in establishing common protocols regarding sUAS acoustic certification between environmental 
policymakers, stakeholders, and industry.
© 2023 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license (http://creativecommons .org /licenses /by /4 .0/).
1. Introduction

In recent years, research on Unmanned Aircraft Systems (UAS) 
noise has attracted extensive interest due to the impact of the 
noise generated on exposed communities [1]. Small UAS (sUAS), 
classed as aircraft with a maximum Takeoff weight of 25 kg (or 
55 lb) according to the US Federal Aviation Administration [2], Eu-
ropean Aviation Safety Agency (EASA) [3] and UK Civil Aviation 
Authority [4], are of significant interest for industry due to their 
unlimited innovative applications for sectors such as aerospace, lo-
gistics, transport, and environmental monitoring [5].

Previous research has suggested sUAS are perceived as more an-
noying than road vehicles and conventional aircraft, at the same 
sound level [6,7]. This is thought to be due to the unconventional 
noise signature of sUAS, with high tonal and high-frequency con-
tent [7,8], but also due to their specific operational procedures, 
such as “loitering” effect due to flying in close proximity to the 
ground [6]. This has led to noise to be identified as one of the 
main barriers for public acceptance of sUAS operations [9,10].
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Working towards sUAS noise assessment, the first step is to 
have a method for the accurate acoustic characterisation of these 
vehicles operating under realistic flight conditions. There have 
been considerable efforts to understand the noise emission of sUAS 
[11]. The focus has been mainly on propeller-driven sUAS, with 
several studies on single propellers [12,13], dual propellers ([14]) 
and multi-rotor configurations [15]. These studies have been con-
ducted under static conditions in an anechoic chamber. Studies on 
multi-rotor configurations have also been conducted in a wind tun-
nel [16] to simulate forward flight conditions, and a large anechoic 
chamber with the vehicle flying over a microphone array [17].

Several field studies, measuring the noise emission of sUAS un-
der real operation conditions have also been conducted. Schäffer et 
al. [11] provide a review of field studies for sUAS noise measure-
ment, including measured noise values for a series of multi-rotors 
both in hover and forward flight. Field measurements present im-
portant challenges, as measured noise signals might be influenced 
by ground effects and weather conditions [17]. Alexander et al. 
[18] found that wind speed has a significant impact on measured 
broadband and tonal noise. Other potential issues are reduced 
signal-to-noise ratio, and signal contamination due to the presence 
of other sound sources. However, field measurements are essential 
ess article under the CC BY license (http://creativecommons .org /licenses /by /4 .0/).
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Nomenclature

Lw Sound power level
Lp Sound pressure level
L Amax Maximum A-weighted sound pressure level
L AE A-weighted sound exposure level
L Aeq Equivalent continuous sound pressure level
Lground Sound level at ground microphone position
Lsource(r) Back-propagated sound level at radius r
σ∇ Losses due to spherical spreading
σα Losses due to atmospheric absorption
α Atmospheric sound attenuation coefficient
σground Losses due to ground surface type
� Horizontal angle
φ Polar angle
t Time
d(Drone,mic) Drone-to-noise distance
dx sUAS position over flight path (x-axis)
dmic Microphone distance (y-axis)

hAGL Height above the ground level (z-axis)
OASPL Overall A-weighted Sound Pressure Level
EPNL Effective Perceived Noise Level
SQMs Sound Quality Metrics
Nr Number of rotors
Nb Number of blades
TOW Takeoff weight
ν Flight speed
M Mach Number
BPF Blade Passing Frequency
f0 Average Blade Passing Frequency
RPM Revolutions per minute
RPS Revolutions per second
D Propeller diameter
J Propeller advance ratio
J Average propeller advance ratio
to (i) understand the sound propagation from vehicle to receiver, 
under different atmospheric conditions; (ii) understand the direc-
tivity characteristics under different operating conditions; and (iii)
computing time-integrated metrics such as Sound Exposure Level 
(L AE ) and Effective Perceived Noise Level (EPNL), based on a calcu-
lation window defined by the maximum sound level L Amax - 10 dB. 
This information will be required to evaluate the noise footprints 
of sUAS for the evaluation of community noise impact.

This paper is presenting a method for the acoustic characteri-
sation of sUAS under real flight conditions. The method has been 
derived from a dynamic noise emission characterisation previously 
applied to conventional rotorcraft operating under realistic scenar-
ios [19]. Although developed with a focus on sUAS, the method 
is flexible to accommodate rotorcraft of different size. Compared 
to multirotor sUAS, with inflow non-perpendicular to the pro-
peller disk [20], fixed-wing sUAS (mainly with axial flow) will 
have significantly different angles of maximum noise emission. 
The method presented will be able to compute noise metrics for 
both types of aircraft, but the different source directivity of each 
configuration and operation should be taken into account for the 
appropriate interpretation of the results. A potential limiting factor 
will be to ensure enough signal-to-noise ratio to compute acoustic 
metrics.

The method was formulated to compute noise emission hemi-
spheres from the sUAS during flyover operations. These hemi-
spheres, containing 3D directivity patterns, can be calculated for a 
number of energy-based noise metrics, including both broadband 
and tonal noise. To illustrate the applicability of the method, a 
comprehensive acoustic characterisation is presented for four types 
of multirotor sUAS with different size and number of rotors.

Since there is still no published standardised methodology for 
measuring the noise emitted by Unmanned Aerial Vehicles [21,22], 
the measuring set-up follows the up-to-date technical recommen-
dations for outdoor tests from NASA’s Technical Group [23] and the 
ISO/DIS 5305 [24]. However, the referenced documents do not pro-
vide further details about the post-processing of the measurement 
results.

The method presented comprises three main steps: (i) The de-
scription of the operational conditions of the sUAS, (ii) The ac-
quisition of meteorological data and sUAS noise signals on the 
ground, and (iii) the analysis of the data in the time and fre-
quency domain, for the acoustic characterisation of the flyover, the 
back-propagation of noise signals from ground to receiver and the 
hemisphere construction, containing directivity information. The 
2

method has also been extended for an aerodynamic scaling of the 
acoustic metrics, in terms of an average Advance Ratio of the sUAS, 
to generalise the results presented in the paper.

The remaining of the paper is organised as follows. Section 2
presents the context, including a description of the previous exper-
imental considerations for on-field multi-rotor aircraft noise mea-
surements. Section 3 describes the applied method used for the 
on-field acoustic data acquisition and further sUAS noise charac-
terisation. Section 4 presents the results based on acoustic metrics 
and directivity plots over the microphone array and noise hemi-
spheres. The main contributions and limitations of the applied 
methodology and potential future applications of its implementa-
tion are discussed in Section 5. Finally, the conclusions of this work 
are given in Section 6.

2. Background

Early research into the noise characterisation of conventional 
aircraft aimed to reporting both Sound Pressure Level (Lp) and 
sound directivity using different types of microphone arrays 
mounted in an inverted position on reflecting boards. Power Spec-
tral Density (PSD) has also been generally reported, especially 
for understanding the noise emission of propeller-driven aircraft. 
Humphreys et al. [25] developed an extensive phased-array for 
aircraft propulsion and airframe noise flyover measurements, val-
idating its performance with a hexacopter hovering to assess the 
potential application for sUAS noise measurement. Furthermore, 
alternative microphone array configurations have been designed 
with a reduced number of ground-mounted microphones for sUAS 
flyover detection [26,27].

Sound Level Meters (SLMs) have been another useful device 
for recording sUAS sound pressure levels. Although the number of 
channels is limited to a single microphone, their relatively sim-
ple operation and real-time signal processing capability have made 
these devices a standard tool for capturing the sUAS acoustic pro-
file [28–30]. A comprehensive database of sUAS noise measure-
ments was published by Senzig et al. [31], Senzig and Marsan [32]
and Read et al. [33]. This database describes the results of three 
types of multirotor and one fixed-wing aircraft noise measure-
ments. The study included a variety of sUAS manoeuvres such as 
hovering, flyover, take-off, landing and inspection manoeuvres.

Multichannel data acquisition systems have also been previ-
ously used within the data collection methodology for sUAS noise 
studies. Time-domain data post-processing allows for the calcu-
lation of more complex acoustic metrics such as L AE , EPNL and 



C. Ramos-Romero, N. Green, A.J. Torija et al. Aerospace Science and Technology 141 (2023) 108537

Fig. 1. Workflow for the sUAS acoustic characterisation.
Sound Quality Metrics (SQMs) [34–38]. Dedicated audio recording 
systems have also been applied to measure and characterise sUAS 
through the collection and analysis of both acoustic and SQMs [39].

More recent developments of robust ground-based acoustic 
measurement procedures building upon conventional aircraft noise 
measurement techniques have been developed, where multichan-
nel ground plate-mounted microphone arrays and perpendicular 
flight paths have been utilised [33,40,41,35]. The summary of the 
detailed previous studies for on-field sUAS noise measurements is 
presented in Table 1.

Although, guidelines on noise measurement for UAS have been 
recently published by EASA, there is no agreement in standardised 
methods. For instance, EASA’s guidelines require a measurement 
with a single microphone in an inverted position over a flat plate 
on the ground [42], while the technical recommendations for out-
door tests from NASA’s Technical Group [23] are based on an 11-
microphone array (inverted on a flat ground plate) to reconstruct 
the 3D directivity. In addition to this, there is a lack of standardised 
methods with guidance on (i) the post-processing and reporting of 
measured acoustic data; (ii) noise certification of sUAS, including 
operational procedures and assessment points; and (iii) sUAS noise 
limits.

3. Methods

The method allows the acoustic characterisation of sUAS during 
flyovers. Sound pressure levels are estimated at specific emission 
angles using noise measurements acquired by a linear microphone 
array on the ground. The meteorological conditions were moni-
tored during the acoustic measurements.

The method has been designed to characterise the noise emis-
sion of sUAS under real flyover operations in terms of the sound 
pressure level emitted along a hemisphere whose centre coincides 
with the position of an equivalent point source that simulates the 
sUAS. The sound pressure hemispheres characterise the emissions 
in terms of sound pressure level, frequency spectra, and emission 
angle for a standardised distance r which, in this paper, has been 
considered to be 1 m. Furthermore, the performance of each mul-
tirotor system at different flyover conditions has been evaluated in 
terms of an average Advance Ratio.

Fig. 1 shows a flow diagram with an overall description of the 
method developed for sUAS acoustic characterisation. A detailed 
description of each step is provided in the remaining sub-sections 
of Section 3.

3.1. sUAS features and operations

The most common operations during sUAS acoustic studies are 
hovering, take-off, landing, and flyovers, as presented in Table 1. 
The flyover operation allows the measurement of the progressive 
3

changes of the acoustic signal associated with the approach/de-
parture to/from fixed receivers. Although only flyover results are 
presented in this paper, the measurement campaign included dif-
ferent types of sUAS operations. The method presented in this pa-
per will be extended in future efforts to account for hover, landing 
and take-off operations. A comprehensive acoustic dataset includ-
ing hover, flyover, landing and take-off operations is available at 
[44].

The height above the ground level hAGL for all the flyovers re-
mained at 10 m during the tests. The same qualified pilot operated 
the four sUAS tested during the measurement campaign to avoid 
changes in the flight pattern due to pilot experience and compe-
tence. The operations were performed at different Take-off weights 
(TOW) depending on the payload set, see Table 2.

Flyovers of each sUAS were measured at fast and slow speeds 
that were set by the maximum and minimum programmable 
speed ν without any change in the power setting during the 
straight-line overflights. The sUAS features and configuration of the 
tested sUAS are summarised in Table 2.

The test requirements in terms of sUAS flight conditions (i.e., 
positioning, height, and speed mainly) were controlled internally 
by the aircraft’s own instruments. Unfortunately, the experimental 
team did not have access to a detailed record of GPS information; 
therefore, the calculations presented in this paper are based on the 
nominal data from the flight procedure, synchronising the sUAS lo-
cation with the acoustic data from the audio recording itself. This 
added a certain level of uncertainty in the acoustic outputs pre-
sented in this paper. This opportunity for improvement will be 
included in future implementations to achieve a more accurate 
synchronisation of the acoustic data with the positioning of the 
sound source.

Site description
The sUAS noise measurements were carried out on a farm land 

located in Edzell, a village in Angus, Scotland, on the 17th . of Au-
gust 2022. This location is primarily used for the cultivation of feed 
for livestock. The terrain surfaces showed signs of recent harvest 
activities. The selected site was located sufficiently far from major 
noise sources, such as main roads, as is depicted in Fig. 2.

A linear array with nine 1/2 microphones placed in an inverted 
position over a ground plate was located over the North-South 
axis. The depicted points on this line represent the reference lo-
cation for microphone 1 located towards North (mN), the array’s 
central microphone 5 (mC) and microphone 9 located towards 
South (mS).

The sUAs flight path was perpendicular to the line of the mi-
crophones and passed exactly over the central microphone. Both 
points (ss1) and (ss2) represent the start/stop point of each flyover 
from ss1 to ss2 or the other way around. The position of the Me-
teorological station (M) and the Control and operations point (C) is 
also depicted on this layout.
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L
sUAS type sUAS

operations*
Additional data

ft] Hexacopter H
Video recorder

Weather station

[m] Quadcopter H Anemometer

] Quadcopter H, F n.r.

]
Fixed-wing
Quadcopter
Hexacopter

H, F
GPS

Weather station
Listening experiment

Fixed-wing
Quadcopter
Hexacopter

F n.r.

0 [ft] Quadcopter F
Audio recorder.

GPS.
Weather station

Hexacopter H, F
GPS

Weather station

Quadcopter H, F n.r.

] Quadcopter H, F GPS

0 [ft]

Quadcopter
Hexacopter
Octocopter
Fixed-wing

H, L, F, iM
Audio recorder

GPS
Weather station

]
Quadcopter
Octocopter H, F, oM Weather station

] Quadcopter F n.r.

m] Quadcopter H, F
GPS

Barometer

m] Quadcopter H, F, tM n.r.

[ft] Octocopter H, T, L, F, oM
GPS

Inertial sensors

m] Hexacopter H, T
GPS

Weather station

Quadcopter
Hexacopter

F,H GPS

4

Table 1
Previous experiments: On-field noise measurements and acoustic characterisation for small Unmanned Aerial Systems.

Author Data Acquisition System Acoustic Sensors Reported
acoustic metrics*

Test ground type sUAS
altitude AGNumber Description

Humphreys et al. [25]
Multichannel data
acquisition system

185
Field-Deployable
electret Microphone Phased Array

SPL Z-weighting [dB]
Source localisation.

Concrete
Plastic ground plates

40 to 400 [

Kloet et al. [28] SPL meters 2
1/2” free-field microphone:
2 SPL meter microphones

SPL, A-weighted [dB] Grass 5, 10, 15, 20

Zhang et al. [26] Acoustic camera 40 Phased microphone array
PSD

SPL Z-weighting [dB]
Source localisation.

Concrete 2.1 to 30 [m

Cabell et al. [43];
Zawodny et al. [35];
Christian and Cabell [34]

Multichannel 3
1/2” free-field microphones:
1 tripod-mounted mic
2 ground plane-mounted mics

SPL Z-weighting [dB]
SEL A, C-weighted [dB]

EPNL
L5

Plastic ground boards 3, 30 [m

Senzig and Marsan [32] n.r. 1
1/2” free-field microphone
3 ground mic configurations

PSD Metal ground boards 150 [m]

Senzig et al. [31]
SPL meter
Audio recording system

2
1/2” free-field microphone
1 pole-mounted mic
1 ground plate-mounted mics

SPL, A-weighted [dB]
SEL, A-weighted [dB]

Grass
Metal ground boards

25, 50, 100, 20

Alexander and Whelchel [36] Multichannel 5
1/2” free-field microphones:
5 ground plate -mounted mics

SPL, Z-weighted [dB]
SEL [dB]

Grass
Plywood ground boards

9.14 [m]

Didkovskyi et al. [37] Audio recording system 2
1/2” free-field microphone
2 pole-mounted mic

SPL, Z-weighting [dB] Grass 6.5 [m]

Cussen et al. [29] SPL meter 1 1/2” free-field microphones SPL, A-weighted [dB] Concrete 5, 10, 30 [m

Read et al. [33] SPL meters 3
1/2” free-field microphones:
1 pole-mounted mic
2 ground plate-mounted mics

SPL, A-weighted [dB]
SEL, A-weighted [dB]

Mowed Grass
Metal ground boards

4, 80, 100,15

Besnea [27] Acoustic camera 64 Underbrink microphone array
SPL Z-weighting [dB]

SQM
Directivity diagrams

Good ground boards 3 to 61 [m

Yehorova and Lumnitzer [30] SPL meters 6
1/2” free-field microphones
6 tripod-elevated mic SPL, A-weighted [dB] Grass 1.5, 2, 3 [m

Hui et al. [39]
Spherical microphone array
Audio recording system

2
1/2” free-field microphone
1 pole-mounted mic

SPL, A-weighted [dB]
SEL [dB]

LPN, LTPN
SQM and 5-percentiles

Grass 10, 27, 30 [

Beaulieu [38]
Multichannel data
acquisition system

4
1/2” free-field microphones
4 tripod-elevated mics

SPL, Z-weighting [dB]
SQM

Concrete 0.5, 1.8, 3[

Konzel and Greenwood [41]
Multichannel data
acquisition system

14
1/2” free-field microphones
12 ground plate-mounted mics
4 tripod-elevated mics

SPL A, Z-weighting [dB]
SEL, A-weighted [dB]

Metal ground boards 50, 100, 200

Cutler-Wood et al. [40]
Multichannel data
acquisition system 19

2 ground microphone arrays:
linear, circular.
1 elevated array

SPL, Z-weighted [dB]
Directivity diagrams

Grass
Metal ground boards 50 to 100 [

Wunderli et al. [22]
Multichannel data
acquisition system

5
1/2” free-field microphone:
3 ground mic,
2 pole-mounted mic

SPL, Z-weighted [dB]
SEL [dB] Metal ground boards 6 [m]

* sUAS small Unmanned Aerial System, SEL Sound Exposure Level, SPL Sound Pressure Level, EPNL Effective Perceived Noise Level, LPN mean Perceived Noise Level.
LTPN Tone-corrected Perceived Noise level, HOA higher-order Ambisonics, SQM Sound Quality Metrics, GPS Global position system, n.r. not reported.
H Hovering, T Take-off, L Landing, F Flyover, iM inspection manoeuvres, tM transient manoeuvres, oM other manoeuvres.
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Table 2
sUAS features.

Model sUAS
ID

Weight
[g]

Payload
[g]

Diagonal
wheelbase

[mm]

Flight speed
ν [m/s]

Number
of rotors

Nr

Number
of blades

Nb

Propeller
diameter

D [m]Fast Slow

DJI Matrice 300 RTK M3 6300 930 895 15.0 5.0 4 2 0.53
Yuneec H520E Yn 1633 350 520 13.5 5.0 6 2 0.24
DJI FPV Fp 795 - 245 27.0 15.0 4 3 0.13
DJI Mini 3 pro 3p 249 - 247 15.0 5.0 4 2 0.15
Fig. 2. Geo-referenced location of the farm land used for the drone noise measure-
ments.

3.2. Microphone array

The acoustic measurements were carried out with a ground-
mounted microphone setup as proposed by NASA’s Technical 
Group [23]. The horizontal distances for the configuration of nine 
microphones and the resulting � angles with 15◦ resolution are 
listed in Table 3 and depicted in Fig. 3b. This microphone array 
configuration also allows for a subsequent noise hemisphere con-
struction as described in EASA [45].

The microphone setup depicted in Fig. 3a provides a reasonable 
approximation of a flush mounted configuration over the audible 
frequency range [46,47]. A small tripod facilitated the installa-
tion of a 1/2” free-field microphone diaphragm above the metal 
plate, as recommended in the noise measurement procedures for 
propeller-driven aircraft certification in ICAO-Anex 16-Vol 1 [48]. 
5

Table 3
Lateral distances required for each microphone position 
from the centre microphone with h AGL = 10 m.

Layout ID
Figs. 2 and 4

Mic.
Fig. 3b

Distances
[m]

�

[deg]

mN 1 17.32 -60
2 9.99 -45
3 5.77 -30
4 2.67 -15

mC 5 0.00 0
6 2.67 15
7 5.77 30
8 9.99 45

mS 9 17.32 60

Windscreens were used on all microphones. The Data Acquisition 
System recorded the signal of all microphones simultaneously at a 
50 kHz sample rate.

Due to the reflection caused by the presence of the ground 
plate, sound pressure level were corrected to remove this “dou-
bling effect” in the measured values. This correction is equivalent 
to reducing the measured sound pressure level by 6 dB across 
all frequencies [49,47]. It should be noted that this type of setup 
is limited to reporting results on frequencies below 10 kHz [32]. 
Fig. 4 presents the complete coordinate system that describes the 
microphone line array and the transverse flight path.

3.3. Acoustic characterisation

Acoustic metrics
The Sound Exposure Level (L AE ) or (SEL) metric represents the 

sound level, in dBA, of an individual sound event as if that event 
had occurred within a compressed time, usually one second. Equa-
tion (1) evaluates the flyover event by L AE considering the sound 
level Lp within the time t′′ − t′ , i.e., when L Amax - 10 dB. L Amax

is the maximum value of the Overall A-weighted Sound Pressure 
Level (OASPL) reached during a flyover measurement period ex-
pressed in dBA [51,52], where tref = 1 s, and p0 = 20 μPa.

L Aeq = 10 log10

⎛
⎜⎝ 1

t′′ − t′

t′′∫
t′

p(t)2

p2
0

dt

⎞
⎟⎠

L AE = L Aeq + 10 log10

(
t′′ − t′

tref

) (1)

Back-propagated sound levels
The back-propagation process aims to calculate the sound lev-

els at a distance r from the source that is closer than the actual 
position of the microphone, as is depicted in Fig. 3b. In this paper, 
the back-propagation from the ground microphones to the source 
at a distance r = 1 m was carried out according to ISO 9613-
2:1996 [53].

The losses due to spherical spreading σ∇ [54], atmospheric 
absorption σα [55,56], and the ground plate microphone σground
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Fig. 3. Ground plate microphone and lateral distances required for each microphone position from the central microphone when hAGL = 10 m [23,50].
[49,47] were considered as the main factors influencing the back-
propagation of sound signals from ground receiver to source [57]. 
Equation (2) calculates the required corrections mentioned above 
between the noise amplitude registered on the ground microphone 
position Lground(t) and the back-propagated levels Lsource(r, t) as 
time-dependent magnitudes [58].

Lground(t) = Lsource(r, t) − σ∇(t) − σα − σground (2)

The spherical spreading describes the changes on the sound 
level as a function of the source-receiver distance. The distance be-
tween the source and the receivers d(Drone,mic) is obtained by the 
Euclidean norm between three points ∈R3 over time, as presented 
in Equation (3), where dx(t) is the distance along the x-axis (i.e., 
flight-path) over time, dmic is the distance in y-axis between the 
central microphone to each microphone in the array, and hAGL is 
the aircraft height Above-the-Ground-Level in z-axis, or the aircraft 
slant range from the central microphone.

∥∥d(Drone,mic)(t)
∥∥ =

[
�(x,y,z)abs (dx(t),dmic,hAGL)

2
]1/2

(3)

Then, the distance considered for the back-propagated sound 
levels is the constant radius r with respect to the sUAS centre of 
mass. Although the value of r = 1 m has been suggested [23], val-
ues r >1 m could be considered to avoid calculation errors in the 
near field [54]. Hence, the contribution of the spherical spreading 
σ∇ in dB is derived in Equation (4).

σ∇ = 20 log10

(
r

d

)
(4)
(Drone,mic)

6

The losses due to the atmospheric absorption σα are described 
by atmospheric sound attenuation coefficient α in Np/m. Air ab-
sorption depends on environmental conditions such as humidity, 
temperature and pressure, together with the frequency of the sig-
nal f in Hz.

Equation (5) presents the calculation of coefficient α as a func-
tion of the relaxation frequencies for oxygen fr,O , and nitrogen 
fr,N , where p0 = 1 atm, and T0 = 293.15 K [59,57].

α = f 2

{[
1.84 × 10−11(

T0
T

)1/2 ps
p0

]
+

(
T0

T

)2.5

[
0.10680e−3352/T fr,N

f 2 + f 2
r,N

+ 0.01278e−2239.1/T fr,O

f 2 + f 2
r,O

]} (5)

Thus, the attenuation of sound pressure levels due to atmo-
spheric absorption in dB is obtained by Equation (6) [55,60].

σα = 10 log10 e2αr (6)

Finally, corrections were made in the measured sound pressure 
levels due to the reflective ground plate setup (see Fig. 3a). The 
influence of the ground plate reflection becomes well defined at 
frequencies below 10 kHz [47,49]. Then, the doubling of pressure 
corresponds to a 6 dB increase from the free-field condition.

σground = 6 (7)

As the microphones were placed on ground plates, ground ef-
fects in the form of constructive and destructive interference be-
tween direct and reflected sound waves were not considered.
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Fig. 4. Coordinate system for noise measurements during flyovers.
Directivity
The construction of noise hemispheres for conventional rotor-

craft has been well defined and provides an adequate technique 
to present the complex nature of the sUAS directivity from mea-
sured acoustic emissions during dynamic flyovers and static tests 
[19,45,40,61].

The directivity is derived by the back-propagated sound levels 
recorded at ground positions (see Fig. 5a) and the collection of 
discrete noise sources across different noise source locations (see 
Fig. 5b) [19].

From a practical point of view, if GPS tracking data is not avail-
able or the data-time resolution is not enough compared to the 
sUAS flight speed, the sUAS position over time could be derived 
from an estimated position of reference. Then, the sUAS position 
could be determined each time as dx(t). In this case, these rea-
sonable assumptions are taken into account: (i) The sUAS speed 
and hAGL are constant during the flyover test: (ii) The sUAS flight 
path is transversal to the microphone’s array over the central mi-
crophone; (iii) The maximum level of noise emission is recorded 
when the sUAS crosses the microphone line.

The noise data at each source position dx(t) could then be esti-
mated from the time before and after dx(t0) (see Fig. 4). Finally, the 
back-propagated levels can be calculated on the matrix conformed 
by the horizontal angles � from the microphone position and the 
polar angles φ from the sUAS flight path, as depicted in Fig. 5c. 
Based on this approach, the back-propagated sound levels at ra-
dius r allow the construction of both the 2D horizontal directivity 
L(0◦, �, r) when L Amax is recorded, and the 3D noise hemispheres 
L(φ, �, r) from compact noise sources distributed over time t′ to 
t′′ .
7

3.4. BPFs and rotors performance

Fuerkaiti et al. [62] reported effects on the single propeller 
noise footprint due to the variations in the Advance Ratio J (Equa-
tion (8)). The effects are (i) changes in the noise directivity and the 
amplitude of the harmonics of the Blade Passing Frequency (BPF), 
and (ii) the reduction in the on-ground noise levels when J in-
creases.

J = ν[m/s]

R P S · D[m]
(8)

The parameter J has also been reported for multirotor systems 
when all propellers rotate at the same speed [63]. Since the dif-
ferences in the rotational speed of the propellers determine the 
velocity of the sUAS relative to the ground [64], this study uses an 
averaged Advance Ratio as J for aerodynamic scaling of the acous-
tic metrics and directivity.

The rotational speed of the individual sUAS rotor is derived 
from the n ∈ Nr peaks identified as the local maximum in the low-
frequency range of the acoustic spectrum, as presented in Fig. 6, 
where f0 is the averaged BPF.

4. Results

The weather conditions reported during the measurement cam-
paign at 10 m height include the Relative Humidity in H%, Air 
Temperature in ◦C, Wind Speed in m/s, and Barometric Pressure 
in mbar. Throughout the measurement period, the air temperature 
ranged from 13 to 16 ◦C (55 to 61 ◦F) with average wind speeds 
generally between 0 to 6 m/s and a prevailing wind direction from 
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Fig. 5. sUAS Noise Hemispheres construction. Adapted from Hobbs et al. [19].

Fig. 6. BPF peaks relative to f0 during flyovers for (a) 4-rotors sUAS at M = 0.044, 
and (b) 6-rotors sUAS at M = 0.039.

Fig. 7. Representation of wind speed in m/s and direction for 17th of August 2022, 
from 12:00 to 17:00. Wind from the southeast quadrant almost 60% of the time.

the southeast. Special attention was paid to both wind speed and 
direction as the interaction of wind flows with aircraft and rotating 
elements of sUAS has been found to highly influence sUAS noise 
emission [25,43,41].

Fig. 7 shows that most of the wind speed readings registered 
by the sonic anemometer remained lower than the minimum sUAS 
speed tested i.e., 5 m /s in the fairly stable southeast to northwest 
wind direction. Based on the direction of the wind, and the posi-
tion of the flight start/stop points depicted in Fig. 2, it is possible 
to define the flyover operation as “downwind” when the sUAS flies 
from east to west and “upwind” when west to east.

Acoustic metrics
The average ambient noise level (35 dB L Aeq) was low enough 

to allow the recording of the acoustic signal of the sUAS. More than 
10 dB signal-to-noise ratio (i.e., measured sound pressure levels 
over background noise) was possible in all microphone positions, 
meeting the 3 dB recommended by NASA-UNWG-Subgroup 2 [23].

The comparison of the Lp time histories relative to tL Amax of 
different sUAS and flight conditions at central-microphone is pre-
sented in Fig. 8.

Fig. 8a shows four different flyover conditions for the sUAS M3
at two Mach number (M), and two TOW. The higher the flyover 
speed, the higher L Amax and the shorter the exposure time. At 
same M, the slight reduction in Lp when increasing J agrees with 
the acoustic data reported in the literature for a single propeller 
[62]. The influence of J on Lp seems to be higher for the cases 
with lower M.

Fig. 8b shows four different sUAS flyovers at high speed (see 
Table 2). Among the quadcopters, the largest and heaviest one M3
produced the highest Lp . M3 has the lower J from all the sUAS 
tested. Despite the significant difference in TOW, the hexacopter 
Yn generates similar Lp as the quadcopter Fp. The differences in 
flyover speed and blade count (and also number of rotors) between 
the Yn and Fp sUAS are reflected in the J . The higher J of the 
Yn seems to compensate the higher TOW for noise emission (as 
compared to Fp). Important differences in the rear arc of the polar 
� directivity are observed between the different sUAS tested.

The effect of sUAS TOW on the reported L AE has also been in-
vestigated. The very-strong positive Pearson correlation between 
L AE and TOW at constant flyover speed is presented in Fig. 9. Gen-
eral analysis of the correlation supports the hypothesis that sUAS 
8
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Fig. 8. A-weighted sound pressure level vs. time curves reported from central-microphone during flyovers. Standard deviations from averaging three consecutive downwind 
flyover events are included.
Fig. 9. Coefficient of linear correlation for L AE and sUAS Takeoff weight (TOW). The 
Sound signal at the central microphone. Two groups of data are presented for the 
drone M3, without and with the payload attached.

are noisier the higher their payload or the faster they fly (see 
Fig. 8a).

In general, all sUAS spectrograms show a very clear propeller-
related noise at deterministic low-frequency narrow band and 
prominent tonal components at harmonics (see Fig. 10), as is de-
scribed by Wu et al. [13]. During controlled and stable operations 
(e.g. hovering operation in laboratory conditions), the noise fre-
quency spectra might show very clear tonal components related 
to the BPFs and shaft frequencies. This is not always the case for 
other more complex operations, such as flyovers in real scenarios 
[36].

The BPFs narrow-band and upper harmonics of the bow and 
stern rotors are illustrated in the spectrograms in Fig. 10 where 
the frequency axis is normalised by the average Blade Passing Fre-
9

quency (BPF) f0. Due to the forward flyover operation, the bow 
propellers have slightly higher RPM than the stern propellers.

Moreover, the larger the size of the sUAS (airframe and/or pro-
pellers), the larger the broadband component; this effect is due to, 
among other noise generation mechanisms, due to the unsteady 
pressure fluctuations caused by turbulence and boundary layer in-
teractions with the edges of the blade [43].

The Doppler effect is also captured in the spectrograms as a 
common characteristic of the moving sources from the fixed po-
sition receiver (i.e., Eulerian specification). These frequency shifts 
could be included for an accurate representation of acoustic sig-
nals, such as the separation of both specific tonal and broadband 
component, or on the noise source analysis when the receiver is 
attached to the moving source [65] (i.e., Lagrangian specification). 
The results presented in this paper have not been corrected to re-
move the Doppler effect. The main reasons are that the sUAS were 
measured at very low M, leading to a very reduced Doppler shift 
(see Fig. 10); and the tonal noise analysis was done in a frequency 
band basis, with these bands defined to include the specific tonal 
noise of interest, including the frequency shift due to the Doppler 
effect. De-Dopplerised acoustic signals would be needed if an au-
ralisation process is intended. For further details, see Section 5.

Back-propagated levels
Once the back-propagated metrics are obtained, it is feasible to 

present directivity plots by OASPL or by a representation of fre-
quency bands, such as 1/3 octave bands. In particular, this section 
presents the results of L Amax back-propagated over the microphone 
line, and OASPL of a time-segmented signal in a 3D model, as cur-
rently applied for conventional aircraft certification [45,19].

2D directivity based on L Amax event
The noise directivity patterns were calculated on the assump-

tion that L Amax is measured at the point where the sUAS is in the 
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Fig. 10. Spectrograms at central microphone position during high speed sUAS downwind-flyovers and hAGL = 10 m.
closest proximity to the microphone line. This approach enabled 
the plotting of the back-propagated maximum level at � angle 
(−60◦ ≤ � ≤ 60◦) at φ = 0◦ . The directivity of the OASPL, the cor-
responding 1/3 octave of the BPF, the BPF’s first harmonic, and the 
broadband noise component are plotted in Fig. 11. The process of 
decomposing the signal into tonal and broadband components can 
be accomplished by applying a moving-median filter to the spectra 
of each individual microphone [66].

In general, all sUAS directivity patterns are presented symmetri-
cally from � = 0◦ , with differences less than 2.5 dB for symmetric 
horizontal angles. In the sUAS M3 and Yn, with higher TOW, there 
is a difference of less than 3 dB between the OASPL and the broad-
band noise component, suggesting the dominance of broadband 
over tonal noise. For the smaller sUAS, i.e., 3p and Fp, the rela-
tive contribution of tonal noise to the OASPL is higher, especially 
in the case of the 3p sUAS. The amplitude of the BPF and BPF’s 
first harmonic is different for each type of sUAS tested. The rela-
tive contribution of tonal vs. broadband noise can also be seen in 
the spectrograms shown in Fig. 10.

Fig. 12 presents the directivity of the correspondent 1/3 octave 
bands of f0, two first BPF harmonics, the broadband noise compo-
nent and OASP for four different flyover conditions tested for the 
sUAS M3, i.e., at two different M and two different TOW. As ob-
served in Fig. 12, the directivity of the OASPL and broadband noise 
component are similar for all the cases tested; the amplitude of 
both OASPL and broadband noise increases with both TOW and M. 
Tonal noise also increases with M. At M = 0.015, a decrease in J let 
to a small increase in the amplitude of the 2nd BPF harmonic; at M 
= 0.044, a decrease in J let to a small increase in the amplitude of 
the 1st BPF harmonic. The directivity pattern for the different tonal 
components is more complex, likely due to the unsteady noise sig-
nature usually found in sUAS, and potential shielding effects. Even 
10
with a small decrease in J , tonal noise increases in amplitude. This 
is consistent with the findings presented by Fuerkaiti et al. [62].

3D directivity based on L AE time
Hemispheric directivity was derived from the flyover data 

recorded with the microphone array on the ground. The time 
frame was selected to include the period where the sound level 
is within the range of L Amax - 10 dB, i.e., t′

L Amax−10 ≤ t ≤ t′′
L Amax−10.

As an example, Fig. 13 presents the OASPL noise hemisphere for 
the sUAS M3 derived from back-propagated sound levels consider-
ing the coverage angles φ : (−φt′ ≤ φ ≤ φt′′) and � : (−60◦ ≤ � ≤
60◦). The same procedure can be applied to show results using 
other calculated acoustic metrics available in the time domain af-
ter back-propagation, such as sound level per octave or 1/3 octave 
bands.

A plain representation of the noise hemispheres is depicted 
in Fig. 14. Symmetrical directivity over the horizontal angle �

presented in Fig. 11 is also depicted in this unwrapped noise 
hemispheres. However, information carried out in the flyover time 
domain improves the description of noise directivity over polar an-
gles φ.

As shown in Fig. 14, the maximum noise radiation for the four 
sUAS tested is contained in the rear arc of the polar directivity. The 
larger sUAS show a well define 3D directivity, while the 3D direc-
tivity of the smaller sUAS is more complex. This is likely due to 
the unstability of these smaller sUAS during the flyover tested. The 
φ angles of maximum radiation are between 20◦ and 20◦ for all 
the quadcopter, and between 40◦ and 60◦ for the hexacopter Yn. 
Although presenting more complex patterns, these results are in 
line with some previous studies finding maximum noise radiation 
of single propeller noise at the rear arc of polar angles [62].
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Fig. 11. Noise directivity for high speed sUAS downwind-flyover at hAGL = 10 m.
5. Discussion

Noise measurements
The selection of the microphone array configuration and mea-

surement procedure used in the acoustic characterisation de-
scribed in this paper was based on the guidelines provided by 
technical working groups [23,24]. These emerging guidance docu-
ments served as a valuable reference to ensure that the presented 
methodology adhered to standards and best practices in the field.

Recently, the European Union Aviation Safety Agency (EASA) 
has published its guidelines on noise measurement of UAS lighter 
than 600 kg operating in the specific category [42]. These guide-
lines recommend a measurement protocol for both flyover and 
hover operations, requiring only a single ground plate microphone 
directly underneath the flight path. The methodology described 
in these EASA guidelines is generally more simplistic than the 
methodologies presented within either the ISO [24] or UNWG [23]
documents and is more closely aligned to the one described by 
ICAO [48].

One limitation of the approach recommended by EASA is that 
does not allow the development of noise hemispheres including 
directivity data, which could be highly valuable for environmen-
11
tal noise modelling [42] and auralisation [67]. Another interesting 
observation about EASA guidelines is that the noise emission from 
the flight procedures is recommended to be defined using L AE and 
L Aeq for the flyover and hover operations respectively. However, 
the guidelines do not include recommendations about noise crite-
rion for L Amax . This is likely a result of a current lack of evidence 
to justify these criteria.

Existing guidance stresses the importance of accurate position-
ing data and that it needs to be recorded as part of a noise 
measurement campaign [23,24]. To meet these requirements, the 
recommendation is generally to measure sUAS spatial positioning 
and speed using Augmented Global Navigation Satellite Systems 
(GNSS). However, the measurement and analysis procedure pre-
sented in this paper allows for reduced variability in the acoustic 
result of the different sUAS measured under actual operations out-
doors without the use of a GNSS. Since approximately half of the 
flights were made in one direction of travel and half in the other, 
any systematic failure would have resulted in a lack of consistency 
of the measurements taken in the first direction compared to those 
taken in the second. Although it is possible that the effect of the 
sUAS or microphone location could have influenced the results, it 
was found to be non-deterministic, as no significant differences 
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Fig. 12. Noise directivity of four different flyover conditions of sUAS M3 at hAGL = 10 m.
Fig. 13. 3D representation of the constructed OASLP noise hemispheres for down-
wind flyover of sUAS M3.

were observed between the two flyover directions, resulting in 
moderate variability of the results. In fact, the results suggest that 
the navigation systems themselves provide sufficient accuracy and 
precision to meet the flight procedures required under the mea-
12
surement protocol, and therefore the theoretical calculations based 
on nominal data are sufficiently reliable for sUAS characterisation 
even if sUAS detailed positioning data tracking is not available dur-
ing processing. However, an in-depth study of the uncertainties 
due to the lack of GNSS data for the acoustic data measured should 
be determined in further work.

Acoustic metrics
As pointed out above, L Aeq and L AE are the metrics recom-

mended for hover and flyover operations respectively [42]. How-
ever, no consensus has yet been reached on what metrics should 
be used to assess the community noise impact due to sUAS opera-
tions. Should an event-based criteria be assumed, it could be based 
upon the number of exceedances over an L Amax criterion during a 
period of time (e.g., 23:00 – 07:00 hours during night time to avoid 
sleep disturbance). Also, should criteria requiring noise to be aver-
aged over a period of time be adopted, such as L Aeq,8hr , then the 
L AE associated with each event would be the key noise metric for 
event characterisation.

As discussed by Torija and Clark [1], assuming sequences of 
sUAS events emerging from existing background, a more “event-
ful” scenario might take place. In that case, such “eventfulness” 
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Fig. 14. Unwrapped representation of the constructed OASLP noise hemispheres for high speed sUAS downwind-flyover at hAGL = 10 m. Flight direction from positive to 
negative φ. sUAS images are presented for position reference.
could be described using metrics such as the Intermittency Ratio 
(IR) [68] and Noise and Number Index (NNI) [69].

For conciseness, this paper presents L Amax results from the 
measurements and further calculations of L AE . In addition, the 
emissions characterisation might also be presented according to 
ISO 9613-2:1996 [53], using sound power level (Lw ) and direc-
tivity index (DI), which would be helpful in environmental noise 
simulations (e.g. in strategic noise mapping) [70].

A more in-depth frequency analysis can be also carried out with 
the method presented in this paper, to investigate changes in BPF 
harmonics with operating conditions, and therefore assess contri-
bution of loading and thickness noise [43,41,71,72].

Back-propagation
Back-propagation methods were implemented to characterise 

the noise directivity of the sUAS measured. As the main sound 
propagation effects described in ISO 9613-2 have been included 
in the derivation, the applied method makes the acoustic descrip-
tion of sUAS possible independently of the environment in which 
the data were obtained. This paper uses a derivation of the polar 
angle φ during the flyover as no GPS-tracking data was available. 
Therefore, the covered angle φ is estimated from the reasonable 
practical assumption that the L Amax of the sUAS flyover happens 
at the slant distance (φ = 0◦). However, if GPS-tracking data were 
available from high resolution tracking systems (e.g. GNSS), the 
derivation of the sound levels over the polar angle φ could be 
more accurate. These GNSS are usually attached on the aircraft and 
allow a synchronisation with the acoustic acquisition system as is 
described by Read et al. [33], and Mobley and Campbell [61].
13
In this paper, de-Dopplerisation was not carried out during 
the back-propagation as the focus was on propagating back the 
sound levels to an arbitrary distance from the source. Indeed, 
the maximum shifting due to the Doppler effect during sUAS fly-
overs is ±0.3 one-third-octave bands, and is assumed not signifi-
cant enough to require a de-Dopplerisation, as reported by Mob-
ley et al. [58]. However, if the focus is to back-propagate the 
broadband and tonal components for auralisation purposes, such 
de-Dopplerisation is essential, and as such will be considered for 
further refinements of the presented procedure. Fig. 15 shows the 
spectrogram for the sUAS M3 with and without the frequency shift 
due to the Doppler effect. The de-Dopplerisation algorithm imple-
mented was developed by Greenwood and Schmitz [73].

sUAS noise mapping
The simulation of sUAS operations and their associated noise 

emission is key for the appropriate management of this new source 
of environmental noise, as discussed by Bian et al. [74]. The acous-
tic characterisation provided in this paper, with information about 
sound levels, frequency content and directivity could be used for 
the preparation of strategic noise maps for sUAS operations.

In addition, simulation tools can also be used to determine 
the noise impact incurred by each operation, or the cumulative 
noise footprint of a service provider, thus enabling new possibili-
ties for the management of sUAS noise. To do that, an appropriate 
characterisation of sUAS under real operations and representative 
operating conditions is needed. Furthermore, simulations could be 
extended for producing dynamic noise maps, as real-time estima-
tion of sound levels at a grid of receivers on the ground to aid 
decision making for community noise impact.
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Fig. 15. sUAS: M3, TOW = 7230 g, f0 = 95.6 Hz, J = 0.167 at M = 0.044.

Table 4
Sound Quality Metrics description.

SQM Units Brief description [75,76] Standard/Model

Loudness N sone The sensation value of the human perception of sound volume. DIN45631/A1
Sharpness S acum The sensation value due to high-frequency components. DIN45692
Fluctuation Strength F vacil The very-low frequency variation of the signal amplitude or frequency. Hearing Model

Roughness R asper
The low-frequency variation of the signal amplitude or frequency,
resulting in an impression of pulsation or beat.

Hearing Model

Tonality T tuAT The signal content of individual tones or narrow-band noise. Aures/Terhardt
Sound Quality Metrics
Linear representation of physical quantities of sound based on 

human auditory perception is feasible in the psychoacoustic do-
main by means of the Sound Quality Metrics (SQM) listed in Ta-
ble 4 [75,76].

SQMs have been investigated as key factors in the prediction of 
noise annoyance for both conventional rotorcraft [77,78] and sUAS 
[79]. Gwak et al. [21] suggested the concentration of acoustic en-
ergy in the high frequency region is one of the main differences 
between the noise signature of the sUAS and conventional civil air-
craft. Noise annoyance associated with sUAS operations has been 
found to be primarily influenced by Loudness, Sharpness (i.e., high 
frequency content) and Fluctuation Strength (i.e., amplitude mod-
ulation due to interaction between rotors [79].

Read et al. [80] also suggested that metrics optimised for sUAS 
noise should include a finer resolution in both time and frequency 
(compared to traditional aircraft noise metrics) due to the fre-
quency and temporal characteristics of sUAS noise. It is there-
fore recommended that an analysis of sUAS noise includes SQMs. 
Fig. 16 shows the 5th percentile for four sUAS (Drones) flying over 
the microphone line array at 15 m/s, 10 m hAGL .

The Loudness metric (Fig. 16a) is closely related to the physi-
cal sound intensity in the receiver position. Therefore, it correlates 
with the amplitude of noise emitted from each sUAS, reported in 
Fig. 8. Also, that is the reason why the amplitude is higher at the 
central microphone and decreases at the wider microphone po-
sitions that are at a greater distance, as demonstrated within the 
measurement campaign. This might be due to the characteristic di-
rectivity pattern of most multi-copters with higher sound radiation 
downward compared to the side, as discussed by [22,65,81].

The presence of high-frequency noise produces a sensation of 
sharpness [82]. The values of Sharpness per microphone and type 
of sUAS are presented in Fig. 16b. The dominant spectral content at 
mid-low frequencies and the lower amplitude of broadband noise 
at higher frequencies might be the reason for the lowest values of 
Sharpness for the sUAS 3p (see Fig. 10). As the value of Sharpness 
increases by a factor of 50 from 200 Hz to high frequencies near 
10 kHz [82], Fp demonstrates higher values primarily because of 
14
that the most of its sound energy is concentrated from frequencies 
starting at 400 Hz.

The values of Fluctuation Strength (i.e., slow amplitude modu-
lation of the sound level) per microphone and type of sUAS are 
presented in Fig. 16c. In the sUAS Yn, Fp and 3p the minimum 
value of Fluctuation Strength is found at microphone M5, while the 
values of this SQM increase with azimuthal � angles. For instance, 
the sUAS Yn has significantly higher values of Fluctuation Strength 
at microphones M3 and M7. These correspond to � angles ±30◦ , 
and are consistent with the angles of maximum emission of am-
plitude modulated sound in small-scale rotor noise found by Baars 
et al. [83]. The sUAS M3 presents the lowest values of Fluctuation 
Strength. This might be due to the higher distance between rotors 
in this sUAS, leading to less interaction between rotors (see Torija 
et al. [84]).

The value of Roughness, as shown in Fig. 16d, is significantly 
higher for the M3 sUAS, compared to the other sUAS tested. In 
principle, this was unexpected, as this sUAS is the largest one 
tested, and therefore the more stable during flyover. However, 
as seen in Fig. 10, this sUAS has the highest content of broad-
band noise in the mid-to-high frequency region. A high content in 
broadband noise at this region has been found to lead to higher 
values of roughness for rotor noise [85].

Finally, the Tonality metric in Fig. 16d confirms the effects 
shown above in the spectrograms in Fig. 10, where the smaller 
sUAS 3p and Fp have the largest differences between the broad-
band and the tonal noise; whereas, the sUAS M3 and Yn have 
broadband and tonal noise of similar magnitude.

6. Conclusions

This paper presents a method for the acoustic characterisation 
of sUAS under real operations. Based on a robust procedure for the 
dynamic noise emission characterisation of rotorcraft, and state-of-
the-art methods for receiver-to-source backpropagation, the pre-
sented method allows a comprehensive characterisation of the 
noise emission of sUAS, including sound level, frequency spectra 
and directivity information. The method is flexible as it allows the 
calculation of several time-varying noise metrics, and detailed fre-
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Fig. 16. Sound Quality Metrics 5th percentile for four sUAS flying over the microphone line array at 15 m/s and hAGL = 10 m. The 5th percentile represents the loudness level 
below which 95% of the reported SQM values fall.
quency analysis (e.g., broadband vs. tonal noise). The method can 
be implemented for the acoustic characterisation of a variety of ro-
torcraft or multi-rotors varying in size, allowing enough signal-to-
noise ratio for the computation of noise metrics. Under favourable 
weather conditions, the method has been proven to provide signif-
icant consistency in the acoustic metrics computed for a series of 
flyovers of the different sUAS tested.

Four different sUAS varying in size, number of rotors and blade 
count per rotor have been investigated. Changes in noise emission 
with varying payload and flyover speed have also been investi-
gated. This paper has found broadband noise to be the dominant 
noise source at flyover operations for large sUAS; while smaller 
sUAS have a higher contribution of tonal noise to the OASPL. More-
over, the maximum noise radiation of all the sUAS tested is at the 
rear arc of polar directivity. The maximum radiation is found to be 
in φ angles as high as 40◦ to 60◦ for the hexacopter Yn. To en-
sure the generalisation of the results presented in this paper, an 
aerodynamic scaling of the acoustic metrics has been done using
an average Advance Ratio ( J ). It has been found that even a small 
reduction in J can lead to an increase in tonal noise.
15
A series of SQMs have also been calculated to expand the re-
sults with a psychoacoustic assessment of the sUAS tested. Larger 
sUAS produce higher values of Loudness, while smaller sUAS have 
significantly higher values of Tonality (than larger sUAS). Interest-
ingly, 3 out of the 4 sUAS tested have shown a significant increase 
in Fluctuation Strength at � angles ±30◦ , which seems to be due 
to maximum radiation of amplitude modulated noise at these an-
gles, based on existing literature. This phenomenon will be further 
investigated in dedicated future research.

The method presented provides a significant advance in the 
measurement and analysis methods for sUAS, but integrating 
acoustic, psychoacoustic and aerodynamic data. It is hoped that 
this research could contribute to the further development of guid-
ance on sUAS noise, in terms of data processing and reporting.

Further investigation will focus on expanding the type and size 
range of aircraft for testing, and also on adapting the method to 
account for other operational procedures (i.e., hover, landing and 
take-off). In addition, more operating conditions will be tested to 
enlarge the range of aerodynamic conditions (e.g., in terms of Ad-
vance Ratio) to further investigate their effects on noise emission 
and psychoacoustic characteristics.
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