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Abstract: The number of applications for drones under R&D have growth significantly during the 12 

last few years, however the wider adoption of these technologies requires ensuring public trust and 13 

acceptance. Noise has been identified as one of the key concerns for public acceptance. Although 14 

substantial research has been carried out to better understand the sound source generation mecha- 15 

nisms in drones, important questions remain about the requirements for operational procedures 16 

and regulatory framework.  An important issue is that drones operate within different airspace, 17 

closer to communities than conventional aircraft, and that the noise produced is highly tonal and 18 

contains a greater proportion of high-frequency broadband noise compared to typical aircraft noise. 19 

This is likely to cause concern for exposed communities, due to impacts on public health and well- 20 

being. This paper presents a modelling framework for setting recommendations for drone opera- 21 

tions to minimise community noise impact. The modelling framework is based on specific noise 22 

targets e.g., the guidelines at a receiver position defined by WHO for sleep quality inside a residen- 23 

tial property. The main assumption is that the estimation of drone noise exposure indoors is highly 24 

relevant to inform operational constraints to minimise noise annoyance and sleep disturbance. This 25 

paper illustrates the applicability of the modelling framework with a case study, where the values 26 

of maximum A-weighted sound pressure levels 𝐿𝐴𝑚𝑎𝑥 and Sound Exposure Levels 𝑆𝐸𝐿 as re- 27 

ceived in typical indoor environments are used to define Drone-façade minimum distance to meet 28 

WHO recommendations. The practical and scalable capabilities of this modelling framework pro- 29 

vide a useful tool for inferring and assessing the impact of drone noise through compliance with 30 

appropriate guideline noise criteria. It is considered that with further refinement this modelling 31 

framework could prove to be a significant tool in assisting the development of noise metrics, regu- 32 

lations specific to drone operations and with the assessment of future drone operations and associ- 33 

ated noise. 34 
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 37 

1. Introduction 38 

 One of the most important recent changes in the civil aviation industry is the 39 

imminent incorporation of Unmanned Aerial Vehicles (UAVs) into operations, especially 40 

for transportation and logistics. The growing interest in UAVs (commonly referred to as 41 

"drones") is due to their technical, operational and economic benefits such as last-mile 42 

transportation and quick medical deliveries to both urban and remote areas, and the 43 

important reduction in overall CO2 footprint and local air quality emissions [1-3]. 44 
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However, whilst the broad range of potential applications of drone technologies 45 

could bring substantial benefits, they can also produce new and unconventional sources 46 

of environmental noise, which are likely to lead to significant challenges for the health, 47 

quality of life, and well-being of exposed communities. In addition, UAVs are expected to 48 

operate differently than the standard aircraft. UAVs will operate closer to ground level 49 

and in  proximity to dwellings, especially during the last-mile manoeuvres such as take- 50 

off, landing and hovering. It is important to take care not only of the outdoors 51 

environmental drone noise distribution near the flight path but the noise levels on the 52 

façade and the noise levels transmitted inside the buildings [4]. Moreover, the literature 53 

on drone noise emission has reported that drone noise signature is highly influenced by 54 

the type of drone configuration e.g., number of rotors in multi-copters, size and weight, 55 

flight manoeuvres [5-8], and also significantly influenced by the ambient weather 56 

conditions, most notably the wind [9]. 57 

The main aim of this paper is to present a modelling framework for setting up best 58 

operational practices for drone manoeuvres to minimise the potential adverse impact on 59 

receivers inside buildings. The importance of this framework is that the drone stakehold- 60 

ers can be informed on the specific requirements for distances from residential properties 61 

on the basis of noise metrics specified as guidelines for acoustic targets in the receiving 62 

environment, as is depicted in Figure 1. The design of the framework is presented in detail 63 

and illustrated with a case study which uses data from actual outdoor measurements and 64 

models the outdoor sound propagation, sound transmission façade features to predict 65 

noise exposure inside a sensitive room that can be compared against relevant noise crite- 66 

ria. 67 

 68 

Figure 1. Framework for Drone operating recommendations based on acoustic metrics analysis. 69 

The noise emission of conventional aircraft transportation noise sources is usually 70 

reported by maximum A-weighted Sound Pressure Levels 𝐿𝐴𝑚𝑎𝑥 , Sound Exposure Level 71 

𝑆𝐸𝐿, sound levels integrated over a day/period time such as 𝐿𝐴𝑒𝑞,𝑇 and spectral analysis 72 

by 1/n octave bands. However, these noise metrics have been found unable to account for 73 

the acoustic characteristics of drone noise due to their substantial content in complex tones 74 

and high-frequency broadband noise[10, 11]. For instance, as described by Torija et. al. 75 

[12], the tonal correction factor in the Effective Perceived Noise Level (EPNL) metric, used 76 

for aircraft noise assessment, might not be suitable for capturing the perceptual effect of 77 

complex tonality. To date, enough evidence has been found demonstrating that the noise 78 

produced by drones does not resemble qualitative or quantitative the noise produced by 79 

conventional aircraft [12-14]. 80 
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The inability of existing aircraft noise metrics for capturing drone noise perception, 81 

might suggest that the current evidence for human response to aircraft noise is not of ap- 82 

plication for drone noise exposure. Sound Quality Metrics (SQM) could outperform tra- 83 

ditional noise metric in capturing the key psychoacoustics factors influencing noise per- 84 

ception of drone noise. This is discussed by Torija and Clark [15], where the authors sug- 85 

gest that further research is needed to define metrics optimised for drone noise, and also 86 

to define acceptable levels for drone noise emission.  However, until enough and robust 87 

evidence on human response to drone noise exposure is gathered, existing noise metrics 88 

and recommended target could be used to inform regulation of operational procedures.  89 

This assumption is also supported by some recent research suggesting loudness related 90 

metrics as the main drivers of noise annoyance for drone operations [7, 16].   91 

The modelling framework presented in this paper therefore relies on existing evi- 92 

dence for aircraft noise exposure (e.g., WHO guidelines for sleep disturbance and awak- 93 

enings [17]), and current aircraft noise metrics. However, other acoustics metrics have 94 

been developed, for example, based on SQM that have proven to be useful in the analysis 95 

of perception of the drone noise and other conventional urban noise sources[14].  96 

The paper is organized as follows: Section 2 describes the drone noise database used 97 

for the case studies; Section 3 describes the modelling framework to set the distance re- 98 

quirements for drone operations; Section 4 presents the results of the framework applied 99 

to three case studies; Section 5 discusses the framework application and future work; fol- 100 

lowed by the main conclusions of this work in Section 6. 101 

2. Drone Sound Signals Database 102 

The research presented in this paper relies on the analysis of an acoustics database, 103 

reported by Volpe [18] which includes three types of multirotor and fixed-wing uncrewed 104 

aircraft on several flying operations (hovering, flyover, take-off, landing, and facilities 105 

inspection). Table 1 presents the main design specifications of the tested multirotor 106 

aircraft. The list includes drones of different weights and dimensions and the aircraft 107 

ground speed of the flyover tests for each drone. 108 

 109 

Table 1. Overview of Drones Tested by Volpe[18]. 110 

Multirotor aircraft 

model 

Number 

of rotors 

Drone Weight 

[kg] 

MTOW* 

[kg] 

Largest 

dimension** 

[m] 

Aircraft Ground Speed 

[m/s] (sd***) 

Fast Slow 

Gryphon Dynamics 

GD28X 

8  

(contra-rotating) 
11.8 31.7 2.1 13.5 (sd=0.4) 8.7 (sd=1.3) 

DJI 

M200 
4 4.0 6.1 0.9 15.4 (sd=0.1) 8.6 (sd=1.6) 

Yuneec 

Typhoon 
6 1.9 2.4 0.5 12.8 (sd=0.1) 6.1 (sd=1.4) 

* Maximum take-off weight. 

** Rotor tip to rotor tip distance. 

*** Standard deviation. 

 111 

Figure 2 illustrates the setup used for measurements that have been analysed within 112 

the Volpe database with the inverted Centreline Ground (CLG) microphone below the 113 

drone flight path, 150 feet above the ground ( ~47.5 𝑚 ). The drone noise database 114 

provides the sound pressure levels only at distances 𝑟, equal to or longer than the Slant 115 

distance 𝑟𝑠𝑑 (shortest straight line between the microphone and the sound source equal 116 

to the height above ground). 117 
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 118 

Figure 2. Measurement setup [18]. 119 

From the acoustic data and audio files provided within the acoustic measurement 120 

database for flyover operations at slow and fast speeds, it is possible to visualize the 121 

spectral content of the tested drones. The typical acoustic footprint of this type of vehicle 122 

is produced by the rotor and propellers [19], and it is characterised by the tonal 123 

components, which include the effects of the rotors’ fundamental (low frequencies), the 124 

harmonics of rotors’ fundamental frequencies (mid), and the electric motor noise 125 

component (high frequencies) [20], see Figure 3. One interesting observation about the 126 

measured data is that the tonal components  appear to be more significant in terms of 127 

amplitude when the drone is performing a ‘fast-flyover’. 128 

 129 

Figure 3. Spectrograms and 𝐿𝐴𝑚𝑎𝑥 values of three drone models: GD28X (left), M200 (middle), and 130 
Typhoon (right) during fast (top) and slow (bottom) flyover operations at ~47.5m altitude above the 131 
CLG. Data were obtained from [1]. 132 

 133 

3. Framework for the drone operations requirements 134 
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The gradual incorporation of drones into soundscapes near to communities 135 

highlights the need to develop new policies and engineering tools to deal with the 136 

potential noise impact of these new sound sources on exposed populations. In this regard, 137 

the drones' sound emissions need to comply with environmental recommendations to 138 

minimise the potential health effects of noise. Several constraints for drone operations 139 

could be considered, i.e., distance from residential properties during the drone flying 140 

over, along with speed and/or altitude. 141 

Using the core process outlined in the flowchart in Figure 4, indoor sound levels can 142 

be estimated from drone noise (generated outside during the flying operation) by 143 

simulating the typical transmission loss during the propagation from the drone to 144 

immediately outside the building façade, and then the transmission through the façade 145 

into the receiver room. Once the sound levels indoors are estimated, the drones 146 

operational constraints can be set to comply with the guidelines of the acoustic objective 147 

on the receiver side. 148 

In particular, this research paper provides the preliminary results of the application 149 

of the proposed framework to establish the minimum Drone/Façade distance 𝐷𝐹𝑑. This 150 

can be studied as an optimisation parameter on drone infrastructure path planning [21]. 151 

If a minimum 𝐷𝐹𝑑  parameter can be established it can be controlled by the drone- 152 

operator or pilot to minimize the noise impact inside the receiver room 153 

accordingly. 𝐷𝐹𝑑 parameter has been calculated using current WHO Night Noise 154 

guidelines [17]. The more recent WHO Environmental Noise Guidelines for the European 155 

Region  are complimentary to the earlier WHO Night Noise Guidelines, and do not 156 

include any updated recommendations for single noise events.  157 

 158 

Figure 4. Modelling framework for the requirements of Drone Operations based on the Guidelines 159 
for indoor acoustic objectives. 160 

3.1. Outdoor Sound 161 

The values of the Sound Pressure Level of an operative drone flying outdoors are a 162 

function of the environmental conditions and the flight manoeuvre variables. Therefore, 163 

the produced noise amplitude for specific drone models can be obtained by actual 164 

measurement campaigns either on-field or in-laboratory conditions. Acoustic propagation 165 

models can also be included in the analysis to report the likely effects of changes in 166 

environmental and operational conditions, such as the temperature, humidity and 167 

source/target distance. 168 

From the extensive field based drone measurement campaign, reported by [18], it is 169 

possible to obtain the actual sound levels during the drone flyover at the microphone 170 

distance 𝑟. The drones’ operations measured and presented within this campaign were 171 

flyover (both fast and slow), take-off, landing, hovering, and infrastructure inspections. 172 
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To obtain the Sound Pressure Level at distances other than the measurement drone- 173 

receiver slant distance (r), state-of-the-art sound propagation models can be applied to 174 

estimate the sound level at other distances under varying environmental conditions 175 

needed in the analysis. Previous research, identified during the literature review, have 176 

recommended some approaches to outdoor drone noise propagation. The impact of drone 177 

noise during hovering operations in large outdoor urban environments has been explored 178 

using acoustic ray tracing methods. The ground reflection and acoustic refraction by an 179 

inhomogeneous atmosphere were included in the sound propagation model [22].  180 

Moreover, several parameters conform to a comprehensive model of sound 181 

propagation, they are included as modifying factors 𝐴𝑖 in the generic expression for the 182 

Sound Pressure Level 𝐿𝑝  in terms of the Sound Power Level 𝐿𝑤  (Eq 1.) [23]. This 183 

approach has been implemented on commercial software for sound propagation 184 

according to methodology within the ISO 9613-2 standard [24].  185 

𝐿𝑝 = 𝐿𝑤 + Σ𝑖𝐴𝑖 (1) 

Two main assumptions have been considered in this paper for the selection of the 186 

propagation modifying factors. Firstly, the drone is a single point sound source 187 

propagating with spherical spreading characteristics [19, 22], and the operation of the 188 

drone's electric motors generates a significant noise with high-frequency components 189 

which, unlike the acoustic signature of typical aircraft noise, reaches the receiver without 190 

significant attenuation due to drones operating at shorter source/receiver distances [20]. 191 

The spherical sound field can be calculated from the sound power level of the source, 192 

considering the geometrical attenuation due to spherical spreading and the attenuation 193 

associated with atmospheric absorption [25]. These two parameters are presented in Eq 194 

(2) with the distance 𝑟 and the atmospheric sound absorption coefficient 𝛼 as the main 195 

modifying factors during the drone sound propagation effects.  196 

𝐿𝑝(𝑟, 𝛼) = 𝐿𝑤 +  𝐴𝑟 + 𝐴𝛼,𝑟 (2) 

The effect of the mentioned contributors at a reference distance 𝑟𝑚 = 𝑟𝑠𝑑  from the 197 

drone are included in the measurements of 𝐿𝑚 and the sound power 𝐿𝑤 can be derived 198 

through calculation of the contributors as presented in Eq (3).  199 

𝐿𝑤 = 𝐿𝑚 −  𝐴𝑟𝑚
− 𝐴𝛼,𝑟𝑚

 (3) 

Therefore, the Sound Pressure Level at any distance 𝑟, which is obtained by Eq (4)  200 

usually 𝑟 > 1𝑚 to avoid the effects of the near field [26]. The effects on the atmosferic 201 

modifying factor on sound level atenuation due to the atmospheric sound absorption are 202 

included in the term 𝐴𝛼,𝑟 = 𝐿𝑎𝑡𝑚, where 𝛼 is the attenuation coeficient for air absortion 203 

in the Eq (5) [27, 28]. 204 

𝐿𝑝(𝑟) = 𝐿𝑚 − 20 log10 (
𝑟

𝑟𝑚

) − 𝐿𝑎𝑡𝑚 (4) 

𝐿𝑎𝑡𝑚 = 10 log10 𝑒2𝛼𝑟 (5) 

Furthermore, if the estimation of the 𝐿𝑝 is based on the maximum Sound Pressure Level, 205 

i.e., 𝐿𝑚 = 𝐿𝐴𝑚𝑎𝑥 the Sound Exposure Level 𝑆𝐸𝐿 can be obtained with an effective time 206 

𝑡𝑒 by the Eq (6) [27] .  207 

𝑆𝐸𝐿 = 𝐿𝐴𝑚𝑎𝑥 + 10 log10 (
𝑡𝑒

𝑡0

) ; 𝑡0 = 1𝑠. (6) 

The sound signal on the time domain presented in Figure 5 shows the amplitudes of 208 

𝐿𝐴𝑚𝑎𝑥  and 𝐿𝐴𝑒𝑞  registered each 0.5 second [18], it is noted that the two values are almost 209 
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on equal during a fast flyover operation for each of the three drones that were measured. 210 

However, this condition may not be presented for other drone manoeuvers. The 211 

accelerating and deaccelerating drones’ mechanisms are mainly related to the rotational 212 

speed and tilting rotor position but produce changes in the pitch of the emitted sound, 213 

therefore the drone operations can cause both spectral content and time variations of 214 

sound with consequences in the drone acoustics noise impact [29] and annoyance [16].  215 

 216 

Figure 5. Sound Exposure Level 𝑆𝐸𝐿, Maximum Noise Level 𝐿𝐴𝑚𝑎𝑥  and effective time 217 

𝑡𝑒 [30]. The presented data corresponds to a recording during a fast flyover operation of 218 

the drone “Typhoon”.     219 

3.2. Sound Transmission 220 

The next step in the sound path from outdoors to the receiver environment is the 221 

effects of acoustic attenuation due to a building façade. The sound reduction properties of 222 

the façade can be obtained either through experimental measurement or modelling, alt- 223 

hough the sound reduction properties resulting from these two methods, even for the 224 

same building element, may differ significantly. The Sound Reduction Index 𝑅 is derived 225 

by measuring the difference between the sound levels at the source (𝐿𝑆) and the receiver 226 

(𝐿𝑅) which are separated by a partition element with surface area 𝑆. The equivalent sound 227 

absorption area provided by the receiving room 𝐴𝑅 is considered in the calculation of 𝑅, 228 

as is presented in Eq (7) [31]. 229 

𝑅 = 𝐿𝑆 − 𝐿𝑅 + 10 log10 (
𝑆

𝐴𝑅

) (7) 

The experimental results of measured Sound Reduction Indexes depend strongly on 230 

the spectral content of the sound within the source room, building materials, glazing area, 231 

open-window condition and receiver room measurement positions. The contribution of 232 

different sound wave paths (such as flanking transmission) can be measured during ex- 233 

perimental façade testing. The cumulative sound reduction through all transmission paths 234 

can be expressed using the Apparent Sound Reduction Index 𝑅′ reports [31-34]. 235 

Based on preliminary analysis of the drone sound database , this paper will focus on 236 

the outdoor ‘fly-over’ procedures at fast and slow speeds. From a noise perception point 237 

of view, the acoustic signatures of the recorded drones can be particularly interesting, 238 

because the frequency bands with the highest amplitudes could potentially overlap with 239 

frequencies of reduced Sound Reduction performance as a result of resonance or 240 

coincidence frequencies of the partition materials. The sound emission of drone flyover 241 
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and both modelled and measured Sound Reduction Index of a typical closed double- 242 

glazed residential window are presented in Figure 6. 243 

 244 

Figure 6. 𝐿𝐴𝑚𝑎𝑥 values for the drone “Typhoon” durimg fast flyover operations (left) [18]. Sound Reduction 245 
Index of 70 mm PVC-U bottom hung inward tilt window 4-16-4 mm (0.94m2;26.00 kg/m2): Predicted 𝑅 by 246 
INSUL software (middle) and measured 𝑅′ (right) [32]. Note that “shift refference curve” is the specific therm 247 
used in [31] for obtaining a single value from frequency rependant Sound Reduction Index. 248 

 249 

Both, the experimentally reported Apparent Sound Reduction Index (R’) and 250 

commercial software prediction (Sound Reduction Index R) for a typical double-glazing 251 

façade-window configuration [32] decreases or dips in the sound reduction index at low 252 

-resonant frequency (~250Hz) and high-frequency bands (~3150HZ) where the 253 

coincidence dip would be expected. Whereas the 𝐿𝐴𝑚𝑎𝑥  values of a flying over operation 254 

(Yuneec Typhoon) shows the highest amplitudes in these same frequency bands.  255 

This overlap between the reduced noise attenuation provided by the window and 256 

higher third-octave band amplitudes of the drone-source acoustic signature presents an 257 

interesting and potentially problematic unexplored area with relevant applications for the 258 

regulations and requirements regarding drones operating near to communities. 259 

The expression in Eq (8) lets us estimate the sound pressure level at the receiver 260 

environment with volume 𝑉  partition surface area 𝑆 and reverberation time 𝑇 , as is 261 

described by the Eq. 4 of the standard BS EN ISO 12354‑3:2017 [31].  262 

𝐿𝑖𝑛𝑑𝑜𝑜𝑟𝑠 = 𝐿𝑜𝑢𝑡𝑑𝑜𝑜𝑟𝑠,2𝑚 − 𝑅′ + 10 log10 (
𝑇𝑆

0.16𝑉
) (8) 

 263 

3.3. Indoor Sound 264 

The impact of drone noise on indoor receivers is a current gap in the research because 265 

the techniques for noise evaluations applied for other noise sources (i.e., traffic noise and 266 

aircraft noise) are based on the overall emission levels and the main amount of energy of 267 

their sound signal is located at low & mid broadband ranges. The special acoustics char- 268 

acteristics of drone noise signature, particularly the pure tones and high-frequency broad- 269 

band noise means that traditional sound level metrics may not sufficiently represent the 270 

acoustic signature of drones or effectively convey their noise impact. 271 

However, acoustic screening based on the overall sound levels considered in the 272 

noise assessment guidelines is an important starting point to assess the possible negative 273 

effects that the drone noise source may have on an exposed community [35]. For instance, 274 

the WHO guidelines for sleep quality effects can be used to set these acoustic requirements 275 
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[17]. These WHO guidelines set the threshold of the 𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑠𝑖𝑑𝑒  at 42 dB for “Waking up 276 

at night and/or too early in the morning”. In addition, the parameter of the number of 277 

drones in operation could be considered as a variable to adjust the model to recurrent 278 

flight events and predict the exposure to drone noise over an appropriate time period e.g., 279 

8-hour night-time. 280 

This example maximum noise level criterion is helpful in determining a suitable min- 281 

imum 𝐷𝐹𝑑  during the night hours when sleep disturbance is an important factor for de- 282 

termining impact. However, this criterion alone does not provide any insight into the 283 

number of drone passbys that might be acceptable or provide any idea of acceptability 284 

during daytime hours.  Currently in UK, commercial aircraft noise is assessed based on 285 

government guidance about the lowest observable adverse effect level (LOAEL), quanti- 286 

fied in terms of the 𝐿𝐴𝑒𝑞,16ℎ𝑜𝑢𝑟 and 𝐿𝐴𝑒𝑞,8ℎ𝑜𝑢𝑟 for day and night respectively, as calcu- 287 

lated for a given airport over an “average summer day” (defined over a standardised 92 288 

day period between 16th of June to 15th of September).  The government guidance on the 289 

LOAEL values for day and night is informed by the 2014 Survey of Noise Attitudes 290 

(SONA), the results of which are published in CAP1506 [36]. 291 

As discussed at Torija and Clark [15], it is not clear whether or not current metrics or 292 

indeed criteria such as the LOAEL levels for commercial aircraft noise are suitable for 293 

assessing drone noise at residential receiver locations. However, the latest best practice 294 

for assessing commercial aircraft noise acknowledges that average noise metrics such as 295 

the 𝐿𝐴𝑒𝑞  , may not adequately represent what is actually perceived at receiver locations, 296 

particularly those close to an airport where the noise environment is punctuated by very 297 

loud individual flyover events rather than a continuous drone of distant aircraft noise.  298 

In order to account for this, number above metrics such as the NA70 are often used 299 

as ‘secondary’ metrics to help describe the number of times the 𝐿𝐴𝑚𝑎𝑥  exceeds a given 300 

level, in the case of NA70 this would be the number of events above 70 dB 𝐿𝐴𝑚𝑎𝑥  at a 301 

given receiver location.  It is noteworthy that the NA70 has been used as a national indi- 302 

cator in Australia for potential speech intelligibility issues with respect to commercial air- 303 

craft noise on the basis of an assumed 70 dB 𝐿𝐴𝑚𝑎𝑥  limit outside a residential location (as 304 

discussed at Appendix B of CAP1506 [36]).  In the absence of anything specifically de- 305 

rived for drone noise adopting a daytime maximum noise criterion of 70 dB 𝐿𝐴𝑚𝑎𝑥  would 306 

be an appropriate starting point for deriving a minimum daytime DFd that might reason- 307 

ably be expected to avoid speech intelligibility issues. 308 

Further research is needed to be able to derive suitable limits for either the number 309 

of drone flyover events above a certain maximum level, or an average noise metric that 310 

can be shown to correlate with mean annoyance (as is the case for 𝐿𝐴eq,16hour as discussed 311 

in CAP1506). 312 

4. Results – Case Studies. 313 

In this paper, we report on the recommendations for Drone/Façade distance 𝐷𝐹𝑑  314 

during flying operations based upon actual measurements of drones operating in an out- 315 

door environment. In this case, the proposed framework establishes the receiver noise 316 

level criterion to comply with the WHO guidelines for sleep quality based upon  317 

𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟𝑠. 318 

The flying conditions remained stable during the whole exercise, i.e., flight path and 319 

speed of the drone. Firstly, the drone is considered a noise source operating outdoors. 320 

Then, the amplitude of the indoors sound was estimated from a façade configuration lo- 321 

cated at the source-receiving interface. Finally, the recommendations for 𝐷𝐹𝑑 are based 322 

on the 𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟𝑠. The developed modelling framework is illustrated considering the 323 

specific acoustic and operating conditions of three different drones listed in Table 1 dur- 324 

ing fast and slow speed flyovers. 325 

Figure 7 shows the amplitude of 𝐿𝐴𝑚𝑎𝑥   as a function of the 𝐷𝐹𝑑 in the receiver en- 326 

vironment without (left) and with (right) the hypothetical installation of the partition with 327 

the window considering an open area, in this case, 0.05𝑚2.  328 
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Figure 7. 𝐿𝐴𝑚𝑎𝑥 by frequency as a function of the Drone/Façade distance 𝒓, outdoors (left) and 329 
indoors (right) through the assumed partition (0.05𝑚2 window open area). The measured Apparent 330 
Sound Reduction Index 𝑅′ of the partition due the glazing open area is include [32] (middle). 331 

Data for the assumed façade installation has been presented in third-octave band 𝑅′ 332 

which are representative of a standard glazing element with a partially open window. The 333 

partitions sound reduction performance (inward lateral rotation window with standard 334 

glazing type 4 – 16 – 4mm) was measured under controlled conditions and reported by 335 

Waters-Fuller and Lurcock [32]. The predicted sound signal at the receiver shows that the 336 

attenuation at high frequencies is not great, considering the significant emission of the 337 

drone in this range of frequencies. 338 

The waterfall diagrams in Figure 7 present the sound amplitudes (𝐿𝐴𝑚𝑎𝑥  ) obtained 339 

at a distance 𝑟 from the source, by both actual measurements (𝑟 ≥ 𝑟𝑠𝑑) and extrapolated 340 

through predictions from modelled propagation ( 1𝑚 < 𝑟 < 𝑟𝑠𝑑 ). The shortest drone- 341 

sensor distance 𝑟𝑠𝑑  is highlighted. Then, it is possible to obtain the broadband  342 

𝐿𝐴𝑚𝑎𝑥  value through the signal amplitude on each frequency band. 343 

Finally, the recommendations on the drone operations variables can be compared 344 

with the acoustic target and it is possible to estimate the compliance conditions in the 345 

receiver environment. 346 

The recommendationed 𝐷𝐹𝑑 were obtained from fitting curve modelling based on 347 

𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟𝑠  associated with different flyover operations, drone types and closed- 348 

window configurations. A fitting curve model (Figure 8) was estimated to establish a 349 

recommended drone operation parameter. Therefore, it is possible to obtain a fitting curve 350 

specific to each combination of drone flyover operation and building façade 351 

configuration, to achieve the indoor noise criterion/acoustic target.  352 
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 353 

Figure 8. Drone/Façade distance as a parameter to estimate from fitting curve model as a function 354 
of 𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟𝑠. 355 

Consequently, it is possible to find the recommended drone operational parameter 356 

to comply, for instance, with the Sleep quality guidelines (42dB 𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟𝑠 ) or 357 

biological effects on EEG awakening (35dB 𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟𝑠) as reported by WHO [17].  358 

Next, some recommended 𝐷𝐹𝑑 values were obtained from the proposed modelling 359 

framework. The results let us compare the recommended 𝐷𝐹𝑑 by considering the type of 360 

drone, the speed of the flying operation, and the open/closed window configuration.  361 

 362 

4.1. One Drone – Open Window Conditions- Fast/Slow Speed Flyover 363 

The broadband sound emission of the contra-rotating octocopter GD28X was 364 

analyzed as a function of the flyover speed. The recommended Drone/Façade distance for 365 

both fast and slow flyovers is presented in  366 
D

r

o
n
e 

Operation 
Glazing configura-

tion 
DFd [m] Curve fitting 

GD28X 

Flyover 

4-16-4 mm 

70mmPVC 

internal tilt &turn 

[32] 

Acoustic target: 

42dB 𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟𝑠 

Sleep quality. Waking up in the 

night and/or too early in the morn-

ing [17]. 

Drone/Façade distance 
𝐷𝐹𝑑 = 𝑎 𝑒−𝑏𝐿𝐴𝑚𝑎𝑥 

𝑎 𝑏 𝑅𝑎𝑑𝑗
2  

Fast ~13.5 𝑚 𝑠⁄  
Open area 0.05m2 

179.1 2651 -0.0641 0.96 

Slow ~8.7 𝑚 𝑠⁄  110.6 1511 -0.0622 0.97 

, where the partially open window (0.05m2) was considered for the glazing 367 

configuration. To comply with the acoustic guideline, the approximate increase of 5m/s 368 

on the speed during flying over operations needs to consider an increment of 𝐷𝐹𝑑 on 369 
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68.5 m if the receiver window is partially opened, as is depicted in 370 

 371 
. For this type of aircraft, the 𝐷𝐹𝑑 greater than 110 m was recommended to ensure 372 

the acoustic objective of 42 dBA indoors during the studied overflights. 373 

Table 2. Estimation of the optimal Drone/Façade distance 𝐷𝐹𝑑 for the drone GD28X at fast and 374 
slow flyover operation near a façade with a conventional window - Open area 0.05m2. 375 

Drone Operation 
Glazing configura-

tion 
DFd [m] Curve fitting 

GD28X 

Flyover 

4-16-4 mm 

70mmPVC 

internal tilt &turn 

[32] 

Acoustic target: 

42dB 𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟𝑠 

Sleep quality. Waking up in the 

night and/or too early in the morn-

ing [17]. 

Drone/Façade distance 

𝐷𝐹𝑑 = 𝑎 𝑒−𝑏𝐿𝐴𝑚𝑎𝑥 

𝑎 𝑏 𝑅𝑎𝑑𝑗
2  

Fast ~13.5 𝑚 𝑠⁄  
Open area 0.05m2 

179.1 2651 -0.0641 0.96 

Slow ~8.7 𝑚 𝑠⁄  110.6 1511 -0.0622 0.97 

 376 

 377 

Figure 9. Recommended Drone/Façade distance based on the 𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟𝑠 for the drone GD28X at 378 
fast and slow flyover operation near a façade with a conventional window - Open area 0.05m2. 379 

4.2. Three Drones - One Window Condition 380 

Table 3 presents the Drone/Façade distance DFd recommendations for the three 381 

tested drones at their own fastest speed during flyover when the receiver window is 382 

closed. The indoor acoustic target would be achieved with distances less than 25m for the 383 
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aircrafts M200 and Typhoon, while distances higher than 60m would need to be defined 384 

for the drone GD28X. 385 

Although the flyover speed available data for each drone do not let us compare the 386 

operations at the same value of speed,  the values of 〖LAA〗_(max,indoors) from each 387 

drone at fast flyover speed would be a consequence of the construction characteristics of 388 

the drones, i.e. weight, size and number/type of rotors (see Table 1).  389 

From this preliminary observation, drones with smaller dimensions, lighter total 390 

take-off weight and a fewer number of rotors could operate closer to the community than 391 

drones with larger proportions and number of motors to comply with the acoustic target 392 

indoors, as is depicted in Figure 10. 393 

Table 3. Estimation of the optimal Drone/Façade distance 𝐷𝐹𝑑 for the tested drones at fast flyover 394 
operation near a façade with a conventional window configuration: 4-16-4 mm 70mmPVC internal 395 
tilt &turn - Closed. 396 

  
Glazing configura-

tion 
DFd [m] Curve fitting 

Operation Drone 

4-16-4 mm 

70mmPVC 

internal tilt &turn 

[32] 

Acoustic target: 

42dB 𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟𝑠 

Sleep quality. Waking up in the 

night and/or too early in the morn-

ing [17]. 

Drone/Façade dis-

tance 
𝐷𝐹𝑑 = 𝑎 𝑒−𝑏𝐿𝐴𝑚𝑎𝑥 

𝑎 𝑏 𝑅𝑎𝑑𝑗
2  

Fast flyo-

ver speed 

~13.5 m 𝑠⁄  GD28X 

Closed 

62.7 1214 -0.0705 0.95 

~15.4 m 𝑠⁄  M200 21.4 439 -0.0718 0.95 

~12.8 m 𝑠⁄  Typhoon 15.8 389 -0.0762 0.99 

 397 

 398 

Figure 10. Recommended Drone/Façade distance based on the 𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟𝑠 for the tested drones 399 
at fast flyover operation near a façade with a conventional window - Closed. 400 

4.3. Drone Fast Flyover Operation and Open Window Condition 401 

When comparing the different open-window configurations during one drone over- 402 

flight, the acoustic target indoors can be obtained by increasing the Drone/Façade distance 403 

DFd if the open window area is increased, as is presented in Table 4 where the results are 404 

based on the drone Typhoon operations. Furthermore, doubling the open area, the drone 405 

path should move away from the facade between 10 and 13 m to assure the acoustic metric 406 

target at the receiver. 407 

For this specific glazing configuration, the closed window can improve the sound 408 

reduction by 30 dB compared to the fully open window. Therefore, the distance at which 409 
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the drone could operate to maintain the acoustic target (42 dBA) between the fully open 410 

and closed window conditions shows a difference of 115 m. See Figure 11 (left). 411 

The analysis with the same previous conditions of both flyover drone and window 412 

configurations can be depicted to compare the acoustic target based on 𝑆𝐸𝐿𝑖𝑛𝑠𝑖𝑑𝑒values as 413 

is presented in Figure 11 (right). 414 

Table 4. Estimation of the optimal Drone/Façade distance 𝐷𝐹𝑑 for a drone at fast flyover operation 415 
near a façade with a conventional window configuration. 416 

Drone Operation 
Glazing configura-

tion 
DFd [m] Curve fitting 

Typhoon 
Fast flyover 

speed [18] 
~𝟏𝟐. 𝟖 𝒎 𝒔⁄   

4-16-4 mm 70mmPVC 

internal tilt &turn [32] 

Acoustic target: 

42dB 𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟𝑠 

Sleep quality. Waking up in the 

night and/or too early in the morn-

ing [17]. 

Drone/Façade distance 
𝐷𝐹𝑑 = 𝑎 𝑒−𝑏𝐿𝐴𝑚𝑎𝑥 

𝑎 𝑏 𝑅𝑎𝑑𝑗
2  

Fully open 131.6 2473 -0.0698 0.98 

Open 0.20 m2 80.5 1556 -0.0705 0.98 

Open 0.10 m2 67.8 1191 -0.0682 0.99 

Open 0.05 m2 57.3 1007 -0.0682 0.99 

Closed 15.8 389 -0.0762 0.99 

 417 

 418 

Figure 11. Recommended Drone/Façade distance for the drone Typhoon, based on the 419 
𝐿𝐴𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟𝑠  (left) and 𝑆𝐸𝐿𝑖𝑛𝑑𝑜𝑜𝑟𝑠  (right). 420 

5. Discussion 421 

The modelling framework presented in this paper can contribute to setting opera- 422 

tional requirements for drone operations to protect communities exposed to their noise. 423 

The outcomes of this modelling framework could be used in multi-criteria decision-mak- 424 

ing for trajectory optimization [37]. This allows components from the source to the prop- 425 

agation path for indoor sound transmission to be updated independently from one an- 426 

other.  For instance, in the case studies presented in Section 4, the source data is based on 427 

drone measurements outdoors.  Instead, the source emission could be based on acoustic 428 

predictions or measurements carried out in anechoic chambers or wind tunnels. The 429 

sound propagation, from source to building façade, only accounts for spherical diver- 430 

gence and atmospheric absorption.  However, the propagation model can be expanded 431 

to account for other propagation factors such as ground effects, reflection from surfaces 432 

and screening by obstacles according to ISO 9613-2. The sound transmission through 433 

building partitions is based on data gathered in a comprehensive measurement campaign 434 
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with actual glazing installations [32]. However, input data from modelling software (e.g., 435 

INSUL) for sound transmission can be used to account for other building outdoor/indoor 436 

interfaces and window/façade configurations. 437 

For a given drone model, the minimum drone-façade distance to meet the WHO rec- 438 

ommendations can vary significantly depending on the glazing condition. This implies 439 

the need to accurately procedure or define the sound transmission indices for the most 440 

relevant glazing system including the window opening behaviour which varies across 441 

individuals and also seasonally.  442 

Neutral atmospheric conditions are considered in this paper, however, wind speed 443 

and direction can significantly influence both the sound emission [27] and propagation to 444 

the receiver. Appropriately accounting for these factors is crucial for setting operational 445 

requirements representative for the area under study. Finally, the drone is assumed to be 446 

an omnidirectional source. This is unlikely, and therefore directionality of the drone 447 

sound emission should be considered. 448 

The acoustic objectives used in this paper to set operational requirements are based 449 

on conventional noise metrics and existing evidence on human response to aircraft noise.  450 

As discussed by Torija and Clark [15] current noise metrics seem to be unable to account 451 

for the acoustic characteristics of drones (i.e., complex tonal content, substantial noise 452 

emission above 4 kHz), and also it is not certain that existing evidence for aircraft noise 453 

and health effects can be directly applicable to drone noise. As evidence on human 454 

response to drone noise expands, new acoustic objectives can be used in the modelling 455 

framework to set requirements for drone operations. 456 

The analysis in this paper is restricted to 1/3 octave banding. This limits the investi- 457 

gation of how the coincidence dip(s) in glazing systems might influence the indoor trans- 458 

mission of the substantial high-frequency noise of drones. This issue can be addressed 459 

with more refined frequency analysis, but the lack of narrowband data for sound trans- 460 

mission coefficients is a limiting factor. Further work will be done to account for this lim- 461 

itation. 462 

Due to the frequency content of drones, vibration-induced noise generating at a glaz- 463 

ing system is not considered in this paper. However, further extension of the modelling 464 

framework for larger vehicles (e.g., Urban Air Mobility vehicles) will consider this sound 465 

generation mechanism. 466 

6. Conclusions 467 

This paper presents a modelling framework for the estimation of indoor noise expo- 468 

sure due to drone operations. This modelling framework can be used to define operational 469 

restrictions (e.g., in the form of drone-façade distance) to meet recommended noise targets 470 

and avoid significant noise impact on communities inside dwellings. The current version 471 

of the modelling framework is based on the measured drone sound signature and the 472 

sound propagation outdoors. The method also includes the effects of the sound attenua- 473 

tion provided by masonry and glazing elements during the sound transmission into the 474 

receiver room. 475 

The application of this modelling framework is illustrated with case studies, where 476 

the minimum distance from a given drone to a typical residential building is defined to 477 

comply with the noise requirements to avoid sleep disturbance. 478 

The results of the estimation of maximum A-weighted sound pressure levels 𝐿𝐴𝑚𝑎𝑥 479 

and Sound Exposure Levels 𝑆𝐸𝐿  as received in typical indoor environments are 480 

presented as case studies of Drone/façade distance recommendations. To do this, a series 481 

of drone sounds recorded during outdoor flyover operations in free field, and predicted 482 

amplitudes from sound propagation models have been filtered to simulate the 483 

transmission loss through a standard façade configuration. 484 

For a given drone (GD28X) operating nearby a window with an open area of 0.05m2, 485 

the drone-façade distance to meet WHO recommendations for Sleep quality: Waking up 486 

in the night and/or too early in the morning ranges between 110.6m (slow flyover) to 487 
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179.1m (fast flyover). If it is considered one closed-window glazing configuration, the 488 

minimum drone-façade distance ranges between 15.8m (Typhoon) and 62.7m (GD28X ) to 489 

meet the same acoustic target during fast flyovers. Finally, for the Typhoon drone 490 

operating at a fast flyover speed, the drone-façade distance ranges between 15.8m (closed- 491 

window) and 131.6m (fully open/window) to comply with the Sleep quality WHO 492 

guidelines.  493 

The practical and scalable capabilities of the modelling framework presented in this 494 

paper are part of a strategy to develop a set of tools for inferring and assessing the impact 495 

of drone noise through compliance with different regulations and guidelines. This 496 

methodological framework can be leveraged by stakeholders in the drone sector for 497 

trayectory optimisation for drone vehicles for applications such as parcel delivery.With 498 

further refinement, this type of modelling framework has the potential to significantly 499 

assist in developing noise metrics, regulations and guidance specific to drone noise as well 500 

as the assessment of noise from future drone operations. In this paper, the objective of the 501 

modelling framework is to inform the distance requirements to operate drones avoiding 502 

issues due to community noise impact. Further work will be done to expand the 503 

capabilities of this modelling framework to improve accuracy and so the framework 504 

outputs can be used for auralisation and psychoacoustic analysis. 505 
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