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Abstract
This study performed a real-time prediction of RPM-controlled multirotor noise using a comprehensive multirotor noise assessment (CONA) framework. The key objectives of this study include the synthesis of frequencymodulated multirotor noise and assessment of flyover and takeoff noise under wind conditions. The CONA framework predicted the rotor tonal and broadband noise for a planned mission profile. Gusty wind conditions were efficiently simulated using a Dryden wind turbulence model. When tracking the mission profile under wind conditions,
the multirotor noise was characterized by a non-stationary signal with frequency and amplitude modulations. These
characteristics induced variations in the noise impact, such as the psychoacoustic metrics. To clarify the effects
of wind conditions, prediction-based psychoacoustic analysis were performed for cross- and plus-type quadrotor
configurations. The results revealed that the RPM-controlled mechanisms of each configuration were different, indicating that gusty wind conditions exhibited complicated effects on noise impact owing to its mean flow velocity
and directions. Moreover, the high-resolution time-frequency analysis illustrated the modulation characteristics of
the non-stationary noise signal. The prediction-based psychoacoustic analysis of multirotor noise revealed that the
CONA framework facilitated the perception-based evaluation of multirotor configurations in aerial vehicle designs
and operations.

1

Introduction

Currently, research on the commercialization of unmanned aerial vehicles (UAV) and urban air mobility (UAM)
is being actively conducted. Novel aerial vehicles are new development in the aviation market, and have attracted
increasing attention for broad applications, including drone delivery and as a new transportation system in megacities [1]. To enhance their application in urban environments, aerial vehicles should be developed in connection
with air traffic management systems and ground infrastructures, such as the vertiport [2]. Furthermore, to ensure
its civilian acceptance, it is essential to strictly certify aerial vehicles and conduct a perception-based evaluation
at the design stage; thus, it is essential to consider the safety and noise impact of aerial vehicles [3]. Compared
to conventional helicopters, the safety and noise impact of novel aerial vehicles can be improved using electric
vertical take-off and landing (eVTOL) configurations that adopt RPM-controlled distributed electric propulsion
(DEP) systems [4]. Although DEP systems can reduce the noise impact of single flight events, the importance
of low-noise design and operations has attracted increasing attention for the commercial use of aerial vehicles in
urban environments as it involves numerous operations [5].
Typically, RPM-controlled mechanisms are applied to DEP systems consisting of multiple small rotors [6].
The RPM variations of DEP systems are mainly induced by the flight control and torque ripple of the electric
motor [7]. These unsteady blade motions with variations in their angular velocity result in tonal noise with a
higher blade passing frequency (BPF) harmonics and differences in the directivity pattern compared to the tonal
noise of steady rotations [8]. In RPM-controlled rotors, the broadband noise is modulated by the interaction of the
acoustic and the BPF harmonics [9]. Typically, DEP systems-based eVTOL exhibits a lower rotor tip speed than

conventional helicopters, indicating the importance of broadband noise [5]. Modulated tonal and broadband noise
can induce the frequency modulation (FM) and amplitude modulation (AM) of RPM-controlled multirotor noise.
In addition, owing to the acoustic interference of each rotor noise, a change in the RPM results in a modulation of
the noise signal [10]. This indicates that the noise of RPM-controlled multirotor configurations is a non-stationary
signal that exhibits unique acoustic signatures in terms of sound pressure level and psychoacoustic metrics.
Owing to the significant difference in the operating conditions and noise characteristics of UAV and UAM
compared to those of existing transportation systems, various studies have investigated the response of humans
to UAV and UAM noise. Particularly, the psychoacoustic annoyance (PA) of UAV has been investigated using
acoustic measurements [11]. For example, Christian and Cabell [12] employed subjective annoyance rating as a
hearing test for UAV recording signals and correlated the ratings with noise metrics. Zwicker [13] presented a PA
model that can directly calculate the relative annoyance degrees of different noise samples without hearing tests.
Although the applicability of this PA model for UAV and UAM is currently being investigated, psychoacoustic
analysis has been performed on the measured noise of quadrotor UAV and contra-rotating propeller using PA
models [14, 15].
For novel aerial vehicles currently in the development stage, psychoacoustic analysis should be performed using auralization through a numerical approach. Krishnamurthy et al. [16] conducted a prediction-based auralization
of collective pitch-controlled quadrotors, which is a six-passenger NASA’s conceptual eVTOL UAM design. Based
on the synthesized noise time history, they demonstrated the capability of the perception-based design of UAM.
For multirotor configurations, mid- and high-fidelity numerical simulations have been conducted using vortex lattice method [17] and computational fluid dynamics [18, 19]. Although these approaches can identify the wake
interaction effects on noise, their high computational cost for the real-time noise prediction of RPM-controlled
rotors has limited their application to static RPM conditions. In addition, the maneuvering of aerial vehicles under
wind conditions is one of the challenges of performing real-time RPM-controlled operation simulations [20]. It is
essential to consider the change in noise sources by RPM control under realistic atmospheric conditions.
Particularly, it is difficult to understand the aeroacoustic characteristics of novel aerial vehicles currently under
development using experimental approaches. For perception-based evaluations of designs and operations, the noise
assessment of UAM maneuvering can be performed using comprehensive numerical framework. Few studies have
simultaneously investigated the impact in psychoacoustic metrics and real-time operations under wind conditions.
This study aimed to perform the prediction-based psychoacoustic analysis of RPM-controlled multirotor noise
under wind conditions. To this end, a prediction-based psychoacoustic analysis of cross- and plus-type quadrotors
was conducted to discuss the effects of wind and flight control on psychoacoustic metrics, including the FM and
AM characteristics.

2

Methodology

In our previous research [10], a comprehensive multirotor noise assessment (CONA) framework was developed
for the real-time noise prediction of RPM-controlled multirotor configurations. Figure 1 shows the process flow
of this framework. In this study, broadband noise prediction, phase reconstruction, and psychoacoustics modules
were included. The details of other modules can be found in our previous study [10].

2.1

Broadband noise prediction module

This module consisted of a semi-empirical model and Amiet’s theory with a wall-pressure spectrum (WPS) model
(referred to as the Amiet model in this study). The Brooks, Pope, and Marcolini broadband noise model (BPM
model) was used as the semi-empirical model for the prediction of the rotor broadband noise [21]. The BPM
model can predict the airfoil self-noise, such as turbulent boundary layer-trailing edge (TBLTE) noise, laminar
boundary layer-vortex shedding (LBLVS) noise, and bluntness vortex shedding (BVS) noise. Although the BPM
model is a semi-empirical model that is based on the steady flow of a NACA airfoil, it has been widely applied for
the prediction of rotor broadband noise using blade element analysis with a quasi-steady assumption [16, 22, 23].
Moreover, TBLTE noise can be calculated using the Amiet model. Amiet’s theory is an analytical formulation of
TBLTE noise derived from Schwartzschild’s solution and Curle’s far-field acoustic solutions [24]. This formulation
utilizes the wall pressure fluctuations of an airfoil by the turbulent boundary layer, and these fluctuations have
been proposed as WPS models by various researchers [25]. For the Amiet’s theory, the back-scattering correction
formulation [26] and the WPS model propose by Lee and Shum [27] were used. The boundary layer parameters,
which were used as inputs for the WPS model, were obtained using XFOIL. Because the Amiet model can only
calculate TBLTE noise, LBLVS noise and BVS noise were added using the BPM model.

Figure 1: The process flow of CONA framework.

2.2

Phase reconstruction module

An amplitude spectrogram composed of a 1/3 octave band spectrum without phase information was obtained as
the output of the broadband noise prediction. For psychoacoustic analyses, broadband noise should be converted
to a time signal. Therefore, first, this module performed a narrowband spectrum synthesis (Step I), after which it
performed a time signal synthesis through phase reconstruction (Step II). Step I aimed to create a realistic amplitude spectrogram. According to the energy conservation condition, the 1/3 octave band spectrum was converted
into a narrowband spectrum. Next, each band was separated based on the user-defined frequency resolution, ∆f ,
and linear interpolation was performed by assigning weight to the noise level based on the adjacent band. Lower
bands with smaller bandwidths than ∆f were extrapolated to set the lowest frequency of the spectrogram to be
the same as ∆f . In this study, a narrowband spectrum was constructed using ∆f = 25 Hz. Next, down-sampling
was performed in the time domain. For each time segment, the window length was set to ∆f −1 , and the spectrum data included in each segment was averaged; thus, the quasi-periodicity assumption with a uniform window
and no-overlap was used. This is because the broadband noise data was derived using the numerical prediction
with a quasi-steady assumption. The sampling frequency was set to 44.1 kHz to consider all noise components
in the audible frequency range. In Step II, phase reconstruction was performed by applying the Griffin-Lim algorithm (GLA) [28] to the spectrogram created in Step I. The GLA is an iteration-based method for reconstructing
phases from an amplitude spectrogram. By randomly initializing the phase spectrogram, GLA utilizes an short-time
Fourier Transform (STFT) and inverse STFT iteratively considering the redundancy of the STFT.

2.3

Psychoacoustics module

The psychoacoustic analysis of the time signal of the total noise, which is the sum of the rotor tonal and broadband noise, was performed using a psychoacoustic module. The psychoacoustic metrics considered in this study
include loudness, sharpness, fluctuation strength, and roughness. The loudness (N ) in sone was calculated using
the loudness model proposed by Zwicker (ISO 532-1, [29]), which includes stationary and time-varying metrics.
The sharpness (S) in acum was calculated using the standard DIN 45692 [30]. Fluctuation strength (F ) in vacil
and roughness (R) in asper were calculated using the model proposed by Zwicker and Fastl [13]. These metrics
were obtained using the PULSE Reflex software of B&K. The PAs under different flight conditions were compared

using the PA model proposed by Zwicker and Fastl (PAZ ) [13]. This PA model consisted of the 5th percentiles
of all time-varying metrics. Although research on whether the existing PA model can be applied to UAVs and
UAMs is still in progress, this study proposed a framework for prediction-based PA analysis using this model. This
framework can be utilized if an improved model for novel aerial vehicles is developed.

3

Verification and Validation

This study verified and validated broadband noise prediction and psychoacoustics modules. First, the prediction
results of the BPM model and Amiet model for the single rotor were compared. Next, the wake interaction effects
were illustrated by validating the multirotor configurations, and the limitations of the BPM model were discussed.
Lastly, the possibility of extending the BPM model for a prediction-based psychoacoustic analysis using timesignal synthesis procedures was demonstrated. The details of the properties of the validation scenarios can be
found in each reference.

3.1

Single rotor hovering flight: Noise spectrum and directivity

The accuracy of the broadband prediction module was confirmed using code verification, and the availability of
the BPM and Amiet models were verified by comparing them with another model. An APC 11 × 4.7 Slow Flyer
(SF) rotor with a rotor radius of 0.14 m was used to validate the BPM model and verify the Amiet model [22, 31].
The hovering flight experiment was performed at 3600 RPM, and the microphone was placed at 45◦ below the
rotor disk plane at a distance of 1.905 m from the rotor hub. The results revealed that the Amiet model accurately
predicted the noise spectrum, and the BPM model exhibited an error range of ±3 dB in the mid-frequency range
(Fig. 2a). In addition, the low-frequency band and high-frequency band of both models exhibited a significant
error because the turbulent ingestion noise (TIN) caused by recirculation and BVS noise, respectively, were not
considered. Furthermore, compared to the results of the reference model, the Amiet model exhibited enhanced
results, which could be attributed to the fact that the LBLVS noise and back-scattering correction were considered.
A simple rotor in an ideally twisted angle with a section airfoil NACA 0012 was used to validate the Amiet
model and verify the BPM model [23]. The rotor was driven at 5465 RPM, and the microphone was located at
35◦ below the rotor disk plane at a distance of 2.27 m from the rotor hub. The BPM model was fully verified,
whereas the Amiet models exhibited an underestimation error of approximately 2–7 kHz (Fig. 2b). Although the
BPM model exhibited lower resolutions than the Amiet model under certain conditions, it was suitable for realtime noise prediction owing to its low numerical cost in the design process. In contrast, the Amiet model required
a higher numerical cost than the BPM model as it predicts a narrowband spectrum with the predicted boundary
layer properties. Therefore, in this study, the BPM model was validated using a more in-depth analysis, and this
model was used for the psychoacoustic analysis.
An APC 11 × 4.7 SF rotor was used to validate the ability of the model to predict noise directivity. The noise
directivity patterns of the broadband noise (1–16 kHz) in hovering flight at 2000, 4000, and 6000 RPM were
obtained [32]. Microphone arrays were placed at a distance of 1.62 m from the rotor center every 10◦ from -60◦
to 60◦ (0◦ is rotor disk plane). The model exhibited an error of approximately 3 dB in all cases (Fig. 2c). These
results confirm the ability of the BPM model for predicting the acoustic energy in a single rotor hovering flight.

(a) APC 11 × 4.7 SF rotor

(b) Ideally twisted angle rotor

(c) Noise directivity

Figure 2: Validation results of single rotor hovering flight (Noise spectrum and directivity)

(a) Noise directivity

(b) Noise spectrum at 180◦

Figure 3: Validation results of single rotor forward flight (Noise spectrum and directivity)

3.2

Single rotor forward flight: Noise spectrum and directivity

An eHANG Ghost Drone 3.0 blade with a rotor radius of 0.103 m was used to validate the BPM model [33].
The copter pitch angle and flight velocity were set as 15◦ and 15 m/s, and the circular microphone array was
located at a distance of 1.25 m below the center of the rotor disk plane with a diameter of 1.5 m. Microphones
were arranged in a counterclockwise direction at intervals of 22.5◦ by defining 0◦ as the downstream direction in
the wind tunnel. In a forward flight at 6000 RPM, noise directivity patterns were obtained by summation above
6 kHz, and the noise spectrum was measured at 180◦ . Because the measured noise spectrum was obtained using
∆f = 0.1 Hz, the 1/3 octave band results of the BPM model were converted into a narrowband spectrum using
the corresponding ∆f . In the BPM model, TIN and BVS noise were neglected because there was no information
on the wind tunnel turbulence and the geometric properties of the trailing edge, respectively. The prediction errors
were less than 3 dB in all angular locations, confirming the high accuracy of the BPM model for predicting radiated
noise energy in a single rotor forward flight (Fig. 3a). In addition, the BPM model exhibited reasonable predictions
in the mid-frequency range, except at frequency ranges below 1 kHz and above 10 kHz (Fig. 3b). The inability to
reasonably predict noise in the low-frequency range could be attributed to the effect of TIN and wind tunnel noise.
The prediction in the high-frequency range can be enhanced by adding BVS noise.

3.3

Quadrotor: Noise spectrum and psychoacoustic metrics

This section discusses the validation of the noise spectrum in a quadrotor forward flight and the psychoacoustic
metrics in a quadrotor hovering flight. The quadrotor forward flight study discusses the effects of wake interaction
on broadband noise and the limitations of the BPM model. The CONA framework considered wake interactions
using the parameterized Beddoes wake model [34] (a validated free-wake vortex lattice method solver tuned wake
parameters [17]). The details of the method used to adjust wake parameters are described in Ref. [10]. An SUI
Endurance cross-type quadrotor was used as the validation model, where R1 and R2 are the front rotors and R3
and R4 are the rear rotors [35]. The experiment was performed at a target vehicle thrust of 45N , and rotational
speed of the R1, R2, R3, and R4 rotors were 4047, 3992, 4895, and 4937 RPM, respectively. In addition, a lateral
distance of 3.54 m was fixed between the microphone arrays and the center of the copter, and microphone data was
used at a polar angle of 70◦ (upstream direction is 0◦ ). The noise spectrum in the 1/3 octave band was compared
to the prediction results under two scenarios, where one drives R1 and R3 individually (R1 + R3) and the other
drives R1 and R3 simultaneously (R1 & R3) to include the wake interaction effect. Figure 4a shows the validation
results of both scenarios. In the case of (R1 + R3), the error range was within 3 dB in the frequency range from
0.3–7 kHz, and the prediction in the high-frequency range could be improved by adding BVS noise. In the lowfrequency range, TIN, such as recirculation or wind tunnel effects, was dominant. Moreover, the tonal noise related
to the rotor–fuselage interaction resulted in low-frequency peaks. In contrast, in the case of (R1 & R3), the BPM
model under-predicted the wake interaction effects in all frequency ranges, indicating that the BPM model has
limitations in predicting the effects of wake interaction on broadband noise. Although the Beddoes wake model
reflected the induced velocity as wake modeling, it was difficult to consider the blade wake interaction (BWI) noise
or TIN caused by the wake of the front rotor.
A DJI F450 quadrotor adjusted to 2.0 kg by additional 0.5 kg weights was used as the validation model for the

(a) Noise spectrum (forward flight)

(b) Psychoacoustic metrics (hovering flight)

Figure 4: Validation results of quadrotor cases
psychoacoustic metrics [14]. The quadrotor was controlled to hover at 3 m above the ground. The microphone was
placed at a distance of 1.5 m above the ground with a distance of 3 m from a quadrotor at an incidence angle of 30◦ .
Experimental results were derived by constructing 45 signals every 4 s using five measurements. For the numerical
sound synthesis, hovering flight simulations were performed using different wind profiles (mean velocity = 1, 3,
and 5 m/s) using the Dryden wind turbulence model. Observer points were set at azimuthal locations at 0◦ and
45◦ relative to the quadrotor arm. All signals were pre-processed to an A-weighted equivalent sound level (LAeq ),
70 dB(A). It was challenging to completely match measurements and numerical environments; thus, the validation
was conducted using stationary metrics normalized by the mean values of the experiments. The metrics except
the roughness were consistent with the experimental results (scatter plots are numerical results; Fig 4b). Although
noise measurements were conducted when the wind velocity was less than 1 m/s, the roughness of the synthesized
signal exhibited more similar results under higher wind velocity conditions. Because uncertainties, such as torque
ripple conditions, were not considered in the numerical simulation, noise signal modulations were over-predicted
as the wind velocity decreased.

4
4.1

Prediction-Based Psychoacoustic Analyses
Mission profiles and flight control

For the psychoacoustic analyses of the RPM-controlled multirotor, a mission profile, including vertical and straightand-level flight, was selected (as shown in Fig. 5a). A DJI F450 quadrotor, which was used for the validation study
in the Sec. 3.3, was used as the reference model. Both observer positions were selected to synthesize the multirotor
noise during cruise flight (Observer A) and vertical takeoff (Observer B). Observer A was located 3 m vertically
downward from the flight vehicle at 11.5 s, and the flyover noise was synthesized between 9 to 14 s. Observer B
was located at the ground takeoff point, and the noise was synthesized between 0.1 to 4 s. The takeoff procedure
included the approach of the sinusoidal velocity profile towards the vertically 4 m upward position. In this study,
noise synthesis was performed by changing the mean wind speed (Vw ) and cruise velocity (Vc ). Figure 5b shows
the wind speed profiles obtained using the Dryden wind turbulence model at Vw = -2 m/s (minus sign corresponds
to the headwind). In addition, although DJI F450 was a cross-type quadrotor, the difference according to the configurations was confirmed by assuming that it was also a plus-type. Figure 6 shows the different RPM trim conditions
in both configurations under the same wind condition in Fig. 5b. The cross- and plus-type quadrotors exhibited
different RPM control mechanisms for the tracking mission profiles. During cruise flight, the cross-type quadrotor controlled the copter pitch by varying the RPM of two pairs of front and rear rotors, whereas the plus-type
quadrotor implemented trim conditions with the side, front, and rear rotors.

(b) Wind speed at quadrotor (Vw = -2 m/s, headwind)
(a) Schematic of mission profile

Figure 5: Mission profile and wind speed profile

(a) Cross-type quadrotor

(b) Plus-type quadrotor

Figure 6: Time histories of the RPM signal (Vw = -2 m/s, headwind)

4.2

Effects of flight conditions on psychoacoustic annoyance

4.2.1

Observer A: Flyover noise

For the flyover noise, psychoacoustic analyses were performed at Vw = -2 m/s and Vc = 2–10 m/s at an interval
of 2 m/s. Normalized psychoacoustic metrics in Fig. 7a were calculated using the 5th percentiles metrics of the
cross-type quadrotor at Vc = 2 m/s (N5 = 15.6 sone; S5 = 2.28 acum; F5 = 1.37 vacil; R5 = 1.825 asper). There
was no significant difference in the metrics (except R) with a change in the configurations. Among them, N and
S exhibited a linear relationship with Vc . In addition, the N , F , and R metrics tend to increase with an increase in
Vc , whereas S tends to decrease with an increase in Vc . Particularly, F increased significantly in the 2–6 m/s range,
after which it remained constant with a further increase in the velocity. There was a section where R increased
significantly in the cross-type quadrotor at approximately Vc = 6 m/s, which resulted in an increase in PAZ . The
PAZ of plus-type quadrotor was higher than the that of cross-type quadrotor at lower Vc , and vice-versa at higher
Vc (Fig. 7b). This indicated that the acoustic modulation exhibited a significant effect on PAZ .
Effects of wind speed were confirmed by applying an interval of 1 m/s to Vw = -7–7 m/s when Vc = 10 m/s.
Psychoacoustic metrics were normalized based on the 5th percentiles metrics in the wind-off condition of the
cross-type quadrotor (N5 = 20.8 sone; S5 = 1.813 acum; F5 = 2.309 vacil; R5 = 2.34 asper). Compared to the effect
of Vc , Vw exhibited a more significant non-linear effect on the metrics, which was more pronounced in the crosstype quadrotor (Fig. 8a). In addition, the effect of Vw was almost negligible in F , and in a tailwind, N tends to
decrease and S increased. Figure 8b shows that PAZ decreases in the tailwind for both configurations. Particularly,

(a) Normalized psychoacoustic metrics

(b) Psychoacoustic annoyance (PAZ )

Figure 7: Effects of copter velocity on flyover noise (Cross-type: solid line; Plus-type: dashed line)

(a) Normalized psychoacoustic metrics

(b) Psychoacoustic annoyance (PAZ )

Figure 8: Effects of wind speed on flyover noise (Cross-type: solid line; Plus-type: dashed line)
PAZ reached a peak at the highest R, and this was under the wind-off condition in the plus-type quadrotor. In
the wind-off condition, acoustic modulation was only affected by acoustic interference and Doppler effects. In the
cross-type quadrotor, constructive and destructive interference occurred more notable because the front and rear
rotors were driven at the same RPM; thus, the PAZ was relatively low in the wind-off condition.
4.2.2

Observer B: Takeoff noise

For the takeoff noise, psychoacoustic analyses were conducted at Vw = 0–7 m/s at an interval of 1 m/s. Psychoacoustic metrics were normalized using the 5th percentiles metrics in the wind-off condition of the cross-type
quadrotor (N5 = 25.17 sone; S5 = 2.277 acum; F5 = 2.071 vacil; R5 = 4.533 asper). Even during takeoff, the RPM
control mechanism was different depending on the configurations; thus, the cross- and plus-type quadrotors were
compared. As shown in Fig. 9a, compared to those of the cruise flight, the modulation metrics (F and R) tend
to decrease with an increase in Vw . In addition, F exhibited a local minimum in the wind-off condition, and the
characteristic of the modulation metrics could be attributed to the complicated effects of RPM trim conditions and
acoustic interference as a function of the control inputs of takeoff. Figure 9b shows that the PAZ changes with
a change in the modulation metrics, and generally, the PAZ of the plus-type was higher than that of cross-type.
Because takeoff noise was synthesized from the moment of takeoff at the ground, N5 increased, and PAZ exhibited
a higher value than the flyover noise. These results indicate that the PA in the vertiport is an important factor for
noise regulation during actual UAM operation.

(a) Normalized psychoacoustic metrics

(b) Psychoacoustic annoyance (PAZ )

Figure 9: Effects of wind speed on takeoff noise (Cross-type: solid line; Plus-type: dashed line)

4.3

High-resolution time-frequency analyses for acoustic modulation

In this section, factors affecting acoustic modulation are discussed using tonal noise. In observer A, effects of
configurations were confirmed in the wind-off condition, and in observer B, effects of the wind-on condition
were illustrated in the cross-type quadrotor. The non-stationary characteristics of tonal noise induced by the RPM
control were demonstrated using the time-frequency analysis (TFA) module of the CONA framework. This module
performs high-resolution TFA using the improved multisynchrosqueezing transform (IMSST) [36]. Noise time
signal and acoustic modulation around the 1st BPF were illustrated in both observers.
Figure 10 shows the comparison of the flyover noise of the cross- and plus-type quadrotors (Vc = 10 m/s,
Vw = 0 m/s). There was no significant difference in the amplitude of the noise time signal, but the AM frequency
of the plus-type quadrotor exhibited more complex characteristics. The comparison of the modulation signatures
of the 1st BPF noise confirmed that this difference was caused by acoustic interference. For the flyover noise, the
Doppler effect resulted in long-period FM along with short-period FM by constructive and destructive interference
between the tonal noise of individual rotors. In the cross-type, two pairs of rotors exhibited the same RPM; thus,
the modulation frequency was defined as the difference between two RPMs. However, the plus-type quadrotor was
operated using three RPMs of the front, rear, and side rotors, so that the modulation frequency consisted of two
or more. In the modulation signatures shown in Fig. 10b, acoustic interference occurs alternately in the upper and
lower BPF lines. This was one of the causes of the differences in the psychoacoustic metrics with a change in

(a) Cross-type (Vc = 10 m/s, Vw = 0 m/s)

(b) plus-type (Vc = 10 m/s, Vw = 0 m/s)

Figure 10: Effects of configurations on acoustic modulation (Noise time signal and IMSST for 1st BPF noise)

(a) Cross-type (Vw = 0 m/s)

(b) Cross-type (Vw = 3 m/s)

Figure 11: Effects of wind condition on acoustic modulation (Noise time signal and IMSST for 1st BPF noise)
configuration in the flyover noise.
Figure 11 shows the comparison of the takeoff noise in wind-off and wind-on (Vw = 3 m/s) conditions of
the cross-type quadrotor. In the noise time signal of the wind-off condition, AM occurred as the distance from
observer B to quadrotor increased with a decrease in the RPM of all rotors. However, in the wind-on condition,
because the RPM was adjusted for posture control, periodic AM additionally occurred, and the amplitude of the
noise time signal was more significant than that in the wind-off condition. This indicates that the wind-on condition
is one of the causes of acoustic modulation in the takeoff noise of RPM-controlled DEP system. Observer B was
set as the ground takeoff point; thus, the positional relationship with each rotor is the same, and periodic acoustic
interference occurred. Because modulation signatures depend on the observer position, it is necessary to examine
several representative observers to illustrate the noise impact at the vertiport.

5

Conclusion

In this study, the CONA framework was improved for real-time noise prediction, including rotor tonal and broadband noise. For the perception-based evaluation of multirotor noise, phase reconstruction and psychoacoustics
modules were developed to synthesize the time signal of rotor broadband noise and calculate PA, respectively.
Based on diverse verification and validation studies, the reliability of the BPM model for UAV rotor noise prediction and psychoacoustic analysis are discussed. The results revealed that the proposed framework can illustrate the
effects of configuration, wind speed, and copter velocity on psychoacoustic metrics. The physical and psychoacoustical characteristics of the RPM-controlled multirotor noise were attributed to mission profiles owing to the
differences in rotational speed variations, acoustic wave interference, and Doppler shifting. This paper presents
fundamental steps toward the prediction-based psychoacoustic analysis of frequency-modulated multirotor noise
by developing a comprehensive prediction framework.
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