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Abstract 

For the operation of Unmanned Aerial Vehicles (UAVs) in urban environments, noise emitted by the UAV and 

the resulting noise exposure for the population are important aspects that must be considered. To increase 

public acceptance of UAV operations, noise models are required to assess and estimate UAV noise emissions. 

In this paper, flight-phase-specific semi-empirical noise source models for a cargo UAV are presented, each 

derived from selected noise-measurement segments of a complete flight mission. In addition, a measurement 

campaign simulating a simple urban flyover case was conducted, and a preliminary receiver-side wall-

extension approach is investigated. These models are intended to support phase-specific UAV noise emission 

modeling and provide a basis for future mission-level applications.  

Keywords: eVTOL, UAV, aeroacoustics, semi-empirical noise model, flight test data 

1. Introduction  

As Urban Air Mobility (UAM) continues to develop, noise emissions caused by Unmanned Aerial 

Vehicles (UAV) operations represent one of the key factors influencing public acceptance [1]. In 

order to understand and reduce the noise exposure of the population, appropriate methods for noise 

assessment and management are required [2]. For this purpose, aeroacoustic models are needed 

to estimate UAV noise emissions along representative flight missions. Such models can support 

UAV operations in urban areas by enabling mission planning with respect to noise emissions. 

Previous studies have shown that drone noise perception and annoyance depend on drone size, 

flight maneuver and operating speed [3]. This indicates that the acoustic behavior of a UAV should 

be considered in relation to its operating condition rather than by a single stationary source 

description. 

Measurement-based semi-empirical modeling provides one possible way to describe such 

operating-condition-dependent UAV noise emissions. The modeling approach used in the present 

work builds on the concept of flight-test-based system identification and compact semi-empirical 

source modeling developed at Technical University of Munich, Chair of Aircraft Design (TUM LLS) 

[4], [5]. In the present study, this approach is applied in a phase-specific manner to account for the 

different operating conditions encountered during the mission. Related work on multicopter noise 

modeling has also shown that measurement-based source models can include directivity and 

operating-condition effects, for example through procedure- or forward-flight-related correction terms 

[6]. 

However, free-field source models do not include reflections of acoustic waves, for example from 

buildings, which are expected to influence acoustic exposure in urban environments, particularly for 

cargo UAV flyover scenarios where reflective surfaces are present along the flight path. Schäfer et 

al. [7] have shown that models restricted to direct sound and ground reflection are insufficient near 

residential structures, where reflections and diffraction at buildings should be considered.  

In this work, a separated lift and cruise fixed-wing cargo UAV configuration is investigated using 

aeroacoustic in-flight measurements of a complete UAV mission. Since the UAV operates in different 
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flight phases, the present paper develops phase-specific semi-empirical source models for a cargo 

electric vertical take-off and landing (eVTOL) UAV mission and evaluates a preliminary near-wall 

extension of the cruise model for a simplified urban flyover case. 

2. Experimental Setup and Flight Measurement Campaign 

The UAV used for the aeroacoustic flight measurements is an experimental separated lift and cruise 

cargo UAV called PW.Orca, manufactured by Phoenix Wings. PW.Orca is designed for transporting 

goods such as medical supplies, a mission profile that may include operations in urban areas and 

therefore makes this UAV particularly relevant for the investigation of noise emissions and 

community noise perception. PW.Orca is equipped with six hover propellers for vertical take-off and 

landing, two propellers for cruise flight, as well as wings with a wingspan of 2.98 m for wing-borne 

flight and a cruise speed of up to 110 km/h [8]. Figure 1 shows the UAV and an example of the 

microphone arrangement at the flight test field. 

 

      
Figure 1 – UAV PW.Orca and example of the microphone arrangement at the flight test field. 

For the acoustic measurements, a mobile frontend decentralized measurement system Squadriga 

III manufactured by HEAD Acoustics and eight ½-inch free-field microphones were used. The 

measurement system is equipped with a Global Positioning System (GPS) sensor, enabling 

synchronization of the measurement data during post-processing using GPS timestamps. 

The measurement campaign was conducted during summer at the Goldachfeld test field in the 

municipality of Ismaning, Germany. The microphone setup was selected such that as many UAV 

emission angles as possible could be captured by the microphones during all flight phases. To 

achieve this angular coverage, six microphones were arranged in a straight line perpendicular to the 

UAV flyover trajectory, with a spacing of 15 m between adjacent microphones. The microphones 

were mounted on circular metallic ground plates and tripods, following the general recommendations 

of the European Union Aviation Safety Agency (EASA) guidelines [9]. 

The measurements were conducted under stable weather conditions with no precipitation. Some 

parts of the measurements were contaminated by noise from commercial aircraft passing over the 

test field near Munich Airport (MUC). These data segments were excluded from the analysis. 

The objective of the experiment was to measure the noise emissions of PW.Orca UAV during all 

flight phases. The flight mission consisted of vertical take-off, transition into cruise flight, cruise flight 

with ten flyovers above the microphone array, retransition into vertical landing, and the landing phase 

itself. The flight trajectory over the Goldachfeld test area and the microphone arrangement are shown 

in Figure 2. 
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Figure 2 – UAV trajectory over the microphone array and arrangement of the microphones at the 

flight test field. 

Additionally, a wall was installed at the flight test field in order to represent a simplified urban flyover 

case. This experimental setup is described in Section 5. 

3. Acoustic Data Processing 

The acoustic recordings obtained from the measurement system were first processed in the 

ArtemisSuite software environment. In this step, non-relevant parts of the recordings were removed 

to reduce computational effort, and acoustic quantities such as sound pressure level (SPL) and Fast 

Fourier transform (FFT) spectra were calculated from the raw measurement data. The processed 

acoustic data were then further analyzed in MATLAB. 

The MATLAB post-processing was based on TUM LLS processing tools previously developed for 

flight-test-based UAV noise analysis [4], [5]. For the present study, these tools were adapted and 

applied to the PW.Orca measurement campaign in order to prepare synchronized acoustic-flight 

datasets for the subsequent model analysis. 

The first essential step in post-processing was the synchronization of the acoustic measurement 

data with the UAV flight-log data. This synchronization was performed using GPS timestamps 

available from both the measurement system and the UAV. Based on the synchronized UAV position 

and attitude data, source-receiver distances, emission angles and incidence angles at the 

microphone plates were calculated for all microphones. 

After synchronization, propagation-time-delay and Doppler corrections were applied. Furthermore, a 

plate correction was applied, since the metallic ground plate beneath the microphones can influence 

different frequencies depending on the angle of incidence. In the next step, the pressure-doubling 

effect was corrected, since the microphones were positioned on acoustically hard metallic ground 

plates. Finally, A-weighted sound pressure levels, SPL(A), were calculated from the corrected 

acoustic data. Since the models developed in this work are intended to assess community-noise-

related effects, A-weighted SPL was used as the target quantity for the semi-empirical models. 

The resulting synchronized datasets formed the basis for the phase-specific source-model 

identification and for the subsequent analysis of wall-induced effects in the simplified urban flyover 

case. 
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4.  Semi-Empirical Source Modeling Framework and Free-Field Results 

4.1 General model philosophy and methodology 

This section describes the framework used to develop phase-specific semi-empirical source models 

for the free-field UAV measurements. The approach is based on compact model formulations in 

which the model structure is defined using physically motivated input quantities. The free model 

parameters are identified from aeroacoustic measurements using an output-error parameter-

identification approach following standard system-identification methodology [10]. For each phase, 

the model parameters were determined by minimizing the residual between measured and modelled 

A-weighted SPL over the selected time interval and microphones. 

The modeling framework used in this study follows the semi-empirical point-source approach 

introduced in previous work [4], [5]. This approach provides the general basis for identifying compact 

source models from synchronized acoustic and flight-log data. In the present work, the framework is 

applied to the PW.Orca mission and adapted to the individual flight phases. This is motivated by the 

different propulsion and aerodynamic operating conditions occurring during hover-propeller-

dominated vertical flight, transition and cruise. Previous experimental studies on multirotor vehicles 

have shown that hover and forward-flight conditions can exhibit different aeroacoustic 

characteristics, including rotor-airframe interaction effects in hover and rotor-wake interaction effects 

in forward flight [11]. 

For the vertical-flight phases, model terms describing dependency on electrical power, polar 

directivity and source-receiver distance are used. For the transition phases, flight speed is 

additionally included. For the cruise phase, an extended model is used, including electrical power, 

azimuthal and polar directivity, bank angle, flight speed, source-receiver distance and a background 

term. The general model structure can be written as 

 

 𝐿𝐴 = f(𝑃𝑒𝑙 , 𝜃𝑝𝑜𝑙 , 𝜑𝑎𝑧, 𝑟, 𝑉, 𝜇; 𝒑) (1) 

 

where 𝑃𝑒𝑙 is the electrical power, 𝜃𝑝𝑜𝑙 and 𝜑𝑎𝑧 are the polar and azimuthal emission angles, 𝑟 is the 

distance between the UAV and the microphone, 𝑉 is the flight speed, 𝜇 is the bank angle and 𝒑 is 

the vector of free model parameters. Not all variables are used in all flight phases. The specific set 

of model terms is selected according to the physical characteristics of the corresponding flight phase 

and the quality of the available data.  

Based on the synchronized UAV position and attitude data, the source-receiver distance and 

emission angles are computed for each microphone and time step. These quantities form the 

geometric input variables of the semi-empirical models. All phase-specific models in this work were 

identified and evaluated using A-weighted sound pressure levels. This ensures consistency between 

the phase-specific models and provides the basis for a later mission-level application. For the 

identification of the free-field source models, only the six field microphones listed in Table 1 were 

used. Wall-side microphones were excluded from source-model identification and are later used to 

evaluate the urban/wall extension in the simplified urban flyover case. 

The flight-phase segmentation was derived from the synchronized UAV flight-log data and was not 

based on the acoustic levels. The main indicators used for the segmentation were the recorded flight 

state, ground speed, electrical power, altitude trend, and the rotational speeds of the hover and 

cruise propellers. The vertical-flight phases were identified as flight segments with dominant hover-

propeller operation and a continuous change in altitude. The transition and retransition phases were 

identified as intervals in which the UAV changed between hover- and cruise-propeller-dominated 

operation, together with acceleration or deceleration. The cruise phase was identified as the forward-

flight segment with a quasi-steady flight-speed plateau and cruise-propeller-dominated operation. 

Table 1 summarizes the flight phases considered in this work and the microphones used for the 

corresponding model identification. 
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Phase Microphones Target 

Vertical take-off 2, 3, 4, 6, 7, 8 𝐿𝐴 

Transition into cruise 2, 3, 4, 6, 7, 8 𝐿𝐴 

Cruise 2, 3, 4, 6, 7, 8 𝐿𝐴 

Retransition into landing 2, 3, 4, 6, 7, 8 𝐿𝐴 

Vertical landing 2, 3, 4, 6, 7, 8 𝐿𝐴 

Table 1 – Overview of the flight phases and field microphones used for the phase-specific source-
model identification, 𝐿𝐴 denotes A-weighted SPL. 

For each phase, the model parameters were identified by minimizing the residual between measured 

and modelled A-weighted SPL over the selected time interval and microphones. The agreement 

between measured and modelled SPL was quantified using the root mean square error (RMSE) 

 

RMSE = √
1

𝑁
∑(

𝑁

𝑖=1

𝐿𝐴,𝑚𝑒𝑎𝑠,𝑖 − 𝐿𝐴,𝑚𝑜𝑑𝑒𝑙,𝑖)
2 (2) 

The reported RMSE values describe the agreement between the identified phase-specific model 

structures and the selected measurement segments. The identified model parameters are listed in 

Appendix A. The following subsections present the phase-specific model formulations and the 

corresponding free-field model results for one representative free-field microphone, Mic3, while the 

RMSE values are calculated over all field microphones. 

4.2 Vertical-Flight Models 

The vertical take-off and vertical landing phases are dominated by the hover propellers and are 

therefore modelled separately. The models include a propulsion-power-related term, since higher 

propeller power is expected to result in higher noise levels, a geometrical spreading term, since the 

sound pressure level decreases with increasing source-receiver distance, and polar directivity terms, 

since the UAV noise emission is directional and the emission angle relative to the microphone 

changes during the UAV motion. 

During the take-off and landing phases, the UAV motion is dominated by the change of altitude. 

Therefore, the source-receiver distance and the polar emission angle change during vertical motion. 

Although the UAV altitude is not used as an explicit model input, it affects the model through these 

geometric quantities. 

 𝐿𝐴,ℎ𝑜𝑣 = 𝑝1log⁡10(𝑃𝑒𝑙) + 𝑝2sin⁡(𝜃𝑝𝑜𝑙 − 𝑝3) + 𝑝4cos⁡(𝜃𝑝𝑜𝑙 − 𝑝5)

− 20log⁡10(𝑟/40) 
(3) 

 

The model result for the vertical take-off phase is shown in Figure 3. In addition to the time-domain 

comparison, the same model output is also plotted as a function of the UAV altitude relative to the 

beginning of the vertical-flight segment. 

 
Figure 3 – Comparison between the measured data and the semi-empirical model results over time 

and relative UAV altitude change for the take-off phase. 
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For the landing case, the same model structure as for the take-off phase was used, but the parameters 
were identified separately using the data segment corresponding to the vertical landing phase of the 
mission. Figure 4 shows the comparison between the semi-empirical model and the measured data 
for the vertical landing case over time and as a function of the UAV altitude change relative to the 
beginning of the landing segment.  
 

 
Figure 4 – Comparison between the measured data and the semi-empirical model results over time 

and relative UAV altitude change for the landing phase. 

Table 2 shows the comparison between the take-off and landing models. 
 

Phase Main inputs  RMSE, dB(A) 

Vertical Take-Off 𝑃𝑒𝑙, 𝜃𝑝𝑜𝑙, 𝑟 1.79 

Vertical Landing  𝑃𝑒𝑙, 𝜃𝑝𝑜𝑙, 𝑟 2.08 

Table 2 – Comparison of the vertical-flight models. 

4.3 Transition Phase Models 
The transition phase of the Orca represents the transition from vertical take-off into horizontal cruise 
flight, while the retransition phase represents the transition from cruise flight into vertical landing. 
During these phases, power is redistributed between the hover and cruise propellers, and the 
aerodynamic operating condition of the UAV changes continuously. For this reason, transition and 
retransition are treated as separate flight conditions and are modelled separately from the vertical-
flight and cruise phases. The transition and retransition intervals were selected according to the phase 
segmentation described in Section 4.1. 
An initial hypothesis for the transition phases was to represent the acoustic level as an energetic 
blending of the vertical-flight and cruise source models. This would imply that the transition noise can 
be described as a weighted combination of two quasi-stationary operating conditions. Two simple 
blending approaches were tested. In the first approach, the model was blended linearly in time, 
starting as a pure vertical-flight model at the beginning of the transition and ending as a pure cruise 
model at the end. In the RPM-based blend, the vertical-flight weight was calculated as the ratio of the 
average hover-propeller RPM to the sum of the average hover- and cruise-propeller RPM. Both gave 
clearly larger errors than the dedicated transition model, with RMSE values of 4.25 dB(A) and 4.18 
dB(A), respectively, compared to 2.43 dB(A) for the dedicated transition model. Therefore, a simple 
weighted combination of the vertical-flight and cruise models was not retained for the final transition 
modeling. 
Based on this result, the transition and retransition phases were modelled as separate flight phases. 
The transition model follows the compact vertical-flight-model structure but additionally includes flight 
speed as a transition-specific input variable. This accounts for the increasing forward-flight component 
during the transition into cruise. 

 

 𝐿𝐴,𝑡𝑟 = 𝑝1log⁡10(𝑃𝑒𝑙) + 𝑝2sin⁡(𝜃𝑝𝑜𝑙 − 𝑝3) + 𝑝4cos⁡(𝜃𝑝𝑜𝑙 − 𝑝5) − 20log⁡10(𝑟/40)

+ 𝑝6𝑉 
(4) 

 
Figure 5 shows the comparison between the model and the measured data for the transition phase, 
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both over time and as a function of flight speed. 

 
Figure 5 – Comparison between measured data and the transition into cruise phase model, shown 

over time and as a function of flight speed. 

For the retransition into vertical landing, the same model structure was used. Figure 6 shows the 
comparison between the model result and the measured data for the retransition phase. 

 
Figure 6 – Comparison between measured data and the retransition into vertical landing phase 

model, shown over time and as a function of flight speed. 

Table 3 shows, similarly to the vertical-flight case, the comparison between the transition and 
retransition models based on the RMSE metric. 
 

Phase Main inputs  RMSE, dB(A) 

Transition into cruise 𝑃𝑒𝑙, 𝜃𝑝𝑜𝑙, 𝑟, 𝑉 2.43 

Retransition into vertical 
landing 

𝑃𝑒𝑙, 𝜃𝑝𝑜𝑙, 𝑟, 𝑉 1.95 

Table 3 – Comparison of the transition and retransition models. 

4.4 Cruise Model 
Cruise flight represents the most stationary flight phase of the UAV. In addition, it is the flight phase 
during which the UAV spends most of its operational time and therefore should be modelled as 
accurately as possible with respect to its impact on the community, while the vertical-flight and 
transition models presented in this work are kept compact. 
The cruise model is formulated in two steps. First, the source-related contribution 𝐿𝐴,𝑠𝑟𝑐 is calculated 

from the propulsion, directivity, attitude, distance and speed terms. Second, the broadband 
background term 𝑝9 is added energetically to obtain the final cruise-model level 𝐿𝐴,𝑐𝑟: 
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 𝐿𝐴,𝑠𝑟𝑐 = 𝑝1log⁡10(𝑃𝑒𝑙) + 𝑝2 sin(𝜙𝑎𝑧 − 𝑝3) + 𝑝4 sin(𝜃𝑝𝑜𝑙 − 𝑝5) + 𝑝6 cos(𝜇) − 𝑝7

⋅ 20log⁡10 (
𝑟

40
) + 𝑝8𝑉 

 

𝐿𝐴,𝑐𝑟 = 10log⁡10(10
𝐿𝐴,𝑠𝑟𝑐/10+10𝑝9/10) 

 

(5) 

In the source-related contribution 𝐿𝐴,𝑠𝑟𝑐, the logarithmic power term accounts for the dependency of 

the noise emission on the electrical power demand of the propulsion system. The polar and azimuthal 
sinusoidal terms represent the directivity of the UAV noise emission. The distance term accounts for 
geometrical spreading relative to a reference distance of 40 m. The bank-angle term accounts for 
possible attitude-related variations during cruise flight. Finally, the speed term accounts for the 
influence of forward-flight velocity on the acoustic emission. 
For the cruise-model evaluation, only selected straight flyover segments around the microphone array 
were considered. The selected segments cover the straight part of each cruise pass in the vicinity of 
the microphones, with a length of about 500 m, corresponding to roughly ±250 m around the 
microphone array. This selection excludes return-path portions of the circular mission, which are not 
representative of the selected straight flyover configuration around the microphone array. The first 
two cruise flyovers were additionally excluded because they were contaminated by noise from passing 
commercial aircraft. 
Figure 7 shows the comparison between measured and modelled A-weighted SPL during cruise flight 
for a free-field Mic3 over two representative flyovers. The model reproduces the main flyover peak 
and the temporal development of the cruise passes with good agreement. This indicates that the 
selected set of input variables provides an adequate description of the broadband cruise noise level 
under free-field conditions. 
 

 

 
Figure 7 – Comparison between measured data and semi-empirical cruise-model results for two 

representative selected straight cruise flyovers at Mic3. 
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The RMSE reported in Table 4 was calculated over the remaining selected straight cruise flyover 
segments and all field microphones. 

 

Phase Main inputs  RMSE, dB(A) 

Cruise 𝑃𝑒𝑙, 𝜃𝑝𝑜𝑙 , 𝜙𝑎𝑧, 𝑟, 𝜇, 𝑉 1.685 

Table 4 – RMSE of the cruise model. 

Together with the vertical-flight and transition models presented above, the identified cruise model 
completes the set of phase-specific free-field source models considered in this work. The identified 
phase-specific models can be applied sequentially along a UAV mission timeline by selecting the 
corresponding model according to the flight-phase segmentation described in Section 4.1. In this way, 
the complete mission may be represented as a sequence of vertical take-off, transition into cruise, 
cruise, retransition into landing, and vertical landing segments. 

5. Preliminary Extension to a Simplified Urban Flyover Case 
This section describes the case of a simplified urban facade represented at the flight test field by a 
wall structure and investigates the possibility of extending the semi-empirical cruise model by testing 
a preliminary receiver-side image-source extension. 

5.1 Experimental Setup 
To account for a simplified urban environment, a wall structure with dimensions of 2.5 m × 2.5 m was 
installed at the flight test field. Two microphones were positioned in front of the wall at distances of    
1 m and 2 m. However, the preliminary wall-model analysis presented here is restricted to Mic5 as 
one representative wall-side microphone. The remaining six microphones remained in the free field 
for comparison purposes. The objective of this setup was to measure the acoustic signal including 
wall-reflection effects and to investigate possible differences in the acoustic signature between free-
field microphones and microphones positioned near the wall. 
Since the objective of this work is to develop phase-specific semi-empirical UAV noise models, this 
setup is intended to provide a first step toward a receiver-side wall-extension for a simplified urban 
flyover case. The wall arrangement at the flight test field, as well as the two microphones positioned 
in front of the wall, are shown in Figure 8. 
 

 
Figure 8 – Experimental setup at the flight test field for the simplified urban flyover case.  

 

5.2 Wall-Effect Observation 
The same processing steps described previously for the free-field data were also applied to the wall-
measurement data. Figure 9 shows the measurement results of a single UAV mission recorded by 
one microphone in the free field (Mic4) and one microphone positioned near the wall (Mic5). To make 
both signals comparable despite the different microphone positions, the signals were time-shifted and 
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peak-aligned relative to the UAV trajectory. 
The plot demonstrates a clear deviation between the free-field microphone measurement and the 
measurement near the wall. In particular, the shape of the flyover signature differs before and after 
the main peak. This deviation is observed consistently for each flyover and is therefore considered 
systematic. 

 

 
Figure 9 – Peak-aligned comparison of A-weighted SPL measured at a free-field microphone (Mic4) 

and a wall-side microphone (Mic5) for one representative UAV flyover. 

5.3 Preliminary Wall-Model Extension 
To assess the influence of the wall on the measured sound pressure level, the cruise flight phase was 
selected. In contrast to the free-field case, the wall-side microphone is affected not only by the direct 
sound emitted by the UAV, but also by additional propagation effects caused by the nearby reflecting 
surface. 
As a first step, the free-field cruise model was applied to the wall-side microphone without re-identifying 
the source-model parameters. This allows the remaining deviations to be evaluated under the 
assumption that the UAV source model itself is already known, while the wall influence is initially 
neglected. This source-only approach underpredicts the wall-side measurement around the flyover 
peak and does not reproduce the characteristic temporal deviations before and after the peak. This 
indicates that the wall-side microphone response cannot be described by the free-field source model 
alone. 
As a physically motivated first-order wall-extension, an image-source approach was considered [12]. 
In this approach, the reflected contribution is represented by a virtual source positioned symmetrically 
behind the wall plane. The image-source contribution is added energetically to the direct source 
prediction and scaled by a broadband reflection coefficient 𝛼:  
 

 𝐿𝐴,𝑤𝑎𝑙𝑙 = ⁡10 ∙ log10(10
𝐿𝐴,𝑑𝑖𝑟/10 + 𝛼 ∙ 10𝐿𝐴,𝑖𝑚/10 + 10𝑝9/10) (6) 

 
where 𝐿𝐴,𝑑𝑖𝑟 is the direct UAV source contribution evaluated with the cruise source formulation 

excluding the effective background term, 𝐿𝐴,𝑖𝑚 is the corresponding mirrored image-source 

contribution, 𝛼 is a broadband reflection coefficient and 𝑝9 is the same broadband background term as 
used in the cruise model. 
The image-source hypothesis was tested using the same selected straight cruise flyover segments as 
used for the cruise-model evaluation. For the idealized image-source case with 𝛼 = 1, the predicted 
level is increased by approximately 2–3 dB and the agreement around the flyover peak is improved 
locally. However, the resulting curve does not reproduce the measured temporal structure before and 
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after the peak. Consequently, the RMSE over the selected straight wall-side flyovers increases from 
2.81 dB(A) for the source-only model to 3.84 dB(A) for the ideal image-source case. 
Since the idealized image-source case mainly improved the agreement around the flyover peak, the 
reflection coefficient was additionally fitted only in a small time window around the measured peak. For 
this purpose, a ±2 s window around the peak was selected. This local fit resulted in 𝛼 = 0.58 and 
reduced the peak-window RMSE from 3.13 dB(A) for the source-only model to 2.44 dB(A) for the peak-
fitted image-source model. 
For Figure 10, both image-source cases are shown over the flyover together with the measured data 
and the source-only prediction. While the image-source contribution improves the agreement around 
the peak, neither fit reproduces the overall shape of the wall-side signal. In particular, the measured 
pre- and post-peak structure remains different from the image-source model curves. 
These results indicate that the observed wall effect cannot be described as a uniform broadband level 
increase alone. Instead, the remaining deviations may be related to frequency-dependent interference, 
finite-wall geometry, edge diffraction and possible shielding effects. A more detailed wall-reflection 
model is therefore left for future work. 
 

 
 
Figure 10 – Comparison between the wall-side measurement at Mic5, the source-only cruise model 

and two energetic image-source variants for one representative straight cruise flyover. 

6. Discussion and Conclusion 

In this work, phase-specific semi-empirical source models were developed for the PW.Orca cargo 

UAV with a separated lift and cruise configuration, based on synchronized acoustic and flight-log 

data. The results support the use of different model structures for the individual flight phases, as the 

underlying noise-generation mechanisms and operating conditions differ substantially between 

vertical-flight, transition and cruise. 

The vertical take-off and landing phases could be described using compact vertical-flight models 

based on electrical power, polar directivity and source-receiver distance. For the transition and 

retransition phases, this compact structure was extended by flight speed. Simple vertical-flight/cruise 

blending approaches were tested for the transition phase but were not sufficient. Therefore, 

dedicated semi-empirical transition models were introduced. For the cruise phase, an extended 

model including electrical power, azimuthal and polar directivity, bank angle, flight speed, source-

receiver distance and an effective background term was used. The cruise evaluation was restricted 

to selected straight flyover segments, while contaminated flyovers and return-path portions of the 

circular trajectory were excluded. All models were consistently identified using A-weighted acoustic 

data and physically motivated input quantities appropriate for the respective flight phase. 
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The phase-specific models provide a basis for a mission-level application of the modeling framework, 

where the corresponding model is selected according to the identified flight phase. Further flight 

missions are required as the next step to assess the transferability of the phase-specific modeling 

framework under different operating conditions and mission profiles. 

In addition, the study investigated a preliminary receiver-side wall-extension for a simplified urban 

flyover case. The wall-side measurements showed systematic deviations from the free-field 

microphone measurements. Applying the source-only cruise model to the wall-side microphone 

reproduced the general flyover trend but did not capture the wall-side peak level and the temporal 

deviations before and after the peak. A simplified energetic image-source approach improved the 

agreement around the peak but did not reproduce the complete temporal structure of the wall-side 

signal. This indicates that a single broadband energetic image-source contribution is not sufficient to 

describe the observed wall-induced effects. A more detailed wall-reflection treatment is therefore 

required for future modeling of simplified urban flyover scenarios. 

7. Outlook 

Future work will focus on validating the phase-specific modeling framework on independent flight 

missions. This will make it possible to evaluate how well the identified models describe the noise 

emission of the UAV under different operating conditions and mission profiles.  

For the simplified urban flyover case, additional measurements are planned to better understand 

wall-induced propagation effects. Future campaigns should include flyovers both perpendicular and 

parallel to the wall. On the modeling side, the wall extension should be developed toward a 

frequency- and geometry-dependent formulation including finite-wall visibility, coherent reflection, 

diffraction and possible shielding effects.  
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Appendix A. Identified Model Parameters 
 

Flight phase 
Identified parameters 

𝑝1 𝑝2 𝑝3 𝑝4 𝑝5 𝑝6 𝑝7 𝑝8 𝑝9 

Vertical Take-Off 8.1777   -25.2288    0.7278   18.0073     1.8933 - - - - 

Transition into cruise 10.2601 -17.6936 0.7799 -15.9494 1.6747 0.1402 - - - 

Cruise 14.4911 1.0534 0.4222 0.5927 0.6560 0.5389 1.5865 0.3680 32.9494 

Retransition into vertical landing 3.0329 30.7925 2.9538 35.2633 -0.6581 0.3589 - - - 

Vertical Landing 9.7404    -21.4187         0.6367     -16.5354         2.0277 - - - - 

Table A1 – Identified parameters of the phase-specific semi-empirical source models. 


