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Project Overview

The Pennsylvania State University will support the FAA in developing noise measurement and analysis methods that will
accurately characterize the external noise radiation of a variety of Unmanned Aircraft System (UAS) and Urban Air Mobility
(UAM) vehicles. Noise measurements will be collected for a wide range of UAS and UAM configurations across different
operating modes, flight speeds, and altitudes. A reconfigurable multirotor UAS will be developed and tested to assess the
effects of rotor number, blade design, and position on radiated noise and the measurement and analysis process. The data
analysis process developed through this project will allow the contributions of the individual rotor or propeller noise sources
to be separated and modeled independently, thus allowing variability in noise generation to be correlated to variability in
the vehicle flight state.
Noise measurement techniques for conventional propeller-driven aircraft and rotorcraft are well established. These
techniques typically assume that the acoustic state of a vehicle does not change during a steady-state pass over a microphone
or microphone array. However, UAS and UAM platforms violate this steadiness assumption because the rotor or propeller
states, such as RPM or blade pitch angle, vary continuously and independently as the vehicle control system responds to
atmospheric perturbations. Many UAS and UAM vehicles employ distributed propulsion systems, where the rotors or
propellers are not locked in phase. When multiple rotors or propellers operate at similar blade passing frequencies, coherent
addition of the tonal noise will result in lobes of acoustic radiation that are tightly focused in certain directions. Because the
phase relationships between the rotors change over time, the directionality of these lobes will vary. Consequently, the noise
cannot be modeled as a single stationary source, and no two flight passes will result in the same noise radiation pattern on
the ground. Moreover, because there are numerous possible combinations of control inputs that result in the same flight
condition, the flight condition of the vehicle cannot be uniquely mapped to a corresponding acoustic state. This project aims
to develop noise measurement techniques and data analysis methods that can reduce this variability, thereby allowing
repeatable characterization of UAS and UAM noise.

Task 1 – Review of Regulations, Standards, Literature, and Ongoing
Research
The Pennsylvania State University

Objective(s)

In this task, a comprehensive review was conducted of past and ongoing activities closely related to this project, with the
goal of developing noise measurement methods to inform noise certification and noise reduction of UAS and UAM. This
included a review of existing and proposed noise certification standards for aircraft and rotorcraft, as well as existing
industrial standards and published research regarding the measurement of aircraft noise. The applicability of these
approaches to UAS and UAM noise measurement was assessed and the major limitations identified.

Research Approach

Over 150 different publications were reviewed during the previous reporting period. The main findings were documented
in the previous annual report, in addition to a presentation given to the FAA and project advisory panel.

Milestone(s)

This task was completed, following a) a comprehensive review of the literature and b) the reporting of the key findings to
the FAA and advisory panel. Findings from this review have been used to support other related efforts, including the NASA
UAM Noise Working Group.

Major Accomplishments

There are no additional accomplishments to report in the current reporting period.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement

All graduate students were actively involved in the literature review process, focusing on literature relevant to their primary
research tasks.

Plans for Next Period

Literature review activities will continue throughout the project. The team will also work to identify relevant ongoing research
that may not have been published yet to identify opportunities for coordination and collaboration.

Task 2 – Computational Modeling of UAS and UAM Configurations
The Pennsylvania State University

Objective(s)

The goal of this task is to develop several computational models of UAS and UAM aircraft with varied configurations, thus
providing a simulated environment in which various noise measurement configurations and data processing methods can
be rapidly investigated ahead of acoustic flight testing. The flight conditions and appropriate microphone arrangements for
characterizing the directivity of the vehicle will be evaluated. Additionally, data will be generated to validate the efficacy of
the rotor source separation process that is also being developed under this project.

Research Approach

This task will leverage the UAM noise prediction system being developed by Penn State under ASCENT Project 49, with an
emphasis on using the combined system of PSU-WOPOP and DEPSim to model the acoustic “beating” phenomena caused by
the time-varying RPM of multi-rotor UAS and UAM systems. The computational models will be used to identify requirements
for the microphone measurement arrays, which are designed to capture variations in noise due to variations in flight
condition and source directivity. Acoustic simulations will also provide details that are not available in the flight test
measurements to help diagnose and analyze the noise from complicated UAS and UAM vehicles.

Milestone(s)

The milestones for this task consist of a) developing UAS and UAM models representative of the vehicles for which noise
measurements will be collected during this project, b) conducting simulated experiments, and c) identifying best practices
for UAS and UAM noise measurements by reviewing the simulated data.

Major Accomplishments

The UAM noise prediction system being developed under ASCENT Project 49 was not complete at the beginning of this
reporting period. This noise prediction system couples the PSU-WOPWOP aeroacoustic prediction code with the PSU-DEPsim
flight mechanics model and Continuum Dynamics Incorporated’s CHARM free wake aerodynamics model. While the DEPSimCHARM coupling was being updated under ASCENT Project 49, an initial model of a multirotor UAS was developed using
Penn State’s VSP2WOPWOP tool. This tool allows users to model a UAS rotor system using NASA’s OpenVSP software, applies
a blade element method to predict the airloads, and generates input files for PSU-WOPWOP to predict the resulting acoustics.
Figure 1 shows an OpenVSP wireframe model of one of the rotor blades on the Tarot X8 UAS studied in this project. Grid
resolution studies were conducted to identify the number of points in space and time required to accurately resolve the
acoustic pressure time history and spectral quantities for UAS vehicles.

Figure 1. OpenVSP blade model for the Tarot X8.
Following the grid resolution study, several different investigations were conducted using this modeling approach. These
included investigations on (i) the effects of acoustic interference between rotors of a multirotor system, (ii) the far-field
distance for multirotor UAS, and (iii) initial simulated flyover noise predictions for UAS.
Acoustic Interference
The tonal noise components for multirotor vehicles add constructively when they are in phase and destructively when they
are 180° out of phase. When the rotors are not locked in phase—e.g., when using cross shafting—the phase relationships
between the rotors change over time, causing the noise radiated in a given observer direction to fluctuate. This condition
(i.e., multiple rotors operating at constant but slightly different RPM) is often referred to as “beating.” During this reporting
period, beating was extensively studied for a variety of different multirotor configurations and RPM variations. For example,
Figure 2 shows the predicted acoustic pressure time history for the Tarot X8 octocopter in forward flight when each of the
eight rotors has an RPM that varies sinusoidally over time at a different rate. Modulation can clearly be seen in the envelope
of the acoustic pressure. This modulation occurs at different scales, corresponding to the differences in the rotation rates
of individual rotor pairs. When multiple rotors operate at almost the same RPM, the “beating” period can be quite long, on
the order of several seconds.

Figure 2. Predicted “beating” pressure time history for Tarot X8 octocopter.
Acoustic Far-field
The acoustic far-field is the region where the noise source can be considered “compact” and the noise decays from the source
following spherical spreading. For helicopter rotors, the far-field is generally considered to begin between 5 and 10 diameters
from the rotor hub. However, a similar “rule of thumb” has not been established for small UAS. The UAS noise prediction
model developed under this project was employed to investigate where the acoustic far-field may be for typical multirotor
UAS.
For this study, the number of rotors, distance between rotors, rotation rates and thrust were varied. As an example, Figure
3 plots the predicted decrease in noise levels with increasing distance from the rotor hub for single and octocopter
configurations at various RPM. In addition to the predicted noise level, a dashed line shows the expected decrease in levels
following the spherical spreading, or 1/𝑟, relation. Circled on each plot is the point where the predicted noise levels diverge
from the spherical spreading by more than 1 dB is circled on each plot. This was used to define the far-field distance.

Figure 3. Variation in noise level with distance for single-rotor and octocopter configurations at various RPM.
Different trends are identified for isolated single rotors versus multirotor systems. Specifically, for the single rotor, far-field
extends with decreasing rotation rates. This is consistent with prior experimental and numerical studies of low tip Mach
number rotors. In contrast, the opposite trend is observed for multirotor system, where the far-field distance extends with
increasing rotation rates. These results were insensitive to changes in rotor thrust and are therefore likely caused by
convective amplification of the source terms. Further investigation is required to understand the physical mechanisms that
causes these differences.
One consequence of this trend is that, for example, the far-field distance of an octocopter operating at 8000 RPM was 56
rotor diameters away from the center of the vehicle. This implies that even outdoor free-flight noise measurements of
multirotor UAS could include data measured in the near-field, which may affect the scalability of these noise measurements
to other scenarios.
Following these results for a single observer, the decay in noise levels with distance is being studied for a range of observer
angles. Figure 4 is a polar plot showing the variation in noise levels with distance at different azimuths about an octocopter
with each rotor operating at a constant RPM. This results in an interference pattern being produced at all distances. The
magnitude of destructive interference is more pronounced at the closer distances than at the farther distances, thereby
extending the apparent far-field distance in these directions.

Figure 4. Polar plot of noise directivity around the azimuth of an octocopter with constant RPM rotors at several distances
from the center of the vehicle, given in multiples of the diameter of a single rotor (D = 0.381 m).
Simulated UAS Flyover
Several simulated UAS flyover cases were developed, including for the Tarot X8 octocopter with time-varying rotor RPM.
Noise predictions were run to support the development and validation of the noise source separation technique described
in Task 3. Figure 5 shows the frequency spectrum for a ground-based observer for the Tarot X8 with varying RPM. Spectra
are plotted for each of the individual rotors, as well as for the combined total for all rotors. The figure on the left shows the
predicted tonal noise components across a frequency range from zero to 1,000 Hz, and the figure on the right shows the
same data along a narrower frequency range covering only the first harmonic of the blade-passing frequency for each rotor.
Because each rotor operates at a unique rotational rate, distinct tones are present for each blade passing frequency and each
of its harmonics.
At lower frequencies, the rotor tones associated with each harmonic cluster together. However, after the first four harmonics,
these clusters begin to overlap, and the tones are more evenly distributed over the higher frequency range. The tones
predicted by PSU-WOPWOP for each isolated rotor exactly overlay their corresponding tones in the prediction for the entire
vehicle, confirming that the noise of the rotors adds as expected from linear acoustic theory. Although “beating” can still be
observed in the envelope of the pressure time history signals (see Figure 2), this does not result in the formation of additional
tones in the narrowband frequency spectrum. However, if the window size is reduced such that the bandwidth of the Fast
Fourier Transform is less than the beat frequency, those tones cannot be distinguished from each other in the resulting
frequency spectrum.
The predicted data generated in this study were also applied to validate the noise source separation method, as described
in the following task.

Figure 5. Frequency spectrum for individual rotors and combined vehicle noise for the Tarot X8.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement

MS student Keon Wong Hur is primarily responsible for the development of UAS noise predictions. These noise predictions
were then used to support the noise source separation method developed by MS student Joel Rachaprolu.

Plans for Next Period

The UAS noise prediction will be extended to more realistic and representative flight conditions. The noise prediction system
developed under ASCENT Project 49 will be used to include the detailed flight dynamics and aerodynamics of UAS and UAM
vehicles. Broadband noise modeling will be incorporated. The variation in noise with directionality and over time will be
investigated. These results will be compared to measured flight test data and used to inform the development of future
flight test plans.

Task 3 – Development of a Source Separation Process for Distributed
Propulsion Vehicles
The Pennsylvania State University

Objective(s)

The objective of this task is to develop a process for separating the noise generated by rotors or propellers operating at nonconstant, but potentially similar, RPM. This process will be based on flyover measurements of UAS and UAM vehicles.

Research Approach

The source separation process developed in this task consists of two steps. First, a de-Dopplerization procedure is used to
transform the ground-based microphone signals to a reference frame moving with the vehicle, thus eliminating the Doppler

shift. The second step of the process consists of a Vold-Kalman order-tracking filter which separates the noise components
of individual rotors from the de-Dopplerized signal using the rotor RPM information.
Each step of the source separation process was verified on both computational and experimental/flight test data to
understand their performance. For the de-Dopplerization step, we used Joint NASA/Bell/Army flight test data to verify the
accuracy of the transformed signals. Spectral results were used to verify that the Doppler shift was removed from the
transformed signals and that the de-Dopplerized results were de-propagated to a reference sphere around the vehicle at a
constant radius. For the Vold-Kalman order tracking filer step, a preliminary sinusoidal synthetic signal was used to verify
the basic extraction, and the computational results of various multi rotor configurations were used to extract and verify the
extracted noise and predicted noise for individual rotor components. Once both the de-Dopplerization and order tracking
filter procedures were verified, a combination of two steps will be used to analyze flight test data.

Milestone(s)

The milestones for this task consist of a) developing a source separation process for stationary acoustic measurements; b)
implementing a de-Dopplerization approach to covert non-stationary measurements to a stationary frame; and c) applying
the source separation process to simulated and measured data to evaluate the effectiveness of the separation.

Major Accomplishments

A source separation process was developed with a capability to extract close harmonics and impulsive events. The two steps
of the process (de-Dopplerization and order tracking) were verified, and the source separation process was applied to flight
test data.
Multi-shaft Vold-Kalman Order Tracking Filter and Performance
A third-generation multi-shaft Vold Kalman order tracking filter was implemented and tuned to extract the harmonic noise
of individual rotors. Computational data from the simulations described in Task 2 were used to verify the order tracking
filter. Figure 6 shows the results of this source separation procedure when applied to a simulated case with two rotors that
are stationary relative to the observer. The residual signal shown in the time series plot (left-hand side of Figure 6) is small
relative to the original signal, indicating a clean extraction throughout most of the time range. Some edge effects led to
incomplete extraction of some harmonics in the first and last 5% of the analysis time window, but these edge effects do not
result in a significant difference in the power spectral density of the extracted signal, as seen in right-hand panel of Figure
6. The accuracy of the separation was verified by comparing the results to the predicted signals for each individual rotor.

Figure 6. Time domain (left) and spectral (right) results of the source separation process.

De-Dopplerization
A time-domain de-Dopplerization process was developed to transform ground-based acoustic measurements to a stationary
equivalent, to which the order tracking filter can then be applied. Figure 7 shows spectrograms for a flyover of the Bell 430
helicopter. By examining the shift in the tonal components over time, the Doppler shift is clearly evident in the measured
signal in the left panel of Figure 7. After the de-Dopplerization process was applied, the Doppler shift was removed, as shown
in the spectrogram in the right panel.

Figure 7. Spectrograms of the original signal (left) and de-Dopplerized signal (right).
The de-Dopplerization process was verified for its correctness and its effect on the signal being investigated. One
disadvantage of this process is that the high-frequency components of the signal are increasingly distorted as the
propagation time delay approaches an integer multiple of the sampling rate. Although oversampling the data resolves this
issue, alternative de-Dopplerization approaches are being investigated.
Source Separation Process
Our two-step source separation process combines the previously verified de-Dopplerization and the order tracking filter.
This process was then applied to measured flight test data for the Bell 430 helicopter in several flight conditions. Figure 8
shows plots produced by applying our source separation process to a descending flight where the helicopter is approaching
the microphone array from 1500 feet at an elevation angle of 10 degrees. The extracted pressure time-histories of the main
(top) and tail (bottom) rotors are presented along with the original and residual signals in the leftmost plots. The residual
signal is obtained by subtracting the time-domain extracted signals from the original acoustic signal. BVI noise produced
during the maneuver was extracted while preserving the amplitude and phase relationship of the noise. The right-hand side
of Figure 8 presents the same data in the frequency domain. The tones are captured accurately for the extracted main and
tail rotors and match the frequencies of the tones in the original signal.

Figure 8. Acoustic pressure time-history (left) and spectra (right) of original, main rotor, tail rotor, and residual signals.

Publications

An abstract entitled ‘Helicopter Noise Source Separation using an Order Tracking Filter’ was submitted the Vertical Flight
Society Forum 78 being held in May 2022.

Outreach Efforts
None

Awards
None

Student Involvement

MS Student Joel Rachaprolu developed and preliminarily tested the source separation process on computational data. He is
extending the application of the process to helicopter flight test data and some baseline UAS measurement data.

Plans for Next Period

The process will be extended to combine measurements from multiple microphones, allowing the directivity of the individual
sources to be analyzed separately. This process will first be applied to the Bell 430 helicopter flight test data for validation.
Once validated, the process will be applied to measured UAS data that was collected for this project at Mid-State Regional
Airport. Initially, the process will be applied to data collected from the reconfigurable UAS developed under Task 4, because
this UAS will be instrumented to allow the rotor phase angles to be measured directly. If the source separation process can
be applied effectively to a multirotor UAS with direct measurement of rotor phase and/or RPM, methods will be investigated
to infer the rotor RPM variations from vehicle flight state data and acoustic measurements.

Task 4 – Design and Development of a Reconfigurable Multirotor UAS
Vehicle
The Pennsylvania State University

Objective(s)

The objective of this task is to design and develop a multirotor UAS vehicle that can easily be reconfigured to explore the
acoustic effects of different UAS vehicle configurations, as well as the effect of these configurations on the noise
measurement and data processing approaches developed in this project.

Research Approach

A UAS vehicle will be designed with adjustable rotor support arms, allowing the relative positions of the rotors to be easily
reconfigured. The rotor shafts will be designed to allow rotors with different designs (e.g., different blade spacings) to be
mounted to the vehicle. The rotor shafts will be instrumented with encoders allowing for precise determination of the rotor
RPM and shaft phase angle at a high sampling rate. The vehicle will also be instrumented with a real-time kinematic
differential GPS and an inertial measurement unit to provide a time-accurate position and state estimate, which can then be
correlated to the acoustic measurements.
Due to the reconfigurable nature of the vehicle, special consideration will be given to developing a control system capable
of achieving stabilized flight across the range of possible configurations. Ground and flight testing of the vehicle will be
conducted to ensure the vehicle systems and instrumentation are functioning nominally and to expand the vehicle operating
envelope to cover the flight conditions for which noise measurements will be made.

Milestone(s)

The milestones for this task consist of a) identifying acoustically significant configuration changes to be made on the vehicle,
b) developing an initial design for the vehicle and selecting sensors, c) designing the control system, and d) conducting
ground and flight testing.

Major Accomplishments
Two reconfigurable multirotor UAS vehicles were designed and are currently being built and their components are being
tested. Motors were selected with integrated speed controllers that will allow the rotor phase angle to be measured directly.
This information will be used as an input to the previously described source separation process. In addition, the enhanced
measurement and control capabilities of these motors will be investigated to determine whether the flight control system of
the vehicle can be designed to reduce noise during operations.
Small-size UAS
The small-size UAS consists of a frame that allows dimensions up to 450mm from tip to tip. The frame, as shown in Figure
9, is designed so that it can handle three main configurations: hexacopter, quadcopter, and tricopter. The frame is made
using custom carbon fiber plates and carbon fiber rods.

Figure 9. Three possible configurations for the arms of the small-size UAS.
The motor mount (Figure 10) can also be adapted in three different configurations: a fixed (single) motor mount, a tiltable
motor mount capable of tilting the motor in flight to add an extra control degree of freedom, and a coaxial configuration of
the fixed motor mount. The coaxial configuration is able to provide many different configurations and facilitate easy changes
between them. The maximum propeller size on this setup is 6" for the hexacopter configuration.

Figure 10. Three configurations for the motor mount: single, coaxial, and tiltable.
The small UAS will also be helpful for initial flight testing and control algorithm development because small vehicles are
easier to handle and require a smaller area to perform any flight testing. Once developed, the flight control system should
scale to the larger vehicle without modification.
Large-size UAS
The large-size UAS consists of a frame that allows dimensions up to around 1200mm from tip to tip. This size is more
suitable for package delivery but more difficult to develop. This setup is being built as parts are arriving and initial assembling
tests are being performed. This setup will also allow for the same three configurations as the small UAS frame: hexacopter,

quadcopter and tricopter. The frame will be built using custom carbon fiber plates, custom-machined aluminum parts, and
squared rod arms. The motors will be placed on a tiltable motor mount setup to also allow an extra control degree of
freedom. Ultimately, the design is focusing on a multirotor vehicle that can operate up to 55lbs (per Part 107). The maximum
propeller size for this setup is 26" for the hexacopter configuration.
We are also designing a quick-release system for the large-size UAS to allow rapid changes between configurations. The
quick-release system will be tested to evaluate its feasibility on a larger vehicle. In addition to developing a quick, mechanical
plug-and-release system, we will also develop electronics and software to support rapid configuration changes.
Actuator selection
One important step in the development of the UAS vehicles is selecting the actuator (brushless motor). For the small a 23062200kV motor was selected. The large version will feature an 8108-150kV motor. Both motors have integrated ESC with an
embedded position sensor and a serial interface. The integrated ESC allows the control algorithm to have access to several
pieces of information on the motor and to change some of these configurations while in flight. This motor also has openand closed-loop controllers designed primarily to drive propeller loads and to decouple flight controller gains from motor
choice, propeller choice, and battery level (IQ2306 Speed Module 1 Features, n.d.).
Avionics selection
Both vehicles will have an onboard flight controller along with a companion computer. The flight controller has a large variety
of internal sensors and systems, including IMU and barometer, and it has interfaces to connect to external sensors like the
GPS and telemetry system. The companion computer will also allow the connection of an external portable weather
measurement station, which can provide additional information not directly available on the flight controller or onboard
sensors, like wind speed and direction. The external weather measurement station will therefore allow for direct
measurements of airspeed (as well as inertial speed) during flight.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement
PhD student Vítor T. Valente joined the investigation team in Fall 2021. Since then, he has designed two reconfigurable
multirotor UAS vehicles of different sizes. One version has been built, and the other is in the process of being completed.
Valente has also begun investigating and modeling the control system design.

Plans for Next Period
Plans for the following period include the acoustic characterization of the small reconfigurable multirotor UAS. To complete
this stage, different configurations will be tested using different propellers. It is expected that these tests will help direct the
choice of propellers and configurations to be evaluated using the larger UAS. In parallel, the control algorithms for both UAS
will be developed and refined. Further investigation will look at using the tilting rotor capability, in addition to the changes
to the design of the frame (adding wings, for example), to mimic UAM operations.

References
IQ2306 Speed Module 1 Features. (n.d.). Retrieved 15 November, 2021, from https://www.iq-control.com

Task 5 – Microphone Windscreen Analysis
The Pennsylvania State University

Objective(s)

The objective of this task is to conduct an acoustic analysis on different microphone windscreen designs to determine their
individual effectiveness at reducing wind turbulence-related noise.

Research Approach

The functional purpose of microphone windscreens is to minimize the effect of wind turbulence noise on acoustic
measurements (“self-noise”). Several windscreen designs were developed and evaluated in the Penn State anechoic wind
tunnel to investigate their effectiveness at reducing self-noise and any losses in the measured signal.

Milestone(s)

The milestones for this task consist of testing different windscreen designs and selecting one for use in the measurement
microphone array.

Major Accomplishments

We considered several designs, shown in Figure 11. The first is a minimal nylon mesh windscreen that encloses the
microphone and all three tripod legs. The second is a standard open-cell foam hemisphere that is fitted snuggly against the
microphone diaphragm. The third is a cylinder, a similar open-cell foam to the standard windscreen. All three designs were
tested in an anechoically treated wind tunnel, and their acoustic performance (i.e., frequency response and resolution of a
spinning rotor) was compared against a windscreen-free installation for the same events. The test included varying wind
speeds and rotor RPM for all windscreen installations.

Figure 11. Nylon mesh, foam hemisphere, and foam cylinder windscreen designs.
Both open-cell foam designs showed similar performance at reducing microphone self-noise. The nylon mesh was less
effective than the foam designs, but still reduced noise significantly compared to a microphone without any windscreen (as
specified in SAE ARP 4055). The cylindrical windscreen encloses the entire microphone and preamplifier and may have some
benefit in protecting the microphone from adverse weather (e.g., rain); however, it is also more difficult to deploy than the
hemispherical windscreen. Transmission losses were minimal below 10 kHz for all windscreen designs. The hemispherical
windscreen was selected as the primary windscreen for inverted ground board installations used in this project.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement

MS student N. Blaise Konzel designed the different windscreens, conducted the experiment in the anechoic wind tunnel, and
analyzed the results.

Plans for Next Period
This task has been completed.

Task 6 – Baseline UAS Noise Measurement
The Pennsylvania State University

Objective(s)

The objective of this task is to conduct an acoustic flight test campaign to collect noise measurements for a variety of UAS
vehicles under a variety of operating conditions and configurations.

Research Approach

Acoustic measurements of flying UAS will be taken at the nearby Mid-State Regional Airport. These noise measurements will
be made for a variety of UAS in Penn State’s fleet, including several configurations of the reconfigurable multirotor UAS
platform developed in Task 4. Penn State’s outdoor UAS research vehicles typically have inertial state measurements,
barometers, magnetometers, and either WAAS- or RTK-augmented GPS, which are fused to provide 100 Hz vehicle position
and state estimates. Several aircraft also include air data sensors that estimate airspeed, angle of attack, and sideslip. The
US Army Research Laboratory Vehicle Technology Directorate has also offered to make UAS available to Penn State for
acoustic testing. Other opportunities for collaboration with US Government and industry UAS operators will be pursued to
expand the variety of vehicles characterized.
Each vehicle will be flown through a range of operating conditions, including hover, forward flight at several speeds, and any
transition modes of the vehicle. Testing will be conducted at several altitudes, from near ground level to 400 ft above ground
level, to evaluate the ability to scale UAS noise measurements made at one flight altitude relative to another. This is
particularly important given the relatively low noise levels of small UAS. Acoustic measurements will be made with Penn
State’s networked, battery-powered and field-deployable acoustic data acquisition system, which is capable of sampling at
up to 125 kHz at 24-bit resolution with subsample-accurate GPS time synchronization across all nodes. The hardware will be
configured to support at least 24 channels and can be expanded as required. The microphone array will be distributed so as
to capture both spatial and temporal variations in the radiated noise. Weather instrumentation will be deployed to obtain
ground level and 10 m measurements of wind speed, direction, temperature, pressure, and humidity.

Milestone(s)

The milestone for this task consists of collecting a baseline data set of UAS noise measurements, including acoustic,
performance, and meteorological data.

Major Accomplishments

Microphone installations have been constructed and the layout of the 14-channel microphone array has been designed to
capture spatial and temporal variations in the radiated noise. Elevated microphones are also included in the array, per FAR
36 Appendix H, to allow for comparison between different installations. The layout of the array is shown in Figure 12.
Acoustic data were collected for several UAS, but the initial focus for the project was on characterizing the Tarot X8
octocopter, shown in Figure 13. Acoustic, weather and flight state data for over 60 individual test points have been collected
for the Tarot X8 during the reporting period. These test points covered a wide variety of vehicle configurations and operating
conditions and are listed in Table 1.

Figure 12. UAS acoustic array at Mid-State Regional Airport.

Figure 13. Tarot X8 octocopter.

Table 1. Test matrix for the Tarot X8 octocopter.

These data have been organized into a data set. Vehicle state data as well as local ambient weather data have been collected
and correlated to each test point. Preliminary analysis of the acoustic data collected during these tests shows a direct
dependency between vehicle configuration/condition and acoustic emissions. For example, Figure 14 shows a spectrogram
of a flyover event. Broadband noise is clearly present; however, when the vehicle is directly overhead, the tonal content
becomes dominant.

Figure 14. Spectrogram of a flyover flight condition for the Tarot X8.
In addition to examining the variations in noise in a single flyover, the quantity of data collected so far allows for comparison
of the repeatability of the measured data between repeated test points collected at different times and under different
weather conditions. The leftmost plot of Figure 15 shows the SPL time histories for 30 different flyover passes, each
conducted at 20 mph and 50’ altitude, for microphone M8 (located directly underneath the flight path). The vehicle was
configured with carbon fiber propellers for all 30 passes. Significant variations (~7dB) can be observed in the noise levels.
The rightmost plot shows the summary statistics for the A-weighted SEL for the same flyover condition using both carbon
fiber and ABS plastic propellers. Twenty runs were used for each category. Interestingly, the variation in SEL appears to be
lower for the plastic propellers than the carbon fiber propellers; in addition to the differences in material, the blade

geometries also differ between the two propellers. The results shown here are preliminary, and further investigation is
needed to understand the sources of acoustic variability.

Figure 15. SPL time histories (left) and SEL statistics (right) for level flight flyover passes at 20 mph and 50’ altitude.
Further data analysis will be conducted to identify the main sources of noise, and the amount and causes of variability in the
measured acoustic data. Data organization and packaging has begun to simplify the collected noise, weather, and vehicle
data into a streamlined database for use by the FAA and subsequently the broader research community.

Publications

An abstract entitled ‘Ground-based Acoustic Measurements of Small Multirotor Aircraft’ was submitted to the Vertical Flight
Society Forum 78 being held in May 2022.

Outreach Efforts
None

Awards
None

Student Involvement

MS student N. Blaise Konzel designed these noise measurement procedures and collected the data.

Plans for Next Period

The next step in this task is to build on the preliminary data analysis described above and develop a more detailed
understanding of variability in UAS noise measurements. with the aim of developing repeatable noise measurement
procedures. Additional data will be collected for a variety of UAS with different sizes and weights, including the instrumented
reconfigurable UAS platforms described in Task 4.

Task 8 – UAM Full-vehicle Noise Measurement
The Pennsylvania State University

Objective(s)

The objective of this task is to conduct an acoustic characterization of Beta Technologies’ multirotor UAM vehicle in free
flight.

Research Approach

The next phase of measurements will be conducted at the Beta Technologies facility in South Burlington, Vermont. Expanded
measurements will be conducted for the Alia-250 UAM in its conventional takeoff and landing configuration, as well as the
scale Alia-40d vehicle in vertical flight operations. Noise measurements are also planned for an isolated lifting rotor on a
rolling test stand.

Milestone(s)

The milestone for this task consists of collecting a baseline acoustic, performance, and meteorological data set of UAM noise
measurements across several operating modes.

Major Accomplishments

Initial noise measurements of the Alia-250 UAM were conducted during the previous reporting period. These measurements
have been analyzed and the results were used to inform the development of a follow-up test plan. This test plan includes
procedures for taking measurements of the vehicle with an expanded operating envelope, as well as with the subscale
demonstrator and rolling rotor test stand.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement

MS students N. Blaise Konzel and Joel Rachaprolu have conducted an initial analysis of the data. N. Blaise Konzel has
developed the follow-up test plan.

Plans for Next Period

Follow on noise measurements will be conducted in conjunction with Beta Technologies for additional cruise, hover, and
transition conditions as the operating envelope of the vehicle expands.

