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Project Overview 
The Pennsylvania State University will support the FAA in determining noise measurement and analysis methods that will 
allow the external noise radiation of a variety of Unmanned Aircraft System (UAS) and Urban Air Mobility (UAM) vehicles to 
be accurately characterized. 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 in 
order to assess the effects of rotor number, blade design, and position on the 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, allowing the variability in noise generation to be 
correlated to the variability in the vehicle flight state. 
 
Measurement techniques for conventional propeller-driven aircraft and rotorcraft are well established. These techniques 
typically assume that the acoustic state of the vehicle does not change over the duration of a steady state pass over a 
microphone or microphone array. UAS and UAM platforms violate this steadiness assumption that has long been employed 
in the measurement and modeling of conventional aircraft noise. The rotor or propeller states, such as revolutions per minute 
(RPM) or blade pitch angle, will vary continuously and independently as the vehicle control system responds to atmospheric 
perturbations. Many of these 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. As 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, there is no 
longer a unique mapping of the flight condition of the vehicle as a whole 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 for both noise certification standard and noise reduction purposes. 
 
(Note: This project was awarded in August 2020, so this report only represents the first three months of effort.) 

 
Task 1 – Review of Regulations, Standards, Literature, and Ongoing 
Research 
The Pennsylvania State University 
 
Objective 
In this task, a comprehensive review will be conducted of past and ongoing activities closely related to this project to develop 
noise measurement methods to inform noise certification and noise reduction of UAS and UAM. This will include a review of 
existing 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 will be assessed, and the major limitations identified. 
 
Research Approach 
The review task has been broadly divided into several categories. These include research on multirotor vehicle noise 
prediction, UAS noise measurements, acoustic instrumentation and installation effects, noise source separation techniques, 
aircraft noise characterization methods, and aircraft noise certification. Within each area, a broad search of the published 
literature will be conducted with the aim of identifying key research results, trends, and knowledge gaps. Research 
publications, regulations, standards, and advisory guidance relevant to the measurement, characterization, and noise 
certification of other aircraft types will also be reviewed and assessed to inform the development of measurement and 
characterization approaches suitable to UAS and UAM vehicles. The team will also identify ongoing research in noise 
measurement for UAS being conducted by FAA through the Integration Pilot Program, the NASA Ames, Glenn, and Langley 
Research Centers, the US Army Research Lab, other government agencies, and academic institutions. This research will be 
evaluated for lessons learned, to identify opportunities to engage with other ongoing research, and to develop the approach 
taken in the following tasks of this research project. The results of this review will be reported to FAA and may also be used 
to inform ongoing efforts to develop standards for UAS or UAM noise measurement, e.g., through the NASA UAM Noise 
Working Group. 
 

 

 

 

 



	
 

Milestones 
This task will a) review the relevant literature related to the research conducted in this project and b) summarize these finding 
in reports or other publications. 
 
Major Accomplishments 
Over 150 different publications, reports, and standards documents have been reviewed by the investigation team. An internal 
Penn State electronic repository has been established to organize the review activity allowing the team to share, organize, 
and summarize research materials as they are identified. Although the review is continuing, key results and knowledge gaps 
have been identified in each of the research areas: 
 
Multirotor Vehicle Noise Prediction 
A growing number of research papers have been published on the topic of noise prediction for UAS and UAM vehicles. Of 
the papers on UAS noise prediction, the majority of the literature has focused noise predictions of isolated single rotors and 
has not addressed the potential for aerodynamic and/or acoustic interactions between the rotors of a multirotor vehicle. 
Recently, high fidelity computational fluid dynamics approaches have been applied to analyze the aeroacoustics of complete 
multirotor UAM configurations, indicating that aerodynamic interactions between the rotors, as well as the airframe, can 
cause high levels of unsteady loading noise which is highly dependent on the trim state of the vehicle [1]. In addition to the 
aerodynamic interactions, acoustic interactions between the rotor can cause the radiated noise to be strongly directional, as 
the coherent rotor tones add constructively in some directions and destructively in others [2]. Computational costs limit high 
fidelity predictions to purely periodic cases, where all rotors operate at precisely the same RPM and maintain a fixed phase 
relationship throughout the simulation. In reality, fixed-pitch multirotor UAS and UAM will need to continuously vary RPM in 
order to stabilize and control the flight of the vehicle, such that the phase relationships and resulting acoustic radiation will 
change throughout flight. Pascioni and Rizzi [3] employed a simplified propeller noise model to assess the effect of these 
phase relationships on the noise radiated to the ground for the multirotor GL-10 UAS aircraft. Figure 1, shown below, plots 
the instantaneous sound pressure level contours on the ground for the simulated GL-10 in the same cruise flight condition 
for three different randomized phase relationships. It is evident that these phase relations have a dramatic impact on the 
directivity of the tonal noise component of multirotor vehicles. 
 
While considerable research activity has been conducted in recent years to understand and predict the acoustic impacts of 
helicopters in maneuvering flight due to the significant increase in noise levels often observed when helicopters maneuver 
[4], no similar studies have been conducted for multirotor UAS or UAM aircraft. The noise generation of these aircraft is likely 
to be strongly influenced by maneuvering flight due to the high sensitivity of rotor noise generation to changes in RPM versus 
changes in blade pitch for the same change in thrust [2]. Unsteady flight effects have been shown to significantly affect the 
predicted noise—and its agreement with experiment—for conventional helicopters using the noise prediction system 
previously developed at Penn State under ASCENT Project 38 [5] and are likely to be at least as important for UAS and UAM 
vehicles. Measured acoustic data for complete multirotor UAS and UAM vehicles are not widely available, and to date most 
predictions for this class of vehicles have not been validated. 
  

 

 

 

 



	
 

 
 

Figure 1. Predicted variation in ground noise levels for the 10-propeller GL-10 UAS with randomized phase relationships 
between the propellers. From Pascioni and Rizzi [3]. 

 
UAS Noise Measurements 
UAS noise measurements have been reported in numerous papers, though often for purposes such as the development and 
validation of Counter-UAS identification and localization algorithms rather than for the characterization and quantification 
of UAS noise and noise impacts. With a few exceptions [6], published UAS noise measurements have been limited to vehicles 
below 55 pounds gross weight, permitting these operations to be conducted under the FAA Part 107 “small UAS rule” without 
a waiver. Most studies looking at multirotor vertical lift UAS have focused on hovering flight conditions. A high degree of 
temporal unsteadiness is reported by many researchers, due to the fluctuation in rotor RPM required to stabilize multirotor 
vehicles, for example as shown in Figure 2 from Cabell, McSwain, and Grosveld [7]. 
 

 
 

Figure 2. Spectrogram of noise from the DJI Phantom II quadcopter in hover from Cabell, McSwain, and Grosveld [7]. 
 

 

 

 

 



	
 

Some researchers report minimal variation in noise levels between hover and forward flight conditions [8], though other 
researchers report significant changes to the noise spectrum between hover and forward flight [9]. The potential for 
variations in noise levels and spectral content is supported by noise measurements for a complete SUI Endurance quadcopter 
tested by Pettingill and Zawodny in the NASA Langley Low Speed Aeroacoustic Wind Tunnel [10]. They reported a significant 
increase in broadband noise under certain forward flight conditions due to aerodynamic interactions between the rotors. 
Noise measurements conducted during the FAA Integration Pilot Program [11] found larger variations in the maximum noise 
level with speed for fixed wing UAS than vertical lift. In addition to hover and forward flight, the Integration Pilot Program 
also measured a wider range of operating conditions, including vertical climbs and approach trajectories than other reported 
studies, although detailed time series data were not reported. Repeated runs conducted on the same day demonstrated a 
variability in integrated noise metrics on the order of 2 dB, which is comparable to integrated noise measurement variability 
previously reported for helicopters [12]. However, one study by Alexander found large variations in multicopter noise 
measurements made on subsequent days [13], indicating some sensitivity to environmental conditions. UAS noise 
measurements reported to date have employed single or small arrays of closely spaced microphones; as a consequence, no 
significant directivity data have been reported for these vehicles.    
 
Acoustic Instrumentation and Installation Effects 
Existing noise measurement standards and published research on microphone installations for aircraft noise measurements 
were reviewed. Elevated microphones, such as those used for noise certification of most aircraft categories, are known to be 
a poor representation of free-field noise due to interference between noise propagating along the direct ray between the 
vehicle and the microphone and that reflected from the ground. Flush mounting of the microphones on a rigid ground plane 
theoretically doubles the measured pressure at all frequencies, allowing for simple correction to the free-field, however edge 
diffraction effects from a finite sized ground plane do influence the response at higher frequencies. 
 
Numerous techniques have been developed to minimize these edge diffraction effects by preventing them from adding 
coherently at the microphone, including offsetting the position of the microphone from the center of a circular ground board 
or more complex “daisy petal” geometries [14]. The literature in this area is limited, and few studies make comparisons 
between equivalent installations; however, it is clear that the size of the ground board has a dominant influence on the 
frequencies where edge diffraction effects are significant, with larger ground boards maintaining a flat frequency response 
across a wider range regardless of shape. As flush mounted microphones are difficult to package for outdoor noise 
measurements, alternative methods have been investigated, including lying a microphone on its side or inverting the 
microphone over the ground plane [15]. While the microphone-on-its-side method has been shown to significantly influence 
the frequency response of the installed microphone, the inverted microphone method is a close approximation to flush 
mounting over a frequency range determined by the spacing between the ground board and the microphone diaphragm [16]. 
The 7 mm spacing recommended by SAE ARP 4055 and incorporated by FAR Part 36 Appendix G appears to offer a relatively 
flat frequency response over the audible frequency range, as compared to the GRAS 67AX flush mounted microphone by 
Anderson et al. in Figure 3. 
 

 

 

 

 



	
 

 
 
Figure 3. Comparison of measured level versus frequency at a variety of incidence angles between an inverted microphone 

and a true flush mounted microphone from Anderson et al. [16]. 
 
Noise Source Separation 
A review of techniques for harmonic noise separation methods was conducted in order to inform the approach to rotor noise 
separation being developed as a component of this project. Harmonic averaging techniques have long been applied to reduce 
the variability and suppress background noise in model helicopter rotor noise measurements conducted in anechoic wind 
tunnels. More recently, these techniques have been combined with time domain de-Dopplerization to separate noise radiated 
by the main rotor from that of the tail rotor [17]. This technique works most effectively when the radiated noise is nearly 
periodic, as pulse-to-pulse amplitude fluctuations will be averaged out by the method. The technique also relies on the fact 
that helicopter main and tail rotors operate at non-integral multiples of each other and would not be effective for rotors 
operating a similar RPM. Another technique using a time-varying Fourier decomposition of the signal has been shown to be 
more effective than harmonic averaging at extracting the energy from fluctuating tonal signals [18]; however, the method is 
numerically ill-conditioned when the rotor RPM are close to each other. An alternate method of source separation is the Vold-
Kalman order tracking filter method [19]. This method employs a Kalman filtering technique to extract the harmonic 
components of the signal which track a phasor associated with the measured RPM of the rotating machinery from which the 
noise originates. A second generation “multi-shaft” Vold Kalman filtering approach has been very successfully applied to 
separate harmonic components of noise generated by a model counter-rotating open rotor [20] in a wind tunnel, even when 
the RPM of the two rotors were very close to one another, but continuously varying. 
 
Aircraft Noise Characterization 
Numerous published techniques for aircraft noise characterization were reviewed. Most methods developed for rotorcraft 
map the measured noise emitted during steady flight to a spherical grid (or equivalent representation) traveling with the 
rotorcraft, with the aim of capturing the frequency and magnitude of noise as a function of directivity. Consequently, for a 
steady flight condition, a large linear array of microphones must be employed to capture the noise at various sideline angles 

 

 

 

 



	
 

throughout the flyover [21]. These measurements are then “de-propagated” to normalize the levels to a single equivalent 
radiation distance and assigned to a radiation angle corresponding to the time of emission. When time-varying noise 
measurements are to be conducted, both lateral and longitudinal angles must be measured simultaneously, therefore 
requiring a planar acoustic array [22]. Noise measurements are typically collected across a wide range of operating 
conditions; for helicopters, both airspeed and sink rate are varied in steady flight, and quasistatic theory can then be 
employed to relate these parameters to the aerodynamic operating state of the main rotor and the corresponding noise 
radiation in maneuvering flight [23]. For vehicles with additional degrees of freedom, such as tilt rotors, additional flight 
states must be measured to fully characterize noise radiation characteristics over the entire operating envelope [24].   
 
Aircraft Noise Certification 
Existing aircraft noise certification standards were reviewed, with a focus on Part 36 Appendices H and J (helicopters), K 
(tiltrotors), and G (light propeller aircraft) as these were most applicable to primarily propeller- or rotor-driven UAS and UAM.  
Additionally, the corresponding advisory guidance given in FAA Advisory Circular AC-36-4D and the ICAO AN/929 
Environmental Technical Manual was reviewed. The standards and advisory guidance specify in detail characteristics such as 
the allowable terrain types and clearance from obstructions for noise measurement, acoustic instrumentation requirements, 
calibrations, and allowable corrections, meteorological measurements and limitations, flight conditions, time space position 
information (TSPI) requirements, and allowable deviations, and the required level of demonstrated repeatability.   
 
Many of these specifications are likely applicable to UAS and UAM noise measurements without modification. However, some 
areas may need additional consideration. For example, small UAS noise levels are likely to be much lower than significantly 
larger crewed aircraft and as such, flight may need to be conducted at lower altitudes above ground to ensure adequate 
signal-to-noise at the microphones. This has significant implications for TSPI accuracy requirements, since errors in the 
vehicle position will have a greater influence on measured noise levels at shorter ranges; however, small UAS may be unable 
to carry precise tracking equipment without changing weight or drag in a way that influences acoustic emissions. 
Additionally, existing standards clearly define the flight condition of the vehicle throughout the data collection period. Where 
vehicles are over-actuated, the worst-case noise condition is usually sought; for example, when the pilot can directly control 
the RPM of the helicopter rotor, the highest normal RPM is to be maintained as that is generally the loudest operating 
condition. These conditions may not be so easy to define for UAS and UAM, which are likely to have many additional degrees 
of freedom, no obvious “worst case” acoustic configuration, and semi or fully autonomous operation. Representative 
operating conditions may vary considerably by vehicle configuration and planned mission. Atmospheric conditions may also 
strongly influence noise radiation characteristics for these vehicles in ways which are yet unknown; for example, while a 
procedure for tip Mach number corrections has been developed for helicopter noise certification to compensate for variations 
in speed or temperature, no such corrections have been developed for multirotor vehicles. Other factors, such as atmospheric 
turbulence intensity, may affect how the flight control system adjusts the rotor RPM to stabilize the vehicle, with 
corresponding impact on the measured noise levels. 
 
Publications 
None 
 
Outreach Efforts 
None 
 
Awards 
None 
 
Student Involvement  
All three graduate students have been actively involved in the research process. Keon Wong Hur has primarily focused on 
reviewing the literature on multirotor aircraft noise prediction. Joel Rachaprolu has been primarily responsible for the review 
of source separation techniques, and N. Blaise Konzel on acoustic measurement instrumentation and installations. All three 
students have reviewed material on UAS noise measurements. Regular meetings are held to discuss research findings and 
guide future research activities in addition to online collaboration through the internal Penn State repository established for 
this review. 
 
 
 

 

 

 

 



	
 

Plans for Next Period 
Literature review activities will continue throughout the project. Additionally, the team will work to summarize the findings 
of the review into a publishable report or article of general interest to the aircraft noise research community. The team will 
also work to identify related ongoing research which may not have been published yet to identify opportunities for 
coordination and collaboration. 
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Task 2 – Computational Modeling of UAS and UAM Configurations 
The Pennsylvania State University 
 
Objectives 
The goal of this task is to develop several computational models of UAS and UAM aircraft with varied configurations in order 
to provide 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 arrangement of microphones 
required to characterize the directivity of the vehicle will be evaluated. Additionally, data will be generated to validate efficacy 
of the rotor source separation process 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 multirotor UAS and UAM systems. The computational models will be used to identify requirements 
for microphone measurement arrays designed to capture variations in noise due to variations in flight condition and source 
directivity. A capability to generate synthetic background noise will be added to the prediction system to more realistically 
simulate a flight experiment. Finally, acoustic simulations will also provide details that are not available in the flight test 
measurements (e.g., noise predictions of isolated noise sources: thickness, loading, broadband, etc.; simple models to 
explore hypotheses of the impact caused by various aerodynamic and acoustic interactions, etc.) to help diagnose and 
analyze the noise from complicated UAS and UAM vehicles. 
 
Milestones 
The milestones for this task consist of a) developing UAS and UAM models representative of vehicles for which noise 
measurements will be collected during this project, b) to conduct simulated experiments, and c) to identify best practices 
for UAS and UAM noise measurements by reviewing the simulated data. 
 
Major Accomplishments 
A new module has been developed for PSU-WOPWOP which enables arbitrary Finite Impulse Response (FIR) filters to be applied 
to measured or predicted signals. This new capability is intended to be used to shape random “white” noise in the time 
domain to match typical ambient background noise levels expected during outdoor acoustic measurements. This will allow 
the effect of varying signal-to-noise on the noise measurement and data processing schemes to be evaluated in the 
simulation. 
 
Publications 
None 
 
Outreach Efforts 
None 
 
Awards 
None 
 
Student Involvement  
MS Student Keon Wong Hur is becoming familiar with using, and extending, the PSU-WOPWOP/DEPSim noise prediction 
system being developed under Project 49.  He developed and implemented the initial FIR filtering module described in the 
previous section. 
 
 

 

 

 

 



	
 

Plans for Next Period 
The next steps are to develop a representative UAS noise model for the noise prediction system and then to begin evaluating 
potential experimental approaches using the prediction tool. 

 
Task 3 – Development of a Source Separation Process for Distributed 
Propulsion Vehicles 
The Pennsylvania State University 
 
Objective 
The objective of this task is to develop a process for separating the noise generated by rotors or propellers at non-constant, 
but potentially similar, RPM from flyover measurements of UAS and UAM vehicles. 
 
Research Approach 
The source separation process developed in this task will consist of two steps. The first step in this process will be a time 
domain de-Dopplerization method, allowing the ground-based measurements to be transformed to measurements analogous 
to stationary wind tunnel or inflight noise measurements. The second step of this method will be to develop an order-tracking 
filter approach that can separate out the contributions of each individual rotor or propeller from the transformed acoustic 
signal by relating the signals to the observed changes in rotor RPM at the time of emission. This process will be applied to 
predictions made by the computational models developed in the previous task. The accuracy and limitations of the source 
separation process will be assessed by comparing the output of the process to the predicted noise of the individual 
components. 
 
Milestones 
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 process to simulated and measured data to evaluate the effectiveness of the separation. 
 
Major Accomplishments 
A single-shaft Vold-Kalman order tracking filter process has been developed. The process was applied to synthetically 
generated signals and was able to achieve an accurate separation. Acoustic data for one counter-rotating coaxial rotor from 
the Dragonfly UAS under development at Penn State was recently collected in the Penn State Flow-through Anechoic Chamber, 
as shown in Figure 4. Both rotors were equipped with tachometers and were rotated at the same nominal RPM, however small 
variations in speed naturally occurred, shown in Figure 5, since there was no mechanical coupling between the rotors.  Figure 
6 compares a spectrogram of the total noise measurement with both rotors operating to a spectrogram of the separated 
noise for just the front rotor. The order tracking filter appears to accurately separate the lower harmonics of the rotor noise 
from the total noise signal, but without further tuning was not able to extract the signal for the higher harmonics. 

 

 

 

 



	
 

 
 

Figure 4. Counter-rotating coaxial rotor propeller noise measurement in the Penn State Flow-Through Anechoic Chamber. 
 

Figure 5. Rotor speed variations over time. 
 

 

 

 

 



	
 

 
 

Figure 6. (Left) spectrogram of the total signal. (Right) spectrogram for single rotor. 
 
Publications 
None 
 
Outreach Efforts 
None 
 
Awards 
None 
 
Student Involvement  
MS Student Joel Rachaprolu developed the initial single-shaft Vold-Kalman filter implementation and has applied it to the 
test data set. He has begun implementing a second-generation multi-shaft filter in consultation with Håvard Vold. 
 
Plans for Next Period 
The next step is to complete the implementation of a second-generation multi-shaft Vold-Kalman filter. Following that, a 
time-domain de-Dopplerization method will be implemented. Both processes will be applied to helicopter noise data collected 
during the joint NASA/FAA Helicopter Noise Abatement Flight Test in order to validate the method on well-separated rotor 
noise measurements during free flight. In conjunction with the previous task, the method will then be applied to simulated 
noise data in order to explore any limitations in the process. Finally, the method will be applied to UAS and UAM noise data 
collected in the following tasks. 

 
Task 4 – Design and Development of a Reconfigurable Multirotor UAS 
Vehicle 
The Pennsylvania State University 
 
Objective 
The objective of this task is to design and develop a multirotor UAS vehicle which can be easily reconfigured to explore the 
acoustic effects of different UAS vehicle configurations and their influence 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 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 are to be made. 
 
Milestones 
The milestones for this task consist of a) identifying acoustically significant configuration changes to be made on the 
vehicle, b) initial design of the vehicle and selection of sensors, c) control system design, and d) ground and flight testing. 
 
Major Accomplishments 
None 
 
Publications 
None 
 
Outreach Efforts 
None 
 
Awards 
None 
 
Student Involvement  
This task has yet to begin and it has yet to be assigned to a suitable student. 
 
Plans for Next Period 
This task will begin as soon as a suitable student completes onboarding. 

 
Task 5 – Microphone Type and Installation Investigation 
The Pennsylvania State University 
 
Objective 
The objective of this task is to assess several different microphone types and installation methods to determine their impact 
on the characterization of UAS and UAM vehicle noise.   
 
Research Approach 
Several different microphone installations are routinely used for aircraft noise measurements, including the 4 feet elevated 
microphones prescribed by FAR 36 Appendix H, inverted microphones mounted over a ground board per SAE ARP 4055, and 
microphones flush-mounted in a ground board, such as the GRAS 67AX currently in use by the NASA Mobile Acoustics 
Facility. These installations present tradeoffs in terms of precision, effective frequency response, cost, test set up time, and 
operational use. Additionally, IEC 61672-1 specifies several classes of measurement microphones. Typically, Class 1 
microphones are used for noise certification and research testing of aircraft; however, the cost of these microphones may 
be prohibitive for typical measurements of inexpensive small UAS, especially if a larger channel count is required to capture 
the directivity and variability of multirotor UAS noise. Testing and evaluation of different microphone types and installations 
will be conducted both in Penn State’s anechoic chamber and throughout the outdoor acoustic measurements of UAS. The 
effect of the choice of installation on typical aircraft noise metrics, such as SEL or EPNL, will be assessed, as well as the 
effects on the source separation and characterization process. The ultimate aim will be to identify an accurate but cost-
effective measurement approach for FAA and the UAS and UAM industries. 
 

 

 

 

 



	
 

Milestones 
The milestones for this task consist of a) constructing several different types of microphone measurement installations, b) 
characterizing their acoustical properties, and c) evaluating the impact on UAS and UAM noise measurements. 
 
Major Accomplishments 
An initial set of 12 ground plane microphone installations developed in accordance with SAE ARP 4055 has been developed 
and deployed for initial acoustic data collection. The installation consists of a plasma cut 16GA steel plate with rounded 
edges. Three mounting holes were drilled to support an inverted microphone tripod offset from the center of the circular 
plate. The tripod legs are made of 1/8 inch steel which are brazed to a 1/2 inch inner diameter shaft collar, securing the 
measurement microphone preamplifer with a set screw. The gap height is set in the field with a feeler gauge. 
 

 
 

Figure 7. Ground plane microphone installation per SAE ARP 4055. 
 

In field testing, several areas for improvement were identified. Although SAE ARP 4055 suggests that windscreens are not 
needed for inverted microphones, field testing with 14 knot winds at 10 m above ground level showed high wind noise levels 
for those microphone installations placed on smooth surfaces, such as asphalt. Lower noise levels were measured for nearby 
installations placed in mowed grass, but still significantly increased measured background noise levels relative to calm 
conditions. The current tripod mounting mechanism does not reliably return to the same gap height when removed from 
the ground board, which complicates set up, especially if the microphones need to be relocated frequently. The steel tripod 
legs were also difficult to manufacture consistently, so there was considerable variation between inverted microphone tripod 
geometries. 
 
A new aluminum tripod leg design has been developed, along with a more repeatable manufacturing process. The new tripod 
legs have neodymium magnet feet, which allows a more consistent placement on the ground board with a repeatable gap 
height. Figure 8 shows a photograph of the new leg design. 
 

 

 

 

 



	
 

 
 

Figure 8. Magnetic tripod leg design. 
 
Publications 
None 
 
Outreach Efforts 
None 
 
Awards 
None 
 
Student Involvement  
M.S. Student N. Blaise Konzel has developed the initial set of ground plane microphone hardware and is refining the design.  
He is also becoming familiar with the acoustic data acquisition equipment and calibration process. 
 
Plans for Next Period 
Next steps are to develop several microphone windscreen concepts for inverted ground board microphones and test them 
in the Penn State Flow-through Anechoic Chamber. Experiments will be conducted to identify the appropriate microphone 
gap height and ground board configuration for small UAS noise measurements, and the data will be analyzed to assess the 
effect on noise certification metrics, such as sound exposure level (SEL) or effective perceived noise level (EPNL). 

 
 
 

 

 

 

 



	
 

Task 6 – Baseline UAS Noise Measurement 
The Pennsylvania State University 
 
Objective 
The objective of this task 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 occur at the nearby Mid-State Regional Airport. 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. Typically, Penn State’s outdoor UAS research vehicles 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, allowing airspeed, angle of attack, and sideslip to be estimated. 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 in 
order 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 feet above ground level in order to evaluate the ability to scale UAS noise 
measurements made at one flight altitude relative to another, 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 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, including ground level and 10 meter measurements of wind speed, direction, temperature, pressure, and 
humidity. High frequency ultrasonic 3D wind velocity measurements will also be made in order to relate the level of 
atmospheric turbulence to the fluctuations in the vehicle flight state and radiated noise. 
 
Milestone 
The milestone for this task consists of collecting a baseline acoustic, performance, and meteorological data set of UAS 
noise measurements. 
 
Major Accomplishments 
None 
 
Publications 
None 
 
Outreach Efforts 
None 
 
Awards 
None 
 
Student Involvement  
None 
 
Plans for Next Period 
This task will commence following the development of an initial acoustic measurement configuration per Task 5. 

 

 

 

 

 



	
 

Task 7 – UAM Component Noise Measurement 
The Pennsylvania State University 
 
Objective 
Penn State will team with Beta Technologies to conduct an initial acoustic characterization of a single isolated rotor on 
BETA’s UAM rotor test stand.   
 
Research Approach 
Measurements will be conducted at Beta’s test site in South Burlington, VT. The rotor test stand is mounted to a vehicle and 
can be operated in stationary or forward flight modes. These data will be used to establish a baseline set of noise data for a 
single rotor which will then be compared with data extracted from flyover measurement of the entire vehicle using the noise 
source separation processing developed in a previous task. Repeated measurements will be conducted to cover a range of 
rotor designs and operating conditions as Beta’s development program advances. 
 
Milestone 
The milestone for this task consists of collecting baseline noise measurements for isolated UAM rotors. 
 
Major Accomplishments 
An initial data collection was conducted for one of Beta’s ALIA-250 lifting rotor designs on the rotor test stand in a stationary 
configuration, as shown in Figure 9. RPM were varied from 1400 to 600 RPM; a spectrogram of the noise data during the 
sweep are shown in Figure 10. At low rotor speeds, most of the tonal content is concentrated in the first harmonic of the 
blade-passing frequency, however, broadband noise is prominent. As rotor RPM increases, the noise becomes more impulsive 
and higher harmonics of the blade-passing frequency become dominant. Further analysis will be conducted to determine 
directivity and tonal noise pulse shape in order to relate these characteristics to the physical mechanisms of noise generation. 
 

 
 

Figure 9. PSU noise measurement of Beta lifting rotor. 
 

 

 

 

 



	
 

 
 

Figure 10. Spectrogram during RPM sweep from 1400 RPM to 600 RPM. 
 
Publications 
None 
 
Outreach Efforts 
None 
 
Awards 
None 

 

 

 

 



	
 

Student Involvement  
N. Blaise Konzel and Joel Rachaprolu have begun analyzing the measured data in preparation for future noise 
measurements. 
 
Plans for Next Period 
Follow on noise measurements will be conducted in conjunction with Beta Technologies as the company's rotor system 
develops. 

 
Task 8 – UAM Full-Vehicle Noise Measurement 
The Pennsylvania State University 
 
Objective 
The objective of this is to conduct an initial acoustic characterization of Beta Technologies’ multirotor UAM vehicle in free 
flight. 
 
Research Approach 
Measurements will be made at BETA’s test site in Plattsburgh, NY. The vehicle’s flight state and position will be recorded and 
correlated to the acoustic and weather measurements. Initial measurements will focus on characterizing the vehicle during 
cruising flight conditions. Measurements for transition and hover flight conditions will be conducted as the vehicle’s flight 
envelope is expanded with the same ground-based sensors deployed in the UAS noise measurement task. However, the array 
configuration will be tailored to the larger size and higher speeds of Beta’s UAM vehicle. The collected data will be analyzed 
and opportunities for noise reduction through design changes will be identified. 
 
Milestone 
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 
Penn State collected initial noise measurements for a low-level flyover of the Beta ALIA-250 UAM vehicle in a fixed wing flight 
mode at Beta’s test site in Plattsburgh, NY. The vehicle was configured with temporary wheeled landing gear for envelope 
expansion, as shown in Figure 11. The acoustic array was set up toward one side of the runway, with the other side left clear 
for the chase truck to pass during flyovers. The aircraft took off approximately 700 feet ahead of the array and landed 
approximately 300 feet after the array. Due to the restricted envelope of the vehicle, flyover altitudes were limited to between 
15 feet and 40 feet wheels above ground. After several passes with the array on the port side of the vehicle, the array was 
redeployed on the starboard side. The acoustic and position tracking data are currently being analyzed. 
 

 

 

 

 



	
 

 
 

Figure 11. Flyover noise measurement of the Beta ALIA-250 at Plattsburgh, NY. 
 
Publications 
None 
 
Outreach Efforts 
None 
 
Awards 
None 
 
Student Involvement  
M.S. Students N. Blaise Konzel and Joel Rachaprolu have begun analyzing the measured data in preparation for future noise 
measurements. 
 
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. The results of Tasks 1, 2, and 5 will influence the 
design and execution of future UAM flight tests. 

 

 

 

 


