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Due to the importance of understanding the aeroacoustics of rotorcraft with continually changing noise sources, this paper
presents a new technique for source separation from ground-based acoustic measurements. The source separation process
is based on combining a time-domain de-Dopplerization method with the Vold—Kalman order tracking filter approach. This
process can extract rotor harmonic noise even when the sources are continuously changing with time, including impulsive
events such as blade-vortex interaction noise. The advantage of this approach over traditional methods such as harmonic
averaging is that the phase and amplitude relationship of acoustic signals is preserved throughout the extraction process.
The approach is applied to the measured acoustic data from a Bell 430 helicopter. The measured data were separated into
main rotor harmonic, tail rotor harmonic, and broadband residual components. For steady-state conditions, the extracted
components could be depropagated to form acoustic hemispheres showing the directivity of the separated main and tail
rotor components. The source separation process was also applied to a maneuvering flight condition. Each component has
different pulse shapes and directivity trends, consistent with aeroacoustic theory.
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Introduction

Among the many barriers to the use of rotorcraft in residential and
urban areas is the noise generated during low-altitude operations. To
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overcome this problem, the first step is to understand the physical mech-
anisms of rotor noise generation. This understanding can then be used
to develop viable ways of reducing the noise impact using a range of
methods, either through design changes or by tailoring flight operations
to avoid noisy operating conditions. Since rotor noise is sensitive to
changes in the operating condition, the noise of helicopters is highly
variable, with the prominence of different mechanisms varying contin-
uously and resulting in fluctuations in the radiated noise. The noise of
multirotor unmanned aerial systems (UAS) and advanced air mobility
(AAM) is expected to be even more variable, as these vehicles often
use rotational speed variation as a part of their flight control systems.
Additionally, the aerodynamic and acoustic interactions between the
multiple rotors are likely to have a large effect on the noise radiation
of the vehicle.

Rotor noise sources can be divided into harmonic and broadband
components. Harmonic noise is from sources such as thickness noise,
lower harmonic loading noise, and unsteady loading due to aerodynamic
interactions such as blade—vortex interaction (BVI). Due to its impulsive
nature, BVI tends to dominate noise metrics when it occurs (Ref. 1). Be-
cause it is governed by the aerodynamic interactions of the rotor with its
own wake, it is highly sensitive to variations in the rotor operating state,
giving rise to variable noise that fluctuates from one blade passage period
to the next. This is especially true during maneuvering flight when the
rotor quickly passes through a wide range of operating conditions. For
most conventional helicopters, the lower harmonic loading and thickness
noise of the tail rotor occurs in the same frequency range, making it diffi-
cult to distinguish the relative contributions of the two noise sources for
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any given flight condition. There can also be aerodynamic interactions
between the main and tail rotor that result in another source of interac-
tion noise, sometimes described as “burble” (Ref. 2). In addition to the
tonal noise components, there can be significant broadband noise gen-
erated in the same range of frequencies; effective extraction of the tonal
components from the signal can allow for a more detailed examination
of the remaining broadband noise. However, this “residual” signal will
still contain some components related to the harmonic noise sources if
fluctuations in the harmonic noise are not accounted for in the extraction
technique.

Developing a complete understanding of how the different physical
mechanisms of noise generation contribute to measured acoustic signals
will require data analysis techniques that can separate the fluctuating
noise components. For helicopters, separation of the main and tail ro-
tor components from the acoustic signal will help to isolate the harmonic
and broadband noise sources, evaluate their relative importance for a par-
ticular flight condition, and to understand the physical mechanisms that
govern noise generation. Moreover, if the extraction can be done in the
time domain, that is, the phase relations of the components are not dis-
carded a range of data-processing techniques in the time and frequency
domains can be used to analyze the extracted results.

Background

Rotor harmonic averaging has often been applied to wind tunnel mea-
surements of rotor noise to reduce the variability of the data and separate
the harmonic and broadband components from each other (Ref. 1). This
method works by dividing the recorded pressure time-history signal into
windows associated with each complete rotation of the rotor shaft. These
windows are then ensemble averaged in the time domain, extracting the
signal component that is purely harmonic with the shaft order. This tech-
nique requires that the rotor be acoustically stationary. Fluctuations in the
amplitude and phase of the tonal noise, for instance, due to the effect of
turbulence on the rotor wake (Ref. 3), are not extracted by the harmonic
averaging process. Similar techniques have been applied to separate the
main rotor and tail rotor noise components from wind tunnel (Ref. 4) and
in-flight (Ref. 2) noise measurements since the main and tail rotor speeds
are nonintegral multiples of each other.

Similar methods have been adapted to the source separation of
ground-based measurements of helicopter noise. Because the helicopter
is in motion relative to the observers, the measurements are not sta-
tionary. However, the ground-based acoustic signals can be transformed
into a quasi-stationary measurement (comparable to an observer trav-
eling with the vehicle) using a time-domain de-Dopplerization method
(Refs. 5, 6). The idea of combining de-Dopplerization with rotor har-
monic averaging for source separation was first explored by Babkin
(Ref. 7), but accuracy was limited by fluctuations in the rotor speed.
Greenwood and Schmitz (Ref. 8) later inferred the rotor speed from the
measured acoustic signal and were able to separate the main and tail ro-
tor noise components. However, phase variations in BVI noise caused the
impulses to get averaged out of the signal. BVI could be retained through
aphase correction process, but only at the expense of other noise sources.
Amplitude variations were still averaged out, leading to an incomplete
extraction of the tonal noise.

This shortcoming was addressed by Olsman (Ref. 9) using a modified
Fourier transform with time-variant Fourier coefficients. In order to ex-
tract the time history of harmonic noise, Hermite B-splines were used to
approximate the time-variant coefficients of the Fourier transform, en-
abling the capture of the nonperiodic components during non-steady-
state operating conditions. It was also demonstrated that the nonperi-
odic and nonstationary signals are captured accurately by the modified
Fourier technique. However, due to the complexity of the Hermite spline
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knots required to accurately model the unsteady changes, quasi-periodic
harmonics, and impulsive BVI variations were not extracted. Instead, be-
fore applying the modified Fourier transform, BVI noise was extracted
using a wavelet-based nonlinear filter developed by Stephenson et al.
(Ref. 10). However, this BVI extraction method requires a prioi estima-
tion of the frequency and amplitude of BVI impulses.

An alternative to harmonic averaging is the Vold—Kalman (V-K) order
tracking filter (Ref. 11). Stephens and Vold (Ref. 12) used the V-K filter
to process open rotor acoustic data from a wind tunnel and also showed
that the technique is robust for separating harmonic and broadband noise
where conventional averaging methods have limitations. To understand
the approach and takeoff noise, Stephens and Vold used the filter to track
the highest amplitude forward and aft rotor tones and extract the nar-
rowband random noise. An advantage of the source separation process
over conventional techniques is that the phase and amplitude of the har-
monic noise are preserved throughout the process. Additionally, unlike
harmonic averaging, this method may be used to separate the noise of
rotors that are operating at nearly identical but varying frequencies. As
such, this approach has the potential to separate the noise of multirotor
UAS and AAM vehicles. However, this method has yet to be applied to
ground-based measurements of aircraft noise.

Technical Approach

A new approach to rotorcraft noise source separation is developed
in this paper based on the V-K order tracking approach. The source
separation process is comprised of two main steps. First, the measured
acoustic signals are transformed into a stationary reference frame us-
ing time-domain de-Dopplerization. Second, the de-Dopplerized data
are processed using the V-K filter to separate the main rotor, tail rotor,
and residual (i.e., non-rotor-harmonic) components. An overview of the
source separation process follows:

De-Dopplerization

Since the method developed in this paper is applied to acoustic mea-
surements of a helicopter collected using ground-based observers, de-
Dopplerization is necessary to correct the frequency shift in the sig-
nals. The Doppler effect must be removed from the data because the
tones become blurred due to the frequency shift in the measured signals
(Ref. 5). A time-domain de-Dopplerization procedure was chosen to
avoid spectral smearing of the tones over time. This process requires ac-
curate time and position tracking data of the vehicle to calculate the prop-
agation time delay to each microphone, relating the time of observation
to the time of emission. Using this information, the measured acoustic
signals can be resampled with respect to the emission time by interpo-
lating the pressure amplitude. This process is equivalent to transforming
the acoustic signals from a ground-based observer to an observer mov-
ing with the aircraft and removing the Doppler frequency shift from the
signal. The de-Dopplerization method used in this paper is similar to that
used by Greenwood and Schmitz (Ref. 8) but uses higher-order interpo-
lation (Ref. 13) to limit high-frequency distortion.

The relationship between observer times and emission times is
given by

=1 T 1)

ag
where r(t) is the position of the rotorcraft at the time of emission, 7, and
1o and ry are the time and distance offsets of the de-Dopplerized location
with respect to the noise source. Since the propagation distance at the
time of emission, r(z), is known, the signal amplitudes can also be nor-
malized to the virtual microphone location at the same time by correcting
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Fig. 1. De-Dopplerization of ground-based microphone signals to a
fixed observer with the moving rotorcraft (reproduced from Ref. 8).

for spherical spreading, that is,

polin) = p(r) 2 @
o

Figure 1 represents the de-Dopplerization procedure to transform the
signals to a moving observer fixed in the frame of reference of the ro-
torcraft. For the rotorcraft, the noise is assumed to be originating from a
compact source at the rotor hub and the emission angles are calculated
based on the observer locations. The signal amplitude, p, was normal-
ized to a fixed distance, ry, of 100 ft from the source, assuming spherical
spreading. No corrections were applied to account for atmospheric ab-
sorption. Straight-ray propagation was assumed in the de-Dopplerization
process due to good weather conditions and short propagation distances
during the flight test.

Vold-Kalman filter

The V-K filter works based on the principle of Wold decomposition
(Eq. (3)), where the signal is decomposed into its deterministic and non-
deterministic components. Vold developed this smoothing filter based
on the Kalman filtering technique (Ref. 14) to approximate the unknown
amplitudes of harmonics at known frequencies from a convoluted signal
with harmonic and broadband noise. This paper uses the third-generation
multishaft V-K filter. The main advantage of the multishaft implementa-
tion is that it can extract the interaction tones more accurately than the
single-shaft filter (Ref. 12). An overview of the theoretical foundations
of the filter based on Ref. 12 is as follows:

The deterministic part x(r) of the signal y(r) is composed of the har-
monic components. The nondeterministic part v(z) is assumed to be
mostly broadband noise.

Y(t) = x@) + v(r) 3)

Therefore, the periodic components of interest can be characterized as
the deterministic component x(s) with unknown amplitudes occurring
at known frequencies. An accurate measurement of rotor speed is re-
quired. Using the RPM measurement, a phasor P(¢) is constructed with
the known blade passing frequency (BPF) of the rotors.

P(t) = expQritko(t)) “4)

In Eq. (5), x(r) groups together all the known harmonic components of
the signal occurring at frequencies w(r). These are the orders that will be
extracted from the signal using the measured (or inferred) time-varying

rotational speed of the rotor, w(r).

x(t) =Y _A() * P(1) (5)
keK
There are two major components in the formulation of the system
of equations in the filter; the structural equation and the data equation.
Equation (6) is the structural equation of the filter, it forces the ampli-
tudes of the extracted signal to be smooth.

VIA(t) = €(t) (6)

where () is the nondeterministic term and ¢ is the order of the filter,
usually chosen to be 2 or 3 in this paper.

The term VY expands out with the coefficients from Pascal’s triangle
as shown below for filter orders of 1-3.

VA1) = At + 1) — A@r)
V2A(r) = At +2) = 2A(t + 1) + A(r) 7
V3A®@) = At 4 3) — 3A(t +2) + 3A( + 1) — A(t)

The data equation is given in Eq. (8), which ensures that the extracted
signal is closely related to the measured tachometer RPM through the
complex phasor, P(¢). Equation (8) is obtained by substituting Eq. (5)
into Eq. (3).

V(D) + Y AWMPE) = y(1) ®)
kekK
To solve for the complex envelope A(r) using Egs. (6) and (8), a
weighting factor w(z) is chosen based on the bandwidth to minimize the
nondeterministic terms, that is, such that e(r) and v(¢) are negligible (= 0).
Therefore,

w)VIA®G) =0 ©)
D AMP@) = y(t) (10)
keK

where the weighting factor w(r) is calculated using the bandwidth, bw in
Eq. (11) as follows:

w(t) = $ (11)
2(1 — cos(mbw)))4

Equations (9) and (10) are used to form a linear system of equations
(Eq. (12)) to solve for the complex envelope A(r).

W%V 0
Slel]

Here W is a diagonal matrix with the weighting factors, V, P are matrices
of coefficients and phasor, A is a column vector of the pressure amplitude
envelope, and Y is the vector of the measured signal.

The system of equations in Eq. (12) can be solved as a linear least
squares problem, typically using well-known solvers, such as Cholesky
decomposition, preconditioned conjugate gradient (PCG) algorithm, or
an lower-upper (LU) decomposition. In this paper, a Cholesky decom-
position was used to solve the system in order to minimize the number
of numerical operations. By contrast, Ref. 12 uses a QR decomposition
where unitary matrix Q is chosen to reduce the left-hand side of Eq. (12)
to an upper triangular matrix. This requires more arithmetic operations
than the Cholesky decomposition but enables the V-K filter extraction
with narrower bandwidths. In the flight-test data used for paper, the main
rotor and tail rotor BPFs are generally far apart; therefore, the Cholesky
decomposition is used in this paper with no loss of solution accuracy
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Fig. 2. Original signal and residual signal after extraction for a level
flight condition with two different bandwidths: constant bandwidth
(top) and proportional bandwidth (bottom).

in the extracted pressure envelopes. For multirotor aircraft with similar
rotor RPM, the accuracy of the extraction may be improved by instead
using a QR decomposition, which would enable a narrower bandwidth
to be used, albeit at a higher computational cost. The complex envelope
consists of the pressure amplitudes of all the extracted orders, that is, ex-
tracting the signal while preserving the phase and amplitude relationship
of the orders. The extracted signals do not have phase bias because this
is not a real-time filter. The V-K filter applied in this paper was tuned to
have a variable bandwidth proportional to the extracted rotor BPF and its
multiples.

Results and Discussion

Extensive acoustic data were collected during the 2011
Army/Bell/NASA flight test with the Bell 430 helicopter (Ref. 15).
These data were acquired using multiple ground-based microphone
array layouts for both steady-state and maneuvering flight. The flight
test consisted of a 27-microphone linear array for steady source noise
characterization and a distributed 31-microphone array for maneuver
noise. Among the instrumentation was a main rotor shaft encoder which
allowed an accurate measurement of the main rotor rotational speed
(RPM). The gear ratio was used to infer the tail rotor RPM from the
main rotor RPM measurement, and these RPM readings were used to
obtain the BPFs for both rotors. Using the onboard differential GPS
tracking data, the propagation times were obtained, and the acoustic
measurements were de-Dopplerized to transform them into a stationary
reference frame, as described previously. Then the V-K filter was used to
extract the first 20 harmonics of the main rotor and the first 10 harmonics
of the tail rotor BPFs. The nominal BPF of the main rotor was 23 Hz,
and the tail rotor was 63 Hz with a gear ratio of 5.4 between the rotors.

Tuning of several parameters for the V-K filter was performed to ob-
tain accurate results from the source separation process. The weighting
factor for the structural equation was formulated based on the bandwidth
of the filter (Ref. 16); therefore, the convergence of the solution depends
on the choice of the bandwidth. Also, accurate extraction of signals is de-
pendent on bandwidth. If the bandwidth is too narrow the filter does not
extract all the energy, essentially performing an incomplete extraction.
If the bandwidth is too wide, the filter overextracts the noise, that is, the
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Fig. 3. Extracted time domain pulses of separated signals for a level
flight-test case at azimuth 180° and elevation —10°.

filter tries to find periodicity in broadband noise. The source separation
was tuned for flight-test data and a plot showing the effect of bandwidth
in the extracted signal is presented in Fig. 2 for a sample microphone
signal from a level flight case.

The original signal is the de-Dopplerized acoustic pressure time his-
tory of the signal and residual signal is the component that is leftover
after extracting the main and tail rotor components. The filter was tuned
to extract the first 20 main rotor harmonics with a filter order of 2, and
only the bandwidth is varied between the top plot and the bottom plot in
Fig. 2. In the top plot, the bandwidth is set to a constant 30 Hz for all
orders and signals; the residual signal has some amplitude modulation,
possibly due to incomplete extraction of lower harmonics. In the bottom
plot, the bandwidth is proportional and is set to 10% of RPM with a max-
imum of 25 Hz; the residual signal was smaller, and there is no visible
amplitude modulation resulting in an effective extraction.

Level flight case

The source separation process was first applied to a level flight case
with 80 kt indicated airspeed. The extracted pressure time histories of the
main and tail rotors are presented along with the original and residual sig-
nals. The residual signal is obtained by subtracting the time-domain ex-
tracted signals from the original acoustic signal. These signals are shown
for several main rotor blade passages in Fig. 3. For clarity, the extracted
tail rotor signal is omitted from the top plots and the main rotor signal
from the lower plots, although both main and tail rotor orders are simul-
taneously extracted.

There is a clear distinction in the shape of the extracted pulses, which
are representative of the main and tail rotor noise of this helicopter. Look-
ing across the larger timescale, small variations in the amplitude and
shape of the main and tail rotor pulses can be clearly observed. The resid-
ual component primarily contains broadband noise, and the amplitude is
significantly lower compared to the extracted main rotor and tail rotor
signals.

Figure 4 shows the corresponding power spectrum for the extracted
signals. A clean separation of main and tail rotor tones is achieved, even
when the harmonics are close to each other. The broadband residual sig-
nal does not contribute significantly to the sound pressure levels, and the
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Fig. 4. Extracted frequency spectra of separated signals for an 80-kt
level flight-test case at azimuth 180° and elevation —10°.
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Fig. 5. Noise emission hemisphere of the main rotor for an 80-kt level
flight-test case.

magnitude is more than 10 dB below the tones across the frequency range
of the extraction.

The extracted data from all the microphones were used to populate
a noise hemisphere to visualize the directivity of the individual compo-
nents. As mentioned in the previous section, the de-Dopplerized acous-
tic signals were normalized to a 100-ft distance, forming a hemisphere
of data around the rotor. All the noise hemispheres in this paper are pro-
cessed using the raw separated data without any smoothing applied to
the noise levels, so as to highlight any variations in time and directional-
ity of the sources. The sound pressure level (SPL) along the microphone
tracks on a hemisphere was interpolated using Shepard’s inverse distance
weighting method (Ref. 17) to a set of regularly spaced points in spherical
coordinates and were then plotted on a hemisphere. The extracted main
rotor noise hemisphere is presented in Fig. 5 using a stereographic projec-
tion. Azimuth angles are plotted around the perimeter, with 180° azimuth
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Fig. 6. Extracted time domain pulses of separated signals for an 80-kt

level flight-test case at azimuth 140° and elevation —30°.
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Fig. 7. Noise emission hemisphere of tail rotor for an 80-kt level
flight-test case.

representing the front of the helicopter. Elevation angles are plotted with
respect to the horizon, ranging from 0° in the horizon to —90° directly be-
low the helicopter. Higher main rotor noise levels are seen both towards
the advancing side of the rotor and directly in front of the vehicle.

The extracted pulses shown in Fig. 6 correspond to the noise
“hotspot” near an elevation angle of 140° in Fig. 5. The extracted main
rotor noise signal features a large amplitude acoustic waveform char-
acteristic of lower harmonic loading noise, with some additional low-
amplitude higher harmonic content occurring at multiples of the main
rotor blade passing period.

Figure 7 shows the tail rotor extracted noise hemisphere. Here, the
noise of the tail rotor reaches a maximum directly ahead of the helicopter,
at an azimuth angle of 180°. Examining the spectral data shown in Fig. 4,
the noise levels of the extracted tail rotor harmonics are 15-20 dB greater
than residual at all the blade passage frequencies.
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Fig. 8. Noise emission hemisphere of the main rotor for an
approach/descent test case.
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Fig. 9. Noise emission hemisphere of tail rotor for an
approach/descent test case.

Approach/descent case

Next, a descent case is analyzed to evaluate the ability of the noise
separation approach to extract BVI noise. The selected descent condition
has an indicated airspeed of 80 kt and a flight path angle of —6° relative to
the horizon. Figure 8 shows the extracted main rotor noise levels plotted
on a hemisphere, following the same process as described for the level
flight case. A strong noise “hotspot” can be observed radiating ahead of
the vehicle for this flight condition.

The tail rotor noise hemisphere for the approach case is shown in
Fig. 9. The directivity of the extracted tail rotor noise is similar to the
directivity of the tail rotor from level flight seen previously in Fig. 7.
This is expected because much of the increase in noise during approach
is associated with the main rotor BVI, and so the noise of tail rotor is not
expected to vary much from the level flight case at the same airspeed.
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Fig. 10. Extracted time domain pulses of separated signals for an
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Fig. 11. Extracted frequency spectra of separated signals for an
approach/descent test case at azimuth 170° and elevation —50°.

Figure 10 shows the extracted signals for this case at an azimuth of
170° and elevation of —50°. This location was chosen on the hemisphere
because it passes through the noise “hotspot” with higher noise levels
caused by impulsive BVI events in this test case. There is a clear differ-
ence in the shape of the main rotor pulses as compared to the level flight
case in Fig. 3. The descending flight case has strong impulsive spikes in
amplitude at the blade passage frequency of the main rotor characteristic
of BVI noise. At these peaks, small quantities of energy are misinter-
preted and extracted as tail rotor components by the source separation
process, since the amplitude of the main rotor noise is much greater than
that of the tail rotor for this flight condition and in the radiating direction.

The tail rotor pulse seen in the bottom plot features pulses that occur
at the tail rotor blade passing period and are similar in shape to those
observed in level flight, shown previously in Fig. 3.

The spectra of the extracted main and tail rotors are presented in the
top and bottom plots of Fig. 11 respectively. The tonal peaks of the main
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Fig. 12. Acoustic pressure envelope and midfrequency SPL time history for extracted signals along a microphone track with extracted signals

on a hemisphere for an approach/descent case.

rotor correspond well in magnitude and frequency to the peaks from
the original signal that occur at the first 20 harmonics of the main ro-
tor. While the energy of the extracted harmonic components agrees well
in the frequency domain, the extracted signal appears to have smoothed
out the peak-to-peak amplitude of the BVI impulses in the time domain,
as shown in Fig. 10. Additional tuning of the filter, including the use of
higher main rotor orders, may be required to fully resolve these impulsive
peaks.

The residual signal consists of a broadband component with a slightly
higher amplitude than level flight. This is possibly due to the impulsive
noise at higher harmonics and leftover harmonic energy from the extrac-
tion. It is also possible that the increased amplitude of modulated broad-
band noise is associated with blade—wake interaction. In either case, is
clear from Fig. 11 that any bleed-through to the broadband component
does not significantly change the magnitude of tonal peaks at multiples
of the BPF of either extracted rotor components.

The composite plot shown in Fig. 12 shows the extracted components
at several emission angles “traced” by a microphone under the helicopter
during the flyover. This highlights the advantages of the source separation
method where effective extraction is performed with continually chang-
ing noise sources along the flight path on a noise hemisphere. In Fig. 12,
the pressure time history envelope of the original signal is plotted on the
top left plot and a similar SPL envelope for the same time scale is plotted
in the bottom left with the integrated SPLs at the midfrequency range
(between 4th and 20th main rotor shaft orders) of the separated signals
(main rotor, tail rotor, and residual). This frequency range was chosen in
order to highlight the ability of the source separation approach to extract
BVI noise, which is impulsive and often highly variable over time. Note
that during the approach, the main rotor SPL increases by about 10 dB
as the aircraft approaches the microphone, whereas the tail rotor compo-
nent remains relatively constant over the same period of time. The SPL

of all the components drops as the aircraft passes over the microphone.
The microphone trace is plotted on a hemisphere in the center. Three
pressure time history plots of extracted signals are plotted for times of
34-34.25,44-44.2 s, and 50—-50.2 s along the microphone trace. These
are distinctive points in the hemisphere, each of which is characterized
by a different composition of noise sources. Note that the vertical axis
varies between each of the three pressure time history plots, due to the
large variation in amplitudes associated with the three selected emission
angles.

The first signal shown begins at 34 s, corresponding to a location on
the hemisphere with an azimuth of 180° and elevation of —15°. Thickness
noise, both that of the main rotor and the tail rotor, dominates this region
because thickness noise radiates most strongly in the plane of the rotors in
the direction of travel. The second signal beings at 44 s; this is at azimuth
180° and elevation —45°. Here, the observer is out of the plane of the main
rotor and loading noise is dominant. The pulse shapes of the main rotor
show strong BVI impulses with a negative peak, indicative of retreating
side BVI. The tail rotor component retains the negative peaks associated
with thickness noise at the blade passing period of the tail rotor noise.
The third signal begins at 50 s at an azimuth of 360° and elevation of
—7°. In this direction, the broadband noise is relatively more significant
since the extracted main and tail rotor noise levels are much lower in
directions below and behind the helicopter than ahead of it.

Maneuver case

Finally, a pitch-up maneuver is presented in this section to exam-
ine the applicability of the method to nonsteady flight conditions. The
maneuver is a cyclic pitch-up case initiated at an indicated airspeed of
60 kt. Since the vehicle and its radiated noise are not stationary through-
out the maneuver, it is not possible to construct a meaningful acoustic
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Fig. 13. Acoustic pressure envelope and midfrequency SPL time history for extracted signals along a microphone track with extracted signals

on a hemisphere for a cyclic pitch-up maneuver flight case.

hemisphere from the measured data. Instead, the variation in measured
noise with time and direction is shown using a composite plot in Fig. 13.
The path traced by the selected microphone is shown on a spherical sur-
face in the center of the plot.

The top left plot contains the envelope of pressure time history of
the original signal. The corresponding SPL time history is shown for the
same timescale in the bottom left plot for extracted main rotor, tail rotor,
and residual components. The presented SPL plots are integrated over a
midfrequency range from 90 to 470 Hz, which is between the 4th har-
monic and 20th harmonic of the main rotor and was targeted to isolate
BVI noise levels from the extracted signals. Throughout the maneuver,
the midfrequency main rotor SPL is higher than the tail rotor SPL. Both
tonal components are significantly higher than the residual. However, the
variation in time is significantly different for all three components. The
tonal component SPL is much greater ahead of the helicopter than to-
wards the rear of the vehicle. The tail rotor SPL stays relatively constant
for most of the maneuver, decreasing only after the helicopter has com-
pleted the maneuver and has passed over the microphone. Similar to the
approach case, the main rotor SPL increases by approximately 10 dB as
the aircraft approaches the microphone during the maneuver. The resid-
ual signal peaks occur after the peaks of both the extracted tonal compo-
nents and are biased towards the rear of the vehicle.

The extracted signal of the main rotor is presented along with ex-
tracted tail rotor and is plotted at three different time instants to highlight
the different noise sources that occur during a maneuver. The first time
window is from 74 to 74.2 s near an azimuth 180° and elevation from 0°
to —30°. The extracted main rotor signal shows the prominent negative
acoustic peaks associated with thickness noise, although there are also
positive impulses associated with BVI during this stage of flight. The
second signal shown is from 94 to 94.2 s which is located at azimuth
180° and elevation —45°. The pulse shape of the extracted noise in this
direction is characteristic of strong BVI noise with two BVI impulses

occurring during each rotor blade passage. The amplitude of the signal
is higher, and there is a corresponding rise in the main rotor levels in
SPL time history shown in the bottom left plot. Note once again that the
pressure time history scale has been changed to better resolve the details
of the pulses. The third signal is from 99 to 99.2 s and is located at az-
imuth 350° and elevation —45°. The extracted main rotor noise shows
characteristic thickness noise pulses in the aft direction.

The tail rotor noise is relatively constant throughout the maneuver.
Examining the waveforms shows the characteristic negative peaks as-
sociated with tail rotor thickness noise, which are not expected to vary
much with changes in the rotor-operating condition. Additionally, the
microphone remains in the plane of the tail rotor throughout the maneu-
ver, explaining the relative lack of variation in the extracted tail rotor
component.

Conclusions

The paper developed a source separation approach based on the V-K
filtering technique and applied it to flight-test data. Since the data were
from ground-based microphones, a de-Dopplerization step was used to
transform the signals into a virtual observer at a fixed distance from the
vehicle in the moving frame of reference. The de-Dopplerization step
was the first step in the twofold procedure with the V-K filter as the
second step. A few representative cases were presented to demonstrate
the capabilities and/or limitations of the source separation process. Since
the order tracking filter preserves the phase and amplitude relationship
of the extracted components, both time-domain and frequency-domain
analysis of the extracted components can be performed. This is a major
advantage over other conventional source separation techniques, espe-
cially in cases where radiated noise varies over time.

The method was first applied to a level flight condition for a Bell
430 helicopter. Main rotor, tail rotor, and broadband components were
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extracted. As expected, thickness noise was most significant ahead of
the helicopter, and the loading noise was dominant out of the plane of
the rotor. The extraction method was shown to accurately account for all
acoustic energy between the three components. Next, an approach case
was presented with high levels of impulsive BVI noise. The method was
effective in extracting the BVI noise. There was some “bleed-through”
of the main rotor impulsive noise into the tail rotor signal since the BVI
pulses occupy a similar frequency range but are 8—10 times larger in am-
plitude. Finally, the process was applied to a cyclic pitch-up maneuver
case, where the noise at the source varied over time. A clean extraction
of main and tail rotor signals was achieved for this case.

To the authors’ knowledge, this is the first time a V-K filter has been
used to analyze the noise of a moving helicopter. This technique can be
used to separate and analyze the time-varying components of rotor noise,
both to understand maneuvering flight noise and to assess the time varia-
tion of components during nominal steady flight. Building on other work
conducted in a stationary frame, this method may also be extended to
separate the noise generated by different rotors on a multirotor UAS and
UAM vehicle by closely tracking the changes in RPM between the dif-
ferent rotors.
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