Phased Array Measurements of a Full-Scale Helicopter
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ABSTRACT

Single microphone measurements lack the ability to separate nondeterministic noise sources on multipropulsor vehi-
cles, limiting their usefulness to understand the dominant noise generation mechanisms. To advance the state-of-the-art
for measuring multipropulsor aircraft in support of future Urban Air Mobility (UAM) and Future Vertical Lift (FVL)
testing, a 117-channel phased array was deployed during an Army/NASA acoustic flight test of an MD530F heli-
copter. A time-domain beamforming algorithm, namely, the ROtating Source Identifier (ROSI), was utilized to track
the aircraft’s forward motion and main rotor rotation. This process isolates nondeterministic sources of the main rotor,
effectively filtering out contributions of the tail rotor and other nonrotating components. Source maps are provided
for low-speed forward flight and illustrate aeroacoustic sources near the main rotor blade tips over a broad frequency
range. Particular emphasis is given on the benefits of flying at a lower altitude relative to the array to enhance source
separation through increased spatial resolution. A coherence-based microphone weighting scheme was utilized to sup-
port component-based integrated spectral assessments. Total integrated levels over the rotating scan grid are provided,
representing the contribution of the main rotor to the total aircraft levels. Although additional analysis is needed to
gain confidence in the beamforming methods applied, results herein minimally indicate this to be a valuable technique
for qualitative source ranking.

NOTATION w  Microphone weighting
W Vehicle weight (N)
a, Rotor disk area (m?) (xj,yj,zj) Coordinates of scan point j (m)
Aj,  Source strength within integration region (xn,yn,zn)  Coordinates of main rotor hub (m)
at scan point & z.  Altitude correction term (m)
Asp  Source strength of PSF within integration region orpp  Tip path plane angle of attack (rad.)
at scan point & vy  Flight path angle (deg.)
Cw  =W/(poar(60wR)?), weight coefficient y?>  Ordinary magnitude-squared coherence
D  Estimated fuselage drag (N) A% Associated aperture area of each microphone (m?)
f Frequency (Hz) ® Rotation rate (rev./s)
fa  Effective flat plate drag area (m?) 6 Estimated source signals, per microphone (Pa)
F(-) Fourier transform 0 Reconstructed source signals (Pa)
Ly Coherence length scale (m) 0, Initial angular location of scan point j (deg.)
N Number of microphones v Scan grid rotation phase angle (deg.)
P Integrated source power (Pa’/Hz) Po  Ambient density (kg/m?)
P, Integrated source power of PSF (Pa’/Hz) T  Source time (s)
PSF  Point spread function
r;  Radial location of scan point j (m) INTRODUCTION
r,  Radial location of microphone n (m)
R Main rotor radius (m) Acoustic measurements of full-scale conventional helicopters,

Urban Air Mobility (UAM) aircraft, and Future Vertical Lift
(FVL) concepts are often difficult to interpret and extract
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ticular case, the main rotor broadband noise overlaps the fre-
quency range of the tail rotor rotational noise, making it diffi-
cult to fully determine the relative contributions. These type
of frequency domain results become increasingly more chal-
lenging to interpret for certain helicopter rotor configurations,
and even more so for aircraft that employ distributed propul-
sion. Thus, it is useful to apply signal decomposition methods
or advanced measurement techniques.
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Figure 1. Example spectra of a UH-1A helicopter indicat-
ing the complex nature of full-scale measurements (Ref. 1).

Due to the rotating nature of the propulsors (e.g., rotors, pro-
pellers), deterministic and nondeterministic aeroacoustic con-
tent are generated. Deterministic sources include harmonic
noise comprised of steady thickness, steady or periodic load-
ing, and parallel blade-vortex interaction (BVI) noise. For
these phenomena, phase averaging (Ref. 2) or wavelet-based
decomposition methods (Ref. 3) applied to single-microphone
measurements have enabled separation of acoustic informa-
tion between the main and tail rotor of a conventional he-
licopter. More recently, order tracking methods have been
applied to better separate harmonic content between two ro-
tors (Ref. 4), as well as distributed propulsion systems with six
propulsors on an Unmanned Aerial System (UAS) (Ref. 5) and
a full-scale Vertical Take-Off and Landing (VTOL) platform
(Ref. 6). A collection of microphones distributed over ground-
based emission angles, e.g., a snapshot array (Refs. 7, §),
can be useful to characterize directivity of harmonic content,
which can vary significantly over different operational condi-
tions.

Nondeterministic sources (e.g., turbulence ingestion noise,
rotor-wake interaction noise, airfoil self-noise) are expected
to be important and potentially dominant for novel multi-
propulsor vehicles; however, these phenomena are difficult to
model (Ref. 9). The stochastic nature of these sources makes
it challenging to identify what component(s) of the aircraft
contribute to, and dominate, the total acoustic field. Thus, a
method to measure these relative contributions and gain more
physical insight into these noise generation mechanisms is de-
sired.

Microphone phased arrays have offered a solution to identify
dominant sources on a component level from flight test mea-
surements of fixed-wing aircraft with great success (Refs. 10—

). Unlike snapshot arrays, phased arrays typically only char-
acterize the source over a small directivity range. Fortunately,
nondeterministic sources, often the result of unsteady aerody-
namic loading, will behave as dipole sources with maximum
directivity normal to the surfaces responsible for producing
the noise. Thus, for takeoff and landing of conventional ro-
torcraft and many UAM configurations, i.e., those with tilt-
ing or dedicated lifting propulsors, such noise sources are ex-
pected to dominate below the aircraft. Directivity aside, the
frequency spectrum peaks at mid- to high-frequencies, where
atmospheric attenuation has a greater effect, further reducing
ground levels (hence, importance) at other emission angles.

Beamforming techniques applied to rotating sources have
been more limited than their application to stationary aircraft
components, although several efforts have proven their va-
lidity for source noise decomposition on wind turbines, he-
licopter rotor wind tunnel tests (Refs. ), and a ground-
based static propeller test (Ref. 16). The latter demonstrated
increased accuracy of source levels using rotational beam-
forming algorithms when compared to conventional meth-
ods. Although not investigated herein, it should be noted
that wavelet-based beamforming methods also show promise
for rotating sources by incorporating the Doppler effect and
producing acoustic images in the time-frequency domain
(Refs. 17,18).

Building upon those efforts, the current effort is unique in
that rotating beamforming algorithms will be applied to recent
full-scale flight test measurements involving both forward and
rotating motion. The data were recently acquired on a civil-
ian helicopter from a joint U.S. Army/NASA acoustic flight
test (Ref. 7). Additionally, this work will emphasize the source
separation capabilities between two rotors (a main and tail ro-
tor in this case), to better anticipate and plan for future UAM
tests that may involve a high number of propulsors.

AIRCRAFT DESCRIPTION

The test aircraft was an MDS530F, as configured in Figure 2,
which is a light-utility civilian helicopter with a single 650
HP Rolls-Royce 250-C30 turboshaft engine; additional char-
acteristics are provided in Ref. 7. Aircraft positional and iner-
tial state data were recorded with NASA’s second generation
Aircraft Navigation and Tracking System (ANTS2) (Ref. 19).
Tachometer data from the main rotor are also available and
will be used for processing. All aircraft state data were syn-
chronized with the acoustic measurements using Universal
Coordinated Time (UTC).

FLIGHT CONDITIONS

Flight conditions over the phased array involved constant true
airspeed level flyovers from 20 to 110 kt at 30 and 60 m above
ground level (AGL), descents between 40 and 110 kt with
flight path angles at -1.5°, -3°, and -6°, and shallow (2°-3°)
ascents at 60 and 75 kt. One or more repeats were captured
for each condition totaling approximately 50 test points. Ad-
ditionally, hovers were performed at three different heights to
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Figure 2. The MDS30F helicopter, annotated with rotor
radii.

study source map spatial resolution differences, with a mini-
mum of 60 m altitude above ground level (AGL) to avoid ex-
cessive downwash and flow noise on the microphones. Many
conditions overlap with those flown over the snapshot array,
which was intended to capture acoustic levels at all emission
angles (Ref. 8). To initialize this phased array flight test in-
vestigation on rotating sources, the results will focus on low
speed forward flight at 20 kt true airspeed at both 30 and 60 m
AGL.

GROUND-BASED INSTRUMENTATION

Phased Array Design

The phased array consisted of 117 microphones deployed on
an extended concrete pad adjacent to a runway. Two geome-
tries were deployed during the flight test. The first utilized a
40 m diameter layout and was a nested design consisting of a
45-element inner array and a 72-element outer array to enable
a broad working frequency range. Both subarrays were the re-
sult of an optimization to minimize the 3 dB beamwidth while
maintaining peak sidelobes 10 dB down from the main lobe
and constrained channel count. The aperture was selected to
provide reasonable spatial resolution relative to the helicopter
main rotor geometry as viewed from a 60 m working distance.

Although spatial resolution based on the point spread func-
tion was commensurate with source separation requirements
relative to the aircraft geometry, initial investigation proved
that the microphone spacing was too large to capture enough
coherence to provide accurate level estimates at the higher fre-
quencies of interest. The cause of this is likely decorrelation of
the acoustic wavefronts as they propagate, due to atmospheric
turbulence (although wind conditions were very benign) or
propagation through the wake of the main rotor. Alternatively,
directivity nonuniformity over the array face could have also
played a role.

To increase suitability for higher frequencies, the array aper-
ture was scaled down to 12 m for the second flight day (re-
ferred to as FLT 209 in Ref. 7). The array pattern remained
unchanged otherwise. Figure 3 displays this modified array

as it was deployed, which will be the focus of this paper. Al-
though spatial resolution will be lower than the original de-
sign, advanced beamforming techniques may be used in the
future to reduce the effect of the array response to better de-
pict the source field.

Data Acquisition

Two systems were used to record the microphone signals, both
at 50 kHz with 24-bit resolution. The outer array was sampled
using the second-generation Wireless Acoustic Measurement
System (WAMS II), the primary acoustic flight test system for
NASA rotorcraft and UAM research (Refs. 19,20). Each sta-
tion of this remotely controlled system consists of a 1/2-inch
(12.7 mm) GRAS 67AX microphone embedded in a 400 mm
diameter round ground board, a radio antenna, GPS receiver,
and an on-board SD card for data recording.

The secondary data acquisition system acquired signals from
the inner array, using an NI PXIe-1085 chassis with three NI
PXIe-4499 data acquisition cards, each with 16 channels con-
trolled via a local desktop. This system simultaneously sam-
pled 45 Knowles WP-23849 microphones, each modified with
a custom two-wire, low-noise, 4 mA constant current excita-
tion system (Ref. 12). GPS timing was acquired using an NI
PXI-6683H card with associated antenna enabling synchro-
nization with the WAMS 1I data.

Weather

Wind speed and direction adjacent to the phased array were
recorded during each test point at eight altitudes up to 60 m
using a ZephlIR 300 LiDAR vertical wind profiler. Ground
temperature at the array was recorded and will be used to es-
timate the sound speed. A temperature string attached to a
weather balloon gathered vertical profiles during the acoustic
acquisition and can be used for future studies.

METHODS

The ROtating Source Identifier (ROSI) by Sijtsma (Ref. 13)
is a time-domain beamforming algorithm that will be imple-
mented herein. This procedure attempts to track and localize
noise sources on rotating components using a stationary mi-
crophone phased array.

The coordinate system origin is defined at the center of the
N—channel phased array, in which +x is along the North-
bound flight direction, +y is to the port side of the aircraft,
and +z is up (see Figure 4). The microphone coordinates are
known to centimeter accuracy upon measuring their positions
using a differential GPS survey system. A scan grid is defined
in the plane of the main rotor and rotates at the same rate.
The center of rotation tracks the main rotor hub (xy,yn,z5),
accounting for the aircraft’s translational motion in forward
flight. The data used will be limited to 25 m relative to the
array center, to avoid large phased array viewing angles that
typically distort the source maps. Ata 20 kt forward flight air-
speed, approximately 40 main rotor revolutions will be used.
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Figure 3. Phased array as viewed from the helicopter (left), on the ground (middle), and with microphone coordinates.

Figure 4. Flight path and phased array with an example of
scan grid tracking of the main rotor.

The time-varying position of the jth scan grid point at r dis-
tance away from the center of rotation and at initial angle 8,

ri= (5 +y)'"?, e
6; =tan ! (y—’) , ©)
xj

can be defined in three dimensions as
xj(T) =xp+rjcos(—arpp)cos (y(t)+6;), 3)

yj(T) =yn+rjsin(y(1)+6;), )

2j(1) = 2u+ rysin(—arpp) cos (W(T) 4 0)) F 2. (5)
For nonaccelerating flight, the tip path plane angle of attack,
arpp (negative refers to the rotor disk tilting forward), is used
to align the scan grid with the main rotor plane and can be
approximated to first-order (Ref. 21),

D
arpp == =1, (6)

in which D is the fuselage drag, W is the vehicle weight, and
v is the flight path angle (negative refers to a descent). The
drag-to-weight ratio was estimated using the equation below,

D fa w2
w ay ZCW

in which Cy = W/(poa,(2r@R)?) is the weight coefficient,
Po is the ambient density, a, is the rotor disk area, @ is the aver-
age main rotor rotation rate (with units rev/s) over the flyover
event, and R is the main rotor radius. Following the method
by Ref. 22, a functional fit of the form,
f d 2

3Cyat +6;, (®)
was used to estimate the relationship between the measured
vehicle pitch (0) versus advance ratio (i) over all level flight
speeds tested. The curve fit enabled the effective flat plate
drag of the fuseage, f;/a,, and the main rotor shaft pitch angle
(mast tilt), 6, to be determined, yielding the appropriate inputs
to equation 7 and subsequently equation 6.

)

9:

Ideally, helicopters have constant rotor rotation rates. Investi-
gation of the measured rates shows variations on the order of a
few percent. To avoid smearing the source maps, the measured
time-varying rotation rate is used to determine the associated
scan grid rotation angle at source time 7,

w(t) =27 /O " o(u)du. ©)

The last thing to note regarding the definition of the scan grid
is the altitude correction term, z., in equation 5. Initial assess-
ments of the source locations, particularly those at the blade



tips, were found to be incorrectly positioned outside of the
rotor disk. It was determined this was due to uncertainty in
the altitude tracking data, the component that typically has the
largest error when using GPS-based tracking. Therefore, this
correction was applied, and is of O(1) m.

With the microphone coordinates and time-varying position
of the scan grid defined, the next step is to transform the mea-
sured acoustic signals to source signals, e.g., p,(f) = 6;.,(7).
This transformation should be performed for each microphone
and scan grid point pair. To achieve this, a time-domain de-
Dopplerization technique is applied (Ref. 2), which involves
an interpolation process effectively reducing the source signal
sampling rate to 40 kHz. Note that for the two-dimensional
grid £6 m in size with 0.1 m resolution used here, this transfor-
mation needs to be computed approximately 1.7 x 10° times.
Thus, care should be taken when defining grid resolution. For
this work, a 20-core CPU was run in parallel to expedite this
step.

With the source signals in hand, the time-domain delay and
sum method to estimate the source signal for point j in the
scan grid is simply

N
0)(2) = 1 Y Gy(). (10)
n=1
However, a Fourier transform is preferred to enable frequency-
dependent source maps to be visualized. Following the formu-
lations presented by Ref. 13, the source strength at each scan
point for the kth frequency bin becomes

1 N N .
Ajk = 2N2 Z Z fk(oj n)]:k(G/,m) 3 (11)
n=1m=1

in which (-)* denotes the complex conjugate. The equivalent
of diagonal removal in conventional frequency domain beam-
forming can be accomplished by slightly modifying equation
11,

1 N N _ B i
Aﬁk**quxﬁjTj2;’Z;Ji(qm0]i(cﬁm)-

m
m#n

(12)

This alteration further improves the source map dynamic
range, particularly when uncorrelated flow-noise is a contam-
inant in the measurement. To reduce random uncertainty in
these spectral representations, blocks of data are ensemble-
averaged according to Welch’s method with a Hanning win-
dow and 75% overlap, resulting in a 10 Hz binwidth.

Uniform microphone weighting, as given above, will be com-

pared to a coherence-based weighting scheme. This modifies
equation 12 to be,

N N
Z Z Wi aWknFk(6jn) Fi(6jm)*

n=1m=1
m#n

Ajr= (13)
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There are many examples of microphone weighting schemes
(for example, see Ref. ). Selecting a simple scheme
(Ref. 24) for initial assessment, the frequency dependent mi-
crophone weights can be defined as

1 n
Win = E/'L,l {1 — Erf {8 (L%k - 1)] }

The associated footprint of each individual microphone is ac-
counted for by including A,. More specifically, A2 is the area
(in m?) allotted to each microphone based on the relative spac-
ing of its neighbors. In other words, microphones toward
the array center account for a small portion of the aperture
and are scaled accordingly. The argument of the error func-
tion determines the effective aperture used at each frequency.
Seeking to base this effective aperture on coherence, the ordi-
nary magnitude-squared coherence is first computed between
N(N 4+ 1)/2 microphone pairs over the flyover duration used
for beamforming. Note that these signals were de-Dopplerized
to follow the main rotor hub to avoid a reduction in coherence
due to the Doppler effect. Coherence was then plotted as a
function of the relative spacing of the microphone pairs. Ex-
amples of the coherence decay for the 20 kt flyover at 60 m
AGL is given in Fig. 5(a) for 200 Hz and Fig. 5(b) for 2 kHz.
Inspired by Ref. 25, a Gaussian curve was then fit to this de-
cay, taking the form

yzzem)<_(Amw>2

¢ Ly

Only data that resulted in > > 0.2 (unused data shown in red)
was utilized to avoid misfitting. A coherence length scale, Ly,
is determined from the Gaussian fit and is shown in Fig. 5(c)
for both altitude cases that will be discussed in the next section.

These length scales are approximately inversely proportional
to frequency, and used in equation 14.

(14)

(15)

Spatial integration of the source maps is useful to compare
levels of individual noise sources. Using ROSI does not im-
pose any restrictions on implementing how this is typically
performed for conventional frequency domain beamforming.
To obtain accurate levels, the integrated source levels are nor-
malized by the integrated point spread function (PSF) located
in the center of the integration region. Mathematically,

H H
P=PRY A} A (16)
h=1  h=1
in which P is the scan grid integrated source power, Ay, is
the simulated PSF source power at scan grid location 2 within
the user-defined integration region, and P is the total acous-
tic power of the PSF within the integration region. Figure 6
provides an example of the PSFs used when the aircraft is fly-
ing at 60 m AGL. For the lower-altitude flyover at 30 m AGL,
these PSFs correspond to the array response at half of the de-
noted frequencies since resolution is inversely proportional to
the distance between the phased array and the scan grid. For
this initial effort, it is assumed that the PSFs are shift-invariant.
In reality, the PSFs will be distorted when the aircraft is not
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Figure 5. Coherence decay with relative spacing between
microphones at (a) 200 Hz, (b) 2 kHz, and (c) the resulting
frequency-dependent coherence length scale determined
using a Gaussian fit (equation 15).

located directly above the array center. Future work will make
an effort to account for this effect.

RESULTS

Source Localization

Source maps can be invaluable in understanding the dominant
contributors to the overall acoustic field. For a helicopter such
as the one used in these tests, it is common knowledge that
the main rotor is often the dominant contributor. However,

the tail rotor, engine noise, and the drivetrain are also sources
that can produce nondeterministic noise, making it unclear if
the ground measurements are purely the result of aeroacous-
tic sources produced by the main rotor, or a combination of
the various components. In fact, the authors are not aware of
any previous work that separates or isolates broadband con-
tributions of the main rotor from flight test data. As previ-
ously mentioned, the fact that the scan grid rotates along with
the main rotor effectively acts as a filter to other stationary
sources, or sources rotating at different rates or in different
planes.

The resulting source maps are provided in Figure 7 by apply-
ing the ROSI algorithm first to the 20 kt flyover at 60 m AGL.
The focus will be on frequencies between 500 Hz and 4 kHz
since this is the typical full-scale frequency range of nonde-
terministic sources for this type of aircraft. Several 1/3-octave
bands are given. Only the 72-channel outer microphone array
is used in this example, because ignoring the inner array en-
abled the highest dynamic range and greatest spatial resolution
under uniform weighting (equation 12) for source localization.
Still, poor resolution is found at 500 Hz, which is also the case
for lower frequencies. Sources at the blade tips begin to be
clear at 1 kHz, and obviously dominate at 2 and 4 kHz. Note
the difference in dynamic range applied to the source maps at
different frequencies — these ranges will be consistent for each
frequency in additional figures that follow.

Figure 8 is the same flight condition, i.e., a 20 kt level fly-
over, but now flown at half the altitude as the previous case
(30 m) above the phased array. Again, only the outer array is
utilized here. A prominent feature of these source maps is the
enhanced depiction of the sources located near the blade tips,
specifically at the lower frequencies, and enough resolution to
discriminate between blades. Note that because only informa-
tion about the rotation rate was used (as opposed to azimuthal
position) to process these data, the resulting source maps form
hotspots at arbitrary azimuthal angles, although their relative
spacing is consistent with the number of blades (360/5=72°).
Thus, the source maps are rotated to coincide with the main ro-
tor blades as depicted by the image of the helicopter. To this
end, the exact source positions relative to the blades should not
be scrutinized; rather, source positions should be accepted as
qualitative. Additionally, blade sources represent azimuthal-
averaged levels. In other words, these results do not indicate
any differences associated with the advancing versus retreat-
ing sides. Ideally, all blades should result in similar levels,
which is often the case here. Small discrepancies can be found
and are likely the result of aircraft or main rotor position un-
certainty or slight differences in the blades themselves.

One peculiar difference between the source maps at 60 m AGL
case is the lack of noise identified at the hub axis at 30 m
AGL. Aside from that, the blade noise sources are again lo-
calized towards the tips of the blades, as expected. Unfortu-
nately, the 4 kHz source map illustrates no real identification
of blade sources, but rather a collection of false sources to-
ward the boundary of the scan grid. One potential reason for
this difference could be directivity effects reducing the signal
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Figure 6. Sample point spread functions at three frequencies and a working distance of 60 m.
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Figure 7. Source maps at various 1/3-octave frequencies for the 20 kt flyover at 60 m AGL, using only the outer array

with uniform weighting.
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Figure 8. Source maps at various 1/3-octave frequencies for the 20 kt flyover at 30 m AGL, using only the outer array

with uniform weighting.

coherence over the array. The coherence length scale is in-
deed smaller for this case for most frequencies (see Fig. 5(¢)),
albeit only slightly. When the helicopter is directly over the
phased array, the array is covering approximately 22° of eleva-
tion at the lower altitude, but only covering approximately 11°
for the higher altitude. Directivity features tend to get sharper
with frequency, making this speculation plausible.

To combat this and enhance the identification of high-
frequency sources, the coherence-based weighting scheme
discussed earlier can be applied to de-emphasize or fully re-

move uncorrelated signals. Figure 9 does just that by applying
equation 13 with the weighting given by equation 14 using all
microphones (the outer and inner array together). Localiza-
tion of the sources at 4 kHz is found to be much improved. At
lower frequencies, the resolution is found to be degraded, but
this effect is expected due to the lower weighting of the outer
microphones, which drive overall spatial resolution.

Due to the enhanced source resolution at lower frequencies
that the lower altitude provides, along with the ability of the
coherence-based weighting scheme to clean up the source
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Figure 9. Source maps at various 1/3-octave frequencies for the 20 kt flyover at 30 m AGL, using all microphones with

coherence-based weighting.

maps at higher frequencies, the recommendation for future
testing would be to fly all test points at 30 m, if possible, when
using a similar phased array layout. It is very likely, partic-
ularly with prototype or experimental aircraft, that a higher
altitude would be required to ensure safety. If that is the
case, the suggestion would be to increase the array’s aperture
while maintaining the same elevation angle coverage (= 20°).
However, increasing aperture will necessitate an increase in
channel count to avoid spatial aliasing and introducing false
sources (e.g., decrease signal-to-noise) in the source maps.

Source Power Integration

Following suit of implementing a technique often leveraged
for conventional frequency domain beamforming, levels can
be integrated over regions of the source maps to compare rel-
ative strengths of the various components (via equation 16).
Given only sources associated with the main rotor rotation are
available due to the scan grid tracking, regions are selected
that follow each of the five blades, depicted in Figure 10 as
T1-Is. An additional region aligned with the hub axis, Zj,
is also defined to account for sources pertaining to the drive-
train or main rotor shaft. Both altitude cases are assessed with
coherence-based weighting applied. Levels are all scaled to a
60 mreference distance. In the following discussion, a number
of caveats are provided to acknowledge potential impacts of
source level estimation that have yet to be fully investigated.
Follow-on work focusing on limitations and assessing accu-
racy would prove useful to reduce the number of open ques-
tions.

Figure 11 provides the spectra of the 60 m AGL case for the
hub, average levels over the five blades, total integrated lev-
els over the 6 m by 6 m scan grid, and a representative de-
Dopplerized single microphone. The single-microphone spec-
trum was computed similar to the beamforming results, i.e.,
using Welch’s method with the same processing parameters.
Although, the de-Dopplerization process was set to follow the

Figure 10. Definition of integration regions.

main rotor hub and so not accounting for rotation. Thus, rota-
tional harmonic content of the main rotor may still be present
in addition to the tonal content of the tail rotor and any other
source on the aircraft. In contrast, the beamforming spectra do
not demonstrate any sharp tonal features because the effect of
rotation relative to the microphones has been removed. Note
that while only the average beamformed individual blade noise
is provided, the spectra of each blade were very similar and
were within 2 dB of each other at all frequencies. At low fre-
quencies (approaching 100 Hz), resolution is poor and results
in a hotspot centered on the vehicle and region 7y, causing the
spectral levels of 7, to converge to integrated levels over the
full source map. At mid-frequencies (=300 Hz to 1 kHz), the
noise found at the hub is either equivalent to or greater than
individual blade contributions. It is suspected that resolution
is also lacking in this frequency range, causing energy to be
focused toward the center of rotation (similar to the character-
istics of the source map at 500 Hz in Figure 7).

The accuracy of the total integrated levels over the source map
should be less sensitive to resolution. Comparing to the single-



microphone spectrum, total levels are approximately 10 dB
down. This reason for this difference is unclear but could be
due to other sources on the aircraft (e.g., the tail or engine)
dominating in this frequency range. Alternatively, the beam-
forming process could be affected by coherence loss (even af-
ter applying coherence-based microphone weighting), uncer-
tainties in the time-varying geometry used in the reception to
source signal transformation, or that the sources are somewhat
distributed and diverge from the assumption of point sources.
Additional work would be needed to clarify this. Beyond 2
kHz, however, the total integrated levels of the rotating scan
plan converge onto the single microphone spectrum, suggest-
ing blade noise dominates this part of overall aircraft levels.
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Figure 11. Integrated spectra displaying relative contribu-
tions between the noise found at the hub, the average value
of the individual blades, and total integrated level over the
scan grid for the 20 kt flyover at 60 m AGL.

Figure 12 gives the integrated spectra from the same scan grid
regions for the 30 m AGL case. Here, the individual blade
contributions are higher than levels found in the hub region
for nearly all frequencies. This trend is consistent with the
corresponding source maps in Figure 9. The discrepancy in
the two altitude cases between relative levels of the blades
and the hub region further suggests this being an effect of
the beamforming process, and in particular, inadequate resolu-
tion. Advanced beamforming techniques would be beneficial
and likely improve the relative source ranking. That said, the
lower-altitude condition is preferred independent of process-
ing technique. In any case, similar trends are found between
the integrated and single-microphone levels, with the largest
difference again found at the mid frequencies.

The single-microphone and total integrated spectra from Fig-
ures 11 and 12 are plotted in Figure 13 for comparison. Despite
slight differences in levels, the single-microphone spectrum of
the 60 m AGL flyover is strikingly similar to what was mea-
sured for 30 m AGL, indicating good repeatability of the test
conditions. Note that levels were scaled to 60 m AGL and
compensated for atmospheric attenuation (although the latter
was a negligible effect). It would then be expected that the
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Figure 12. Integrated spectra displaying relative contribu-
tions between the noise found at the hub, the average value
of the individual blades, and total integrated level over the
scan grid for the 20 kt flyover at 30 m AGL.

integrated spectra from ROSI would be consistent for the two
flyovers. In a rough sense, levels are indeed similar, but dif-
ferences in excess of 5 dB exist. The duration of the flyover,
and hence number of main rotor revolutions (x40), is limited.
Thus, a higher number of flyovers may be needed at the same
condition to reduce uncertainty, with this requirement increas-
ing in necessity if forward flight speed is increased.

One interesting consistency is the presence of spectral hump
features at approximately 1.5 and 2.5 kHz that would other-
wise not be seen without the assistance of a phased array.
These features are also in the individual blade spectra, so these
may be tied to self-noise type sources.
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Figure 13. Autospectral density of raw single microphone
signals and total source map integrated levels for flyovers
at both altitudes.

CONCLUDING REMARKS

The ROtating Source Identifier (ROSI) time-domain beam-
forming algorithm was implemented to assess its feasibility of



gaining greater physical insight from acoustic measurements
of rotating sources in forward flight. A 20 kt case was used
for this initial effort and applied to data acquired during fly-
overs at both 60 and 30 m above a 117-channel ground-based
phased array.

Source maps showed good localization of aeroacoustic
sources near the blade tips over a range of frequencies, i.e.,
1/3-octave bands from 500 Hz to 4 kHz, with the best re-
sults provided at the lower altitude with the coherence-based
weighting scheme applied. A general recommendation can be
made for future testing to maintain a similar ratio of array aper-
ture to the lower tested flight altitude (i.e., the elevation view-
ing angle range, approximately 20°) for similar characteristic
length scales of the helicopter tested here. However, a higher
channel count may be needed for analysis at higher flight alti-
tudes.

As shown herein, tail rotor noise was effectively filtered out
through the use of a scan grid rotating in the plane of the
main rotor at its rotation rate. If the array layout is properly
planned, source ranking can be at least qualitatively achieved
for aircraft with multiple rotating propulsors. Such informa-
tion will be pertinent to guide research for vehicles where lit-
tle is known about their overall acoustic characteristics (i.e.,
UAM, FVL aircraft).

Integrated spectra were computed to estimate the noise gener-
ated by the blades and noise found near the center of rotation.
In a rough sense, levels from the two flyovers agree, although
differences in excess of 5 dB were found. Multiple flyovers
at the same condition would be useful to study repeatability
and the uncertainty in beamforming processing, particularly
because the duration of the event is limited by forward flight.
This necessity will be of increasing importance when investi-
gating higher forward flight speeds.

Total integrated levels are approximately 10 dB lower at mid-
frequencies as compared to a single microphone. Additional
analysis is needed to understand if this is an underestimation
of the main rotor source noise, or if other components on the
aircraft are larger contributors. In any case, this method shows
promise in source separation to better understand full-vehicle
noise characteristics through identification of its relative con-
tributors, progressing toward an improved comparison dataset
for validation of prediction tools.
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