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ABSTRACT

The sound radiation of small-scale low Reynolds num-
ber rotor in interaction with a beam is measured in ane-
choic room in hovering condition. The experimental setup
is composed by a farfield acoustic instrumentation, a di-
rectivity antenna and an array of 45 microphones, and
nearfield acoustic intrumentation, a microphone and an
array of 16 microphones located near the rotor and flush-
mounted on the beam. Both nearfield and farfield micro-
phones are used to characterize the different rotor-beam
noise source components, tonal noise associated to the
blade passing frequency (BPF) and its harmonics which
increases in the presence of the beam, and high frequency
broadband noise. The coherent output power (COP) spec-
tral analysis is also used to obtain sound source maps
coherent or anti-coherent with nearfield signals. This
methodology is first assessed on loudspeakers in anechoic
room before to be applied to the rotor-beam test case.
Nearfield and farfield acoustic signatures show similar ra-
diation patterns. Tonal noise components are very coher-
ent with nearfield signals and their evolution along the
beam differs between low frequency and high frequency
BPF harmonics. The high frequency broadband noise is
contrarly anti-coherent with nearfield signals and its evo-
lution along the beam shows a maximum level near the
blade tip.
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1. INTRODUCTION

The sound generated by bodies in interaction with an
airflow is a concern for many applications, especially
for noise pollution due to transportation in cities [1].
Transportation noise present often multiple aeroacous-
tic sources and/or complex interaction phenomenon with
possible correlation between sources. This is the case of
new unmanned aircraft systems for which the develope-
ment leds to many aeroacoustic studies last years [2–8].

In order to reduce the noise coming from these equip-
ments, it is necessary to understand the physical mecha-
nisms responsible for their generation. An interesting way
of improving aeroacoustics noise sources understanding
is the use of microphone array measurements associated
with source localization methods. Indeed, such approach
allows to discriminate the different sources while provid-
ing a ranking of each of them for the frequencies of in-
terest. The most famous source localization algorithm is
the conventional beamforming (CBF) method developed
by Billinglsey et al. [9], which is based on the assumption
that the sound field radiated by the sources under study
follows a certain source model (uncorrelated monopoles).
The principle is to localize the sound sources from farfield
microphone array measurements by interpreting the prop-
agation delays measured between each microphone of the
array and knowing the source-array distance. Parallely,
coherent output power (COP) spectral analysis has been
developped and was recently applied to microphone ar-
ray measurements for denoising or source separation pur-
poses [10–12].
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Figure 1. Loudspeakers configuration: S1 (center)
and S2 sources (upper left).

This paper proposes to use the degree of coherence
of farfield microphone signals with nearfield microphone
ones to improve the characterization of complex aeroa-
coustic noise sources. First, the experimental campaign
and associated post processing methodology is presented.
Then, the results of preliminary tests on loudspeakers with
different degree of coherence are discussed. Finally, the
methodology is applied to an aeroacoustic test case: a
hovering small-scale low Reynolds number UAV rotor in
interaction with a beam.

2. EXPERIMENTAL CAMPAIGN

2.1 Sources configurations

Measurements are performed in ISAE-SUPAERO ane-
choic room, which is acoustically treated in the frequency
range 80 − 16000 Hz, and has wedge-tip to wedge-tip
dimensions of 5.02 ∗ 5.24 ∗ 5.34 m3 (L ∗W ∗H).

A first set of measurements was performed on loud-
speakers: a monopolar source Siemens Q-MHF, called
S1, and two compression drivers BMS 4592, called S2. A
white noise signal on the frequency range 100−20000 Hz
is sended to this three sources. The generation setup al-
lowed to send uncoherent signal, in-phase signal and sig-
nals in phase opposition to the two sources S2. The posi-
tionning of the three sources is shown Figure 1.

A second set of measurements was performed on a
hovering small-scale low Reynolds number UAV rotor in
interaction with a beam. The rotor has two blades with a
NACA0012 blade cross section profile extruded in the ra-
dial direction, a constant chord of 0.025 , a constant pitch
of 10◦ and a radius R = 0.1 m. The beam is a cylinder

Figure 2. UAV rotor-beam configuration with the
45-channels microphone array.

of diameter 0.02 m and length 0.4 m whose axis is lo-
cated 0.02 cm below the rotor disk plane. The rotor-beam
setup is visible Figure 2 and is described in more details
in [6]. Measurements were performed at a rotational speed
of 8000 RPM .

2.2 Acoustic measurements

The farfield noise radiated by sources is measured by a 2D
array of 45 microphones and diameter 0.5 m developed
by MicrodB. This array is composed by GRAS 40PH mi-
crophones located on 3 concentric circles with irregular
spacing (see Figure 2). The array plane was located at a
distance of 1 m from the loudspeakers plane and 0.56 m
from the rotor-beam setup. For the rotor-beam test case, a
directivity antenna of 13 microphones, covering elevation
angles [−60 : 10 : 60]◦, 0◦ being the rotor disk plane,
located 1.62 m from the rotor center and perpendicular to
the beam was also used. More details about the farfield
acoustic instrumentation can be found in [8].

For this study, nearfield measurements were also per-
formed in both cases. The volume acceleration sensor in-
tegrated at the exit nozzle of the S1 source is used for the
loudspeakers configuration. A microphone GRAS 48LX-
1 located on the top of the beam at a distance of 0.8R
from the rotor axis was used for the rotor-beam config-
uration. Additionally, a small array of 16 MEMs micro-
phones ICS-40619 was developed to study specifically to
study nearfield noise. MEMs were located any 0.005 m
between 0.35R and 1.1R and positionned at the top of the
beam instead of the nearfield microphone for some mea-
surements.

Both data acquisition and post-processing were per-
fomed using Siemens Simcenter Testlab software. Mea-
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surements were performed at a sampling frequency of
51.2 kHz during 16.16 s. The fast Fourier transform
(FFT) on those signals was computed with a Hanning
window applied on 100 segments and a sample overlap
of 50%, leading to a frequency resolution of 3.125 Hz.
Source maps have been computed with a sample overlap
of 50% for FFT in order to have a frequency resolution of
10 Hz with a source grid cells of size 0.01 m.

3. METHODOLOGY

3.1 Conventional beamforming

The conventional beamforming source localization algo-
rithm is based on the propagation delays measured be-
tween each microphones that are related to the source-
microphone distance. It uses the cross-spectral matrix C,
which contains microphones auto-spectra on its diagonal
and cross-spectra outside its diagonal, and the free space
Green’s function g to estimate the sources’ position and
amplitude q in Pa2 from the farfield sound pressure mea-
surements p′:

q =
gHCg

||g||4
with g =

ejkr

r
& C = p′p′H (1)

where H the complex conjugate transpose, j the imagi-
nary unit, k the wavenumber and r the distance between
microphones and focal points.

The cross-spectral matrix diagonal removal technique
is used for maps averaging computation to obtain a sin-
gle acoustic map from a time selection including multiple
FFT time segments, while removing the noise contained
associated to microphones auto-spectra. This allows to
obtain source maps for each frequency or frequency range
of interest.

3.2 Coherence with nearfield data

When reference data are available near sources they can
be used to separate the different sources’ contributions at
other microphone’s locations. This can be done by calcu-
lating the coherent or anti-coherent output power (COP or
ACOP) spectra [10]:

COPrm = γ2
rm ∗ Smm (2)

ACOPrm = (1− γ2
rm) ∗ Smm (3)

with

γ2
rm =

|Srm|2

Srr ∗ Smm
(4)

where γrm and Srm are respectively the coherence and
the cross-power between a microphone, denoted m, and
the nearfield reference signal, denoted r, and Smm and
Srr arer respectively the auto-spectra of the microphone
and the reference signal. This methodology was used re-
cently to denoise microphone array signals or to separate
different noise source contributions [11, 12].

Reference nearfield data can also be used to dis-
tinguish different sources’ contributions on beamform-
ing source maps. This is obtained using the COP
and ACOP principles by weighting microphone averaged
auto-spectra Smm and by adding a phase relationship re-
lated to this reference:

S′
mm = COPrm∗ Srm

2

|Srm|2
or ACOPrm∗ Srm

2

|Srm|2
(5)

The beamforming processing is then applied to those new
microphone averaged autospectra S′

mm, to obtain source
maps coherent or anti-coherent with the reference signal.

3.3 Assessment on loudspeaker test case

Measurements were performed with the three loudspeak-
ers in three cases: sources S2 uncoherent, coherent in
phase and coherent in phase opposition. Coherent and
anti-coherent beamforming maps are then obtained by us-
ing S1 volume acceleration sensor as reference.

As expected, the coherent beamforming map obtained
for the case of three uncoherent sources highlights the
source S1, whereas the anti-coherent beamforming maps
highlights S2 sources. This allows to identify the contri-
bution of the source S1 even if its amplitude is lower. Fig-
ure 3 shows as example source maps obtained at 2000 Hz.
Symbols indicate sources locations, S1 source being at the
center. Others cases are not presented here but confirmed
the ability of the methodology to separate coherent and
anti-coherent sources contributions.

4. ROTOR-BEAM NOISE CHARACTERIZATION

4.1 Farfield spectra

Previous papesr shows that the rotor noise is characterized
by tonal noise at the blade passing frequency (BPF) and
its harmonics as well as a high frequency broadband noise
(BBD), and that the presence of the beam increases the
magnitude of BPF harmonics leading to a hump with a
maximum level around 5 ∗BPF [4, 6].
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Figure 3. Maps obtained for 3 uncoherent sources
at 2000 Hz: CBF (top), coherent CBF (center) &
anti-coherent CBF (bottom).

Figure 4. Spectra obtained for rotor-beam in the ro-
tor disk plane 0◦ & toward the ground −40◦.

A numerical study [8] showed that the BPF harmon-
ics increase seems to be mainly due to the beam radia-
tion, suggesting a noise generation mechanism related to
unsteady loading when the blade passes above the beam.
Figure 4 highlights those noise components, with the
hump of BPF harmonics and the impact of the elevation
angle on the high BPF harmonics and broadband noise
levels.

4.2 Source maps

Source maps were here obtained using conventional
beamforming based on fixed sources to focus on the in-
tetaction noise with the array plane parallel to the beam
as described in [8]. Coherent and anti-coherent source
maps targeting the different noise components have been
computed taking nearfield microphone on the beam as ref-
erence sensor. Locations of the rotor, the beam and the
test stand are indicated by black lines on the source maps.
To complete the source maps, farfield directivity diagrams
with and without coherent or anti-coherent with the refer-
ence beam microphone are plotted for tonal components
5 ∗ BPF , 22 ∗ BPF and the high frequency broadband
noise (BBD) Figure 5.

For the highest BPF harmonic of the hump, 5∗BPF ,
the CBF source map is identical to the CBF source map
coherent with the beam nearfield microphone, whereas the
anti-coherent source map is several orders of magnitudes
below. This confirms the relationship between this BPF
harmonic level and the periodic blade passing above the
beam, and source maps indicate an omnidirectional radi-
ation which corresponds to the farfield directivity perpen-
dicular to the beam (see Figure 5).

Then, it was chosen to study the BPF harmonic 22 ∗
BPF which corresponds to a frequency for which the
tonal level is decreasing but the broadband level is in-
creasing. In this case, source maps highlight that the
main source remains here the one coherent with the beam
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Figure 5. Farfield directivity obtained for rotor-beam
at 5∗BPF , 22∗BPF & BBD with and without co-
herent or anti-coherent weighting with nearfield data.

Figure 6. Source maps obtained for rotor-beam at
5*BPF: CBF (top), coherent CBF (center) & anti-
coherent CBF (bottom).
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nearfield microphone, but the anti-coherent source map al-
lows to identify another source component slightly lower
in terms of level and with a different radiation pattern.
Looking at the corresponding farfield directivity (Figure
5) we can see that both noise components seem to dipole-
like patterns.

Finally, the high frequency broadband noise in the
frequency region without tones is studied (frequency of
13000 Hz was chosen). For this noise component we
can observe that source map is entirelly determined by
the anti-coherent source map, confirming that the sources
anti-coherent with the reference beam microphone are as-
sociated to the broadband part of the spectrum. The shape
of the corresponding source maps indicates a dipolar radi-
ation, as well as the directivity diagrams Figure 5, which
is consistent with the trailing edge broadband noise direc-
tivity previously identified [6].

4.3 Noise components evolution along the beam

Additionnally, the MEMs linear array was used to plot
sound pressure levels (SPL) evolution of each noise com-
ponent along the beam. COP and ACOP SPL evolutions
respect to the MEMs located at 0.8R to be consistent with
the beam nearfield microphone location.

For the main BPF harmonic an increase along the
beam is observed with a maximum at 0.9R which is con-
sistent with previous numerical simulation results, and the
coherence of this phenomenon with the reference MEMs
is confirmed. A previous numerical study showed that the
beam was the main contributor to the farfield noise radia-
tion at this BPF harmonic and that the main beam radiat-
ing area was around 80 − 90% of the blade radius [7],
which is similar to the maximum level location. The
22 ∗ BPF harmonic present a diffrent behaviour with a
first increase until 0.6R, then a minimum, and after a sec-
ond increase with a maximum at 0.95R, with again the
part coherent with the reference MEMs being the main
one.

In the case of the high frequency broadband noise
the evolution is quite flat between 0.4R and 0.9R and a
peak is observed at 1.05R. The level of this noise com-
ponent along the beam is mainly anti-coherent with the
reference MEMs but the trend along the beam is the same
for both coherent and anti-coherent parts. Anti-coherent
parts of tonal noise components present very similar be-
haviour with a peak at 1R. The location of those peaks
seems to suggest that this noise component might be due
to blade tip wake impingement on the beam.

Figure 7. Source maps obtained for rotor-beam at
22*BPF: CBF (top), coherent CBF (center) & anti-
coherent CBF (bottom).
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Figure 8. Source maps obtained for rotor-beam
at BBD: CBF (top), coherent CBF (center) & anti-
coherent CBF (bottom).

Figure 9. SPL along the beam for 5 ∗ BPF , 22 ∗
BPF & BBD: total, coherent & anti-coherent with
the MEMs located at 0.8R.

5. CONCLUSIONS

Microphone array measurements were performed in ane-
choic room synchroneously with other acoustic nearfield
and farfield measurements in order to help the identifica-
tion of the different noise components associated to com-
plex aeroacoustic sources. The proposed methodology is
to compute beamforming source maps coherent or anti-
coherent with nearfield reference signals using the coher-
ent output power (COP) spectral analysis.

Preliminary tests on loudspeakers with different de-
gree of coherence were first performed. The ability of the
proposed methodology to distinguish source contributions
coherent or anti-coherent with a nearfield reference signal
was demonstrated, even when there is a significative dif-
ference of levels between the two contributions.

The methodoloy was then applied to an areoacoustic
test case: a hovering small-scale low Reynolds number
UAV two-bladed rotorof diameter 0.2 m and NACA0012
blade profile in interaction with a cylindrical beam of di-
ameter 0.02 m. Previous studies showed tonal noise at
the blade passing frequency (BPF) and its harmonics, in-
creased by the presence of the beam with a maximum
around 5 ∗BPF , and high frequency broadband noise.

Conventional beamforming was used to obtain source
maps coherent and anti-coherent with a nearfield micro-
phone located on the beam at 80% of the blade radius.
The strongest BPF harmonic appeared to be coherent with
the beam nearfield microphone, confirming the relation-
ship between this BPF harmonic level and the periodic
blade passing above the beam. High frequency BPF har-
monics in the frequency region where the broadband in-
creases appeared to be coherent with the beam nearfield
microphone too, but another anti-coherent source with a
dipolar radiation pattern and lower level was also iden-
tified. The high frequency broadband noise is contrarly
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perfectly anti-coherent with the beam nearfield micro-
phone with a dipolar radiation pattern associated to trail-
ing edge noise. Farfield directivity diagrams coherent or
anti-coherent with the beam nearfield microphone allowed
to confirm the radiation patterns visibles on source maps.

Additionally, a linear MEMs array located on the
beam was used to determine the sound pressure levels
(SPL) evolution of each noise component along the beam,
coherent and anti-coherent respect to the MEMs located
at 80% of the blade radius. The evolution of the low fre-
quency BPF harmonic level along the beam leads to one
hump coherent with the reference MEMs, whereas the one
of the high frequency BPF harmonic leads to two humps
also coherent with the reference MEMs. For the high
frequency broadband noise a flat evolution, mainly anti-
coherent with the reference MEMs, with a maximum level
near the blade tip is found.

Complementary post processing are planned and this
methodology will be also used to study the different noise
source components evolution with the rotational speed,
the beam diameter, and the rotor-beam distance. It is also
envisaged to apply it to more realistic configurations: dif-
ferent airflow conditions, rotor-airframe and/or multiple
rotors interactions for instance.
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