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Abstract

The normalized fan rotational speed per aircraft engine (N1%) is an essential input parameter to noise prediction mod-
els, but is often confidential and not directly accessible to researchers. The aircraft acoustic signal characteristics, and
specifically the tonal component, can be used to extract this parameter. However, existing methodologies estimate N1%
parameters from whole-aircraft spectra, which can lead to inaccurate estimations. This research aims at investigating the
various tonal contributions by isolating and reconstructing spectrograms of individual noise sources using acoustic arrays.
Using such arrays, it is possible to discriminate between the various components that contribute to the noise emitted by the
aircraft, especially between the engines, but also the nose landing gear. From the resulting engine-specific spectrograms
the N1% of individual engines for 24 aircraft were obtained. For the A321neo and the B737NG, it is found that, for 80%
of the analyzed aircraft, additional engine tones accompany the higher harmonics of the engine blade passage frequency,
with these additional tones corresponding to twice the shaft frequency. In addition, it was found that N1% differences
between the two engines are reflected in the spectrograms and that a tone stemming from the nose landing gear can be
present, resulting in a complex pattern of tones in the whole-aircraft spectrogram. The insights on the various tonal con-
tributions to the received signal are of importance regarding the further development of methods that aim to extract the
engine setting from aircraft noise measurements and as such for enabling more accurate noise calculations.

Keywords N1% fan speed estimation - Acoustic array beamforming - Engine tonal harmonics - Source-specific
spectrogram reconstruction

1 Introduction

Irene C. Dedoussi, Pieter Sijtsma and Mirjam Snellen have The aviation industry is experiencing a resurgence after two
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thrust produced by the engine, which, in turn, impacts the
generated noise. Thus, noise models use the thrust setting
(or the related N 1%) to estimate the sound power level emit-
ted by the aircraft, generally taking into account the specific
engine type and its associated noise characteristics. The
N1% parameter is also relevant for estimating the impacts
on the atmosphere, as it is linked to the emissions’ quantities
of gases and particles from the aircraft engines [5].
Typically, the N1% or thrust values used for predicting
the environmental effects of aviation are based on values
listed for standardised procedures. However, these resulting
estimates for N1% or thrust are known to be rough estimates
only (for example, due to the use of simplified thrust profiles
and default assumptions in best-practice noise models [6,
71), with potentially significant deviations from the actual
values, negatively affecting the accuracy of the model pre-
dictions. Therefore, there is a need to develop methodolo-
gies to obtain N1% or thrust estimates that better reflect
real-world operational conditions. Several such methodolo-
gies have been proposed in the literature. Some of these con-
sider the actual aircraft track and use it to estimate the thrust
[8]. Others base the estimates on acoustic measurements per
aircraft flyover, either by using the tones corresponding to
the blade passage frequency (BPF) or by also accounting
for the buzz-saw tones at the shaft frequency (methods as
described in [9, 10]). These latter methods are considered
of high interest, also given the increasing number of noise
monitoring stations. However, to allow for these methods to
be put into practice, either for validating the currently used
input or to generate the input, more insights into the contri-
butions of the various aircraft noise-generating components
to the acoustic measurements are needed. A key limitation
of whole-aircraft acoustic approaches is that the measured
spectrograms can contain mixed contributions from multi-
ple physical sources (e.g. the left and right engines, airframe
components, and landing gear), while engines themselves
may operate at different rotational speeds during approach,
for instance, due to wind conditions. Although microphone-
array beamforming has proven effective for discriminating
between aircraft noise source regions [11, 12], it has not

been widely used as a pipeline to reconstruct source-specific
spectrograms for subsequent determination of the BPF.

In this work, we aim to contribute to the ongoing
efforts of deriving accurate estimates for N1% from noise
measurements by isolating the acoustic signature per air-
craft noise source. We describe a workflow to reconstruct
source-specific spectrograms (left engine, right engine, and
nose landing gear) from flyover array measurements using
conventional frequency-domain beamforming and source-
location-based spectral reconstruction. Next, we estimate
the BPFs and corresponding N1% values for each engine
across 24 operational landing aircraft, enabling identifica-
tion of engine-to-engine setting differences within the same
aircraft. Third, we demonstrate that whole-aircraft spectro-
grams can be biased by non-engine tones such as a promi-
nent nose landing gear tone in some aircraft types and mixed
tonal contributions, motivating source decomposition when
extracting engine settings from acoustic data. Finally, we
provide a quantitative characterization of secondary tonal
components near BPF harmonics, typically consistent with
offsets related to shaft frequency (most commonly at twice
the shaft frequency for the B737NG and A321neo), and dis-
cuss their implications for robust BPF/N1% identification.

In this analysis, the engine setting parameter is expressed
as the normalized fan rotational speed N1% of the specific
engine model, i.e. N1% = 100n/nmayx, Where npax is the
maximum fan rotational speed. The values of ny,,x are taken
from the corresponding engine type certificate data sheets
for the engine variants considered (see Table 1). For certain
applications, such as noise-power-distance modelling, a cor-
rected fan speed is often used to account for the temperature
dependence. However, the required temperature reference
is not available in the present dataset. In addition, the objec-
tive of this work is to retrieve an engine-setting parameter
directly from acoustic observations with minimal auxiliary
operational input. Therefore, we adopt N1% as defined in
the certification documentation to ensure consistency with
operational practice and data availability.

This manuscript is structured as follows: Sect. 2 describes
the methods employed to identify and reconstruct the spec-
trograms of individual contributing noise sources. In Sect.

Table 1 Optimal N1%, BPFs, B737NG A321neo E195-E2
the ?bso’lute difference between Number of aircraft 19 | 2
engines’ N1%, and the mul- ber of fan blad ” 20 18
tiples of shaft frequencies which Number of fan blades
explain the additional tones of the ~ "maz at 100% 5175 3281 3461
measured aircraft N1% 52.3-73.8 % 53.7-54% 42.1-51.6%
BPF 993-1402 Hz 588-591 Hz 437-536
Hz
AN1% between engines 0-3.6% 0.27% 0.3-3.1%
Multiples of fshagt that explain the 2 - fshatt (77% of the 113 2+ fophatt (83% of the  No addi-
additional tones (%) sets) 6 sets) tional tones
observed
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2.1 2.2 2.2 2.3

Steer vector to

Select location
of potential
noise sources

Beamforming
of interest

LF: 1200 - 3200 Hz
HF: 3200 - 5200 Hz
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Similarity Select tones
check (see Fig. 5) of interest
Left Engine| Time snapshots
Right Engine | Frequency bands Candidate BPFs
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Fig. 1 Workflow of the analysis: each box is described throughout Sect. 2 at the letters above the blocks

Fig. 2 Experimental set up: (a)
Measurement location at Amster-
dam Airport Schiphol marked with
an orange marker. The runways

are denoted by the black lines. (b)
Microphone array configuration
(bottom-up view) composed of 64
microphones (mic 2 is marked with
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»
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3, we present the results of our analysis. Finally, in Sect.
4, we summarize our findings and discuss their relevance
in the context of finding the aircraft engine settings, essen-
tial for accurate predictions of the environmental effects of
aviation.

2 Methods

This section outlines the methodology used to estimate the
rotational speed of the low-pressure spool (N1) of turbofan
engines based on acoustic data captured by a 4 m diameter
microphone array during aircraft landings. The method-
ology integrates classical beamforming techniques and
pressure spectrogram analysis to process and analyze the
acoustic signals.

The following steps, presented in Fig. 1, were undertaken:
data acquisition (red block), beamforming over a grid of
potential source locations (light blue), source location selec-
tion (green) over three frequency bands from the acoustic
images obtained from beamforming (denoted with LF, HF,
and TF, respectively), use beamforming to focus the array
on the identified source locations (purple) to reconstruct the
source spectrograms (orange block) of the principal noise
sources of interest: the engines and the nose landing gear.
Afterwards, a similarity check of the identified sources (yel-
low block) is performed to check the consistency of identi-
fied sources throughout the time snapshots (point 1), over
the frequency bands (point 2), and lastly, the correlation

(b) .
e 0 0 o ... [ ]
° °
o © o o °
° ° ] o ° [ ]
® o 00 °
d % B
° o o o o
° o o o © ¢
.0 '. ® o 0 0
®e
1 0 I 2
X [m]

between the identified sources, to test if they are generated
by the same mechanism (point 3). The next step revolves
around the de-Dopplerization of the reconstructed spectro-
grams (dark blue block). Lastly, the pink block describes
the selection of tones of interest, candidate BPFs and the
secondary tones.

The detailed procedures and the rationale behind each
step are explained in the subsequent sections.

2.1 Measurement campaigns

The measurement campaign took place at Amsterdam Air-
port Schiphol on the 28th of September 2021. The equip-
ment was set up north of the Zwanenburgbaan (18C)
runway at approximately 640 m away from the runway
threshold (see Fig. 2a) and consisted of a 4x4 m micro-
phone array with 64 microphones (spatially arranged as in
Fig. 2b to allow for acoustic imaging, with a sampling fre-
quency of 50kHz. Spectrograms are computed from 0.05 s
blocks (2500 samples at a sampling frequency of 50 kHz)
using a Hamming window. The FFT length equals the block
length (IV = 2500), which yields a frequency-bin spacing
of Af = fs/N = 50000/2500 = 20 Hz and a Nyquist fre-
quency of 25 kHz. The signal from microphone 2, marked
in orange color in the figure, was considered for the spec-
trograms in the analysis due to its central location and
quality. A total of 55 landing aircraft were measured, the
majority of which were B737 next-generation (NG) aircraft.
This research focuses on three aircraft types, the Boeing

@ Springer
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B737NG (19 aircraft), the Embraer E195-E2 (4 aircraft)
and the Airbus A321neo (1 aircraft). These account for 24
aircraft analysed in this study, which have been measured
while flying above the array at altitudes varying between 34
and 57.5m. The altitudes and other position vector data for
this measurement campaign are extracted from Automatic
Dependent Surveillance-Broadcast (ADS-B) data collected
from the OpenSky database [13].

2.2 Beamforming and source locations

We first visualize the measured pressure signals in the form
of spectrograms to assess the frequency content over time.
In Fig. 3 we show a representative spectrogram of each ana-
lyzed aircraft type, which has been obtained by using the
data from a single microphone. A multitude of tones and
their harmonics are observed. These are tones that are typi-
cally used for estimating the blade passage frequency, where

the N1% is determined using the relation BPF = %{&1%

with B the number of fan blades and 7, the maximum
rotational speed of the fan as defined in the engine certifica-
tion documents [14—-16]. However, these spectrograms do
not allow the isolation of the contributions from the various
aircraft components to the received signal.

To isolate the sources and understand their contributions
to the overall noise, we make use of acoustic imaging tech-
niques. For this research, Conventional Frequency Domain

A321neo

9000
8000
7000

6000

Hz

_ 5000

Frequency
B
]
(]
o

3000
2000
1000
0 - :
-4 -2 0 2 4 -4 -2
Time [s]

B737TNG
A

Time [s]

Beamforming (CFDB) [17] was selected due to its robust-
ness. The beamforming output is expressed as:

_lg"PP7g
A =5 g "

Equation 1 is known as the beamforming equation where
the pressure vector P contains the Fourier Transform coef-
ficients at frequency f of the measured acoustic pressure for
each microphone (which have not been corrected for Dop-
pler-shift). The steering vector g contains the phase shifts
corresponding to the distance between a considered poten-
tial source position and each of the array microphones. The
asterisk (*) denotes the complex conjugate transpose. After
applying Eq. 1 to all potential source locations within a scan
grid, a source map is obtained, mapping the beamforming
output on the scan grid.

CFDB permits the identification of noise sources per fre-
quency. By summing the beamforming output over a range of
frequencies (incoherent summation), the low resolution at low
frequencies and the sidelobes at high frequencies are counter-
acted to some extent. In this research, we have selected three
frequency bands for the incoherent summation. We define
a Low Frequency (LF) band between 1200 and 3200 Hz, a
High Frequency (HF) band between 3200 and 5200 Hz and
the Total Frequency (TF) band between 1200 and 5200 Hz.
The LF and HF bands have been selected such that either the
engines or the airframe sources are expected to be dominant

E195-E2
N

0 2 4 -4 -2 0 2 4
Time [s]

Fig. 3 Representative spectrograms landing of (a) A321neo, (b) B737NG, and (¢) E195-E2 acquired during the measurement campaign. These

spectrograms are computed using the signal from microphone 2
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for landing aircraft [18]. Beamforming has been applied to
snapshots lasting 0.05s of data spanning the full aircraft fly-
over. From the beamforming results the sources have been
identified per fly-over and their locations have been deter-
mined. Illustratively, Fig. 4 shows how beamforming can be
used to identify the noise sources for different aircraft types
using a dynamic range of 5 dB. The top part of the figure
shows the beamforming outputs for each representative air-
craft type in the frequency band 1700-1900 Hz. Note that the
identified sources in this band consist mainly of the landing
gear for the different aircraft types. In the case of the Embraer
E195-E2 (Fig. 4c), the engines (especially the left engine) are
also dominant over this frequency band. The bottom part of
the figure shows the beamforming output in the frequency
band between 4600-4800 Hz. In this case, the engines are the
main sources visible in the plots.

2.3 Selection and spectral reconstruction of
individual aircraft noise sources

To decompose the aircraft spectrogram into the underly-
ing contributions originating from their individual noise
sources, the location of each source is identified on the
aircraft CFDB outputs: For each flyover and for each 0.05
s snapshot, dominant source locations are identified from
the CFDB maps within each of the three frequency bands.
The sequence of identified locations across consecutive
snapshots forms a temporal source-location track for each
band. As a next step, the steering vector g is pointed to the
individual noise source locations, permitting to extract the
spectrogram of this source for each snapshot, again for the
three bands separately. Thus, in our study, we computed
the source noise spectrum for all of the manually selected

Fig. 4 Aircraft beamforming plots A321neo

10

locations. The concatenation of the individual source spec-
tra over time yields each source’s spectrogram. Different
frequency bands contain different noise sources as the main
noise contributors. For example, we expect the airframe
noise (i.e. nose landing gear, main landing gear, flaps/slats,
etc.) to be dominant in the lower frequency ranges (1200—
3200 Hz), while engine component noise is dominant both
in the lower frequencies (jet noise) but also in the higher
frequency ranges (3200-5200 Hz) [18]. Consequently, the
nose landing gear is, for the majority of the measurements,
not visible in the HF beamforming plots and there will thus
be no nose landing gear spectrogram derived from the HF
results. Various sources can appear also at slightly different
locations, for the three frequency bands, on the projected
aircraft geometry, due to the imperfectness of the measure-
ments or because of varying (with frequency) directional-
ity of the sources. Although for the similarity check (see
Sect. 2.4), we considered all the identified sources, i.e.
engines (inlet and exhaust noise), nose and main landing
gear, high lift devices, and reflections, the study focuses on
the nose landing gear and the engines for the correct estima-
tion of the BPF per engine.

2.4 Similarity analysis

We assess the independence of all identified sources in
the CFDB beamforming outputs from the following three
perspectives:

1. Consistency of relative locations of identified noise
sources across time snapshots: Following the moving-
source array-processing approach described by Sijtsma
et al. [19], we compute the correlation between CFDB

B737NG E195-E2

for two frequency bands: 1700—
1900 Hz (top: a, b, ¢) and 4600—
4800 Hz (bottom: d, e, f) with
superimposed aircraft geometries:
a, d A321neo, b, e B737NG, and
¢, f E195-E2. The selected time >
snapshot is —0.85s with respect to t

= (s as the overhead position. The
landing gear positions are indicated

by the squares. The dynamic range
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source maps of consecutive snapshots to verify that
dominant sources persist at consistent relative positions.

2. Similarity in source auto-spectrum for almost co-
located sources as identified in the three different fre-
quency bands: We assess the agreement between the full
source spectra found for sources appearing roughly, but
not exactly, at the same spatial location for the three
different frequency bands by computing the correlation
coefficient between the full spectra.

3. The match in spectral content between different sources:
We test the similarity between all sources using the cor-
relation coefficients between the auto-spectra of the
sources over the entire flyover, e.g. between sources
located around the nose landing gear and the engines,
the main landing gear and the engines, etc.. Low cor-
relation indicates limited relation to the other identified
sources. Higher correlations indicate that the spatial
resolution is too limited to prevent the estimates of the
spectra for one location from having contributions from
sources at other locations or that sources actually have
a similar origin with one source for example being a
reflection of another source. This analysis thus allows
us to test the hypothesis of whether the “flaps" (visible
in LF) and the “engine reflections" (visible in HF and
TF) are the same or not. We consider two identified
sources as the same when the correlation coefficient
exceeds 0.6.

2.5 De-dopplerization and selection of candidate
blade passage frequencies

The objective of this section is to remove the Doppler shift
from the reconstructed source spectrograms in order to
enable robust identification of tonal components (BPF and
harmonics) and subsequent estimation of engine setting
parameters. The de-Dopplerization procedure consists of

Fig. 5 Description of the de-Dop-
plerization approach. (a) The spec-
trogram of the right engine of a
landing E195-E2 with the observed
tone (fobs) (red dotted line) and
the minimum and maximum
frequency bounds (white dotted
lines). (b) The reconstructed Dop-
plerized tones iterating fo between
the bounds and multiplying it with
D(t) (blue lines) with the closest
tone to fobs in dashed blue line. (c)
The de-Dopplerized spectrogram
using the optimal fo as found in
the middle plot

Frequency [Hz|
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Trace a visible tone
(red dotted line)

Model Doppler frequency shift and f

four steps: (i) computing an initial Doppler correction factor
from ADS-B geometry, (ii) tracing of a dominant observed
tone fops(t) in the reconstructed spectrogram, (iii) select-
ing the emitted tone f; by RMSE minimization between
measured and modeled frequency results, and (iv) applying
the resulting Doppler correction to the reconstructed engine
spectrograms.

The Doppler frequency shift for a moving source and
emitted tone fy is described by

1
Jobs = fo (1—]\40050) 2)

with fops the observed frequency, M the Mach number and
with the part between brackets often denoted as the Dop-
pler correction factor. The angle 6(%) is defined by the line-
of-sight between source and receiver. For the straight track
geometry used here we evaluate cos 0(t) from the estimated
aircraft motion and range R(f), where (¢t = 0) denotes the
time of closest approach (overhead position).

ADS-B provides aircraft position and ground speed at a
1 s update rate, which is sufficient to obtain a first estimate
of the observed frequency fops for a given emitted tone.
Therefore, ADS-B remains the primary source for aircraft
position and range R(¢). However, because the beamforming
and spectrogram reconstruction operate on 0.05 s snapshots,
we additionally estimate velocity from the displacement of
tracked source locations between consecutive snapshots
(see the similarity analysis item (1) in Section 2.4). This
provides a temporally smoother velocity estimate at the
acoustic processing rate, which facilitates fine-tuning of the
Doppler correction (see fops curve in Fig. 5a).

Because the recordings are taken during the final por-
tion of the approach, close to touchdown and under low
and steady wind conditions, we assume that engine set-
ting variations within the analysed interval are limited.
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This reduces short-term N1 fluctuations and supports the
use of a single emitted tone (fy) when comparing the fre-
quency variations observed in the measured spectrogram
with those determined by the above equation. It is expected
that the maximum Doppler shifted frequency occurs at
time instances with the aircraft far away and approaching
the array, whereas the minimum frequency observed corre-
sponds to the aircraft flying away from the array. By consid-
ering a number of potential values for the emitted frequency
of the tone, fjy, between the minimum and maximum and
comparing the corresponding expected Doppler-shifted fre-
quencies with the traced tone of step (ii), an estimate for fj
is obtained by selecting the value that minimizes the RMSE
(root-mean-square error) between the traced tone and the
modelled Doppler-shifted tone (f§*¢ in Fig. 5b). The result-
ing Doppler correction factor (denoted as D(t) in Fig. 5b) is
used for the final de-Dopplerization of the spectrogram. The
result for a representative measurement is shown in Fig. Sc.

As the next step, i.e. to determine the BPF, but also to
identify all other tones in the signal, we select the time snap-
shot where tonal components are most prominent (highest
tonal contrast) for each de-Dopplerized spectrogram. We
average the spectra around this time snapshot over a range
of = 0.5 s. The spectrogram and the averaged spectra are
shown in Fig. 6a for the Airbus A321neo, Fig. 6b for one of
the Boeings B737NG and in Fig. 6¢ for one of the Embraers
195-E2. Note the double peaks observed in the cases of the
A321neo and the B737NG.

Using the peaks (indicated by the dots in the averaged
spectra) an iterative procedure is applied to determine when
peaks are actually multiples of each other. Since we con-
sider spectrograms that correspond to a single engine only,
we do not expect multiple BPFs per engine to be present.
Indeed this is confirmed by the analysis since the tones
in the spectrogram are found to be related to 1 BPF, but

A321neo

SPL [dB]
78 82 86

Fig. 6 Selecting the peaks (candi- (a)
date BPF harmonics) for the right
engines of (a) Airbus A321neo,

90 SPL [dB]
70 80

often accompanied by tones around it related to the shaft
frequency. The agreement between the determined BPF and
the corresponding harmonics (thus multiples of the BPF)
with those actually identified in the spectra is quantified by
the root-mean-square error (RMSE) between these two sets
of tones.

With the thus found BPF, the corresponding shaft fre-
quency fshaft 1S computed via

BPF

fshaft = ? (3)

where BPF is the determined blade passage frequency and
B is the number of fan blades.

3 Results
3.1 Spectrograms per aircraft source

The approach presented in the previous section permits us
to reconstruct the spectrograms of individual sources and
compute their individual characteristics (Examples of these
were already shown in the previous section for the right
engine). Figure 7 shows the spectrograms corresponding to
the Airbus A321neo individual engines and the nose land-
ing gear in addition to the total spectrogram of the mea-
surement. The spectrogram amplitudes have been corrected
for the aircraft’s distance to the microphone array. Both the
nose landing gear and each engine display different charac-
teristics which would have been challenging to isolate from
the whole-aircraft spectrogram.

The nose landing gear of the A321neo is easily identi-
fiable and isolated from the engines. It displays a specific
tone varying between 1500 and 2000 Hz due to the Doppler

(b) B737NG () E195-E2
SPL [dB] SPL [dB]
0 85 90 SPL[dB] 78 82 36 9o SPL [dB]
90 T T 60 70 80 90 o 60 70 80 90

(b) Boeing B737NG, (¢) Embraer
E195-E2. For each aircraft type,
the spectrogram over the selected
1-second time snapshot is pre-
sented on the left side. The right
side shows the average spectra
over the time snapshot, and the
selected peaks are marked with
orange dots

Frequency [Hz|
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Fig.7 A321neo reconstructed spectrograms of (a) left engine (LE), (b) right engine (RE), (¢) nose landing gear (NLG), (d) total spectrogram, and

(e) total spectrogram with superimposed tonal contributions of each source

Effect. This has been observed before [9, 20, 21], and likely
occurs due to a cavity present on the landing gear. After de-
Dopplerization, we determined that the landing gear tone
occurs at 1730 Hz which is in agreement with the previ-
ous observations and corresponds to a half-wavelength of
approximately 10 ¢cm [20, 21]. Many components of the
nose landing gear mechanism have comparable sizes, i.e.
the width of a towing fitting, which could explain this tone
[20, 21]. In the case of the B737NG (see Fig. 11) and the
E195-E2 (Fig. 7) shown in the Appendix, there is no promi-
nent nose landing gear tone visible.

The individual engine spectrograms of Fig. 7 show that
the tones per engine are now distinguishable. There is a slight
shift in BPF between the engines as the right engine exhibits
slightly higher tones than the left engine (see Fig. 7e). This
shift is due to slightly different rotational speeds between
the fans of the left versus right engines of the aircraft, prob-
ably applied to correct for the wind direction. We also notice
in the case of the A321neo and the B737NG that each BPF
harmonic is accompanied by an additional tone. This is not
present in the case of the E195-E2 (Fig. 12) in Appendix
Appendix A. The presence of such tones can hinder the cor-
rect determination of the BPF and its corresponding N1%
(see Sect. 2.5) if not properly accounted for. For one repre-
sentative B737NG, Fig. 8 shows the shifts between the two
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engine tones as well as the contribution to the total spec-
trogram. The offset between the engines’ BPF harmonics
as well as the additional tones accompanying them can be
observed in the exemplary frequency band of 7000-9000
Hz. In the total spectrogram, we can identify the harmon-
ics of each engine. It can be observed that the left engine is
exhibiting higher tones than the right engine tones.

3.2 Source identification

Despite the fact that sources show up at different locations,
they still might be related, e.g. one source actually being
a scattered version of another source. Therefore, the simi-
larity between the sources identified in the beamforming
outputs is checked from three different points of view as
described in Sect. 2.4, i.e. between time snapshots, between
frequency bands, and between identified sources. The time
perspective (Sect. 2.4, point 1) was already used to estimate
the velocity of the aircraft, and indicated high similarity
between beamforming outputs for subsequent time snap-
shots (see Figs. 13 and 14 for representative examples) and
thus the persistent relative location of the sources visible in
the acoustic images. This section presents the results from
evaluating the correlation coefficient between spectra deter-
mined for almost (but not exactly) co-located sources for the
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Fig. 8 B737NG reconstructed
spectrograms of the left engine,
right engine and total spectrogram
on the bottom side. The red boxes
mark the frequency region of
interest (7000-8000 Hz) which

is shown magnified in the upper
figures. The tones identified in each
plot of the engines are marked with
dashed colored lines (left: orange,
right: magenta). This figure is part
of Fig. 11, but zoomed in on the
frequency range of 7000-8000 Hz
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Fig.9 (a) Exemplary spectra (from 500 to 10000 Hz) of the right engine
and left engine of the A321neo. Their similar shapes yield a correlation
coefficient of 0.9. (b) Exemplary spectra (from 500 to 10000 Hz) of

different frequency bands and between different identified
sources, respectively. Regarding the first (Sect. 2.4, point
2), the results were found to be consistent for each of the
sources over the three bands, e.g. correlation coefficients
and confidence interval for all engines were 0.99 (68% con-
fidence interval [0.92 1]).

From the perspective of testing between sources (Sect. 2.4,
point 3), the identified “flaps" and “engine reflections" on both
the right and the left side of the aircraft are highly correlated

Right Engine Total Source
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two dissimilar sources with a low correlation of 0.6 (right engine and
nose landing gear of the A321neo)

(0.99) indicating that they are indeed occurring due to reflec-
tions or scattering of the engine noise (correlation coefficients
between 0.86 and 0.9 with each engine). Consequently, it
cannot be stated with certainty that the noise contribution of
the flaps can be quantified from this analysis. A similar con-
clusion applies to the left and right main landing gear, the
derived spectra of which are also highly correlated to that of
the engines. In contrast, the contribution of the nose landing
gear is distinguishable from the remaining identified sources
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Fig. 10 Multiples of fsnaft that can explain the frequency offsets
within the 119 identified sets (pairs) of tones

as shown by its lower correlation coefficient of 0.6 with the
engines. Figure 9 shows the comparison between the spectra
of highly correlated sources (the left and right engines) versus
the spectra of weakly correlated sources (in this case the right
engine with the nose landing gear). It should be noted that the
frequencies below 1000 Hz are not used for the source iden-
tification where only frequencies above 1200 Hz are used.
The high correspondence between the spectra for frequencies
below 1000 Hz is due to the limited spatial resolution of the
array for these low frequencies. Consequently, the spectra
below 1000 Hz are, for all scan points in the grid, contami-
nated by contributions from the most dominant source in this
frequency range, in this case, the engines.

3.3 Offset between BPFs’ harmonics and the
additional tones

In the individual-source spectrograms of the B737NG and
A321neo, the harmonics of the blade passage frequency (BPF)
are frequently accompanied by a secondary set of tones located
close to the BPF harmonics and primarily observable in spec-
trum above 4kHz (see Fig. 6). These secondary tones can be
described as occurring at approximately n - BPF + Af’,
where n is the harmonic index and A f’ is most commonly con-
sistent with approximately 2 fshast for the analysed cases.

A plausible explanation for these secondary tonal compo-
nents at approach power is the interaction between multiple
rotating components on the low-pressure spool, such as fan
and booster (low-pressure compressor) stages, which gen-
erate additional discrete spectral components and interac-
tion tones close to fan-related harmonics. Such fan-booster
interaction tones have been documented in ducted-fan
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measurements, where the presence of multiple rotating
sources leads to additional tonal content beyond the primary
BPF harmonics [22, 23].

Figure 10 shows multiples of fgnag (for our measurement
ranging between 1 and 3 times fsphagt) that can explain the
frequency offsets within the identified sets (pairs) of tones
and their 95% binomial proportion confidence interval over
the sample. Approximately 80% of the offsets between the
BPF harmonics and their additional tone relate to twice the
shaft frequency, fshaft-

3.4 N1% Estimation

The conversion from BPF to N1% uses the blade count B
and nax for the engine models listed for each aircraft in
Fig. 1. Thus, the N1% is computed directly from the BPF
(see Sect. 2.2). For all analysed B737NG, the found BPFs
of the right engines ranged between 993 znd 1402 Hz, cor-
responding to values of N1% between 52.3 and 73.8%. For
the left engines, the BPFs ranged between 1046 and 1402
Hz equivalent to N1% values between 55.1% and 73.8%
(Table 1). The BPFs were determined with RMSE of 6.3—
115.8 Hz for the right engines and 1.8—17.6 Hz for the left
engines, respectively (Table 2). The N1% of the engines and
the N1% differences between the engines fall within ranges
as expected for approach procedures [24].

4 Conclusion

Isolating the individual noise contributions of the aircraft
noise sources facilitates the accurate determination of the
N1% value of each engine, a crucial input parameter in both
aircraft noise and emissions prediction models. We demon-
strate the various tonal contributions that should be taken into
account when extracting N1% using solely acoustic measure-
ments, through aircraft noise source decomposition. With the
use of beamforming techniques, we show that it is possible to
isolate individual sources and reconstruct their spectrograms.
This approach constitutes a reliable method to extract detailed
observations about aircraft noise components, e.g. engine and
NLG tones, as well as additional BPF harmonic tones.

The correlation analysis in this study tested the indepen-
dence of several identified sources, i.e. whether they are
likely to be due to scattering of the sound of a strong noise
source such as the aircraft engine, the result of limited spa-
tial resolution of the array or whether they are really differ-
ent individual sources. In the case of the A321neo, where
the nose landing gear is very prominent, we could, demon-
strated by an average low correlation coefficient of ~ 0.6,
distinguish between the engines and the nose landing gear
as individual noise sources.
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By considering the noise from the engines, we observed
that for some aircraft types, mainly B737NG, each engine
blade passage frequency and their harmonics are accompa-
nied by an additional set of tones which should be taken into
account for an accurate N1% extraction. We attribute this
phenomenon to the modes of the shaft rotational frequency,
based on the outcomes of our analysis. This phenomenon
is observed for operational aircraft and we conclude that,
for both the A321neo and B737NG, these additional tones
correspond to twice the mode of the shaft frequency with
an incidence of approximately 80% throughout the sample.

Our methodology advances our understanding of the
individual aircraft noise sources during the final approach
stage of landings. The results emphasize the necessity of
addressing engine spectra individually to support precise
N1% estimation (RMSE of maximum approximately 18 Hz,
see Table 2). The offset in BPFs between the engines of the
same aircraft can range up to 69 Hz, with a corresponding
AN1% difference of 3.64% between engines.

Expanding the method to different trajectory segments
would require acoustic measurements from arrays of big-
ger apertures compared to the 4 m diameter array from this
study. The bigger aperture would increase the resolution and
discrimination of aircraft noise sources at greater distances/
altitudes (as expected throughout the flight legs preceding
the final approach).

These results support more reliable extraction of engine-
setting parameters from acoustic measurements by showing
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when whole-aircraft spectrograms can be confounded by
source mixing, such as either landing gear tones or second-
ary engine tones, and by enabling per-engine estimation of
BPF and N1%. This directly benefits applications that rely
on realistic operational engine settings as inputs, including
improved noise prediction and calibration efforts that go
beyond default thrust-profile assumptions [25].

Overall, the presented approach and results provide an
essential step in improving aircraft information extraction
analyses from acoustic measurements and contribute to
a better characterization of the real-world footprint of in-
operation aircraft. We anticipate that the findings of this
research are very valuable to the scientific community as an
essential step in steering future aircraft information extrac-
tion analyses from acoustic measurements.

Appendix

Source and total spectrograms of B737NG and
E195-E2

This appendix contains the reconstructed and total spectro-
grams of both a B737NG and an E195-E2 as shown for the
A321neo in Fig. 7.

See Figs. 11 and 12.
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Fig. 11 B737NG reconstructed spectrograms of (a) left engine (LE), (b) right engine (RE), (¢) nose landing gear (NLG), (d) total spectrogram, and
(e) total spectrogram with superimposed tonal contributions of each source
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Fig. 12 E195-E2 reconstructed spectrograms of (a) left engine (LE), (b) right engine (RE), (¢) nose landing gear (NLG), (d) total spectrogram, and

(e) total spectrogram with superimposed tonal contributions of each source

Table of BPF and N1% values

This appendix presents the estimated BPF (and associ-
ated N1%) values of the entire measurement set and their
root mean squared error. The values are presented for each
engine. The table also offers information over the specific
aircraft type and engine type.

See Table 2.

Snapshot-to-snapshot consistency checks (spectra
and CFDB maps)

This appendix provides representative examples supporting
the snapshot-to-snapshot consistency assumptions used in
the analysis. Figure 13 shows a representative CFDB exam-
ple of consecutive snapshots from an E195-E2 flyover, illus-
trating that the dominant source region remains spatially
consistent over time.
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Fig. 13 CFDB map for consecutive snapshots of an E195-E2 flyover
(representative example), illustrating that the dominant source region
remains spatially consistent across snapshots

Figure 14 shows exemplary spectra of A321neo right
engine across 181 snapshots after frequency-shift align-
ment. Each spectrum is shifted for maximum alignment to
the same location (centroid-based alignment within = 300
bins), compensating for the Doppler-induced shift.



Retrieving spectral information of individual noise sources from aircraft flyover array measurements

Table 2 Representative aircraft types and engines models considered in this analysis, their altitude at the overhead position above the array, wind
conditions and temperature during the measurement campaign, and the estimated optimal N1%, corresponding BPF values in Hz, and their RMSE

in Hz
No Aircraft type Engine type Alt  Wind (m/s) Temp N;gg BPFrg RMSEgzz N;;z BPF; RMSE;
m @ir) () (k) _HZ) Hz) (%) _(HZ) _(HZ)
1 A321-27INX 2 x PWPW1133G 41 6 (180°) 185 5376 588 4.79 54.04 591 6.01
2 B737-7K2 (WL) 2 x CFMI CFM56-7B22 36 6 (180°) 185  59.50 1129 9.25 61.24 1162 10.56
3 B737-8K2 (WL) 2 x CFMI CFM56-7B24 39 6 (180°) 18.5 58.18 1104 9.06 59.60 1131 13.40
4 B737-9K2 (WL) 2 x CFMI CFM56-7B26 57.5  6(180°) 185 61.71 1171 12.16 61.98 1176 12.12
5 B737-8K2 SH 2 x CFMI CFM56-7B26E 575 6 (180°) 18.5 62.40 1184 14.55
6 B737-8K2 (WL) 2 x CFMI CFM56-7B24 51.5 6 (180°) 185  62.82 1192 15.35 63.08 1197 10.76
7 B737-8K2 (WL) 2 x CFMI CFM56-7BE 34 6 (180°) 185  59.66 1132 9.14 60.08 1140  4.11
8 B737-700 (WL) 2 x CFMI CFM56-7B22 47 6 (180°) 18.5 5323 1010 14.05 55.13 1046 10.76
9 B737-7K2 (WL) 2 x CFMI CFM56-7B22 54 6 (180°) 185  62.19 1180 9.06 61.77 1172 10.30
10 B737-8K2(WL) 2 x CFMI CFM56-7B24 47 6 (180°) 185 6298 1195 11.48 66.61 1264 17.68
11  B737-7K2(WL) 2 x CFMI CFM56-7B24 49 6 (180°) 185  60.55 1149 15.62 60.82 1154 12.53
12 B737-8K2(WL) 2 x CFMI CFM56-7B2 41.5  6(190°) 18.6  56.02 1063 10.59 56.28 1068 12.44
13 B737-8BK (WL) 2 x CFMI CFM56-7B24 47 6 (190°) 18.6  64.14 1217 10.57 6424 1219 13.35
14 B737-7K2 (WL) 2 x CFMI CFM56-7B22 56 5(170°) 17.4 5233 993 11.90
15 B737-8K2 SH 2 x CFMI CFM56-7B27E 48 5(170°) 17.4  63.03 1196 8.39 62.87 1193 14.53
16 B737-8K2(WL) 2 x CFMI CFM56-7B26E 57 5(170°) 174 67.51 1281 6.31 64.45 1223 10.08
17 B737-8K2(WL) 2 x CFMI CFM56-7B24 525 5(170°) 174 60.13 1141 11.88 58.39 1108 13.96
18 B737-8F2(WL) 2 x CFMI CFM56-7B26 48 5(170°) 174 73.89 1402 10.63 73.89 1402 799
19 B737-8K2(WL) 2 x CFMI CFM56-7B24 45 5(170°) 174 6398 1214 15.87 62.87 1193 1.76
20 B737-7K2(WL) 2 x CFMI CFM56-7B22E  53.5 5(170°) 174 59.24 1124 8.86 58.66 1113 12.68
21  E195-E2 2 x PWPW1900G Series 54 4 (140°) 143 51.33 533 7.32 51.62 536 3.63
22 E195-E2 2 x PW PWI1900G Series 52 4 (140°) 143 4873 506 4.15 49.41 513 5.01
23 E195-E2 2 x PW PW1900G Series 54 4 (140°) 143 4575 475 5.38 46.52 483 5.88
24  E195-E2 2 x PWPWI1900G Series 56 4 (140°) 143 4527 470 5.53 42.09 437 6.03
x10~4 Data availability No datasets were generated or analysed during the
6 current study.
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Fig. 14 Aligned A321neo right engine spectra over 181 snapshots to
check consistency over the spatial location between consecutive beam-
forming snapshots
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