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Preface

This report concludes my thesis at Aircraft Noise and Climate Effects, and with it, also my time as student at
the Faculty of Aerospace Engineering. In this thesis I researched the applicability of a new method to localise
aircraft noise sources on aircraft fly-overs. I target readers who would like to know more on noise source
localisation. I expect however that in the research following this, more knowledge on specific aircraft noise
sources is gathered.

I chose this thesis topic for a number of reasons. Firstly, the topic sparked my engineering heart and al-
lowed me to enrich my knowledge in the field of acoustics. This topic also allowed me to combine theory with
experiments, with field trips to Amsterdam Airport Schiphol to gather my own aircraft noise data set. Lastly,
aircraft noise is an extremely relevant subject in today’s society and as such I could easily see the practical use
of my research.

This thesis brought along difficult times as well. In fact, the following quote summarises my thoughts
perfectly.

In theory, theory and practice are the same. In practice, they are not.
Albert Einstein

I was lucky to have Mirjam as my daily supervisor who explained ever so patiently new parts of theory, and
guided me through the times where I could not make sense of practice. Her enthusiasm for the project always
encouraged me and for that I would like to thank her greatly.

I would also like to thank Dick for his feedback and critical view during my midterm and greenlight pre-
sentation.

Next to Mirjam and Dick, I would like to thank Ana for her support with the acoustic camera. I enjoyed our
trips with Vincent to Amsterdam Airport Schiphol and without her, calibrating the acoustic cameras would
have been an impossible task.

Lastly, I would like to thank the fellow thesis students, my friends, and my family for the many cups of
coffee and the supporting chats!

Bieke von den Hoff
Delft, December 2019
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Executive summary

Over the past years, noise nuisance around airports strongly increased. In order to reduce noise, the noise
sources should be known. In this research, the objective is to assess a new imaging technique to identify noise
sources.

The most common imaging technique is called Conventional Beamforming (CB). Although robust, it is
also suffering from limited spatial resolution and high spatial aliasing. Therefore, this research assesses the
use of a new imaging technique, Global Optimisation (GO). In previous research, GO proved to be able to
localise sound sources in three dimensions and to localise sources under the Rayleigh limit.

In this research GO is applied to four different cases. For the first two cases, the location and source strength
of all sources are known, therefore these serve as benchmark cases. These benchmark cases showed that the
algorithm is able to localise sources under the Rayleigh limit. However, the results also show that GO has
difficulty in identifying the distance between the source and the array when this distance is not equal for all
sources.

For the other two cases on which GO is tested, fly-over measurements are used. The fly-over measurements
were recorded at Amsterdam Airport Schiphol. In total 324 fly-overs were recorded, of which 238 are take-offs
and 86 are landings. This research is the first, to the best of the author’s knowledge, to analyse noise sources
of aircraft in take-off with beamforming algorithms. From this data set, a single landing and a single take-
off were selected. An unexpected noise source was found during the beamforming analysis of the take-off
measurements. This noise source was found in the range of 50 to 400 Hz. At these low frequencies the Power
Spectral Density (PSD) is 13 dB higher than at 6000 Hz. When no weighting is applied on the data, this low
frequency source causes strong spectral leakage. It is hypothesised that this source is caused by interference
of the engine jet stream with the wing trailing edge.

GO has been applied on the landing and take-off fly-over measurement. GO had difficulty finding the air-
craft height. For the landing case, the locations of the sources were correctly determined. The source strength
was correctly determined for the engines, but overestimated slightly for the landing gear. For the take-off case,
GO was not able to identify the sources under the Rayleigh limit correctly.

Overall, the results show that GO is a promising method to localise and quantify noise sources. However,
in order to improve the performance on fly-over measurements it is recommended to provide the energy
function with more knowledge on the aircraft configuration. When GO with the recommended improvements
is able to find the aircraft height and localise sources under the Rayleigh limit, the method would add value
to the field of acoustic imaging. This would allow researchers to search more freely for noise sources, and,
above all, to identify closely spaced or low frequency sources.
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1
Introduction

The aviation sector faced a tremendous air traffic growth of 6.5% per year on average the past 5 years, re-
sulting in concerns about the sustainability of the current and expected growth [1, 2]. The concerns focus
on climate and noise effects, where in this research the focus is placed on aircraft noise emissions. Noise
nuisance from aircraft movements is said to cause hypertension, coronary artery disease, annoyance, sleep
disturbance, hearing impairment, and decreased performance in the neighbourhoods surrounding an air-
port [3, 4]. These health impacts caused stricter noise regulations for airports, drawn up by the European
Commission in project ’Flightpath 2050’. The goal is a reduction of 15 EPNdB in effective perceived noise
level per operation by the year 2050 with respect to the new generation of aircraft in 2000 [5].

In order to reduce noise, the noise source should be known. Literature already indicates potential aircraft
noise sources. These can be divided in two groups: airframe and engine noise. Airframe noise covers noise
from landing gear, high-lift devices, and wing noise. Engine noise encompasses noise from the engine com-
ponents such as the fan, core, and jet exhaust. Besides these groups, also installation noise from interference
between two sources is named in literature [6]. There are two approaches to gather knowledge on noise
sources: modelling and measurements. In this research the focus is applied on measurements. Currently,
most research on aircraft noise sources is invested in measurements on landing aircraft [7–9]. Landings are
easier to measure than take-offs as they always follow the same flight path due to a similar touch-down loca-
tion on the runway. Also during landing the engines are turning idle, thus engine noise is not overpowering
the airframe sources. But ideally also a better understanding of noise sources in take-off is needed. This
understanding can be achieved by acoustic imaging of fly-over noise measurements.

Acoustic imaging is a technique to identify and visualise noise sources. Through measurements with mi-
crophone arrays and applying a so-called acoustic imaging technique to the acoustic data, the source location
and source strength can be determined and displayed in an acoustic source map. The best-known and most
robust imaging method is Conventional Beamforming (CB). Although robust, this method involves an exten-
sive search for source locations over a scanning grid. Moreover, this method has a limited spatial resolution,
preventing the imaging of closely spaced noise sources. CB also has high noise levels where no source is
present (high levels of grating and side lobes). Over the years, a multitude of research was invested in a vast
range of acoustic imaging methods which should overcome these limitations. The majority of these methods
are deconvolution methods, which post-process the CB results. There is however one very promising method
which is not based on post-processing the CB results but rather solves an inversion problem. This method is
Global Optimisation (GO). Studies have proven that GO is able to escape the local optima, i.e. side lobes, and
is able to find sources below the spatial resolution limit of CB [10, 11]. GO is potentially able to find multiple
sound sources in 3D space, eliminating the need of a 2D scan plane.

1.1. Research objective
The objective of this research is to assess the use of GO as imaging method to localise and quantify acoustic
sources on real fly-over data. The assessment is done by applying the GO algorithm to an experimental data
set recorded in an anechoic room, to simulated fly-over data, and lastly to experimental data of aircraft fly-
overs. The results are compared to CB and Functional Beamforming (FB) source maps. The FB method is
similar to CB, but often turns out to be capable of severely diminishing side lobes. An experimental data
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set consisting of both landing and take-off fly-over measurements will be collected at Amsterdam Airport
Schiphol. GO will be tested on a landing and on a take-off measurement to conclude if GO is able to find the
aircraft height (omitting the need of Automatic Dependent Surveillance - Broadcast (ADS-B) data) and find
sources under the Rayleigh limit.

1.2. Research structure
After this introduction, the data sets that are considered for the performance analysis of GO will be explained
in Chapter 2. In that chapter phased microphone arrays are introduced for which the theory is presented in
Chapter 3. With the measurement data set and the limitations in mind, the acoustic imaging techniques are
introduced in Chapter 4. With these imaging techniques the analysis of the first data set is started. This is a
data set from noise measurements in an anechioc room with three speakers at known locations. The results
are presented in Chapter 5. The anechoic room experiment assesses the performance of GO in a controlled
environment for a challenging application. After that, a simulation is performed for a fictitious aircraft in a
take-off operational condition. The results of the analysis with the simulated data set are presented in Chapter
6. With the knowledge of the previous two chapters, the real aircraft fly-over data can be analysed with GO.
However, first a basic analysis of the fly-over data is performed in Chapter 7. This basic analysis is to develop
an understanding of the fly-over measurements. With this understanding, two fly-over measurements are
analysed with GO in Chapter 8. Finally, the conclusions and recommendations following from this research
are presented in Chapter 9.
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2
Data sets used

This chapter explains the three data sets used to assess the performance of GO. Firstly, a data set in an ane-
choic room is discussed in Section 2.1. This data set is used as an extension to the knowledge from research
by A. Malgoezar and D. Nijhof [10, 11]. Secondly, a simulated data set is considered in Section 2.2. This data
set is used to investigate the effect of sources positioned in an aircraft configuration, which more closely re-
sembles the complicated fly-over measurements on which GO is ultimately applied. Lastly, the acquisition of
the fly-over measurement data set is explained in Section 2.3.

2.1. Indoor anechoic room measurements
On May 18, 2018, an experimental data set with three sources was gathered in the A-tunnel of Delft University
of Technology. This data set has not been analysed before. The A-tunnel is an open-jet anechoic wind tunnel,
however the flow stream was not used, thus effectively it is an anechoic room. All aspects of the measure-
ments in the A-tunnel will be referred to as indoor. In the A-tunnel, three speakers were set up. First each
speaker was measured separately to determine the individual frequency spectrum. After that all three were
engaged. The x-, y-, and z-direction of the experiment in the anechoic room are shown in Figure 2.1. The
set-up of the speakers is shown in Figure 2.2. The speakers are placed next to each other (x-direction), and
are aligned in the y-direction. The speakers however have different distances to the array, reflected in the
z-direction.

Figure 2.1: Alignment of the speakers with respect to the
microphone array in the anechoic room of the A-tunnel. The
microphone array is the grid with microphones as visible on
the left hand side. The speakers are placed in the white area

on the right hand side. The distance z is defined between the
speaker and the array. For simplicity, a single XY-plane is

depicted here. In reality there are three XY-planes, one for
every speaker.

Figure 2.2: Alignment of the speakers on the x-axis. The
speakers vary in x- and z-direction with respect to each

other. The number of the speaker is added which relates to
the parameters in Table 2.1. The right most speaker (3) is

closest to the microphone array.

The locations of the speakers are indicated in Table 2.1. The speaker with the smallest z is located closest
to the array.
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Source 1 2 3
x (m) 0 -0.161 0.215
y (m) 0 0 0
z (m) 2.56 2.466 2.36

Table 2.1: Parameters of the three speaker sources arranged in the anechoic room. Each source is defined by a position in 3D-space with
a x-, y-, and z-coordinate. The (x, y) point (0,0) is directly opposite of the microphone array centre. The source strength is determined

in Chapter 5 from single speaker measurements.

The speakers broadcast white noise. The sound sources are measured with a microphone array containing
64 microphones in an optimised configuration. The array is optimised for a minimum side lobe level and a
low main lobe width [12]. The microphones are mounted on a 2 by 2 m area of a vertical grid in the A-tunnel,
see Figure 2.1. The aperture of the array is 1.9 m [12]. The configuration of the microphones is shown in
Figure 2.3.

Figure 2.3: Optimised microphone array configuration as used in the A-tunnel measurements. The array contains 64 microphones. The
array is optimised for minimum side lobe levels and a minimum main lobe width.

The microphones are connected to a Data Acquisition System (DAQ) which records the digital signals at a
sampling frequency of 50 kHz. The signal is recorded for 30 s over which the speaker output is constant. The
measurements are started and stopped via Matlab which calls a Labview application.

2.2. Simulating aircraft fly-over measurements
The simulated aircraft fly-over measurements are based on the configuration of a Boeing 747-800. It repre-
sents this aircraft during take-off, as this is expected to result in the most complicated data set due to the
large distance to the array (see also Section 3.3). Short after the runway it is expected that the noise of the
four engines is dominant and that the nose landing gear might still be out and recognised separately from the
engines. The source strengths belonging to these sources were taken from a measurement. See Table 2.2 for
the parameters per source.

Source 1 2 3 4 5
x (m) -21.82 -12.19 0 12.19 21.82
y (m) 0 -12.87 -27.3 -12.87 0
z (m) 250 250 245 250 250
s (Pa) 1.2 1.2 0.75 1.2 1.2
Line colour blue orange yellow purple green

Table 2.2: Location and source strength of the five simulated sources implemented in the simulated data set. Each source is defined by a
position in 3D-space with a x-, y-, and z-coordinate and a corresponding source strength s. The source locations and strengths are

derived from a fly-over measurement of a Boeing 747-800. The indication of line colour per source, in the last row, is used to analyse the
convergence plots in the following sections.

The simulated data set will be used in combination with the Underbrink array described in Section 2.3. The
use of this microphone array represents the fly-over measurements case the best.
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2.3. Outdoor fly-over experiments
For the measurements of aircraft fly-overs, referred to as outdoor, not only the array is important, but also the
environmental conditions and location with respect to the aircraft play a role in the success of the experiment.
Next to that, in outdoor measurements the source position and strength is not known in contrary to the two
previous data sets. Therefore, two supplementary systems to generate more knowledge on the measurements
are discussed. These are the optical camera in the array and the ADS-B receiver. The total system is called an
acoustic camera. On a separate laptop an Excel file is kept in which the flight number, registration code, time
stamp, and aircraft type are registered for every measurement. This allows for easy tracking of the aircraft
later. First the acoustic camera and its subsystems are discussed in Section 2.3.1. After this, the location and
weather conditions required for the measurements are discussed in Section 2.3.2 and 2.3.3 respectively. An
overview of all measurements can be found in Appendix A.

2.3.1. Outdoor microphone array
The microphone array contains 64 microphones, bundled and spread over 8 spiral arms. The microphones
are placed in an Underbrink spiral configuration. The Underbrink configuration places microphones on log-
spiral arms causing a higher density of microphones in the middle of the array. This configuration is able to
perform well over a broad frequency range in terms of maximum side lobe levels and array resolution, i.e.
the ability to resolve closely space sources. Moreover, it is able to analyse far-field (plane wave) as well as
near-field (spherical wave) with high resolution [13, 14].

The microphones are mounted on a 4 by 4 m area of wooden plates. The plates are covered with sound
absorbent foam to prevent any reflections from the plates. To reduce ground reflection effects on the edges
of the array, the outermost microphones are placed 30 cm from the edges. The aperture of the array thus is
3.4 m. Lastly, for outdoor measurements wind shields are placed over the microphones.

The array during operation in the field is shown in Figure 2.4a. The configuration of the microphones is
shown in Figure 2.4b.

(a) The fully set-up microphone array from the acoustic
camera, placed in the field at Amsterdam Airport Schiphol.

(b) Microphone array configuration as used in the outdoor
fly-over measurements. Note that this view is from below,

looking upward towards the fly-over.

Figure 2.4: Microphone array as used for fly-over noise measurements. The array is designed by a student of Delft University of
Technology. The array contains 64 microphones, spread over 8 log-spiral arms. This is the Underbrink configuration which works well

over a broadband frequency range [13].

The microphones are connected to the DAQ which records the analog signal and converts this to a digital
signal at a sampling frequency of 50 kHz. For outdoor measurements four DAQs are available. In this case
DAQ Camera 2 was used for all Measurement Campaigns (MCs).

The DAQ is connected to a laptop which contains a Labview application to direct the DAQ. The Labview
application can start and stop a measurement, save the data, and show the real-time microphone data as well
as a real-time spectrogram and beamforming image. This allows the user to quickly check the microphone
output.

Both the DAQ and the microphones need to be calibrated properly before the start of a MC. The full cali-
bration process is explained in Appendix B.
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The optical camera in the centre of the array supports the analysis of the acoustic measurements in two
ways. Firstly, the camera makes a video over the measurement time. Thus the overhead location of the aircraft
can be determined with the optical camera. Secondly, a still of the video is laid over the acoustic source map
to have a reference for the sources.

The optical camera is connected directly to the computer. Its videos are saved in a folder with the micro-
phone measurements. In Labview, settings for the exposure time or camera gain can be altered, which allows
for a clear video on sunny or cloudy days. On the optical camera itself, the focal length and contrast are ar-
ranged.

The ADS-B meter is connected to the laptop as well and from there the location, speed, and height data
of every aircraft around Amsterdam Airport Schiphol is recorded. The ADS-B receiver collects information
every second. However, often there are offsets in the aircraft sensors that feed the ADS-B data and therefore
for these cases the height and aircraft speed are not properly transmitted. Sometimes, negative heights were
found for aircraft flying over the array. Especially for measurements of take-offs potential height errors in the
ADS-B pose a problem, as the aircraft all have their own flight path and do not follow the Instrument Landing
System (ILS). During landing the aircraft follow the ILS which gives them approximately the same height and
location above the array.

Therefore next to the Delft University of Technology receiver, also data from the Open Sky Network is used.
This network is a community-based receiver network, with more than 2000 receivers around the world [15].
Preprocessed data per aircraft is available there which serves as good back-up for the receiver of the camera.

2.3.2. Measurement location

Over the course of this research, a data set of noise measurements of aircraft in landing or take-off operation
was gathered. To make the results of landings and take-offs comparable, the location and equipment had to
be the same during all MCs.

To provide the most accurate measurements, the aircraft should be as close as possible to the microphone
array and there should be as little background noise as possible. These requirements translate to a mea-
surement location next to the runway and away from busy roads. The runway lay-out of Amsterdam Airport
Schiphol, where the measurements will be taken, is shown in Figure 2.5. An analysis showed that location
18C is the best candidate especially due to its close vicinity to the runway (only 670 m). See the exact location
of the measurements in Figure 2.6.

Figure 2.5: Runways at Amsterdam Airport Schiphol
with the landing and take-off directions. The red cross

indicates that in this direction no flight movements
are allowed [16]. Location 18C was chosen for the

outdoor measurements.

Figure 2.6: Exact location of the microphone array
during all MCs at location 18C. The coordinates of the

location are 52.337284 N, 4.740565 E.

6



2.3.3. Weather conditions
Northern wind is needed for aircraft passing over location 18C during take-off. For landing measurements
at location 18C, Southern wind is needed. Apart from that, the temperature, air pressure, and humidity are
logged to later calculate the atmospheric attenuation correction. The weather data is provided by the Royal
Netherlands Meteorological Institute (KNMI) [17]. The wind speed is also logged and is used to check if it is
still below the 4 Beaufort, serving as maximum for noise measurements. The weather conditions during all
MCs are presented in Appendix A.
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3
Limitations of microphone arrays

The microphone arrays introduced in Chapter 2 are phased microphone arrays. These make use of the fact
that with a bundle of microphones more information on the sound source can be obtained than with a single
microphone, due to different arrival times of an acoustic wave at microphones closer or further away from
the source. An array of microphones provides the possibility to locate one or multiple sources and to quantify
these separately [18]. The use of an array of microphones thus increases the Signal-to-Noise Ratio (SNR) and
the spatial resolution of measurements compared to single microphone measurements [19].

The two most common challenges with microphone arrays are 1. to obtain sufficient spatial resolution and
2. to avoid spatial aliasing [20, 21]. These limitations are discussed in Section 3.1 and 3.2 respectively. Lastly,
in this chapter the near-field limit of a microphone array is discussed in Section 3.3. This limit plays a role in
the determination of the source location and is related to the array size.

To understand the first two limitations presented in this chapter, the Point Spread Function (PSF) is intro-
duced. The PSF is the acoustic image obtained when a single source is present. Figure 3.1 shows the PSF.
No beamsteering is applied, i.e., the signals on the individual microphones are summed and the resulting
level (amplitude, effective pressure, or intensity) is displayed for all source positions in the grid. For this case,
fully constructive interference only occurs with the source above the centre of the array. Alternatively, one
can see the PSF as the beamsteering output with one source present directly above the array. Beamsteering,
as treated in Chapter 4, where microphone dependent delays are applied, allows to focus the array to other
locations. When analysing a single point source with a circular microphone array of finite aperture, the result
is not an infinitesimally small point source. The source resembles a first order Bessel function, hence having
a main lobe and several side lobes as shown schematically in Figure 3.1.

Figure 3.1: Schematic illustration of a PSF which represents the beam pattern of a point source [22]. Here also the main lobe and side
lobes are indicated. The dynamic range is the difference in level between the main lobe and the highest side lobe. The beam width is

the size of the main lobe 3 dB below its maximum [22]. The source is located at the maximum of the main lobe.

The main lobe width can be reduced by increasing the aperture of the array. Also, when applying beam-
forming at higher frequencies, the main lobe width reduces. Typically, the abundance of side lobes can be
reduced by increasing the number of microphones. Neither the aperture nor the number of microphones
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on the array used for this research can be altered. Therefore the resulting limitations are indicated in the
following sections.

3.1. Spatial resolution
Spatial resolution defines the distance at which two closely spaced sources can still be discerned. Each point
source is represented by its own PSF. When one source lies within the main lobe of the other source, the main
lobes overlap and are seen as a single source. The limit at which the two sources are still separately visible, is
called the Rayleigh limit or spatial resolution. The effect of spacing of two sound sources on the appearance
of the two sources around the Rayleigh limit is schematically shown in Figure 3.2. Here the red line indicates
the source levels depicted in the acoustic image.

Figure 3.2: Two sources represented by their PSFs around the Rayleigh limit [23]. The red line indicates the value in a source map. On
the left the sources are separated by more than the Rayleigh distance, thus separately visible. In the middle the sources are located at

the Rayleigh distance and just separable. On the right the sources are located within the Rayleigh distance and hard to identify.

The main lobe width is thus a factor in this limit. This main lobe width is determined by the aperture of
the array as well as the frequency of interest. The Rayleigh limit also depends on the location of the source, in
perpendicular distance to the array. The Rayleigh limit is defined in Equation 3.1 [24].

R = 1.22
ch

D f
(3.1)

R is the Rayleigh distance, c the speed of sound in air, h the distance between source and receiver (for the
application considered in this literature study it is the height of the aircraft above the array), D the array
aperture, and f the frequency of interest. When the height of the fly-over increases, R increases and thus the
spatial resolution decreases. This is especially limiting for take-off fly-over measurements as take-offs pass
over the array at higher altitudes.

For the outdoor array used in this report the Rayleigh limit over frequency is calculated as an example. The
aperture D is 3.4 m, the speed of sound c is 343 m/s, and as example case an aircraft at a height of 250 m is
taken. Figure 3.3 shows R as a function of frequency. A comparison is made with an aircraft at a height of
67 m as expected during landings [25]. Furthermore, for reference, two horizontal dashed lines have been
added. The dashed line for the A380 represents the distance between one of the inner engines and the Main
Landing Gear (MLG) [26]. The dashed line for the B747-800 represents the distance between the outer and
inner engine [27]. If the Rayleigh limit is larger than the reference values, the sources cannot be distinguished.

Figure 3.3: Rayleigh limit over frequency for the outdoor array, on a logarithmic scale. The blue line corresponds to the height of an
aircraft fly-over during landing. The orange to a take-off. A reference of the shortest distance for the MLG and engines of the A380 is

added. For a B747-800 this is done for the distance between the inner and outer engine.
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3.2. Spatial aliasing
Spatial aliasing is the appearance of non-existing sources on the source map, reflected in the PSF. It is a result
of (partial) constructive interference, where full interference at locations other than the source position is
referred to as a grating lobe and partial interference is a side lobe [28]. In Figure 3.1 only side lobes are visible.

It is not possible to avoid side and grating lobes fully as they are a result of the finite number of micro-
phones in an array [29]. However, grating lobes (spatial aliasing) can be reduced by placing the microphones
closer together than half the wavelength of interest [19]. This eliminates the grating lobes. This requirement
gives complications when high frequency sources (small wavelengths) are researched. This would imply mi-
crophones spaced extremely close together. For example, analysing frequencies up to 9500 Hz as is done in
[30] requires a microphone spacing of 18 mm for a linear array which is difficult to manufacture.

This section in combination with the previous section poses two conflicting requirements for an array with
a set number of microphones to be used on a broad frequency range. To avoid grating lobes at high fre-
quencies, the microphones should be placed closely together. However, to increase spatial resolution at low
frequencies the aperture should be as large as possible and thus the microphones should be spaced far apart.
This conflict is partially resolved by using irregular spacing of microphones through a spiral configuration
[13].

3.3. Fresnel distance
A microphone array has a near-field and far-field for which the boundary is specified by the Fresnel distance.
If a source is located under the Fresnel distance, it is in the near-field and the acoustic wave cannot be as-
sumed to be a plane wave. Above the Fresnel distance, the source is in the far-field and the acoustic wave can
be considered to arrive on the array as a plane wave, i.e. the curvature of the wave front can be neglected. It
is important to know whether sources are in the near-field or far-field when analysing them with an imaging
technique. A reason is that for sources in the far-field typically only the direction from which the sound is
coming, can be determined. For sources in the near-field, the three-dimensional source location affects the
phase delay pattern. In Figure 3.4 a schematic illustration of the spherical and planar wave arriving at the
array is made.

Figure 3.4: Schematic illustration of a spherical wave (left) and a plane wave (right) impinging on a microphone array. For the plane
wave the point source lies very far away to the left upper corner of the page. The microphone array here is visible as line array, but could

also be an array spreading in x- and y-direction as seen in Chapter 2.

When the acoustic source is in the near-field, the time delays over the microphone array are defined by
the x-, y-, and z-location of the source. In this case the z-location has a large influence on the time delay
pattern over the array. However, when the radius of the sphere is large, i.e. when the source is far away, with
respect to the microphone array this is perceived as a plane wave. No matter how far away the source is, the
wave will arrive on the array as a plane. It will thus cause the same phase delay pattern over the array. The
direction of the source can still be found by the phase delay pattern. However, the source height can hardly
be determined.

The boundary between near-field and far-field is described by the Fresnel distance. The Fresnel distance is
specified as rF and depends on the array size and the wavelength of a signal. D is the receiving array length,
thus the aperture of the array. λ is the wavelength of the signal and is defined as λ = c

f . Equation 3.2 shows
the Fresnel distance.

rF = f D2

c
(3.2)
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The Fresnel distance for the indoor and outdoor array with respect to frequency is shown in Figure 3.5. The
array aperture D is 1.9 m for the indoor array and 3.4 m for the outdoor array and the speed of sound c equals
343 m/s. To give an indication of the Fresnel distance for the data sets considered, examples follow here. Keep
in mind that if the Fresnel distance is larger than the distance from the array to the source, the source is in the
near-field.

The indoor microphone array is analysed from 50 Hz up to and including 5950 Hz. At 50 Hz the rF equals
0.53 m, hence the sources are in the far-field, but for 250 Hz rF equals 2.63 m. Thus for the largest part of the
analysis the speakers are in the near-field as they are located around 2.5 m from the array. Outdoor measure-
ments are often examined at frequencies around 2500 Hz, 5500 Hz, or 7500 Hz. For measurements with the
outdoor microphone array at these frequencies rF equals 84.3, 185.4, and 252.8 m respectively. This means
that for landings, which are on average at 67 m height [25], the sources are always in the near-field. However,
take-offs from the experiments are well above 200 m and are thus for most analysis in the far-field. This last
part on outdoor measurements is shown visually in Figure 3.5 by the horizontal dashed lines representing the
height of a take-off (at 250 m) and a landing (at 67 m).

Figure 3.5: Dependency of the Fresnel distance on frequency (on logarithmic scale). The blue line indicates the Fresnel distance for the
indoor microphone array with D = 1.9 m. The orange line indicates the Fresnel distance for the outdoor microphone array with D = 3.4

m. The horizontal dashed lines represent the distance from the array to the aircraft for a landing (at 67 m) and a take-off (at 250 m).
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4
Imaging techniques

As introduced earlier, with phased microphone arrays it is possible to locate and quantify sound sources, a
process called imaging. The basis of most imaging techniques is Conventional Beamforming (CB). A general
introduction to beamforming is given in Section 4.1. Due to the limitations of CB many other imaging meth-
ods have been developed. Here two other methods are selected to be further explained, but first the principle
of beamforming and the full mathematical explanation of CB is given in Section 4.2, as this provides a good
basis for understanding the other techniques. After that Functional Beamforming (FB) is explained in Section
4.3. Lastly, Global Optimisation (GO) is explained in Section 4.4.

4.1. Beamforming
Beamforming is the most widely practised imaging technique to identify a sound source in both location and
strength. It is based on differences in the arrival times of signals between microphones. One can imagine
that the sound wave arrives first and strongest at the closest microphone. Microphones further away will
receive the signal later and at lower amplitudes due to propagation losses. The difference in arrival times is
exploited in beamforming. For aircraft fly-overs it works as follows: a scan grid is defined at the height of
the aircraft, then for each grid point the propagation time to a microphone on the array is calculated. The
individual microphone signals are corrected for the so-called delay times and subsequently the signals are
summed over the microphones per grid point. When a sound source is present at the grid point analysed, the
delayed signals have constructive interference and a source becomes apparent. Through this a source image
is produced, which shows the sound sources. Although beamforming can be done in time and frequency do-
main, for this purpose the frequency domain is chosen. The reason for this is the ability to analyse sources per
frequency band, which gives more detail on the origin of the noise. Moreover beamforming in the frequency
domain is computationally more efficient [31].

4.2. Conventional Beamforming (CB)
CB is the most widely applied version of beamforming for (aero)acoustic measurements due to its simplicity
and robustness. It is the basis of most imaging methods and is explained in detail here.

In CB the sound source is described as a monopole source. This implies that the acoustic pressure for a
specific microphone m is as stated in Equation 4.1.

p0(t ) = rm

r0
pm(t +∆tm) (4.1)

p0 is the acoustic pressure at a reference distance of r0 = 1 m. t is the time. rm is the distance from the source
to the microphone with pm the measured acoustic pressure at the microphone. In Equation 4.1, ∆tm is the
delay time from the source to a specific microphone for which the equation is given in Equation 4.2.

∆tm = (trec − te ) = rm

c
(4.2)

In the time delay formula, trec is the receiver time and te the emission time.
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In the frequency domain, Equation 4.1 becomes Equation 4.3. The transfer to the frequency domain is
done with a Fourier Transform.

P0( f ) = rm

r0
Pm( f )e2πi f ∆tm (4.3)

P0 and Pm are the Fourier transforms of the pressures. P0 is the acoustic pressure at the source and is
unknown. Pm is the acoustic pressure as measured at the microphone. By rewriting Equation 4.3 and intro-
ducing the steering vector element gm , one gets Equation 4.4.

Pm( f ) = P0( f )

(
r0

rm
e−2πi f ∆tm

)
= P0( f )gm( f )

(4.4)

This function of Pm expressed in P0, can be split in the acoustic pressure at the source, P0, and a so-called
steering vector, containing gm for all microphones. A steering vector is a vector containing the phase shifts
corresponding to the distance between the source position and receiver locations.

In beamforming, the aim is to find source locations and strengths (thus find P0). This is done by finding
that source strength and location that results in a maximum match between the modelled and measured
pressures [29]. This match is quantified through a cost function J evaluated at the microphone level, see
Equation 4.5.

J = ‖PPP −P0( f )ggg‖2 (4.5)

In Equation 4.5 all measured acoustic pressures are united in vector PPP , and all microphone steering vector
elements (gm) are united in vector ggg . A maximum match is obtained when J reaches a minimum at J = 0. The
cost function is minimised in a least-squares manner, for which the solution is given in Equation 4.6.

P̂0( f ) = ggg∗PPP

‖ggg‖2 (4.6)

In Equation 4.6 the asterisk (*) denotes the complex conjugate transpose and P̂0 is the least-squares am-
plitude estimate of the acoustic pressure at the location steered at. However, it is more useful to represent
source auto-powers as these are reflected in the Sound Pressure Level (SPL).

The source auto-power A for CB is computed by making use of Equation 4.6 and the fact that the effective
pressure is the Root Mean Square (RMS) value of P0( f ).

A = p2
eff =

1

2
|P̂0( f )|2 = 1

2
P̂0( f )P̂∗

0 ( f ) (4.7)

Combining Equation 4.6 and 4.7, gives Equation 4.8.

A( f ) = 1

2

ggg∗PPP

‖ggg‖2

(
ggg∗PPP

‖ggg‖2

)∗
= 1

2

ggg∗PPPPPP∗ggg

‖ggg‖4 =www∗CCCwww (4.8)

Equation 4.8 shows the CB definition with weight vector www and covariance matrix (also called CSM) CCC after
the last equal sign. Here, www equals ggg

‖ggg‖2 and CCC equals 1
2PPPPPP∗. When PPP is described to be the result of a source

of strength sk at location ξξξk such that PPP = skggg k , then CCC equals 1
2 skggg kggg∗

k sk = 1
2 s2

kggg kggg∗
k . Using Equation 4.8 and

steering this at ξξξk results in A( f ) = 1
2 s2

k .
Through this derivation, the source auto-power, thus source strength, is found at a predetermined loca-

tion. As the source location is usually unknown, the auto-power is calculated at a range of possible source
locations. For fly-overs this alleged scan plane is located at the aircraft height with a sufficient span in x-
and y-direction to capture the length and span of the aircraft. A grid is applied to this scan plane and the
auto-power is computed at each grid point j with coordinates ξξξ j . The steering vector element following from
Equation 4.4 thus develops into gm(ξξξ j , f ), a function of ξξξ j through rm = ‖xxxm,O −ξξξ j ‖. xxxm,O is the microphone
position with respect to the centre of the microphone array. Likewise, A becomes a function of grid point ξξξ j

and frequency f .
Eventually calculating A(ξξξ j , f ) for the whole scan plane gives the source plot of the sound sources at fre-

quency f . However, CB suffers from low spatial resolution at low frequencies and high spatial aliasing at
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Figure 4.1: Acoustic source map made with CB of two point sources at a frequency of 2000 Hz. The white stars indicate the point source
locations at (-2, 0, 10) and (2, 0, 10) with SPLs of 106.5 and 111 dB respectively. The colour represents the SPL with values as indicated by

the colourbar. The source on the left can still be recognised, although it might be confused for a side lobe when the source strength is
lower.

high frequencies. Both effects can be counteracted by summation of the source map over several frequencies
(h = 1, ..., Nfreq), which preserves the good resolution and eliminates side and grating lobes occurring at a sin-
gle frequency. This summation is called incoherent summation. Incoherent summation is applied as follows
in Equation 4.9.

Aincoh(ξξξ j ) = 1

Nfreq

Nfreq∑
h=1

A(ξξξ j , fh) (4.9)

The CB results are converted to SPL levels and corrected for aircraft height and atmospheric attenuation α,
see Equation 4.10. The attenuation correction is dependent on the frequency and the meteorological condi-
tions and the equations to calculate α are shown in Appendix C.

SPLCB( f ) = 20l og10


√

A(ξξξ j , f )

pref

+20log10(haircraft )+α( f )‖ξξξ j ‖ (4.10)

An example of an acoustic source map using CB in the frequency domain can be seen in Figure 4.1. Through-
out this chapter the same example will be used, which is a simple simulation of two point sources at location
(-2, 0, 10) and (2, 0, 10) at a frequency of 2000 Hz (i.e. no incoherent summation over frequencies). The
sources have a source strength of 106.5 dB and 111 dB respectively. The high number of side lobes is clearly
visible. For this case, the side lobes do not yet overpower fully the second source but one can imagine this
happening.

4.3. Functional Beamforming (FB)
FB makes use of the standard CB algorithm, but adapts the Cross Spectral Matrix (CSM) to obtain a better
spatial resolution and dynamic range thus giving a more clear source map. Instead of formulating the CSM as
done in Equation 4.8, it is decomposed into its eigenvalues and written as in Equation 4.11. The eigenvectors
u of CCC are the columns of UUU , andΣΣΣ is a diagonal matrix containing the eigenvalues σ of CCC .

CCC =UUUΣΣΣUUU∗ (4.11)

On CCC the power function 1
ν is now applied to form Equation 4.12 [32]. ν is the functional exponent that can

be set by the researcher.

CCC
1
ν =UUU diag

(
σ

1
ν
1 , ...,σ

1
ν

N

)
UUU∗ (4.12)

As the effect of the power should be counteracted in the full beamformer to calculate the real source
strength, Equation 4.8 is adapted to Equation 4.13, where Aν is the auto-power at a specific ν.
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Figure 4.2: Acoustic source map made with FB of two point sources at a frequency of 2000 Hz. A functional exponent ν of 10 is applied.
The two sources are clearly visible. The sources are located at (-2, 0, 10) and (2, 0, 10) with SPLs of 106.5 and 111 dB respectively. The

colour represents the SPL with values as indicated by the colourbar, the same limits are used as in Figure 4.1.

Aν(ξξξ j ) = 1

‖ggg j ‖2

ggg∗
j CCC

1
ν ggg j

‖ggg j ‖2


ν

= 1

‖ggg j ‖2

ggg∗
j UUUΣΣΣ

1
νUUU∗ggg j

‖ggg j ‖2


ν

(4.13)

With this equation, the source strength at the source location is found. Let us describe it as a source of
strength sk at location ξξξk , such that PPP = skggg k and CCC = 1

2 s2
kggg kggg∗

k . The main eigenvalue of CCC is σ1 = 1
2 s2

k and
the eigenvector is the steering vector to ξξξk , so uuu1 = ggg k . If now the array is steered exactly at the source, ξξξ j in
Equation 4.13 becomes ξξξk . Then the result for any ν is Aν(ξξξk ) = 1

2 s2
k , the same as steering to the source in CB.

However when steering to another location than that of the source described before, say to ξξξl , the beam-
form result becomes as shown in Equation 4.14.

Aν(ξξξl ) = 1

‖ggg l‖2

ggg∗
l ggg k

(
1
2 s2

k

) 1
ν

ggg∗
k ggg l

‖ggg l‖2


ν

= 1

2

s2
k

‖ggg l‖2

(‖ggg∗
l ggg k‖
‖ggg l‖

)2ν

(4.14)

It now becomes apparent that when the array is steered away from the source, the source strength is multi-
plied by a factor. ‖ggg∗

l ggg k‖2ν represents the inner product of the steering vectors which accounts for the angle
between the two steering vectors with a factor cos(θ) [32]. Therefore, when this is normalised, the source
strength s2

k is always multiplied with a factor in between 0 and 1. This thus reduces the beamformer output
outside of the source and this effect is intensified by applying a power of ν, thereby lowering extensively the
output. For example, a side lobe of -3 dB analysed with FB at ν = 100 becomes a side lobe of -300 dB. The
source plot will thus be cleaned by using FB. When a power of ν = 1 is applied, FB gives the CB results.

Note that for FB currently no model is available with incoherent summation over a frequency band. The
method will thus only be applied to a specific frequency that is deemed interesting after analysing the spec-
trogram or frequency spectrum. However, the correction from Equation 4.10 is applied to FB as well.

The same example as shown for CB is shown for FB in Figure 4.2. It is not needed to indicate the sources
with the white star as is done for the CB example, as the sources seen are exactly the sources present. It is
clear that the side lobes are strongly suppressed with respect to the example of Figure 4.1.

For FB reductions in SPL are observed for higher values of functional exponent ν. This is caused by small
differences between the grid point and the real source location. In literature this issue is dealt with by cor-
recting the FB SPL levels with the difference between the maximum SPL of CB and FB [25]. This correction
will be applied in this research as well.
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4.4. Global Optimisation (GO)
CB and FB require a predefined scan grid (2D). This constrains the freedom of investigating different types
of sound sources, which could be located outside of the grid. As imaging for different scan grids is tedious,
GO was proposed and implemented in other knowledge areas such as geoacoustics and plants for industrial
processes [33, 34]. Moreover it has been applied to place microphones in a microphone array, and it has been
applied to a controlled set-up in an anechoic room [11, 35].

GO does not make use of any grid, merely of preset boundaries to the parameter space it searches in. It
finds parameters by minimising an energy (or cost) function for several parameters in a global optimisation
manner. When GO is seen as a replacement for other imaging methods, it should at least find the source
location(s) and auto-power(s) as parameters. The algorithm works as follows.

In GO a ’trial’ or candidate solution is fed into the energy function which calculates the error between
the measured data and the candidate solution. By updating the candidate solution through a number of
iterations the energy function is minimised. The possible methods for improving the candidate solution
include simulated annealing, genetic algorithms, and ant colony algorithms. For anechoic room experiments
with acoustic sources previously the Differential Evolution (DE) method from the group of genetic algorithms
was used as GO algorithm [11] [36].

First the candidate is defined: a candidate contains possible values for the unknown parameters. Thus, for
this application that would be coordinates (x, y, z) and source strength s. Considering one source a candi-
date becomes mmm = [x, y, z, s] containing 4 parameters. However, the expectation is that multiple sources are
present, thus the candidate solution should be extended to the number of sources present. For three sources
the candidate solution is mmm = [x1, y1, z1, s1, x2, y2, z2, s2, x3, y3, z3, s3]. There is also a possibility to not only add
extra sources, but extra unknown parameters such as air density or speed of sound. Now that a candidate
solution is defined, the energy function to assess the goodness of this candidate should be defined. In this
research two energy functions are tested. First EBF , which is very similar to CB, and is explained in Section
4.4.1. Then EC SM , which is solely based on CSM matching, is explained in Section 4.4.2. For the explanation
of DE a general reference is made to an energy function E which could be either of the two.

The first candidate solution is randomly determined within preset boundaries, but to minimise the energy
function the candidate solution has to be updated with DE. This is essentially following the Darwin Evolution
Theorem in which natural selection takes place on the basis of how fit a species is. The new or updated
candidate is a so-called descendant of current (original) population mmm and to create this descendant a partner
population sss is needed. A population exists of multiple members mmm and of an equal number of partners sss,
thus the generation γ and population member r are used to indicate which mmm or sss is meant. The partner
population is created with Equation 4.15.

sssγ,r1 =mmmγ,r2 +F (mmmγ,r3 −mmmγ,r4 ) (4.15)

The partner population is made from the same generation γ but from different members r which are mutu-
ally exclusive with the current population member index. Multiplication factor F can be set by the researcher
anywhere between 0 and 1 which is proven to function most optimal [36].

A descendant from the current population with the partner population is found by crossover per parameter
between a set of members from the same generation. There are different types of crossover like single-point
crossover, two-point crossover, uniform crossover, or exponential crossover [37]. Uniform crossover has been
used in aeroacoustic implementations [11, 35]. It is applied by comparing a uniform distribution realisation
b to a predefined probability pc lying between 0 and 1. The descendant population is constructed as in
Equation 4.16. Index u indicates which unknown parameter is considered.

dddγ,r,u =
mmmγ,r,u if b ≥ pc

sssγ,r,u if b < pc
(4.16)

The descendants are now assessed by the energy function. When a descendant has a lower energy com-
pared to the original population member mmmγ,r , its solution flows into the next generation. When a descen-
dant has a higher energy, it is not suitable and is replaced by the current (original) population member. This
is shown in Equation 4.17.

mmmγ+1,r =
dddγ,r if E(dddγ,r ) < E(mmmγ,r )

mmmγ,r if E(dddγ,r ) ≥ E(mmmγ,r )
(4.17)
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This process is repeated for a number of generations Ngen, after which full reruns are done to obtain in-
dependent runs. The outcomes are used to assess the energy landscape, in particular the existence of local
optima. The number of independent runs is Nruns. Ngen and Nruns are setting parameters that are set by the
researcher, just as the population size q , partner population factor F , and crossover probability pc . Optimal
values can be found through a sensitivity analysis where the convergence is analysed. Especially F and pc are
adapted then. As when F is smaller, the search space is less explored. When pc is smaller, then combinations
of promising parameter values are less exploited.

Now the theory of DE as GO method has been presented, there is one more complication to solve which is
the number of unknown parameters given to a population member. For the cases considered in this research
the number of unknown parameters is based on the number of sound sources in the volume to be analysed,
as each source needs four parameters (x, y, z, s). For a simulation or experiment under known conditions, this
is easy to specify. However, for measurements on aircraft fly-overs the number of sources is unknown. It could
be guessed from a CB source map, or the NASA prediction model Aircraft Noise Prediction Program (ANOPP)
could be used to count the number of sources at a specified frequency. Another option is to run the algo-
rithm several times for different numbers of sources, each time increasing the number of sources starting by
the number of non-zero eigenvalues of the CSM [20]. From here on, DE as method for GO is referred to as GO.

Again, to develop an idea of the results of GO the same example as presented for CB and FB, is presented in
Figure 4.3. A single frequency analysis has been done with the CSM energy function. F is set to 0.4, pc is set
to 0.75, Ngen equals 1000, and Nruns equals 10. The boundaries are set from -5 to 5 m for the x-direction and
y-direction, 5 to 15 m for the z-direction, and 0 to 2 Pa for the source strength s. In Figure 4.3a the value of
the energy of the best solution is shown over the generations for all runs. All runs show the same behaviour
in which the energy decreases over the generations, meaning that the CSM as modelled from the candidate
solution is increasingly matching with the CSM as "measured". The other four convergence plots show only
the convergence of a parameter for the best run where the same type parameter (so e.g. x) is grouped. Clearly
within 200 generations the algorithm finds the locations and source strength correctly. Note that for the
source strength the values are not expressed in SPL, but in the effective pressures.

(a) Convergence for the energy. (b) Convergence for the x-direction. (c) Convergence for the y-direction.

(d) Convergence for the z-direction. (e) Convergence for the source strength.

Figure 4.3: Energy and convergence plots over generations of GO with the CSM energy function for f = 2000 Hz, searching two point
sources (as in previous examples). A clear trend can be seen in the energy plot, where the energy reduces every generation. In the other

convergence plots the black dashed line indicates the real parameter value. The blue and orange line indicate the value for the best
member over the generations. Convergence is achieved in 200 generations.

4.4.1. Energy function based on phase matching
The energy function considered in this section works similar to CB and is therefore denoted as EBF ; it steers at
a location (x, y, z) and calculates the acoustic energy at that location by applying Equation 4.8. If the steering
location differs from the source location, the acoustic energy is reduced as explained with Equation 4.14.
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Thus, by trying source locations, a maximum energy can be found which is where the source is located. When
the candidate solution is at the actual source location, the source strength can be found through applying
CB (see Equation 4.8). Hence, the parameters in the candidate member collapse from (x, y, z, s) to (x, y, z),
reducing computational time.

The energy function that is implemented according to this theory is represented in Equation 4.18. As the
steering vector is constructed per source location, the energy is summed for all sources (indicated by k). As
the candidate location is closer to the source location, the match between modelled and measured phases
maximises, but the energy function minimises by taking the negative energy.

EBF(mmm, f ) =−∑
k

ggg k (mmm, f )∗CCC meas( f )ggg k (mmm, f )

‖ggg k (mmm, f )‖2 (4.18)

As can be seen by comparison to Equation 4.14, in the energy function a normalisation of ‖ggg (mmm, f )‖2 is
implemented instead of a normalisation of the steering vector to power 4. The reason for this is that the
power 4 introduces a factor including the distance to the source squared.

If only the effect of 1
r from the steering vector element gm is considered, the auto-power scales with 1

r 2 over 1
r 4

i.e. r 2. This means that A(mmm, f ) increases with r 2. This however does not quantify at all the match between
the modelled and measured phase. This is artificially increasing A(mmm, f ) for grid positions far away.

Reflecting back on the BF energy function, EBF will achieve a lower energy for a distance further away,
hence steer even further away, although that might be an incorrect location. This mainly happens in the z-
direction causing the algorithm to find sources at too distant locations. To avoid the distance squared factor,
the energy function has a normalisation of ‖ggg (mmm, f )‖2.

The advantage of this energy function is that it has fewer parameters to search for, which reduces the com-
putational time. A potential disadvantage is that the acoustic energy around a source might be higher than the
maximum acoustic energy of a weaker source elsewhere. In this case, the energy function finds only sources
around the strongest source. Moreover this energy function is expected to suffer from the same disadvantage
as CB with low spatial resolution at low frequencies, thus an inability to find sources under the Rayleigh limit.

4.4.2. CSM-based energy function
The CSM energy function makes use of the CSM from the measured data at a specific frequency f and the
modelled CSM. The measured CSM is found by applying CCC = 1

2PPP ( f )PPP ( f )∗. The modelled CSM is constructed
with a steering vector ggg k towards the (x, y, z) of the candidate solution mmm and the auto-power sk of the can-
didate solution as CCC model = ggg k

1
2 s2

kggg∗
k . This is constructed per source in the candidate solution and then

summed to get a CSM which includes all sources.
The energy function is given in Equation 4.19. This represents the difference between the modelled CSM

and measured CSM, and thus the result of this function should be minimised.

ECSM(mmm, f ) = ∑
elements of CSM

|CCC model(mmm, f )−CCC meas( f )|2 (4.19)

An advantage of this method, is that it optimises in three dimensions and for source strength at the same
time. However, the higher number of parameters results in a longer computational run time. From literature
it is expected that this method is able to find sources below the Rayleigh limit [10].

4.4.3. Incoherent summation in GO
It is expected that the use of incoherent summation in the energy functions supports the ability to escape
a local optimum (side lobe). A local optimum may exist at only one frequency and thus averaging over fre-
quencies where it is not an optimum, will penalise a local optimum candidate solution. Similar to the imple-
mentation at CB, for the CB-based energy function the energy is averaged over the frequencies as is shown in
Equation 4.20. For the CSM-based energy function the difference in modelled and measured CSM is calcu-
lated per frequency, after which the average over the frequencies is calculated. See Equation 4.21.

EBF,incoh(mmm) =− 1

Nfreq

Nfreq∑
h=1

(∑
k

ggg k (mmm, fh)∗CCC meas( fh)ggg k (mmm, fh)

‖ggg k (mmm, fh)‖2

)
(4.20)

ECSM,incoh(mmm) = 1

Nfreq

Nfreq∑
h=1

( ∑
elements of CSM

|CCC model(mmm, fh)−CCC meas( fh)|2
)

(4.21)
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5
Performance of GO on anechoic room data

The goal of this chapter is to find out whether GO is capable of finding sources at different z-locations. This
would further prove the ability of GO to find sources in 3D space. This is advantageous for aircraft fly-over
measurements where the extended landing gear and engines are not at the same height with respect to the
array, or where the aircraft height is unknown. At the same time this data set allows for a further analysis of
the performance of GO under the Rayleigh limit.

Firstly, the CB source map of the experiment is shown in Figure 5.1. As the frequency spectrum of the
speaker is expected to be constant over time, a signal snapshot of 3 s is used which is subdivided into 150
snapshots which are averaged in the CSM. Thus, the frequency resolution is 50 Hz. For the source map a
frequency band of 3000 to 5000 Hz was selected. A different experiment with the same speakers with white
noise showed the highest output for these frequencies [12]. The source map is made at a single scan plane for
which the largest distance from the array to the speakers is chosen. In the source map, sources 1 (middle) and
2 (left) are just separable. It is clearly visible that there is a low side lobe level as is expected with the optimised
array and the averaging over frequency. Note that speaker 2 is the weakest speaker in terms of SPL.

Figure 5.1: CB source map of the three speakers in the anechoic room on a frequency range of 3000 to 5000 Hz. As CB needs a scan
plane at a certain distance from the array, a distance of 2.56 m (to the furthest speaker) is used. Source 2 (left) appears the weakest and

is just separable from source 1 (middle). Source 3 (right) is closest to the array.

To analyse this data set, GO in combination with the single frequency CSM energy function is used as
previous research indicated that this energy function is able to locate sources, at the same z-location, under
the Rayleigh limit [10]. Therefore, the ability of this algorithm to find sources under the Rayleigh limit is now
tested on sources at different z-locations as this might disturb the convergence of the algorithm. The analysis
is done for a large number of frequencies starting at 50 Hz, ending at 5950 Hz in steps of 50 Hz. For the
analysis of this data set the following GO algorithm settings are used.
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• q = 128

• Ngen = 2000

• Nruns = 5

• pc = 0.55

• F = 0.6

• x- and y-boundaries (m) = -2 to +2

• z-boundaries (m) = 1.5 to 3.0

• s2-boundaries (Pa2) = 0 to 0.1

As the source locations are fixed, the frequency range in the emitted signal is exploited to test the use of the
algorithm under the Rayleigh limit. Equation 3.1 provides a value of the frequency limit of 3502 Hz when R =
0.161 m (the distance between source 1 and 2), D = 1.9 m, c = 343 m/s, and h = 2.56 m (i.e. the distance to the
array of source 1). Below this frequency the sources are no longer separable.

The best source locations and sources strengths found per frequency with GO are presented in Figure 5.2.
The dashed lines indicate the true value. The best solution is defined as the candidate solution with the
lowest energy of all runs and all generations. In the figures, the blue colour represents the strongest source,
the orange colour the second strongest source, and yellow represents the weakest source. For the source
strength, no reference values are available for the speakers. Therefore a reference is set by analysing the
source strength of a single speaker over the frequency. This has been done with GO in combination with the
CSM energy function, as literature has proven that for a single source this works perfectly [11]. Note that a
certain source parameter (e.g. x1) does not always have the same colour over frequency. This means that
one of the speakers becomes weaker or stronger for a specific frequency. This can be correlated to the source
strength plot, Figure 5.2d, where sometimes the weakest source seems to peak and become the strongest,
such as at 4900 Hz.

(a) Best location per frequency for the x-direction. (b) Best location per frequency for the y-direction.

(c) Best location per frequency for the z-direction. (d) Best source strength per frequency.

Figure 5.2: Location of the sources over frequency for the indoor experiments as found by GO with the CSM energy function. For each
frequency the best result is presented, which contains three source locations and three source strengths. The dashed black lines
indicate the real source position and strength. The vertical black line represents the Rayleigh limit. A blue dot corresponds to the

strongest source, orange to the second strongest source, yellow to the weakest source. From the x-location plot it appears that the
middle source (source 1) is the strongest for most frequencies, and source 2 (lowest value for x) the weakest. The z-location is not found

properly until a frequency of 5350 Hz. Under the Rayleigh limit the x- and y-location as well as the source strength can still be
determined as low as a frequency of 1650 Hz.
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From Figure 5.2 can be concluded that the algorithm is capable of finding the x- and y-location to a limit
of 1650 Hz while the Rayleigh limit is at 3502 Hz. At such low frequencies also the source strength found
matches well with the real source strength. However, the z-location cannot be determined correctly at these
low frequencies. In fact up to a frequency 5350 Hz the z-locations found are incorrect and deviate 10 cm.
Lastly, the CB source map in Figure 5.1 showed that the second source is the weakest. This is seen with GO
as well, with the weakest source (yellow) having a location of x is -0.161 m and z is 2.466 m corresponding to
source 2 according to Table 2.1.

To check whether the algorithm converged well and fast, the convergence plots of GO with the CSM energy
function for 5350 Hz are shown in Figure 5.3. The source location is easily found and considered stable after
800 generations. At this frequency the strongest source is found at the location of source 1, the weakest at the
location of source 2. The source strength is varying more after 1000 generations, but converges as well within
2000 generations. The source strength is correctly found for the two weaker sources, while it underestimates
the strength of the strongest source.

(a) Convergence for the x-direction. (b) Convergence for the y-direction.

(c) Convergence for the z-direction. (d) Convergence for the source strength.

Figure 5.3: Convergence plots of the source parameters for the indoor experiments as found by GO with the CSM energy function. The
frequency presented is 5350 Hz, well above the Rayleigh limit. The dashed black lines indicate the real source position and strength.
The blue line corresponds to the strongest source, orange to the second strongest source, yellow to the weakest source. The source

locations are found perfectly within 1000 generations. However, the source strength is underestimated for the strongest source. The
strongest source is found at the location of source 1, the weakest at the location of source 2.

As stated above, for a part of the frequencies below the Rayleigh limit, also the correct x- and y-locations
are found. The minimum frequency at which this occurs, is 1650 Hz. It is interesting to see whether the
algorithm did not yet converge for z or settles wrongly at this frequency. In the first case, more generations
could potentially result in finding z. Therefore the convergence plots of GO with the CSM energy function
are shown in Figure 5.4 for 1650 Hz. Again, within 1000 generations the algorithm converges. However, only
for the x- and y-locations the correct values are achieved. The solutions hardly improve for z after 1000
generations although the z-locations do not match the real locations. The strongest source (blue) from Figure
5.4a is at the x-location of the third source, which is closest to the array and thus should correspond to the
lowest z-value. The second strongest source (orange) from Figure 5.4a is at the x-location of the second
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source, which is at middle distance to the array and thus should correspond to the middle z-value. Thus, only
for the weakest source the correct z-location is found. For the other sources it seems to find an optimum
energy at the wrong distance to the array. The source strength is overestimated for the strongest source,
but is correctly determined for the two weaker sources. At this frequency it appears that source 1 is not the
strongest, but the weakest. Source 3 is now the strongest.

(a) Convergence for the x-direction. (b) Convergence for the y-direction.

(c) Convergence for the z-direction. (d) Convergence for the source strength.

Figure 5.4: Convergence plots of the source parameters for the indoor experiments as found by GO with the CSM energy function. The
frequency presented is 1650 Hz, well below the Rayleigh limit. The dashed black lines indicate the real source position and strength.
The blue line corresponds to the strongest source, orange to the second strongest source, yellow to the weakest source. The x- and

y-locations are found perfectly within 1000 generations. The estimates for the z-locations do not chance drastically after 1000
generations, but the locations are incorrect for sources 2 and 3. The source strength is overestimated for the strongest source. The

strongest source is found at the location of source 3, the weakest at the location of source 1.

From these results it is concluded that GO with the CSM energy function has difficulty in finding the z-
location when sources differ in distance to the array. Especially at low frequencies where the x- and y-location
as well as the source strength are still found, the z-location finds a local optimum. Also, these results indicate
that GO with the CSM energy function is able to find the source x- and y-location under the Rayleigh limit,
even though the z-location is incorrect. The source strengths found seem to match the sources well, espe-
cially for the weaker sources, even under the Rayleigh limit. From the analysis in this chapter it is expected
that GO will have difficulty in identifying different heights on the aircraft, but will identify (x, y, s) correctly
nonetheless.
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6
Performance of GO on simulated fly-over

data

GO proved successful in finding source locations and strengths in previous research with experimental data
in the same 2D plane [10, 11, 35]. It also proved successful in finding sources at different distances from
the array at higher frequencies, thus locate in the 3D field, see Chapter 5. However, these experiments both
took place in a fully controlled set-up in an anechoic room with no reflections, and with the speakers in the
array near-field. This means that the number of sources, the source location, and the source strength were
known. This allowed for validation of the algorithm. In measurements of fly-over experiments, none of the
aforementioned aspects about the sources will be known, neither will the source be at close distance to the
array. Thus there will be propagation losses of the acoustic wave travelling over large distances. With so many
unknown aspects, GO is first tested on a simulated data set representing an aircraft fly-over at a large distance
from the array. With this data set, mainly the sensitivity of GO to its settings parameters and the number of
sources it searches for (with respect to the number in the simulated measurement data) is tested. First, the
results for the single frequency analysis, with energy functions from Sections 4.4.1 and 4.4.2, are shown in
Section 6.1. After that, a first analysis is made of the ability of GO to find sources under the Rayleigh limit
for aircraft fly-over data, in Section 6.2. Then the results of the multi-frequency case are shown in Section
6.3, linked to the energy functions in Section 4.4.3. Lastly, the GO algorithm is adapted to search for a single
height for all the aircraft sources in Section 6.4.

6.1. Single frequency analysis
In this section the results of GO inversion on a single frequency are shown. For this, a simulated data set is
generated at a frequency of 5500 Hz which shows a clear source map with a good balance between spatial
resolution and spatial aliasing. The acoustic source map is shown in Figure 6.1 where the black stars indicate
the location of the simulated data sources in the XY-plane according to Table 2.2.

The GO algorithm settings are as per the following. The settings as applied in the anechoic room experi-
ment were found to lead to too slow convergence for the simulated data. Thus the first five parameters are
based on values as used in research by [10]. Note that the boundaries for source strength are only applicable
when GO with the CSM energy function is used.

• q = 128

• Ngen = 2000

• Nruns = 10

• pc = 0.75

• F = 0.4

• x-boundaries (m) = -30 to +30

• y-boundaries (m) = -35 to +10

• z-boundaries (m) = 200 to 300

• s-boundaries (Pa) = 0 to 5
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Figure 6.1: CB acoustic source map for the simulated
data set at a frequency of 5500 Hz. The black stars
indicate the real position of the simulated sources.

The source map is made at a distance of 250 m,
corresponding to the z-location of all engines. The

sources are clearly visible.

Figure 6.2: Indication of the five search zones applied
in x-direction to the simulated data set. The limits of
a zone are indicated by the white vertical lines. The

search zone stretches from -40 to 40 m in y-direction.
The zone is numbered by the source that is in its zone,

thus search zone 1 will find source 1 from Table 2.2.

A first analysis on a simple simulated data set with these algorithm settings showed that the algorithm is not
converging to the correct values for the unknowns. For GO with the BF energy function all found sources are
exactly the same, thus it found only one source. For GO with the CSM energy function, the x- and y-locations
are found, but no convergence is achieved for the z-direction and source strength with these algorithm set-
tings.

As to find z and s more generations are needed to converge than the x- and y-direction, the full system
cannot converge within 2000 generations. To solve both the problem for the BF as well as the CSM energy
function, stricter boundaries for the x- and y-direction are set. The boundaries are set in x-direction, leaving
the y-direction free for the algorithm to search in. The boundaries create search zones as shown in Figure 6.2
by the white lines, each containing a single source. The x-boundaries for the first source run from -25 to -15
m. Then with every next set of boundaries, 10 m is added to the lower and upper boundary with respect to
the previous source. The upper limit for one source is the lower limit for the next source in the x-direction.

6.1.1. BF energy function
GO is applied with the BF energy function first. As explained before, the boundaries are set to five regions
for x and thus it searches for five sources. With the BF energy function only (x, y, z) are searched and thus no
convergence plots of s will be shown. In Figure 6.3 the convergence plots for the x-, y-, and z-direction are
shown for the best candidate per generation of the best of the 10 runs. Applying GO with the BF energy func-
tion shows that the algorithm is capable to find all five sources at the correct location for a frequency of 5500
Hz. Figure 6.3c reflects that indeed for the z-direction a larger number of generations is needed to converge
to the correct values even though the algorithm is already supported by setting strict boundaries. If needed,
the source strengths can be computed by applying the energy function with a fourth order normalisation for
ggg for the final locations.

(a) Convergence for the x-direction. (b) Convergence for the y-direction. (c) Convergence for the z-direction.

Figure 6.3: Convergence plots of the source parameters for the simulated data set as found by GO with the BF single frequency energy
function. The black dashed line indicates the real source location. The correlation between line colour and source number can be

found in Table 2.2. For all 5 sources, the locations are found correctly within 1200 generations.
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Figure 6.3 shows that the algorithm converges yet the convergence plots do not show the accuracy of the
final solution as clearly. The convergence plots also are only presented for the best run and do not indicate
whether the other independent runs found similar results. Therefore, Figure 6.4 is added. This figure is built
up out of box plots with a box plot per parameter, grouped by parameter type. Thus Figure 6.4a contains box
plots for all five x. The values of the box plot are computed with the best candidate of all 10 runs. In a box
plot one can see the median of the results, indicated by the red line. The lower limit of the box indicates the
middle number between the median and the smallest number, also called the first quartile. The upper limit
of the box represents this for the median and the largest number, the third quartile. The whiskers represent
the respective minimum and maximum number of the data set. Any outliers are indicated by a red cross.
Additionally these box plots contain a horizontal black dashed line indicating the true value of the parameter
(corresponding to Table 2.2). Note that for clarity around the x- and y-parameters a margin of ±2 m is taken,
for z this is ±20 m, and for s, which will be shown only at the CSM energy function, this is ±0.2 Pa. For all
boxplots the same margins are chosen as this makes them easier to compare. This might however result in
box plots with very small boxes, which then thus indicates no spread in the data set.

The size of the box in the box plot gives an indication of the convergence behaviour. If the box is small,
then for all the runs nearly the same solution is found, which is thus the global optimum. If the median, the
red line, is close to the horizontal black dashed line, this indicates that the solutions found are close to the
real parameter value. For the single frequency BF energy function, all boxes are very small and the median is
close to the true parameter value. Thus, successful convergence is achieved here for all runs.

(a) Box plot for the x-direction. (b) Box plot for the y-direction.

(c) Box plot for the z-direction.

Figure 6.4: Box plots of the source parameters for the simulated data set as found by GO with the BF single frequency energy function.
The small size of the box indicates that all 10 independent runs converge to the same parameter. For all 10 runs the position is correctly

found.

As it is unknown how GO will react when the number of sources it searches for does not equal the number
of sources in the data, this is tested by applying a search for two sources and a search for seven sources, but
with the simulated data set still as the result of five sources. The results of such a search on simulated data
will help understanding the results of a search on fly-over data when there is a different number of sources
present than initially thought. For these searches, only the convergence behaviour will be shown as the goal
is not to see the accuracy of the solution, but rather to see the behaviour of the algorithm.

The results of GO with the BF energy function for a search for two sources are presented in Figure 6.5. The
search zones defined by the boundaries are now set broad with a slight overlap. This would be the case when
accidentally two sources are present within a search zone. So for the first zone the boundaries are from -30
to 5 m in x, and for the second zone from -5 to 30 m in x. The algorithm converges to two of the sources that
are present in the simulated data set. For GO with BF it is concluded that too few sources as input leads to
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finding only the strongest sources. These sources are easily found within 300 generations.

(a) Convergence for the x-direction. (b) Convergence for the y-direction. (c) Convergence for the z-direction.

Figure 6.5: Convergence plots of the source parameters for two sources in the simulated data set as found by GO with the BF single
frequency energy function.The algorithm searches for two sources where there are five present. The two sources it finds are two of the

strongest four sources. Convergence is achieved in 300 generations.

GO with the BF energy function has also been tested for a search for seven sources when five sources are
present. In such a case, the boundaries for the first five zones are the same as in Figure 6.2 and the other
two are left fully free. This would be the case when a researcher wants to find an extra source which is not
visible in the source map. As can be seen from Figure 6.6, the additional two sources (red and light blue lines)
converge to the strongest source location. However, this distorts the search in z-direction for all sources fully.
Although convergence is reached, the correct z-values are not found. For GO with BF it is concluded that too
many sources with the same source strength as input leads to a strong disturbance in which not all sources
are found anymore. When each source has a different source strength, GO with BF is however capable of
finding all sources and, as seen earlier, will find the strongest source multiple times.

(a) Convergence for the x-direction. (b) Convergence for the y-direction. (c) Convergence for the z-direction.

Figure 6.6: Convergence plots of the source parameters for seven sources in the simulated data set as found by GO with the BF single
frequency energy function.The algorithm searches for seven sources where there are five present. The algorithm is completely

disturbed and is only able to find the first source (dark blue) correctly.

6.1.2. CSM energy function
In this section GO is applied with the CSM energy function. As explained before, the boundaries are set to
five regions for x and thus it searches for five sources. In Figure 6.7 the convergence plots for the x-, y-, and
z-location as well as the source strength of the best of the 10 runs are shown. Figure 6.7 shows that the x-
and y-location of the sources are found correctly, but that the z-direction of the source needs more than 2000
generations. Compared to GO with EBF , more generations are needed to converge for z when using EC SM .
This is perhaps due to the increased number of parameters or due to a compensation of a larger z with a
higher s. The found locations for z are however within 5 m of their real position, thus the simulation could
be helped to converge better within 2000 generations by setting more strict boundaries on z. The source
strength did converge very well, but is slightly further from reality than the source strength values found by
EBF . This is expected to be due to a larger number of parameters to optimise for.
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(a) Convergence for the x-direction. (b) Convergence for the y-direction.

(c) Convergence for the z-direction. (d) Convergence for the source strength.

Figure 6.7: Convergence plots of the source parameters for the simulated data set as found by GO with the CSM single frequency energy
function. The black dashed line indicates the real source location. The correlation between line colour and source number can be

found in Table 2.2. For all 5 sources, the (x, y, s) are found within 1200 generations. More than 2000 generations are needed to converge
fully for z.

(a) Box plot for the x-direction. (b) Box plot for the y-direction.

(c) Box plot for the z-direction. (d) Box plot for the source strength.

Figure 6.8: Box plots of the source parameters for the simulated data set as found by GO with the CSM single frequency energy function.
The z-direction shows large deviations. For the nose landing gear (source 3) the x-position is well found but the y-position shows large

deviations.
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Figure 6.8 with box plots is added again to show the convergence behaviour of all runs. A larger spread
over the runs can be seen for the CSM energy function than is seen for the BF energy function. Especially for
the z-direction large deviations are observed as could be expected from the convergence plot (Figure 6.7c) of
the best run already. Clearly, z is more difficult to find. Apart from that, the medians are further away from
the true value for the analysis with the CSM energy function, but always within 0.5 m for x and y , and within
0.05 Pa for s. For the nose landing gear (source 3) the x-position is well found but the y-position shows large
deviations.

Similar to the analysis of the simulated data set with the BF energy function, the CSM energy function is
tested for different numbers of sources. The results of GO with the CSM energy function for a search for
two sources are presented in Figure 6.9. The algorithm converges to two of the sources that are present in
the simulated data set and z is now found correctly. However it appears that for the strongest source, it
overestimates the source strength. For GO with CSM it is concluded that too few sources as input leads to
finding only the strongest sources, yet overestimating the source strengths.

(a) Convergence for the x-direction. (b) Convergence for the y-direction.

(c) Convergence for the z-direction. (d) Convergence for the source strength.

Figure 6.9: Convergence plots of the source parameters for two sources in the simulated data set as found by GO with the CSM single
frequency energy function. The algorithm searches for two sources where there are only five sources present. Convergence is achieved

in 400 generations, but s is overestimated for both sources.

GO with the CSM energy function has also been tested in case of a search for seven sources when five
sources are present. It causes the algorithm to not find the third source (yellow) within the boundaries any-
more as it satisfies this location with the sixth source (light blue). Thus the two extra sources are represented
by the red and yellow lines. As can be seen from Figure 6.10, for the additional two sources only convergence
for the source strength is obtained. The source strength for these extra sources is nearly 0 Pa, implying that
they can be ignored. For GO with CSM it is concluded that too many sources as input leads to finding sources
at very low source strengths which are not present. This behaviour is desired, since it corresponds to the ro-
bustness of the method. This is also true when the sources have different strengths, however it is easier to
find convergence then.
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(a) Convergence for the x-direction. (b) Convergence for the y-direction.

(c) Convergence for the z-direction. (d) Convergence for the source strength.

Figure 6.10: Convergence plots of the source parameters for seven sources in the simulated data set as found by GO with the CSM single
frequency energy function. The algorithm searches for seven sources where there are only five sources present. The red and yellow lines
indicate the search for non-existent sources and appear not converging for location, while converging to very low source strengths. The

correct (x, y, s) for the remaining five sources is found.

6.2. Source determination under Rayleigh limit

With this simulated data set also GO’s ability to find sources under the Rayleigh limit is analysed for the far-
field case. Recalling Equation 3.1, a frequency can be selected at which the sources are spaced closer together
than the Rayleigh limit and are thus seen as a single source. With c = 343 m/s, h = 250 m, D = 3.4 m the
Rayleigh limit is 20.51 m for a frequency of 1500 Hz. This means that the engines are not separable in the CB
source map, see Figure 6.11.

Figure 6.11: CB acoustic source map for the simulated data set at a frequency of 1500 Hz, i.e. below the limit where the sources are still
separable according to the Rayleigh limit. The black stars indicate the real position of the simulated sources. The source map is made at

a distance of 250 m, corresponding to the z-location of all engines. The engines are not separately visible. Also the nose landing gear
cannot be distinguished.
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6.2.1. BF energy function
Applying the standard GO search for five sources with the BF energy function shows that the algorithm con-
verges within 600 generations, see Figure 6.12. However, the resulting source locations did not converge to
the real locations. Source 2 (orange) and 4 (purple) hit the limit in the x-direction trying to merge with the
outer most sources. Source 3 (the nose landing gear, yellow) also goes entirely towards the x-boundary. For
the y-location, Figure 6.12b shows for sources 1, 2, 4, and 5 a location in between the true locations. The GO
with BF in this case thus converges to regions of higher levels in the beamform plot caused by the overlap of
main lobe of the PSF of source 1 and 2 and source 4 and 5. The location found for source 3 is close to the high
level region on the negative x-side of the beamform plot. Thus, GO applied with the BF energy function is
not able to find sources correctly under the Rayleigh limit. This is as expected as this energy function suffers
from the same disadvantages as CB. Surprisingly it is able to find the correct height for two out of five sources.
These two sources are those closest to their real location in (x, y).

(a) Convergence for the x-direction. (b) Convergence for the y-direction. (c) Convergence for the z-direction.

Figure 6.12: Convergence plots of the source parameters for the simulated data set as found by GO with the BF single frequency energy
function, below the Rayleigh limit. The candidate solution stabilises very fast at 500 generations, but does not converge to the correct

location. However, for two sources the correct height is found.

(a) Box plot for the x-direction. (b) Box plot for the y-direction.

(c) Box plot for the z-direction.

Figure 6.13: Box plots of the source parameters for the simulated data set as found by GO with the BF single frequency energy function,
below the Rayleigh limit. The box plots are not made with the margins as introduced earlier as the values found are too far off from the

true source parameters for x and y and most z.

The box plots are added in Figure 6.13. Note that the margins around the true value as introduced in the
previous section, are not used here. The values found are too far from the true parameter values, as could
already be concluded from the convergence plots in Figure 6.12. Only where possible the reference value
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for the source position is added. It appears that the BF energy function is able to locate the height of strong
sources. In conclusion, under the Rayleigh limit this energy function will only be of use to find the height of
dominant sources.

6.2.2. CSM energy function

Applying the GO search for five sources with the CSM energy function shows that the algorithm converged for
a large part within 1000 generations for the x- and y-direction and source strength, however it has difficulty
converging for the z-direction, see Figure 6.14. Yet, using the CSM energy function, the source locations and
strengths can be found in a satisfactory manner especially when increasing the generations to find a better
solution for z. An even lower frequency was tested, a frequency of 500 Hz, unfortunately here the algorithm
did not converge.

The ability to find sources under the Rayleigh limit is however not unlimited and is most likely influenced
by the SNR and also by the frequency [10]. For further research, it is interesting to find out if there is a certain
limit to which the source location can still be determined.

(a) Convergence for the x-direction. (b) Convergence for the y-direction.

(c) Convergence for the z-direction. (d) Convergence for the source strength.

Figure 6.14: Convergence plots of the source parameters for the simulated data set as found by GO with the CSM single frequency
energy function, below the Rayleigh limit. Convergence is achieved for parameters (x, y, s) after approximately 1000 generations. The

search for z only slowly converges and more than 2000 generations are needed.

Figure 6.15 shows very similar sizes of the box compared to Figure 6.8 for the x- and y-direction. However,
for source 5 the x-direction contains a large spread and a the median is relatively far from the true value (1
m). Figure 6.14a already hinted this as there source 5 (green line) also has difficulty converging fully within
1000 generations. For the z-direction more spread over the runs is seen. The source strength is well found.

With this analysis the use of GO with the CSM energy function to find sources spaced within the Rayleigh
limit is confirmed.
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(a) Box plot for the x-direction. (b) Box plot for the y-direction.

(c) Box plot for the z-direction. (d) Box plot for the source strength.

Figure 6.15: Box plots of the source parameters for the simulated data set as found by GO with the CSM single frequency energy
function, below the Rayleigh limit. The box plots are very similar to the case above the Rayleigh limit, showing only more uncertainty on

the z-parameters.

6.3. Multi-frequency analysis
Next to the single frequency analysis, a multi-frequency analysis was performed. The main reason for this is
to see if faster convergence is reached as local optima in one frequency could be taken out when at the other
frequencies this does not result in a lower energy. In this analysis a low frequency band from 1500 to 4500
Hz has been used, although applied in steps of 500 Hz to limit computational time. This band is based on a
common low frequency band that is often used in aircraft imaging research [30]. The source map of this band
is shown in Figure 6.16.

Figure 6.16: CB acoustic source map for the simulated data set at a low frequency band from 1500 to 4500 Hz. The black stars indicate
the real position of the simulated sources. The source map is made at a distance of 250 m, corresponding to the z-location of all

engines. The sources are clearly visible.

The multi-frequency inversion constraints the unknown parameters that are independent of frequency
(i.e. in general not source strength) more tightly, since a good match needs to be found for a realisation of the
unknowns for all frequencies.

6.3.1. BF energy function
Multi-frequency analysis with a BF energy function might especially be useful when frequencies are included
where the CB source map suffers from low spatial resolution and many side lobes.
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In Figure 6.17 it is seen that the correct source locations are found and that convergence is achieved fast,
while there are frequencies included where the sources are under the Rayleigh limit.

(a) Convergence for the x-direction. (b) Convergence for the y-direction. (c) Convergence for the z-direction.

Figure 6.17: Convergence plots of the source parameters for the simulated data set as found by GO with the BF multi-frequency energy
function. The sources are found perfectly within 1000 generations.

Figure 6.18 is added again to show that the runs find the same solution. There is hardly any improvement
for the multi-frequency case with respect to the single frequency case.

(a) Box plot for the x-direction. (b) Box plot for the y-direction.

(c) Box plot for the z-direction.

Figure 6.18: Box plots of the source parameters for the simulated data set as found by GO with the BF multi-frequency energy function.
The box plots show that all runs find the same, correct, values.

It is concluded that multi-frequency analysis could improve the results for a frequency band which includes
frequencies where the sources are under and above the Rayleigh limit. However, this is computationally
expensive and still does not allow for a real analysis of sources under the Rayleigh limit. Thus, above the
Rayleigh limit a single frequency analysis is advised.

6.3.2. CSM energy function
As GO with CSM is able to find sources under the Rayleigh limit, see Section 6.2.2, it is expected that the multi-
frequency analysis only supports fast convergence and perhaps supports finding the correct z-location. In
Figure 6.19 it is visible that the correct source locations are found in x- and y-direction, but that again the
search is not fully converged in z-direction.
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(a) Convergence for the x-direction. (b) Convergence for the y-direction.

(c) Convergence for the z-direction. (d) Convergence for the source strength.

Figure 6.19: Convergence plots of the source parameters for the simulated data set as found by GO with the CSM multi-frequency
energy function. The parameters for z are already more converged after 2000 generations than in the single frequency analysis, but still

it is not correct, while the other parameters converged in 1000 generations.

(a) Box plot for the x-direction. (b) Box plot for the y-direction.

(c) Box plot for the z-direction. (d) Box plot for the source strength.

Figure 6.20: Box plots of the source parameters for the simulated data set as found by GO with the CSM multi-frequency energy
function. The medians are mostly close to the true value, but the spread of the box remains roughly the same size as for the single

frequency case.

When Figure 6.20 is compared to Figure 6.8 one notices that there is only a very small improvement visible
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in box sizes. However, for most parameters in the x- and y-direction, as well as for the source strength,
the median is closer to the true parameter value. The expected improvement on the z-direction is however
marginal. For sources 2, 3, and 4 the median is closer to the true value, but the spread remains large.

It is concluded that for GO with the CSM energy function only marginally better z-locations are found,
while the computational time increases strongly.

6.4. Single aircraft height
As the previous results all show a sincere difficulty to converge for the z-direction for large distances in z,
an extra test has been performed. In this test, the height of the aircraft is searched instead of a height per
source, thus there is now only one z-parameter. As the differences in height between different elements on
the aircraft (e.g. landing gear and engines) are within 5 m, it is expected that using the same z-value for all
sources is a valid assumption. Searching for only one z-location lowers the number of search parameters and
might result in a faster convergence.

(a) Convergence for the x-direction. (b) Convergence for the y-direction. (c) Convergence for the z-direction.

Figure 6.21: Convergence plots of the source parameters for the simulated data set as found by GO with the BF single frequency energy
function when searching for a single aircraft height. The (x, y) per source is found within 200 generations. For z 500 generations were

needed. It finds the z-value corresponding to the z of four of the sources.

(a) Box plot for the x-direction. (b) Box plot for the y-direction.

(c) Box plot for the z-direction.

Figure 6.22: Box plots of the source parameters for the simulated data set as found by GO with the BF single frequency energy function
when searching for a single aircraft height. The box plots show that all runs find the same, correct, values.

6.4.1. BF energy function
The results for a single z search for GO with BF are shown in Figure 6.21. The convergence is achieved within
500 generations with a perfect convergence for the z-direction as well. There are different source heights
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indicated in the simulated data set and here, the z-location of the largest number of sources is found. This is
due to the fact that it finds the lowest energy when using this z-location is used.

Figure 6.22 shows that the runs do not show any spread at all. Thus the results are the same for all sources.
The height of the strongest sources is found. This means that the height is incorrect for the nose landing gear
(source 3). The effect of this is clearly visible in Figure 6.22b where an offset is seen between the median and
the true value for y .

From this section can be concluded that the BF energy function will find the accurately the height of the
strongest sources.

6.4.2. CSM energy function

The results for GO with CSM and searching for one height only are shown in Figure 6.23. The convergence
is achieved within 500 generations for the x- and y-location as well as the source strength. However, the
algorithm struggles to get the z-location correct. In fact, it stays around 260 m where it is expected to find 250
m like the BF energy function does. For source 3 (yellow), which has a height of 245 m, there is a clear offset
in the found y-location and source strength which potentially is caused by the too high z-location.

(a) Convergence for the x-direction. (b) Convergence for the y-direction.

(c) Convergence for the z-direction. (d) Convergence for source strength.

Figure 6.23: Convergence plots of the source parameters for the simulated data set as found by GO with the CSM single frequency
energy function when searching for a single aircraft height. z is overestimated, but most source locations are still found.

The box plots in Figure 6.24 show that the deviations over the runs, i.e. the spread of the boxes, is smaller.
However, the median is far from the true value. Also, for nearly all box plots an outlier is apparent. These
outliers are closer to the true parameter value. The convergence plots in Figure 6.23 are from the run with all
outliers. The box plot in Figure 6.22c shows that the resulting z for the other runs is worse than presented in
Figure 6.23c. If this method will be used, then it is strongly advised to allow more independent runs.

From this section can be concluded that the CSM energy function will have difficulties in finding a rel-
evant height. For the case considered the algorithm overestimates the height of the aircraft when a single
representative height is searched for.
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(a) Box plot for the x-direction. (b) Box plot for the y-direction.

(c) Box plot for the z-direction. (d) Box plot for the source strength.

Figure 6.24: Box plots of the source parameters for the simulated data set as found by GO with the CSM single frequency energy
function when searching for a single aircraft height. The box plots indicate that the runs converge to nearly the same result, except for

one outlier present in all box plots. The z is overestimated strongly.
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7
Beamforming analysis on fly-over data

For these fly-overs an initial analysis using the spectrogram, PSD, and acoustic source maps is performed to
assess the data.

This chapter contains the initial assessment of the fly-over data of the two selected fly-overs. There is
already a good understanding of noise sources during landing based on the analyses of previous fly-over
measurements, therefore it is easiest to start with an analysis of the A380. This is done in Section 7.1. After
that, the take-off case is analysed in Section 7.2. Lastly, a more in-depth analysis of a low frequency noise
source for take-off conditions is given in Section 7.3.

7.1. Beamforming analysis of an A380 landing
First, the spectrogram is inspected to get an idea of the noise sources or dominant tones that are present in
the measurement. The spectrogram is presented in Figure 7.1. It appears that at low frequencies until 2000
Hz there is a high acoustic energy. Moreover, the fan tones are slightly visible in the spectrogram.

Figure 7.1: Spectrogram of an A380 during landing. The aircraft is overhead at 22.43 s. Noise in the lower frequencies up to 2000 Hz is
dominant. Some fan tones are visible at higher harmonics.

To find out which aircraft components dominate the lower frequencies, an analysis is made with a semi-
empirical aircraft component noise prediction method called ANOPP [38, 39]. For the noise prediction method
the parameters in Table 7.1 and 7.2 are used. The results of the noise prediction method are shown in the
ANOPP spectrum in Figure 7.2. The predictions are only presented for airframe noise. The coloured smooth
solid lines represent different components while the black smooth solid line is the total of the individual
sources. The measured PSD is also added to the spectrum for reference, this is the black fluctuating line. A
comparison between the modelled and measured spectrum indicates that until 2000 Hz indeed mostly air-
frame noise is present with a contribution of around 10 dB/Hz maximum for remaining noise components
in the measurement. The differences between the model and measurements are hypothesised to be due to
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the engines. In the model the main landing gear acts as dominant noise source. Above 2000 Hz, the model
and measured PSD differ strongly due to the engine contribution which is clearly visible in the PSD as the
increment above 3000 Hz. Thus the acoustic energy visible in the spectrogram above 3000 Hz is attributable
to engine noise.

Aircraft type Height (m) Speed (m/s) Wing area (m2) Wing span (m) Flap area (m2) Flap span (m)
A380 50 66.5 753 80 103 42
B747-800 250 78.8 554 68.45 60.4 38.8

Table 7.1: ANOPP aircraft geometry parameters for an A380 and a B747-800 [30, 40, 41].

Aircraft type Dtire (m) #wheels/bogie (-) #bogies (-) Dtire (m) #wheels/bogie(-) #bogies (-)
MLG MLG MLG NLG NLG NLG

A380 1.5 4 4 1.5 2 1
B747-800 1.245 4 4 1.245 2 1

Table 7.2: ANOPP aircraft landing gear parameters for the Main Landing Gear (MLG) and Nose Landing Gear (NLG) for an A380 and a
B747-800 [30, 40, 41]. Dtire is the tire diameter of the landing gear tires.

Figure 7.2: Comparison of the measured PSD with the semi-empirical ANOPP prediction model spectrum for an A380. The prediction
model contains airframe noise components, which are the fluent lines. The black fluent line is the total modelled airframe spectrum.
The black fluctuating line is the measured PSD. The parameters used for the prediction model are given in Table 7.1 and Table 7.2. A

deviation between the modelled and the measured spectrum is caused by the engines. The main landing gear (purple) is the main
airframe noise component according to the model.

To investigate further which sources are dominant (and thus should be found in the GO inversion) a CB
source map is made. This is done at two frequency ranges: one where the airframe noise is expected to be
present, and one where the engines are expected to be visible. To select which frequencies are most interest-
ing for analysis, the information of the spectrogram, the measured spectrum, and the modelled spectrum is
combined. CB is applied to a frequency band of 1000-2000 Hz (LF-band) and a band of 2500-4000Hz (HF-
band). The lower bound for the Low Frequency (LF) is based on spatial resolution. Considering that the
height is around 50 m according to ADS-B data of the OpenSkyNetwork [15], at this frequency the Rayleigh
limit is 6.15 m which is sufficient to see the engines separately, but below that the spatial resolution becomes
worse. The upper limit is set at the dip in the measured PSD from where on the engine noise becomes more
important. For the limits of the High Frequency (HF) band, the decision was made based on the distance the
aircraft moves during the time snapshot. For CB a time snapshot of 0.05 s was taken when the aircraft was
overhead. As the aircraft is moving at a speed of 66.5 m/s [15], it displaces 3.3 m in this time. At the start of
the band the Rayleigh limit is 2.46 m and thus the displacement could already be noticed. To minimise the
source map deterioration yet trying to include the Blade Passing Frequency (BPF) tones visible in the spec-
trogram up to around 4000 Hz, the maximum frequency is 4000 Hz. The overhead time of the aircraft is 22.43
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s, as determined through finding the maximum time-averaged pressure measured by the centre microphone.
This is checked with the spectrogram and the video.

The steps for processing the data until a frequency domain pressure signal is achieved, are described in
Appendix D. The CB method of Section 4.2 is applied, with incoherent summation and the SPL corrections for
height and atmospheric attenuation. The meteorological conditions used can be found in Table A.1. Figure
7.3a shows the result of CB in the LF band. Figure 7.3b shows the results for the HF band.

(a) Incoherent summation is applied over the LF band from 1000 to
2000 Hz.

(b) Incoherent summation is applied over the HF band from
2500 to 4000 Hz.

Figure 7.3: CB acoustic source maps at the LF and HF band for an A380 during landing. The aircraft height is taken from the ADS-B data
at 50 m. An overlay from the video is applied, but the wings of the A380 do not fully fit. For the LF band the engines as well as the nose

landing gear are clearly visible. The main landing gear is only lightly visible. For the HF band only the engines are visible.

For the LF band the four engines are visible as well as the nose landing gear. Although only slightly visible, it
seems that the main landing gear sources are present as well in between the two inner engines. The expected
small contribution of engine noise in the LF band according to Figure 7.2, is thus larger, with the engines
dominantly visible. Surprisingly, the nose landing gear appears as a strong noise source although the ANOPP
model predicts that the main landing gear is the main noise component in the low frequency range.

For the HF band, only the engines appear, which is as expected for this frequency band. The CB source
map suffers from a high number of side lobes at the scan plane edges.

7.2. Beamforming analysis of a B747-800 taking-off

For the analysis of take-off measurements, the same procedure is followed as for the analysis of the landing
fly-over measurement. A B747-800 fly-over during take-off was selected for which the spectrogram is shown
in Figure 7.4. It strikes immediately that the fan tones are strongly visible here. Also at the overhead time a
very strong tone appears at a frequency of 680 Hz. This is equal to the BPF for a B747-800 with GEnx-2B67
engines, when a thrust setting of 80% is used [42–44]. Although this seems low for a thrust setting during
take-off conditions, analysis by [45] shows similar thrust settings are used by pilots.

Up to 1500 Hz, high acoustic energy is seen. However, unlike at the landing measurement, here around
1500 Hz the engine contribution is already present. This last statement can be deduced from the ANOPP
prediction in Figure 7.5. For the calculations of the prediction model the parameters in Table 7.1 and 7.2 are
used. As with the spectrum shown for the landing A380, the total model is presented by the black smooth line
and the measured spectrum is represented by the black fluctuating line. The measured spectrum shows, at
lower frequencies, a 10 dB/Hz to nearly 15 dB/Hz deviation from the modelled spectrum which is caused by
the engine contribution. From the modelled airframe noise spectrum the main landing gear is expected to
be dominant in the airframe noise contribution.
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Figure 7.4: Spectrogram of a B747-800 during take-off. The aircraft is overhead at 19.96 s. Noise in the lower frequencies up to 1500 Hz is
dominant. A very strong tone is visible at a low frequency, at the overhead time at 680 Hz. The fan tone and its harmonics are clearly

visible.

Figure 7.5: Comparison of the measured PSD with the semi-empirical ANOPP prediction model spectrum for a B747-800. The
prediction model contains airframe noise components, which are the fluent lines. The black fluent line is the total modelled airframe

spectrum. The black fluctuating line is the measured PSD. The parameters used for the prediction model are given in Table 7.1 and
Table 7.2. A deviation between the modelled and the measured spectrum is caused by the engines. The main landing gear (purple) is

the main airframe noise component according to the model.

Also for the take-off, CB source maps are analysed as those give a quick insight in the dominant sources and
the lay-out of the sources. Again, two frequency bands are selected from the spectrogram and spectrum. The
LF band is selected to range from 1000 to 2000 Hz and the HF band from 2500 to 5000 Hz. A snapshot of 0.05
s is taken around the overhead time of 19.96 s. The height of this fly-over is around 250 m according to ADS-B
data of the OpenSkyNetwork [15]. As the range for which the sources can be discriminated (according to the
Rayleigh limit) is proportional to height, the spatial resolution decreases strongly with respect to the landing
A380 as already deduced from Figure 3.3. At a frequency of 1000 Hz the limit is 30.77 m, at 2000 Hz this is
15.38 m, and at 5000 Hz it is 6.15 m. Thus, for a large part of the LF band, the sources are overlapping which is
exactly why GO with the CSM energy function could later provide additional value. The limits of the HF band
are determined by the high increment in Figure 7.5. Here the engines are expected to be dominantly visible.
The upper limit of 5000 Hz is chosen as above that no additional information is expected on the engines,
while it would add computational time. Figure 7.3a shows the result of the CB for the LF band, where Figure
7.3b shows this on the HF band. For these figures, the same data processing steps are applied as at landing
and also incoherent summation with the SPL corrections is used. The acoustic source map is overlaid with
the video and thus the aircraft is seen from below.
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(a) Incoherent summation is applied over the LF band from 1000 to
2000 Hz.

(b) Incoherent summation is applied over the LF band from 2500 to
5000 Hz.

Figure 7.6: CB acoustic source maps at the LF and HF band for a B747-800 during take-off. The aircraft height is taken from the ADS-B
data at 250 m. An overlay from the video is applied, but the source locations and the video do not match perfectly. For the LF band no
separate sources are visible, but two high energy fields can be seen. On the right side higher acoustic energy is seen behind the wing.

For the HF band, the four engines are separately visible although the locations do not match the video.

As can be seen, especially on the right side of the LF source map, is that the noise source is behind the
engine. Left and right are here defined with respect to the source map for clarity. On the right side the high
acoustic energy area seems more spread. The nose landing gear is not visible due to the dominance of the
engines. In the HF source map, the engines are separately visible. However, here the location seems even
more shifted than at the LF source map. Currently it is unknown whether this is caused by an incorrect
match with the optical camera or that the sources are really located here. A deviation could also be caused by
assuming a wrong height of the aircraft for the scan grid positions.

Lastly, the tone of 680 Hz is inspected. As this is at a low frequency, with a wide main lobe, the CB source
map does not give specific information on the source location as seen in Figure 7.7a. FB can provide more
information on the location of the source and is applied for this case with a functional exponent of ν = 10.
A higher exponent does not result in a more accurate location, but does introduce sources at locations far
outside the aircraft that are not visible in a CB source map. The FB source map shows a source close to the
left outer engine, see Figure 7.7b. The FB source map does not show with certainty that the noise source is
an engine. However, as seen in Figure 7.6 the engine sources seem to be placed slightly outside and after the
engine. Thus the tone at 680 Hz is still hypothesised to be at the left outer engine.

(a) CB acoustic source map. (b) FB acoustic source map with functional exponent ν = 10.

Figure 7.7: CB and FB acoustic source maps of a B747-800 during take-off at a tone of 680 Hz. The SPL values for FB are corrected
according to Section 4.3. The CB source map shows a larger field, but seems to focus on the left most engine. The FB source map shows

a location on the wing, very close to the engine.

Also higher harmonics of the tone have been analysed. The clearest tones have been selected from the
spectrogram, which are at a frequency of 1331 Hz and 4834 Hz. For these tones the FB source maps are
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presented in Figure 7.8a and 7.8b respectively. Note that for the tone of 4834 Hz a functional exponent of ν =
5 is chosen, instead of ν = 10. A higher exponent did not result in a clearly visible source location.

(a) FB acoustic source map for a frequency of 1331 Hz, with
functional exponent ν= 10.

(b) FB acoustic source map for a frequency of 4834 Hz, with
functional exponent ν= 5.

Figure 7.8: FB acoustic source maps of a B747-800 during take-off for a tone of 1331 Hz and 4834 Hz. The SPL values for FB are
corrected according to Section 4.3. At 1331 Hz the right inner engine causes the strong tone. At 4834 Hz the outer left engine causes the

tone, similarly to the tone at 680 Hz.

For a frequency of 1331 Hz, the right inner engine is found as source. For a frequency of 4834 Hz the left
outer engine again is found as source. Thus, these fan tones can clearly be linked to the engines.

7.3. Low frequency noise source occurring during take-off
This part of the research is not part of the assessment of the data leading up to an analysis with GO. This side-
step was executed to investigate unexpected sources in the basic analysis of take-off fly-over measurements.

During data processing of fly-overs it appeared that for landing fly-over measurements hardly any spectral
leakage was present. Thus no weighting had been applied on the time snapshot. However during an initial
CB analysis of the first take-off measurements (for which a B737-800 was selected), a source appeared con-
sistently at position (0,0) in the HF source map which overpowered largely the other sources. Using the same
conditions at landing measurements did not result in such a strong source at location (0,0). When Hanning
weighting was applied on the data, this source disappeared and the expected sources were visible. As weight-
ing is applied to solve spectral leakage, this could indicate that a strong low frequency source leaks into higher
frequencies. As the effect was not expected to be so strong, several checks have been performed.

Figure 7.9: PSD for a B737-800 around the overhead time. The effect of Hanning weighting on the signal is investigated by comparing
the PSD without weighting, with weighting, and with a longer snapshot. The results for the PSDs with Hanning weighting overlap. At

high frequencies a deviation of nearly 20 dB is seen for the short time snapshot with and without Hanning weighting.
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Firstly, the PSD was checked to see what the difference between no weighting and Hanning weighting is.
Per standard, the snapshot taken to compute the PSD is 0.05 s around overhead time. When the snapshot
is lengthened to 0.5 s, spectral leakage is reduced. This is caused by the relation of the size of the main lobe
width to the length of the snapshot, which is 1/T . Hence the main lobe width is decreased with a longer
snapshot. The side lobes are then also closer to the main lobe and will decay faster than with a broader main
lobe. The spectrum with a longer snapshot thus resembles more closely the real spectrum. The PSD with
longer snapshot is added for comparison, although it overlaps in Figure 7.9 with the Hanning weighted PSD.
In reality it is not convenient to use such a large snapshot as the aircraft will fly a larger distance than the
spatial resolution, resulting in unclear sources. In Figure 7.9 the spectrum is shown for a Boeing 737-8.

From Figure 7.9 it is clearly visible that at frequencies above 5000 Hz a strong difference occurs with a
higher energy for the spectrum without weighting, thus indicating indeed spectral leakage. This behaviour
was then checked for a large part of the data set, by analysing the difference between the PSD with and with-
out Hanning weighting at 7000 Hz. Table 7.3 gives the respective results. The A380, B747-800, B777-200ER,
B777-F1, B787-9, and B787-10 do not seem to have this strong frequency leakage above 7000 Hz. However, for
some aircraft types only a few measurements are available and therefore it is not possible to say with certainty
that they do not suffer from this.

Type Total Strong spectral leakage
A319-100 10 10
A320-200 27 25
A320-neo 1 1
A321-100 1 1
A321-200 9 8
A330-200 8 6
A330-300 5 2
A380 1 0
B737-524 1 1
B737-700 18 11
B737-800 51 27
B737-900 7 4
B747-400 3 1
B747-800 1 0
B767-300 2 2
B777-200er 1 0
B777-200lr 2 1
B777-300er 3 2
B777-F1 4 0
B787-9 2 0
B787-10 1 0
CRJ-7 4 4
CRJ-9 1 1
ERJ175 30 28
ERJ190 26 25
ERJ195 4 3

Table 7.3: Aircraft types that need Hanning weighting on data due to extreme spectral leakage. The total gives the number of
measurements of that type analysed, while the other column gives the number of aircraft which needed the weighting applied. Overall,
most aircraft types seem to suffer from the strong spectral leakage. For the types that do not need Hanning weighting, there are too few

measurements to be certain.

To see if this behaviour could indeed be caused by low frequency noise of the aircraft, the location of a po-
tential source is sought. For this, the acoustic data is filtered on a frequency band by applying a Buttersworth
filter. In one frequency band from 50 to 400 Hz it can be seen that there is indeed a pressure wave passing
over the array, see Figure 7.10.
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Figure 7.10: Microphone output in pressure over time for a frequency band of 50 to 400 Hz. The red line indicates that a high pressure
wave is arriving at that point in time at a certain microphone. For this frequency band a wave over the array is visible, as the wave does

not arrive at all microphones at the same time. As it occurs repeatedly over time, a source should cause this.

For the frequency band from 50 to 400 Hz, an beamforming analysis over multiple snapshots has been
performed. At these low frequencies it is not possible to determine the exact location of the source, but the
source maps can show the behaviour of the source. Three snapshots are selected, one at overhead time, one
0.5 s before overhead time, and one 0.5 s after overhead time. The CB source maps from the snapshots are
presented in Figure 7.11.

(a) Snapshot 0.5 s before overhead time. (b) Snapshot at overhead time. (c) Snapshot 0.5 s after overhead time.

Figure 7.11: CB source maps for three snapshots: before, at, and after overhead time. It is visible that the source moves towards the
negative y-direction.

Figure 7.11 shows that the source moves towards the negative y-direction over snapshots. For take-offs it is
known that the aircraft travels in negative y-direction over the array, see also Section 7.2. This confirms that
the source moves along with the aircraft and is thus caused by the aircraft.

Moreover, applying a Buttersworth band-pass filter from 400 Hz to 11 kHz and then applying beamforming,
without applying Hanning weighting, results in a clean source map without the source at (0,0). The high noise
below 400 Hz (stemming from the aircraft) is thus causing the spectral leakage and needs to be eliminated
when analysing the high frequency data.

Lastly, to confirm that this source from 50 to 400 Hz is capable of causing such strong spectral leakage
above 5000 Hz and overshadow other sources there, a simulation was carried out. This simulation consists of
a strong signal spread over the 50 to 400 Hz band and a much weaker signal of 6500 Hz. Figure 7.9 shows the
PSD of the signal is 40 dB higher at the low frequencies than at 6500 Hz. This is a factor 100 difference which
is indeed the situation simulated. The PSD of this model is shown in Figure 7.12 where the signals are shown
separately (magenta for the low frequency signal and red for the high frequency signal) and combined (blue
line). Without weighting it is visible that the side lobes of the low frequency signal are still very dominant at
high frequencies. When this graph is zoomed at a frequency of 6500 Hz, see Figure 7.13, it is visible that the
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combined signal (blue) is still largely influenced by the low frequency signal when no weighting is applied.
The low frequency signal side lobes are still very strong at higher frequencies, only 5 dB lower than the high
frequency signal. In both plots it is visible that this is fully resolved when applying Hanning weighting.

Figure 7.12: PSD of the simulation of a low frequency noise with high acoustic energy. The low frequency source is presented in
magenta, the high frequency tone in red, and the combined signal in blue. The spectrum is shown with and without Hanning weighting
to see the impact of Hanning weighting for a strong low frequency noise. Without weighting, the side lobes of the low frequency source

are still significant at the high frequency source.

Figure 7.13: A closer view of the PSD from Figure 7.12 around the high frequency of interest to better observe the impact of weighting.
Without weighting, the side lobes of the low frequency source (magenta) clearly have a large impact on the total spectrum (blue). The

level is higher than that of the high frequency tone and also the peak is shifted, giving the wrong frequency indication of the high
frequency source. With Hanning weighting, the total spectrum at high frequency is the same as that of the high frequency source.

With the above checks of applying a band pass filter, applying GO cross-checked with CB, and performing
a check with simulated data, it is concluded that this behaviour is caused by very strong spectral leakage from
a low frequency source. The question arises what type of source is causing this. The outdoor microphone
array does not have the spatial resolution to separate sources at such low frequencies at take-off heights, thus
no exact location will be visible in acoustic source maps. However, from the circumstances at which this
artefact is found, a first deduction is possible. It occurs in take-off circumstances and not during landing,
which directs the search to engine noise as the engines are turning idle during landing. Research by [46]
shows numerically that interference of the jet stream with the trailing edge of the wing, causes a 13 dB PSD
increase at lower frequencies. Although it is out of scope of this research to investigate whether this is the
case for the behaviour seen here, it is an interesting theory.
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8
Performance of GO on fly-over data

In this chapter, the performance of GO on the two cases from Chapter 7 is tested. Similar to the previous
chapter, first the landing aircraft is analysed in Section 8.1. In Section 8.2 the take-off aircraft is analysed with
GO. However, first the scope of the analysis with GO is set out.

For the data analysis with GO the main interest is in the LF band, as this is where most sources (thus
most information) can be found and where CB has difficulties in revealing closely spaced sources. As multi-
frequency analysis did not give as good results as a single frequency analysis with the simulated data set in
Section 6.3, it is chosen to analyse a range of frequencies one by one. Combining the final results of each
frequency could give more information again. The frequencies in the one-third octave band 31 will be anal-
ysed. This band runs from 1120 Hz to 1410 Hz, in steps of 20 Hz, and is a good representation of the LF bands
shown in the previous sections. This frequency range allows for two things:

1. For a landing fly-over measurement the Rayleigh limit on this frequency range is low. As can be seen
in Figure 7.3a the engines, nose landing gear, and slightly the main landing gear are identifiable. Thus,
with the landing measurement case the ability of GO to find the aircraft height and closely spaced low
frequency sources in experimental field data is tested.

2. For a take-off fly-over measurement, at this frequency range CB suffers from the Rayleigh limit prevent-
ing the imaging of individual noise sources. In Figure 7.6a there exist two high acoustic energy fields
which both most likely contain multiple sources. This case is thus ideal to test the ability of GO to find
sources under the Rayleigh limit in the experimental field data.

Further, although results of the simulation analysis show otherwise, GO with neither the BF nor the CSM
energy function is able to converge for the z-location on fly-over data. The algorithm steers always entirely to
the z-boundaries, dominantly the lower boundary, even when the boundaries are expanded. The anechoic
room case already slightly hinted that finding different z-locations is difficult at lower frequencies. For the
take-off case this can be explained by the fact that the source is in the far-field and thus the z-location cannot
be well estimated. However the landing case is in the near-field and thus the z-location was expected to be
found. However, the anechoic room case and the simulation case both have a high SNR, which is not the case
for outdoor fly-over measurements where wind or background noise could cause disturbance. This could
explain why more difficulty in finding the z-location is seen for the fly-over measurements. To discard the
problem, the algorithm was set to search for a single height. As the simulation analysis for a single height
(Section 6.4) made clear that with the CSM energy function the height is not correctly determined, the data
set is analysed for height with the BF energy function first. Also the simulation analysis showed that under
the Rayleigh limit the BF energy function will not find any of the sources, but it will still find the correct height
of the strongest sources. The height found with the BF energy function will serve as input for GO with the
CSM energy function, which will thus only search parameters (x, y, s) per source.

Lastly, using the same setting parameters as for the simulated data set it is hardly possible to cover a range
of frequencies due to the high computational time of 8 hours per frequency. Therefore, the number of popu-
lation members (q) has been reduced from 128 to 64. The minimum setting for q that still allows good con-
vergence is disputed in literature. An extensive review by [47] showed that q is often used anywhere between
1 and 40 times the amount of search parameters. Setting q below 50 is however not recommended. Also for
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large-dimensional problems with 30 to 50 search parameters anywhere between 3 to 5 times the amount of
parameters is advised [47]. In this part of the research the number of search parameters is 22 at most (for 7
sources find x, y, s and once find z). Thus, setting q at 64 is deemed in line with the review. The following GO
setting parameters per frequency are used:

• q = 64

• Ngen = 2000

• Nruns = 10

• pc = 0.75

• F = 0.4

8.1. GO analysis of an A380 landing
To analyse the data with GO, search zones need to be applied. For that, the CB source map from Figure 7.3a
is used. A selection of seven sources has been made: the four engines, the nose landing gear, and two sources
for the main landing gear. Around these locations a broader search zone of 10 by 10 m is defined. With this,
the GO analysis is initiated.

The results of the analysis of GO with the BF energy function to search the height, showed an average
height of 53.78 m with a standard deviation of 8.59 m. The large deviation does introduce uncertainty and
therefore the height is analysed via a weighted histogram. For a single frequency the minimum energy of the
best run is divided by the energy per generation. Thus, when the energy of the solution is lower, indicating a
better candidate solution, the fraction is higher. With this, a weighted histogram can be constructed where
the z-location of a good solution is given a higher impact than that of a lesser solution. This is repeated for all
frequencies and combined in the weighted histogram of Figure 8.1. The highest bar is expected to represent
the best z-location.

Figure 8.1: Histogram of the estimated height for an A380 during landing. The height estimates are taken from the best results per
frequency analysed by GO with the BF energy function searching for a single height. The results are weighted by their energy. A lower

energy means a better result, and thus a higher value in the histogram. The histogram shows the best aircraft height at 42, 54, and 63 m.

The histogram in Figure 8.1 shows many peaks. This is unexpected but can be due to the fact that a bad
solution for z can be compensated by good estimates for x and y . Although this weighted histogram is not
ideal, it gives a first indication that the best z-location is either at 42 m, 54 m, or 63 m. To find out whether
one of these heights could indeed be the aircraft height, a geometry check is performed. Thus, the distance
between the locations of the engines in a CB source map is computed. For an A380, the inner engines are 29.6
m apart and the outer engines are 51.4 m apart. The distance between the nose landing gear and the main
landing gear should be 27.6 m [26]. At a height of 42 m the engines are too close together, at 63 m they are
too far apart. Around 54 m the engines are also too far apart. Thus, the weighted histogram does not help
in finding z. Therefore an extensive search has been done with CB source maps on different scan planes. It
was concluded that for a height of 50 m the engine locations match best with reality. This is the same aircraft
height as is used for the CB figures (Figure 7.3a and 7.3b) earlier. Thus an aircraft height of 50 m served as
input for GO with the CSM energy function.
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Table 8.1 contains the mean and standard deviation of the best solutions per frequency of GO with the
CSM energy function. These values indicate the average location of a source over the frequency band. The
standard deviation for the x- and y-location is within 4.3 m which indicates that the source location found
per frequency is relatively stable. However, the source strength deviates up to half the mean source strength.
This can be explained by looking at source maps of a single frequency within the band. Not all sources are
visible at each frequency. As the simulation analysis proved, when searching for a non-existent source the GO
algorithm with the CSM energy function tends to find sources at a low source strength.

Source 1 2 3 4 5 6 7
x (m) -30.1 ± 3.72 -16.9 ± 2.44 1.05 ± 2.44 13.4 ± 2.08 21.3 ± 2.52 -0.56 ± 1.52 1.73 ± 1.71
y (m) 7.51 ± 3.81 15.1 ± 1.91 39.1 ± 4.25 10.9 ± 2.63 1.0 ± 2.80 7.70 ± 2.98 7.71 ± 3.07
s (Pa) 2.99 ± 1.19 3.53 ± 1.39 2.29 ± 0.56 3.08 ± 1.20 3.00 ± 1.11 3.77 ± 1.68 3.82 ± 1.66

Table 8.1: Mean and standard deviation of the best source parameters over the frequency band as found by GO with the CSM energy
function for an A380 in landing. The height of the aircraft was fixed at 50 m and thus is not a parameter in the table. For the source

strength large deviations of its mean are seen. This is due to sources not being equally strong at every frequency. Source 3 corresponds
to the nose landing gear, while sources 6 and 7 correspond to the main landing gear.

The mean and standard deviations can also be presented in histograms per parameter. This gives more
clearly an indication of which locations and source strengths are found amongst the best solutions over the
frequency band. The histograms for the x- and y-location as well as the source strength are presented in
Figure 8.2. The higher the bar, the more often that location is found over the frequencies. For the x-location
clearly a source between -18.5 and -16 m is visible. Also a source between -0.1 and 1.1 m is seen, this is the
nose landing gear. Also between 13.4 and 14.7 m and 22.0 and 23.3 m two x-locations are found more often.
For the y-location sources are found multiple times between 0.3 and 1.3 m, which corresponds most likely to
the two sources of the main landing gear. Also between 7.3 and 8.3 m and 13.3 and 14.3 m sources are found
often. However, there is a higher spread around the bars than for the x-location histogram. For the source
strength, very clearly the highest source strength of 5 Pa is found. This is due to the fact that both sources of
the main landing gear have this source strength for GO. From the source strength histogram it is concluded
that there is quite a spread for source strength for the other sources.

(a) Histogram for the x-location. (b) Histogram for the y-location. (c) Histogram for the source strength.

Figure 8.2: Histogram plots for the source parameters found by GO for an A380 in landing. Dominantly found is the nose landing gear at
x = 0 m. Also the source strength of the two main landing gear sources is found dominantly at s = 5 Pa.

The locations in the table and histogram plots give an indication whether the same locations are found
multiple times. However, they do not give an indication whether the source is correctly found. Therefore,
acoustic source maps are constructed which give a visual insight. From the frequency range, only for one
frequency the results are presented in Figure 8.3. The other frequencies have been analysed as well, but will
not be presented here to keep the report concise. For clarity a frequency is chosen for which the figures do
not show too high side lobe levels. Figure 8.3 is built up out of three separate acoustic source maps. In all
figures of Figure 8.3 the location of the sources found by GO are indicated with black and white stars. The
colour of the star is chosen based on the clarity with respect to surrounding colours, it has no meaning.

• Figure 8.3a shows an acoustic source map of the full one-third octave band 31 generated with the stan-
dard CB algorithm, this is essentially the same as the source map in Section 7.1. Note that although the
same CB algorithm is used as in the previous sections, the levels displayed here are different. The rea-
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son for this is that in the GO post-processing the SPL is presented without the height and attenuation
correction from Equation 4.10.

• Figure 8.3b gives the CB source map for solely the frequency of interest (1300 Hz), while Figure 8.3a,
described in the previous item, gives an indication of the sources present in the full band. Here a high
number of side lobes can be seen that are not visible in Figure 8.3a as they are averaged out for the band
with incoherent summation.

• Figure 8.3c is also a source map generated with the CB algorithm for a frequency of 1300 Hz, but the
CSM is constructed differently. For the first two images, the CSM is generated with measurement data
as explained in Section 4.2. For the last image the CSM is constructed based on the sources found by
GO. Hence CCC model of Section 4.4.2 is used. The source strength found by GO is included the CCC model

used for Figure 8.3c and thus is only represented in the last figure.

(a) CB source map for one-third octave band 31.

(b) CB source map for a frequency of 1300 Hz. (c) CB source map for a frequency of 1300 Hz with the GO results at
the same height as CB.

Figure 8.3: CB acoustic source maps to represent the sources found by GO with the CSM energy function for the A380 in landing at a
frequency of 1300 Hz. All source maps use the same colour scale. The first two figures are constructed with measurement data with the
source locations found by GO plotted on top in dots. The last figure is constructed with a CSM based on the parameters found by GO.

The source locations found by GO are correct. However, the source strength for the landing gear is strongly overestimated.

From Figure 8.3a is concluded that the algorithm is able to find the engine locations and the main landing
gear, but is slightly off for the nose landing gear. By inspecting Figure 8.3b it is clear that GO did find the high-
est acoustic energy locations for this specific frequency. Thus it provides a good match for frequency 1300
Hz, but deviates from the average location of the source over the band. From the first two figures, only a con-
clusion on the source location found by GO can be drawn, for the conclusion on the source strength Figure
8.3c is needed which should be compared to Figure 8.3b. Figure 8.3c shows that the source strength around
the main landing gear location is overestimated strongly. Perhaps this is caused by a compensation of the too
high z (landing gear are expected 5 m lower than the engines) for a higher s. This causes a slightly different
side lobe pattern with respect to Figure 8.3b. To conclude this analysis, it appears that the the locations found
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are correct, but that the source strength is overestimated for the main landing gear.

As seen in the analysis of simulated sources in Chapter 6, the algorithm has not always converged within
2000 generations. In that case the final solution might not be the best solution the algorithm can find. There-
fore, convergence plots of the algorithm at a frequency of 1300 Hz have been added, see Figure 8.4. The
algorithm converged within 250 generations thus here the final solution is the best GO can find. The conver-
gence plots also show that only the nose landing gear (yellow) goes to the upper boundary for the x- and y-
direction. Furthermore the red line representing a source of the main landing gear goes to its source strength
upper boundary. Note that z is constant as it is at a fixed height. The fast convergence indicates that F could
be set larger and pc smaller to explore the search space more. This gives a slower convergence, but might
improve the result for s.

(a) Convergence for the x-direction. (b) Convergence for the y-direction.

(c) Convergence for the z-direction. (d) Convergence for the source strength.

Figure 8.4: Convergence plots of the source parameters for the A380 in landing as found by GO with the CSM energy function for a
frequency of 1300 Hz. Each colour represents the same source in all convergence plots. Seven sources are searched for in this data set.

Convergence is achieved in 200 generations, however, for some sources the boundaries are found.

It is concluded that for the landing case GO is not able to find the correct source height, but it is able to
find the correct source locations when the height is fixed. Additionally, GO is able to determine correctly the
source strength of the engines, but overestimates the source strength of the landing gear.

8.2. GO analysis of a B747-800 taking off
The search zones for GO need to be defined to start the analysis. However for the low frequencies analysed
with GO (1120 Hz to 1400 Hz) the CB source map does not show separate sources. Therefore, the search zones
have been defined based on the HF band source map from Figure 7.6b. Although only the engines are visible
in Figure 7.6b, an estimation has also been made for the location of the nose landing gear. Lastly, an extra
source seems to be present (on the aircraft wing in the optical picture). For this, also a search zone is added.
Thus, in total six sources are searched for the B747-800 take-off case: three for the engines on the left side,
two for the engines on the right side, and the last one for the nose landing gear.
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The analysis of GO with the BF energy function over the frequency range showed an average height of
246.69 m with a standard deviation of 18.08 m. This is a very large deviation and thus similarly to the landing
case the weighted histogram is constructed, see Figure 8.5.

Figure 8.5: Histogram of the estimated height for a B747-800 during take-off. The height estimates are taken from the best results per
frequency analysed by GO with the BF energy function searching for a single height. The results are weighted by their energy. A lower
energy means a better result, and thus a higher value in the histogram. The histogram shows the best aircraft height at 230 m, but also

gives a high value at 243 m and above 265 m.

The histogram in Figure 8.5 shows especially good z-candidates at the search boundary of 230 m. It further
shows a peak between 265 and 270 m. Although the analysis of simulated data indicated that the height could
still be found in the far-field, this is not supported by the results of the fly-over data. When at h = 230 m and h
= 270 m source maps are constructed, it becomes clear that the engine sources are not at the correct distance
with respect to each other. The inner engines should be 25 m apart and the outer engines should be 45 m
apart [27]. For a height of 230 m they are too close together, for a height of 270 m they are too far apart.
According to the histogram, the aircraft could also be at a height of 243 m. However, this did not result in the
correct aircraft geometry as the engines are too close together. Again a source map has been made with CB
for several heights which showed that 260 m could be the correct aircraft height. With this height, the GO
algorithm with the CSM energy function is initiated over one-third octave band 31.

Table 8.2 gives the mean and standard deviation of the best results over the frequencies. It is visible that the
source strengths are higher than those for the landing, which is as expected especially for the engines. The
sixth source is the nose landing gear, for which a large standard deviation in y is seen.

Source 1 2 3 4 5 6
x (m) -29.5 ± 3.95 -25.9 ± 3.62 -19.5 ± 4.08 6.13 ± 3.59 9.99 ± 3.80 -17.4 ± 1.84
y (m) 16.7 ± 3.17 4.23 ± 5.33 11.5 ± 3.43 10.8 ± 4.73 13.4 ± 4.92 -18.3 ± 6.39
s (Pa) 4.47 ± 2.82 4.71 ± 2.35 5.43 ± 2.20 5.10 ± 2.15 5.50 ± 1.61 1.51 ± 0.92

Table 8.2: Mean and standard deviation of the best source parameters over the frequency band as found by GO with the CSM energy
function for a B747-800 in take-off. The height of the aircraft was fixed at 260 m and thus is not a parameter in the table. For the source

strength deviations up to half its mean are seen. This is due to sources not being equally strong at every frequency. Source 6
corresponds to the nose landing gear, the other sources correspond to the engines.

Next to the means and standard deviations per source parameter over the frequencies, also the histograms
for x, y,ands are presented, see Figure 8.6. There are seven peaks visible for the x-location, while six sources
are searched. From -30 to -15 m for x several sources are found often. From -15.4 and -14.4 m, as well as
from 9.4 to 10.4 m two sources are found. Both should correspond to engine locations. In the histogram plot
for the y-location all the negative y-locations are options for the nose landing gear. The nose landing gear
location is thus hard to find. The engines seem to be located between 9.3 and 10.3 m, between 13.3 and 14.3
m, or between 19.3 and 20.3 m. Lastly the source strength histogram shows that for nearly all sources the
maximum source strength of 7 Pa is found. This however does not correspond to the mean and standard
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deviation in Table 8.2 where the mean of the source strength is around 5 Pa for most sources. Thus, for each
location a very high and very low source strength are found.

(a) Histogram for the x-location. (b) Histogram for the y-location. (c) Histogram for the source strength.

Figure 8.6: Histogram plots for the source parameters found by GO a B747-800 in take-off. Two main x-locations are found and a peak is
visible for y around 14 m. Several sources found the upper boundary of the source strength at s = 7 Pa.

Analogous to Section 8.1, the results for a single frequency are shown with acoustic source maps. The first
three source maps are made at an height of 250 m which is in line with the ADS-B height. These source maps
are thus comparable to those in Section 7.2. An extra source map is added here, Figure 8.7d, with the CSM
constructed based on the parameters GO found, however, at the height at which the GO algorithm was set in
the end, h = 260 m. This energy landscape represents what is expected to be the real acoustic source map.

(a) CB source map for the one-third octave band 31. (b) CB source map for the single frequency.

(c) CB source map for the GO results at the same height as the
CB results.

(d) CB source map for the GO results at the height found by
GO.

Figure 8.7: CB acoustic source maps to represent the sources found by GO with the CSM energy function for the B747-800 in take-off at
a frequency of 1180 Hz. All source maps use the same colour scale. The first two figures are constructed with measurement data with
the source locations found by GO plotted on top in dots. The last two figures are constructed with the CSM based on the parameters

found by GO, constructed at a height of 250 m (left lower corner) and 260 m (right lower corner). The source locations found by GO are
too closely spaced together to be the engines. The nose landing gear (white dot) is also not in the middle of the two high energy regions
as it should be. The source strengths are strongly overestimated. The difference in height of 10 m between the lower two figures causes

the main lobe to spread more for higher heights.

57



Figure 8.7d is added to see the impact of height on the source map. From comparison it appears that the
high acoustic energy areas are slightly larger for h = 260 m. Figures 8.7c and 8.7d show the acoustic source
maps with a CSM based on the parameters found by the GO with the CSM energy function at a frequency of
1180 Hz.

In Figure 8.7 it strikes immediately that at this single frequency the left side of the aircraft has a higher SPL
region than the left side. GO finds multiple source locations under the Rayleigh limit as the simulated data set
proved earlier. The locations found should be the engines, however they are too closely spaced. Furthermore
the nose landing gear location is incorrect, as it is far from the higher energy region in Figure 8.7b. Regarding
the source strength, a comparison is made between Figure 8.7d and Figure 8.7b. Clearly, the high energy re-
gion is larger for the source map constructed with GO sources, which means that the source strength for the
engines is overestimated. Also the size of the main lobes and side lobes as well as their location do not match
between the source map based on measured data and modelled data. Thus, there is uncertainty about the
’engine sources’ found.

The convergence plots for this search at a frequency of 1180 Hz are shown in Figure 8.8. It shows that the
algorithm converges within 100 generations, but goes multiple times to the boundaries. This indicates that
the search boundaries are not wide enough and that the source solutions presented in this section, might
indeed not be correct.

(a) Convergence for the x-direction. (b) Convergence for the y-direction.

(c) Convergence for the z-direction. (d) Convergence for the source strength.

Figure 8.8: Convergence plots of the source parameters for the B747-800 in take-off as found by GO with the CSM energy function for a
frequency of 1180 Hz. Each colour represents the same source in all convergence plots. Six sources are searched for in this data set.

Convergence is achieved within 100 generations, however, for most sources the boundaries are found.

In conclusion, the weighted histogram in Figure 8.5 gives hardly a conclusion on the height. The large
distance of the aircraft to the microphone array not only gives the far-field problem, but also gives rise to
another problem, i.e. a high amount of signal disturbance (a low SNR) could be introduced when the signal
propagates to the microphones. These problems combined, could cause trouble in finding the source height,
but also the source location.

From the source maps in Figure 8.7 it is visible that the engine locations found are too close together.
Therefore, currently the method is deemed unsuccessful for the LF band. For future research, first a test on
the HF band for take-offs should be performed. In the HF band, the engines are separately visible as can
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be seen in Figure 7.6b. If GO finds the engines correctly in the HF band, as happened for the landing case,
one can state whether GO works at all for take-off measurements. If GO is proven to be successful on the
HF band, the LF band can be analysed again for less sources and with stricter boundaries per source. Also
geometry restrictions as the minimum distance between the engines could be added to improve the results
for the take-off case.
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9
Conclusions and recommendations

In this chapter, the conclusions drawn from this research are presented in Section 9.1. Several recommenda-
tions for future research based on these conclusions are presented in Section 9.2.

9.1. Conclusions
The objective of this research was to assess the use of GO as imaging method to localise and quantify acoustic
sources on real fly-over data. For the assessment, a DE algorithm with two energy functions is used; an energy
function based on CB, referred to as BF energy function, and an energy function based on CSM-matching,
referred to as CSM energy function. The algorithm was applied to four different measurement sets: 1. three
speakers set up in an anechoic room at different distances to the array, 2. a simulation of an aircraft fly-over
during take-off, 3. a measurement of an aircraft fly-over during landing, and 4. a measurement of an aircraft
fly-over during take-off. Measurement set 3 and 4 result from an extensive measurement campaign at Ams-
terdam Airport Schiphol. The results will be discussed in the same order as these four cases.

GO in combination with the CSM energy function has been applied to the anechoic room measurements
to test the use of GO when the sources do not have the same z-location. Here it is not possible to analyse
the sources with a single CB source map as they are not located in the same scan plane. GO had difficulty
to find the correct z-locations, but identified the x- and y-location perfectly. The source strength was also
found correctly. This case also showed that GO with the CSM energy function is able to identify sources in
(x, y) under the Rayleigh limit.

The second case allowed for an extensive comparison of energy functions on simulated data. The BF en-
ergy function proved to converge faster than the CSM energy function due to the lower number of search
parameters. However, the BF energy function is not capable of identifying sources under the Rayleigh limit.
The CSM energy function does not suffer from this limitation.

Next to single frequency analysis, multi-frequency energy functions for both the BF and CSM energy func-
tion have been tested. The multi-frequency energy functions only improved the results marginally, while the
computational time strongly increased. Lastly, the search for a z-location per source was replaced by search-
ing one z for the whole aircraft. In this case, the CSM energy function overestimates z while the BF energy
function is capable of finding the z matching with most sources.

After the analysis of simulated data, a basic analysis on the fly-over measurements was performed. Al-
though from prediction with ANOPP the main landing gear was expected to be visible in CB source maps, for
both the landing and take-off case they are not visible. The engines are dominantly visible for both cases in all
frequency bands. The basic analysis also showed that the take-off case suffered from strong spectral leakage
caused by a strong low frequency noise source when no weighting was applied to the data. From literature
research, the low frequency source is hypothesised to be caused by interference of the jet stream with the
wing.

Lastly, GO was applied to the fly-over measurements to reach the objective. For neither cases, with neither
energy function, GO was able to find the aircraft height. This might be due to the low SNR of real fly-over

61



measurements with respect to the high SNR of an anechoic room experiment or simulated data. The single
frequency CSM energy function was applied on a range of frequencies from 1120 to 1400 Hz. The algorithm
made use of a fixed height found by analysing CB source maps. GO did find the correct source locations for
the landing case and the correct source strengths for the engines. The source strength for the landing gear was
overestimated. For the take-off case at this frequency the sources are located within the Rayleigh distance.
The source locations were not found correctly and the source strengths were overestimated. This is perhaps
due to the low SNR of outdoor measurements, while the capability to see under the Rayleigh limit was tested
with cases of high SNR.

Overall, this research concludes that GO is a promising method to identify noise sources. However, a set of
recommendations is provided to improve the performance of GO in low SNR cases.

9.2. Recommendations
This insights obtained in this research, led to recommendations for future research on this topic. First a set
of recommendations for the measurement set-up is provided.

• The calibration of the microphones as explained in Appendix B is a tedious process. To save time on
the calibration process for future MCs, a single high quality microphone can be added in the centre of
the outdoor microphone array. This would provide a constant reference for the signals measured by
the rest of the array. Additionally, a second pistonphone at a different frequency could be added to the
equipment. This gives a fast idea of the offset of a microphone at different frequencies and replaces the
need of an extensive comparison in an anechoic room.

• It would be ideal to have access to the Flight Data Recordings (FDR) data from the aircraft or to airport
radar data. This extra data can serve as verification or reference to the ADS-B data and will provide
better insight into the real aircraft position.

For the experimental take-off case, GO did not provide satisfying results for the analysis where sources are
not separately distinguishable (i.e. are closer spaced than the Rayleigh limit). Several recommendations are
suggested to further assess the applicability of GO for this case. Note that only the GO algorithm with the
single frequency CSM energy function is considered here for its use in finding sources under the Rayleigh
limit.

• Noise can be added to the simulated data set to see the effect of signal disturbance on the localisation
and quantification of the sources in the far-field of the microphone array.

• The use of GO for the take-off case can be tested by applying it on the HF band first where the four
engines are clearly distinguishable. If GO passes this test and is able to identify the engines as it did
for the landing case, then a following test can be done. By removing artificially the measurements of
the outer microphones, the aperture of the array is decreased. If the aperture is decreased to an extent
where in the HF case the engines are not distinguishable, GO can be applied again. If GO still identifies
the sources, it proves its capability to identify sources under the Rayleigh limit when the SNR is low.
If GO does not identify the sources, the below recommendations can be implemented to improve the
algorithm.

• The aircraft geometry can be used to restrict the search by GO when it is implemented in the energy
function. The geometry constraint can be used to discriminate better the sources in the LF band for
take-offs. It can be implemented as a minimum distance between the sources found by GO, e.g. for the
inner engines of a B747-8 this would be 25 m [27]. Additionally, a geometry constraint could improve
the search for the aircraft height. It can be implemented such that the z-location of sources is set re-
spective to the average height of all sources. This can be very useful for the landing case and anechoic
room case as well, where a similar difficulty in finding z was perceived.

• Multiplication factor F and crossover probability pc could be set to different values, such as 0.6 and 0.55
respectively. Increasing F and decreasing pc allows for a broader exploration of the search zone. This
increases the number of generations needed for convergence, but could aid in finding optima better.

• The CSM energy function can be aided in its search by removing the contributions from known sources
from the CSM, thus leaving only a search for the unknown sources.
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Lastly, from this research three interesting leads followed for future research. These recommendations can
potentially require their own research.

• It is strongly advised to investigate whether the low frequency noise source could indeed be caused by
interference of the exhaust jet stream with the wing trailing edge as is suggested in Section 7.3. This
can be done in a wind tunnel experiment where an engine and wing are set up. When in the future
the results of GO with a BF or CSM energy function are satisfactory, GO might also aid in the analysis.
However, in that case the energy function needs to be adapted. Currently the energy functions are
based on incoherent sources, but interference noise presents a coherent source system.

• GO proved to be able to find sources far under the Rayleigh limit in simulations and in the anechoic
room, where a high SNR is achieved. This raises the question if there is a new limit to which sources
still can be distinguished from each other with GO combined with the CSM energy function. This can
be tested with simulations or in anechoic room experiments.

• When the current microphone array will be used again for far-field measurements, it is suggested to
base the energy function on another type of imaging. The wavenumber beamforming algorithm is
proposed to test first. This is the algorithm with which the Underbrink array is tested for the far-field in
[13].
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A
Data set of measured aircraft

The data set of measured aircraft is constructed over three days in total, of which two days for take-offs and
one day for landings. A single measurement day is called a MC. All measurements took place at location 18C
at Amsterdam Airport Schiphol, see Figure 2.6 for the precise location. The weather conditions per MC are
listed in Table A.1 [17]. The number of measurements per aircraft type per MC is given in Table A.2. This
shows that the A320-200, B737-800, and ERJ190 are the most common aircraft types for the Zwanenburgbaan
where the measurements took place.

The landing fly-over measurement used in this research was the second A380 measured during MC3, at
time 13:21. The take-off fly-over measurement used in this research was the B747-800 measured during MC2,
at time 12:21.

Meteorological condition MC1 MC2 MC3
Date June 22, 2019 July 3, 2019 September 24, 2019
Measurement time start-end (h:m) 11:57-17:32 12:01-17:47 11:49-14:30
Operational condition Take-off Take-off Landing
Location at Schiphol 18C 18C 18C
Temperature start-end (◦ C) 19.4-20.5 17.6-19.6 15.9-17.1
Humidity start-end (%) 66-57 45-48 82-81
Pressure start-end (hPa) 1023.5-1020.3 1026.5-1026.6 1007.9-1006.8
Wind direction start-end ENE-ENE N-NNW SSE-SSE
Wind speed start-end (m/s) 4-6 4-7 7-7

Table A.1: Meteorological conditions during the different MCs [17]. On MC3 rain was pouring in the afternoon, explaining the short
measurement time frame.
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Aircraft type MC1 MC2 MC3
A319-100 2 8 5
A320-100 0 0 1
A320-200 10 16 9
A320neo 0 1 0
A321-100 0 1 0
A321-200 4 4 3
A330-200 4 3 3
A330-300 0 4 1
A380 1 0 2
B737-500 1 0 0
B737-700 8 11 6
B737-800 38 26 21
B737-900 1 4 2
B747-400 0 2 2
B747-800 0 1 0
B757-200 0 0 1
B767-300 1 0 3
B777-200 1 1 1
B777-300 0 2 3
B777-F1 0 4 0
B787-9 0 2 3
B787-10 0 1 0
Background 3 3 2
CRJ-7 2 3 0
CRJ-9 0 1 0
ERJ145 1 0 0
ERJ175 15 16 2
ERJ190 12 16 14
ERJ195 2 2 1
Havilland dash8-400 0 0 1
Total 106 132 86

Table A.2: Number of measurements per aircraft type, sorted per MC. In total 238 take-offs are measured (during MC1 and MC2), while
86 landings are measured during MC3. The aircraft types are sorted per manufacturer. Background measurements are performed for

reference. A320-300, B737-800, and ERJ190 are the most common aircraft types for the Zwanenburgbaan at Amsterdam Airport
Schiphol.
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B
Microphone calibration

The microphones in the set-up degrade slightly over time, causing deviations between the true pressure of a
sound source and the measured pressure of that source. This influences the acoustic sources maps and thus
to counteract this, the measurement system is calibrated. First the DAQ is calibrated in Section B.1. After that
the microphones are calibrated with a pistonphone in Section B.2. Lastly a microphone attenuation check is
performed over a larger frequency range, see Section B.3.

B.1. Calibration of the DAQ
It is especially important for the DAQ to have all signals in phase as the acoustic imaging technique relies
on calculated phase differences. Thus, a phase difference inside the DAQ could translate in wrong acoustic
source maps.

The performance of the DAQ is tested with a signal generator for a single frequency and multi-frequency
case. First the 1000 Hz signal is applied. An analysis on amplitude and phase deviations of the output signal
is performed, but no deviations between the channels are found. Then a signal consisting of frequencies
0.5, 1, 2.5, 3, 4, 5, 10, 15, and 20 kHz is applied to all channels. The output for this signal is also checked for
amplitude and phase, and now one channel is ill-performing, see Figure B.1.

(a) Relative amplitude of the signals with respect to microphone 1. (b) Relative phase of the signals with respect to microphone 1.

Figure B.1: Calibration of the output signal of DAQ camera 2 for a multi-frequency input signal. The relative amplitude and phase of all
channel outputs over frequency is plotted. They are made relative to channel 1. Ideally, all outputs are 100% and thus exactly the same

as microphone 1. However, channel 40 is ill-performing for higher frequencies for both the amplitude and the phase.

This analysis showed that channel 40 has a large offset in both phase and amplitude, and thus is taken out
of the data. This malfunctioning could not be seen in the single frequency case as the offset starts well above
1000 Hz.
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Figure B.2: SPL output for all microphones over frequency for a reference measurement in the Cyberzoo. The higher the microphone
number, the lower the output should be as they are further away from the source. Clearly microphone 21 is broken and microphone 63

is ill-performing at lower frequencies. Also for some microphones offsets at higher frequencies are seen.

B.2. Microphone calibration with a pistonphone
First, the general microphone performance is checked. This is done by analysing the time response of a
microphone and by checking the output over frequency for the microphones in a test set-up in the Cyberzoo
of Delft University of Technology. The latter is shown in Figure B.2.

From Figure B.2 it can be seen that microphone 21 is broken. Also microphone microphone 63 is ill-
performing with hardly any output at low frequencies. These microphones thus are taken out of the data
set. Furthermore this figure shows that several microphones find lower or higher values than their neigh-
bours. This is in part due to the location of the sound source with respect to the microphones. The other
part is caused by general attenuation differences per microphone which are evened out with a correction
factor. The correction factor is calculated through an initial calibration with a pistonphone which emits a
pure tone of 1000 Hz at 93.8 dB. This pistonphone has to be placed over a single microphone. The data of the
microphone is read and a correction factor is determined based on the effective pressure as measured by the
microphone. The equation for the correction factor is given in Equation B.1. Note that not only the correction
factors of the individual microphones are gathered by doing this, but the correction factor also includes the
correction factors needed for the DAQ due to impedance differences of the microphones. In Equation B.1 the
effective pressure is calculated by averaging the signal over a time snapshot of 1 s.

fcor,m = peff ,93.8dB

peff,meas,m
(B.1)

In Figure B.2 deviations between the microphones at higher frequencies are visible. For that, an extensive
calibration is performed as presented in Section B.3.

B.3. Microphone calibration in the anechoic room
With the pistonphone available, the microphones can only be corrected at a frequency of 1000 Hz. This way
deviations at higher frequencies are not corrected. Therefore a cross-reference of the microphone output is
performed with a fully-calibrated and more advanced set of microphones in the A-tunnel facility of Delft Uni-
versity of Technology. This is a vertical flow open-jet wind tunnel in an anechoic room. As the microphones
only needed to be calibrated, the air flow was not needed, hence the room functions as anechoic room solely.
Here the microphones are placed (per bundle of 8) next to the advanced microphones in the grid, see Figure
B.3.

An omnidirectional source with white noise ranging from 315 to 6300 Hz at 63 dBA was used. By comparing
the frequency spectrum of an outdoor microphone with the frequency spectrum of its closest indoor micro-
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Figure B.3: Mounting of the outdoor microphones (black) under the indoor microphones (metallic) in the array of the A-tunnel
anechoic room. The calibration is performed per bundle of 8 microphones.

phone, the attenuation decay of the outdoor microphones becomes visible. Another check can be done by
looking at the frequency spectrum of the outdoor microphone solely. White noise should have equal power
in each frequency. In other words, the PSD should be constant. Thus, the outdoor microphone should show
a constant spectrum.

The analysis of the measurements showed that for most outdoor microphones the PSD results deviated 1
dB at most, see Figure B.4a. However, 5 microphones showed increasing deviations at higher frequencies as
can be seen in Figure B.4b. For this research eventually only a small part of the analysis was performed above
6300 Hz, nonetheless the microphones with this behaviour are taken out when the acoustic data is imported
for imaging.

(a) PSD comparison for outdoor microphone 1 with indoor
microphone 50.

(b) PSD comparison for outdoor microphone 62 with indoor
microphone 50.

Figure B.4: PSD of the indoor microphones with respect to the outdoor microphones. The omnidirectional source generates white
noise for a frequency range of 315 to 6300 Hz. For outdoor microphone 1 a slight deviation is visible where below 3000 Hz the outdoor

microphone is 1 dB lower than the indoor microphone. Above 3000 Hz the outdoor microphone is 1 dB higher. For outdoor
microphone 62 from a frequency of 1000 Hz onward the deviation increases. At 6000 Hz the outdoor microphone has a signal output 6

dB lower than the indoor microphone.

After the calibrations of these three sections, seven microphones are taken out of the analysis. The micro-
phones that are taken out are coloured in the array in Figure B.5.
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Figure B.5: Indication of the microphones taken out of the data set after calibration. Microphones that are broken (numbers 21, 63) are
red. Microphone 40 for which the DAQ is ill-performing is yellow. The microphones with high frequency offsets (numbers 46, 54, 62, 32)

are orange.
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C
Atmospheric attenuation

When a pressure wave travels through the atmosphere, it is subject to losses. There are three main types of
losses: heat conduction, shear viscosity, and molecular relaxation losses. These losses form a low pass filter
over the pressure wave, where the high frequencies lose more acoustic energy [48].

The attenuation loss factor α can be described through a series of semi-empirical equations and is applied
in Equation 4.10 to correct the SPL.
α can be calculated through the relaxation frequencies of nitrogen ( fr,N ) and oxygen ( fr,O) which are de-

fined in Equation C.1 and C.2 respectively. These equations are derived from [48].

fr,N = pair

pref ,0

√
T0

Tair

(
9+2.8 ·104He

−4.17
(
(T0/Tair )1/3−1

))
(C.1)

fr,O = pair

pref ,0

(
24.0+4.04 ·106H

0.02+100H

0.391+100H

)
(C.2)

In the above equations, pr e f ,0 is a reference pressure of 100 kPa, pair is the air pressure during the mea-
surement. Tair is the air temperature during the measurement and T0 is a reference temperature of 293.16 K.
H is the absolute humidity during the measurement.

Instead of the relative humidity (RH) as measured by the KNMI, the absolute humidity H as molar con-
centration of water vapour in air is used in Equations C.1 and C.2. H can be calculated with Equation C.3.

H = ρsat RH p0

100pair

with ρsat = 10Csat

and Csat =−6.8346

(
Tsat

Tair

)1.261

+4.6151

(C.3)

p0 is the standard atmospheric pressure of 101.325 kPa. Csat is the saturation constant, for which Tsat

equals 273.16 K.
These equation are used as input in the calculation of the attenuation coefficient α, see Equation C.4. α is

thus dependent on frequency, humidity, temperature, and pressure.

α( f ) = f 2


1.84 ·10−11√

T0
Tair

pair
p0

+
(

T0

Tair

)2.5
0.10680e−3352/Tair fr,N

f 2 + f 2
r,N

+ 0.01278e−2239.1/Tair fr,O

f 2 + f 2
r,O


 (C.4)

In Equation C.4 the unit of α is Nepers/m, which is based on a natural logarithmic scale. This can be used
when correcting the pressure data directly, see Equation C.5.

pcor(t ,r ) = pe−αr (C.5)

To transform it to a base-10 logarithm scale to apply it as in Equation 4.10, α is multiplied with a factor
20

ln(10) and has a unit of dB/m.
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D
Background information on data

processing

The DAQ saves raw data as signed 16 bit integers, which must be converted to Volts in order to be usable for
post-processing the data. Moreover the calibration from Appendix B needs to be applied. The steps that need
to be taken from reading the data to using it for calculations, are presented in a flow chart in Figure D.1.

The bits to Volts calculation is performed by multiplying the data with a factor of 2.5/32768. For the mea-
surements presented in this report, the low amplification factor needs to be used. Following that, the calibra-
tion factors are applied which are determined from the pistonphone calibration explained in Section B.2.

The signal is reduced to only the selected snapshot of 0.05 s at the overhead time. At the sampling frequency
of 50 kHz this snapshot results in 2500 samples. Note that with this snapshot time the frequency resolution is
20 Hz. The data columns with the broken microphones are then removed. Seven microphones are taken out.
See Figure B.5 for the defective microphones.

For each of the remaining microphones the signal is Hanning weighted to reduce the side lobe levels in
the frequency spectrum. Following that, zero-padding is applied to the time domain signal to decrease the
frequency spacing in the spectrum. By zero-padding to lengthen the signal to a power of 2 length, the Fast
Fourier Transform (FFT) is computed faster. Note that this will not result in resolving two frequencies spaced
closer together than 20 Hz. It will however give a better representation of the filter function and thus a better
representation of the spectrum.

Now these steps are all performed, the FFT algorithm from Matlab can be applied to the time domain
signal. The result is essentially a filter bank where at each frequency the filter from the window is present.

Figure D.1: Consecutive steps for the data processing. The process starts at the saved raw data file of the DAQ. After the last step, the
researcher can use the data for calculations of source maps or PSDs.
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