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Abstract 
 
Sound power describes a sound source regardless of its environment and is useful in 
noise control applications, but can be cumbersome and time consuming to measure. 
Sound power levels can rank different sound sources and is often restricted in noise 
control legislation. 
 
An acoustic camera records a sound field with a microphone array. Due to properties of 
the array, and by using beamforming algorithms, an acoustic camera can separate sound 
from different directions. The acoustic camera measures sound pressure from a sound 
source. By assuming directivity properties the sound power of a sound source can be 
derived from the sound pressure. 
 
In this thesis an acoustic camera has been evaluated in order to determine sound power 
estimation performance and sound source separation ability. 
 
This is tested by six different measurement set-ups in an anechoic chamber. Two 
different sound sources are used in the trials; one reference sound source and one 
disturbing sound source. The reference sound source has a calibrated and documented 
sound power level to which the measurement results are compared. Measurements were 
performed at 1 to 5 m distance from the acoustic camera with both sound sources. The 
influence of a disturbing sound source on the reference sound source sound power level 
was measured with the sound sources separated 0.65 m to 2.6 m. 
 
The measurements show that the sound power level could at best be determined within 1 
dB. The acoustic camera can separate different sound sources well. Influence from a 
disturbing sound source, 10 dB SPL stronger and distanced 1 m from a reference sound 
source was 2 to 3 dB for mid-frequency one-third octave bands at 5 m measurement 
distance. 
 
Measuring sound power with an acoustic camera is fast and mobile compared to room 
interaction methods and sound intensity measurements. The results of this thesis are 
useful when measuring sound power levels, especially for sound sources such as chimney 
outlets, wind power stations and big objects that can not be moved or do not fit in a room.



Sammanfattning 
 
Ljudeffekt beskriver en ljudkälla oavsett dess omgivning och är användbar i 
bullerapplikationer, men är ofta omständlig att mäta. Med hjälp av ljudeffektnivåer kan 
man sortera ljudkällor efter styrka. Ofta är ljudeffektnivån för bullrande källor reglerad i 
lag. 
 
En akustisk kamera använder en mikrofonarray för att spela in ett ljudfält. Med hjälp av 
mikrofonarrayers egenskaper samt efterbehandling med beamforming algoritmer kan den 
akustiska kameran separera ljud från olika håll. En akustisk kamera mäter 
ljudtrycksnivåer från en ljudkälla. Baserat på vissa antaganden angående ljudkällans 
egenskaper kan man beräkna ljudeffektnivån från ljudtrycksnivån. 
 
I detta examensarbete har en akustisk kamera undersökts för att avgöra med vilken 
noggrannhet ljudeffektnivån kan bestämmas samt hur väl den kan separera ljud från olika 
källor. 
 
Detta är undersökt med sex stycken mätuppställningar genomförda i en ekofri miljö. Två 
ljudkällor har använts i mätningarna; en referensljudkälla och en störningsljudkälla. 
Referensljudkällan har en dokumenterad ljudeffektnivå mot vilken mätresultaten jämförs. 
Mätningar genomfördes på 1 till 5 m avstånd från den akustiska kameran med båda 
ljudkällorna. Störningsljudkällans påverkan på referensljudkällans ljudeffektnivå mättes 
med ljudkällorna separerade 0.65 m till 2.6 m. 
 
Mätningarna visar att ljudeffektsnivån som bäst kunde bestämmas med noggrannheten 1 
dB. Den akustiska kameran kan separera ljud från olika källor väl. Påverkan av en 
störningsljudkälla, 10 dB SPL starkare och på 1 m avstånd från en referensljudkälla, var 2 
till 3 dB för mellanregister tersband vid 5 m mätavstånd. 
 
Mätningar med en akustisk kamera är snabba och mobila jämfört med rumsmetoder och 
ljudintensitetsmätningar. Resultaten av detta examensarbete är användbara vid mätning 
av ljudeffektnivåer av ljudkällor, speciellt för till exempel skorstensutblås, vindkraftverk 
och stora källor som inte kan flyttas eller inte får plats i ett rum.
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1. Introduction 
 
Sound power describes a sound source regardless of environment. Regulations and 
legislation concerning noise control typically prohibits too powerful sound sources by 
restricting sound power level. 
 
Sound power measurements can be cumbersome and time consuming. Most sound power 
calculation methods involve a room, where the sound power of a source is determined 
from its interaction with the room. Being confined by a room, the measurement is not 
mobile and big objects do not always fit in a room. 
 
Other methods calculate sound power from measured sound intensity. Sound intensity 
measurements typically require that an intensity probe is relatively close and 
perpendicular to a sound source. The time that an intensity probe is to be exposed to a 
sound field exceeds that of the time for an acoustic camera to record a sound field. 
 
This master thesis explores the ability of a fast and mobile acoustic measurement device, 
the acoustic camera, to measure sound power. 
 
1.1 What is an acoustic camera? 
 
An acoustic camera is a devise that from multiple microphones (a microphone array) 
simultaneously records a sound field and produces an acoustic photo. Within certain 
limitations it is then possible to localize individual sound sources in the recorded sound 
field and their emitted sound pressure level (SPL) from that acoustic photo. 
 
The acoustic camera used in this thesis is a product of Gfai Tech GmbH, 
(www.gfaitech.com). The acoustic camera consists of three major parts; a microphone 
array, an analogue-to-digital data sampler and a PC software, NoiseImage. The sound 
field is recorded by the microphone array, the sampler converts the analogue microphone 
signals to digital data, and from the digital data NoiseImage generates an acoustic photo. 
A typical NoiseImage generated acoustic photo can be seen in figure 1.1. 
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Figure 1.1, typical acoustic photo of a one source sound field. 
 

   
(a)       (b) 

 
Figure 1.2, the acoustic camera analogue-to-digital sampler (a) and 48 microphone ring array (b). 

 
1.2 Areas of usage 
 
The acoustic camera has a wide range of operation, sources at 1 m distance to several 100 
m distance can be measured. It can for example be used to measure and localize wind 
generated noise over a body in a wind tunnel. The acoustic camera can also be used to 
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perform measurements on remote objects such as chimney outlets and the rotors of wind 
power stations.  
 
In a complex sound field where it is not obvious which sound source is responsible for 
what, the acoustic camera can with one measurement quickly show which is the 
dominating. 
 
The acoustic camera is a tool to rapidly localize noise sources. An object in its whole can 
be measured at distance and then points of interest can be approached for closer 
inspection. 
 
1.3 Implementation & results preview 
 
The ability for an acoustic camera to estimate the sound power of a sound source relies 
on two key-factors: 
 

1. The separation of sound arriving from different directions to the acoustic camera. 
2. The sound recorded by the array microphones is direct sound from a spherical 

sound propagation. 
 
To be able to pin point an individual sound source in a sound field, the ability to separate 
sound from different directions is vital. Sound source separation is largely determined by 
the microphone array, this is presented in chapter 2.  
 
By assuming a theoretical model of sound propagation from ideal dot-like sources 
(spherical sound propagation), the recorded SPL will relate to sound power, from which 
an estimation can be based. The model for estimating sound power level from SPL is 
described in section 3.3. 
 
To validate the sound power level calculation in NoiseImage measurements were 
performed in an anechoic chamber. The measurements aimed to ensure basic 
performance, and examine disturbing sound source suppression. 
 
In the measurements a reference sound source with near spherical sound propagation was 
used. Assumptions that the source is an ideal dot-like source and that that source is 
radiating into a free-field, can to good extent be fulfilled. This sound source has a 
documented sound power level. 
 
To complement measurements a disturbing sound source was also used. The disturbing 
sound source was a small compressor pump.  
 
Various measurements have been performed. Measurement set-ups address single sound 
source measurements and measurements where the reference sound source and the 
disturbing sound source both are recorded in an acoustic photo at alternate relative 
placements. Measurement set-ups also include a set of measurement distances (typically 
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between 1 to 5 m). Refer to chapter 4.0 for a full account on the different measurement 
set-ups. 
 
The measurements are evaluated by how well the sound power level measured by the 
acoustic camera corresponds to the documented sound power level of the reference sound 
source. Disturbing sound source suppression is determined by comparing measurements 
with two sources where either source is both sounding and not. 
 
The measurements show that in some cases sound power levels can be determined within 
one dB and that disturbing sound source suppression is good. Measurement results are 
presented in chapter 5. 
 
The results are to be judged with this in mind: 
 

1. Sound power levels are calculated from a sound source with spherical sound 
propagation. 

2. An anechoic environment ensures that all sound is direct sound and that no sound 
other than that from the sound sources is present. 

 
And therefore future work could be: 
 

1. Modifying the sound power estimation model to support half sphere and quarter 
of a sphere radiation is easy in theory, but does it hold up in test? 

2. What happens when a sound source has a complex radiation pattern? In a worst 
case the acoustic camera might be measuring from an angle where a sound source 
produces little SPL. 
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2. Theoretical aspects of microphone arrays  
 
A microphone array is a composition of spatially distributed microphones. Microphone 
arrays feature the capability of obtaining the actual three-dimensional position of sound 
sources by estimating several direction-of-arrivals given geometrical considerations [1, 2, 
3]. 
 
2.1 Microphone array directivity 
  
Alternate constellations of microphones yield specific array directivity. It is a direct 
consequence of geometrically distributed microphones. Directional sensitivity of two or 
more microphones is due to the fact that for some wavelength and angle of incidence 
there will be two microphones that in one instance either records a “high” and the other a 
“low”. 
 
To simulate the directivity of a microphone array the following assumptions are made 
[1]. 
 

1. All microphones are identical and have unity gain and induce zero phase shifts to 
the recorded signal. 

2. Microphones are dot-like and do not alter the sound field. They individually have 
perfect spherical directivity. 

3. The impinging sound waves are plane waves. 
 
A plane wave impinging on an array can be written as [1], 
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Where k is the three-dimensional wave number, k = ω/c, 
 

k  

 
And r is the point of observation (coordinates), 
 

r =  

 
Figure 2.1 visualizes the scenario. 
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Figure 2.1, plane wave impinging on an array. 

 
The combined array pattern from multiple points of observation, or microphones (M) is 
the array function, AF [1, 2, 4, 5]; 
 

( ) ∑
=

=
M

n

ie
M 1

1,,AF n
Trkϕθω     (2.2) 

 
The power pattern (2.3) is the squared magnitude of the array function [2]. 
 

( ) ( ) 2,,AF,,P ϕθωϕθω =      (2.3) 
 
From equation (2.3) it is possible to simulate the directivity of microphone arrays. Below 
are three simulations, see figure 2.3. The simulations are for 1 kHz, 2 kHz and 4 kHz for 
a uniform linear array of 10 microphones equally spaced over 1 m, shown in figure 2.2.  

φ 

1 m

1/9 m 

 
Figure 2.2, microphone array of 10 microphones equally spaced over 1 m. 

 
The simulated power patterns are normalized and presented 0 to -30 dB. For these 
simulations the speed of sound is set to, c = 340 m/s. 
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(a) 1 kHz   (b) 2 kHz   (c) 4 kHz 

 
Figure 2.3, normalized microphone array power patterns presented 0 to -30 dB. Polar plots (a), (b) and (c) 
show the magnitude 10log10P(ω,φ) (dB) for values on φ ranging from 0 to 180° angle of incidence and ω 
values corresponding to 1, 2 and 4 kHz respectively.  
 
From figure 2.3 it can be noted that directivity is frequency dependent. Figure 2.4 shows 
simulations of a uniform linear array where the number of microphones is 2, 15 and 20. 
The frequency is 4 kHz and the microphones are equally spaced over 1m.  
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(a) 2 microphones   (b) 15 microphones   (c) 20 microphones 

 
Figure 2.4, normalized microphone array power patterns presented 0 to -30 dB. Polar plots (a), (b) and (c) 
show the magnitude 10log10P(ω,φ) (dB) for values on φ ranging from 0 to 180° angle of incidence and a ω 
value corresponding to 4 kHz. 
 
From figure 2.4 it can be noted that directivity is dependent on number of microphones 
and array configuration. 
 
Microphone array power patterns in figures 2.3 and 2.4 all exhibit a main lobe and side 
lobes. The main lobe is the direction in which an array has the highest sensitivity, side 
lobes are directions with high sensitivity beside that of the main lobe. However, under 
certain circumstances (for angels of incidence where the impinging plane is in phase at all 
microphones) lobes will appear with equal sensitivity as the main lobe, these are called 
grating lobes [2]. Gratings lobes are apparent in figures 2.3 (c) and 2.4 (a).  
 
Simulations of the power pattern for a 48 microphone ring array are presented in 
appendix A1.1. 
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2.2 Microphone array performance parameters 
 
The ability for an acoustic camera to determine the direction-of-arrival from impinging 
sound waves is limited by the performance of the microphone array used. Performance 
parameters quantify the performance of a microphone array. Three common performance 
parameters are; 
 

1. 3 dB beamwidth, half power beamwidth  
2. Relative side-lobe level 
3. Peak-to-zero distance 

 
All performance parameters are functions of; M, ω and sensor geometry (r) [1]. The 
performance parameters 1, 2 and 3 are depicted in figure 2.5, which is a simulation of the 
array presented in figure 2.2 at 1 kHz. 
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Figure 2.5, microphone array performance parameters depicted. 
 
The half power beamwidth is the region where the main lobe has not decreased by more 
than 3 dB. The width is expressed in relation to either or both φ and θ. Relative side lobe 
level expresses the relative sensitivity of the first side lobe compared with the main lobe. 
Peak-to-zero distance measures the angle from main lobe maximum to first minimum. 
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2.3 Beamforming 
 
It has been mentioned that microphone arrays possess the capability of estimating the 
direction-of-arrival from impinging sound waves given geometrical considerations 
(chapter 2.0). In order to further extract information, spatially and temporally sampled 
array microphone signals are susceptible to signal processing. 
 
Beamforming is a signal processing technique that focuses the array on a source in order 
to separate signals from different directions [2]. One way to conduct beamforming is by 
weighting. By applying amplitude weights to the array microphone signals one can 
modify the directivity of the array.  
 
Two examples are Binominal- and Dolph weighting. Both can result in an alteration of all 
three array performance parameters defined in section 2.2. However, for uniform linear 
arrays, Binomial weighting coefficients mainly gives the ability to exchange peak-to-zero 
distance for beam-width [4]. Dolph weighting allow choosing relative side lobe level 
over beam-width [ibid]. 
 
Another is van der Waal constant beamwidth beamforming. This technique is a 
combination of signal processing and array configuration. By filtering each microphone 
signal with a FIR filter and arranging microphones with logarithmic spacing, a constant 
beamwidth over frequency can be obtained [4, 6]. 
 
2.3.1 Delay and Sum Beamforming 
 
The form of beamforming used in the Gfai Tech acoustic camera is Delay and Sum, 
(DAS). DAS beamforming requires knowledge of the array microphones positions 
relative to the position to where the main lobe is to be directed. This in order to determine 
the time delays, which in this application (acoustic camera) are based on the speed of 
sound and the distance from source to microphone and are introduced to the array 
microphone signals before they are summed.  
 
It has been mentioned that an acoustic camera generates acoustic photos (section 1.1). To 
generate acoustic photos, consider a concept called focus plane. Acoustic photos are 
generated with regard to a focus plane. Time delays are set to correspond to points in the 
focus plane. Specific points in the focus plane will have a certain distance to a certain 
microphone. Out of a delayed and summed signal for a point, the SPL can be calculated 
(for that point) in an acoustic photo.  
 
An overview of how DAS is implemented in the acoustic camera is shown in figure 2.6. 
Sound waves are registered by the array microphones portrayed to the left in figure 2.6. 
The microphone signals are then individually delayed corresponding to source position. 
The signals are then summed and averaged by the number of microphones. If weighting 
is desired it would be applied before the summing of the signals.  
 

 9



For focus point x, in the focus plane, and consequently the point xn for the n-th of totally 
M microphones, the beamformer time function is (2.4) [7]. 
 

∑
=

Δ−=
M

n
nnn txf

M
txf

1
))(,(1),(ˆ         (2.4) 

 
 

 
Figure 2.6, an overview of DAS beamforming as implemented in the Gfai Tech acoustic camera. The 
events are portrayed from left to right and together demonstrate the DAS beamformer. 

 
2.4 Focusing error 
 
If the distance to the focus plane is not correct, or a source is not in the focus plane, 
focusing errors will be induced. A visualization of focus error for a two microphone array 
is shown in figure 2.7. 

m1 
d2 

m2 

d1 

 

 
Figure 2.7, focus error for a two microphone array. Focus plane distance d1 and d2 will give different time 
delays to microphones m1 and m2. 
 
The magnitude of the error is the disposition in the acoustic photo that an erroneous focus 
plane distance yields along with the misalignment of the beamformed microphone 
signals. The later could lead to inaccurate SPL evaluation of the beamformed signal, 
primarily for non-stationary sounds. 
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Delaying a microphone signal is equal to a microphone being spatially positioned 
otherwise. The impact of the focusing error on an acoustic photo is therefore dependent 
not only on wrongfully delayed microphone signals but also on the array geometry. 
 
2.5 Spatial resolution 
 
Spatial resolution is the ability to correctly determine the distance from source to 
microphone in an acoustic photo.  
 
As mentioned in section 1.1, microphone array signals are sampled. Sample rate (fs) will 
affect spatial resolution. The minimal time delay detectable is that of two consecutive 
samples. In a controlled environment the speed of sound (c) can be considered constant 
for all relevant frequencies. The minimal detectable time delay relates to distance by 
(2.5). Equation (2.5) shows one sample distance. 
 

sf
cd =       (2.5) 

 
As spatial information is gathered from the time delays between the recorded signals of 
the microphone array, the ‘worst case’ spatial uncertainty in one dimension for an array is 
the uncertainty of two ‘worst case’ positioned microphones. Each of the two microphones 
are considered to have an uncertainty of one sample distance, the maximum time miss-
match then being just short of two sample distances.  
 
In order to evaluate the spatial resolution, consider a R3 space where a sound source is 
positioned at origin (x = 0, y = 0, z = 0) and a microphone is placed at points m1 and m2. 
The vector s1 is pointing at m1, its length is one sample distance. Vector s2 is the vector 
pointing at m2 in length of one sample distance. By projecting s1 and –s2 onto unity 
length x-axis (1,0,0), y-axis (0,1,0) and z-axis (0,0,1) the spatial uncertainties in these 
dimensions can be estimated. The projection of s1 and s2 is by dot product. See figure 2.8. 
 

z 

x 
s1 

m1 m2 

s1proj 
-s2proj 

-s2 

 
Figure 2.8, shows the projection of s1 and –s2 onto x-axis. 
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For one microphone of the ring array, the worst case horizontal uncertainty occurs when 
the horizontal length between microphone and source is at its greatest, that is, when the 
angle is the steepest and thus gives large projection on the x-axis. The same goes for 
vertical uncertainty. Maximum uncertainty in depth occurs at minimal in depth distance 
between microphone and source. 
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3. Mathematical methods and models 
 
This chapter presents mathematical methods and models used during analysis of the 
results in coming sections. Section 3.3 describes the mathematical model for the sound 
power estimation functionality in NoiseImage. 
 
3.1 Anechoic behavior 
 
In a reverberant room the SPL from a sound source at a certain distance can by (3.1) be 
determined knowing the reverberation characteristics of the room [8]. 
 

⎟
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⎛ +

Γ
+=

'
4

4
log10 210 Ar

LL wp π
   (3.1) 
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The term describes the room, whereα is the mean acoustic absorption and is the area 
sum of all reverberating room surfaces. The symbol

S
Γ states if the source is radiating into 

a sphere, half sphere, quarter of a sphere or into one eighth of a sphere ( = 1, 2, 4 and 8 
respectively). 

Γ

 
By assuming anechoic conditions (no room, ∞→'A ), for one dot-like source, by (3.1) a 
certain ratio in distance will correspond to a difference in SPL. This is expressed by (3.2). 
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Equally (3.2) can be expressed, 
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3.2 Mean sound pressure level 
 
The mean sound pressure level of multiple observations is expressed by (3.4). 
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3.3 Sound power estimation model 
 
This section outlines the conception of the sound power estimation feature in NoiseImage 
mentioned in section 1.1. 
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Sound power (W) is the surface integral over the enveloping surface. 
 

dSIW ∫=      (3.5) 

n ideal dot-like source with spherical sound propagation the sound power at distance 
is, 

 
, 24 rS π= →  24 rIW π⋅=     (3.6) 

 
ating sound sphere is (3.7), where ρ0 is the air density and c is the 
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he sound power estimation 
plemented in NoiseImage 3.1.3.4 is according to (3.10). 

 

 
The sound power level for a dot-like source in the far-field at distance r is expressed by 
(3.9). Given values on ρ0 and c, the last term is a constant. T
im

( ) 697.10log20 10=Lw + ⋅ +rLp  dB    (3.10) 
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4. Measurements 
 
The measurements are divided into different measurement set-ups. In total there are six 
set-ups, each addressing certain acoustic photo aspects related to sound power estimation. 
 
4.1 Measurement equipment 
 
The measurement equipment consists of; 
 

1. One microphone ring array, 48 microphones equally spaced in a circle with radius 
0.35 m. Product of Gfai Tech GmbH. An accompanying tri-pod.  

2. One hardware-sampler, a 120 channel device with ability to sample 24 bits up to 
192 kHz, product of Gfai Tech GmbH. 

3. One laptop PC, running MS Windows XP and acoustic camera software 
NoiseImage 3.1.3.4 

4. One reference sound source, Brüel & Kjaer 4204 ser. Nr. 955287.  
5. One disturbing sound source, generic portable compressor pump. 

 
Simulated directivity of the 48 microphone ring array is presented in appendix A1.1. The 
reference sound source is calibrated, see appendix A1.3. The sound emitted from 
reference sound source has a stationary noise type spectrum. Reference sound source has 
close to spherical sound propagation. The disturbing sound source is a compressor pump 
with a sound characteristic of 2857 rpm (rotation per minute) and an unknown radiation 
pattern. Both sources are capable of maintaining stationary sound characteristics over 
time and well over 2 seconds. 
 
4.2 Measurement set-ups 
 
All measurements were performed in an anechoic chamber (The Marcus Wallenberg 
Laboratory for Sound and Vibration Research (MWL), Stockholm). All measurements 
were performed with the ring array. Each recording is 2 s long and is sampled at 48 kHz. 
For each measurement the RMS SPL is calculated within the interval 0.5 to 1.5 s and is 
evaluated A-weighted. Six measurement set-ups have been performed. 
 
Measurement set-up 1 describes recordings with an acoustic camera of a reference sound 
source in an anechoic chamber and calculation of the sound power. Acoustic resolution is 
a parameter in NoiseImage 3.1.3.4 that specifies to which resolution an acoustic photo is 
to be generated. The impact of this parameter along with area selection is evaluated. As 
sound power calculation functionality relies on measured SPL, a precision type 1 sound 
level meter (SLM) was used to verify the acoustic camera SPL readings. 
 
Measurements with an acoustic camera will produce an acoustic photo. Sources of 
interest can be dislocated from the center of the acoustic photo. Measurement set-up 2 
evaluates how off-center sound source dislocation influences acoustic photos. 
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Measurement set-ups 3, 4, 5 and 6 combine the usage of the reference sound source and 
the disturbing sound source. Set-up 3 and 4 explores the source influence depending on 
distance apart in the focus plane. Set-up 5 measures the source influence depending focus 
plane distance. Finally, set-up 6 position the sound sources closely and as far away as the 
confinements of the chamber permits. 
 
4.2.1 Measurement set-up 1 
 
Measurement set-up 1 records the reference sound source at focus plane distances 1, 2, 3, 
4 and 5 m.  
 
The camera is directed so that the sound source is in center of the focus plane and 
consequently in the center of an acoustic photo. However, there were slight difficulties 
due to imprecision in the supporting tripod, in directing the camera perfectly straight 
towards the source. Therefore, while evaluating the measurements subjective judgment to 
locate the center of the sound source in the acoustic photos has been applied.  
 
The reference sound source used is in principle a radial fan. The subjective center of the 
fan is located for the different measurement distances as presented in table 4.1. 
 

Table 4.1, subjective center of reference sound source. 

distance (m) x (m) y (m) 
1 0.013 -0.023 
2 0.018 -0.012 
3 0.008 0.022 
4 -0.020 -0.032 

 
5 -0.031 -0.021 

Table 4.1 shows the offset from the cameras coordinate system origin (x = 0, y = 0) of the 
focus plane, to where the subjective center of the fan is. Coordinates translates for x and y 
= 1, to one meter at the focus plane. 
 
As a functionality of NoiseImage 3.1.3.4, sound power can either be calculated from a 
point or by selecting an area in an acoustic photo. 
 
For comparison, different areas of evaluation are used. These are: A1, A2, A3 and A4. 
The areas in relation to the reference sound source are depicted in appendix A1.4. Area 
A1 covers the center of the rotating part of the fan. Area A2 corresponds to the whole 
rotating part of the fan. Area A3 is bound by the protective cover of the fan. Area A4 is 
the largest and covers the entire fan and some of the surroundings. Each area is 
rectangular, their coordinates in the focus plane are for top left and bottom right, in 
relation to origin (x = 0, y = 0), according to table 4.2. 
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Table 4.2, the acoustic photo areas of selection: A1, A2, A3 and A4, for measurement set-up 1. 
Coordinates in the focus plane for each rectangular area is presented. 

  A1 A2 A3 A4 
  x (m) y (m) x (m) y (m) x (m) y (m) x (m) y (m) 

1m   top left -0.026 0.032 -0.102 0.032 -0.140 0.088 -0.216 0.199 
 bottom right 0.051 -0.078 0.127 -0.078 0.165 -0.134 0.241 -0.245 
          
2m top left -0.020 0.043 -0.096 0.043 -0.135 0.099 -0.210 0.210 
 bottom right 0.056 -0.067 0.132 -0.067 0.171 -0.123 0.246 -0.234 
          
3m top left -0.031 0.077 -0.107 0.077 -0.145 0.133 -0.221 0.244 
 bottom right 0.046 -0.033 0.122 -0.033 0.160 -0.089 0.236 -0.200 
          
4m top left -0.058 0.023 -0.134 0.023 -0.173 0.079 -0.248 0.190 
 bottom right 0.018 -0.087 0.094 -0.087 0.133 -0.143 0.208 -0.254 
          
5m top left -0.069 0.034 -0.145 0.034 -0.184 0.090

 

-0.259 0.201 
 bottom right 0.007 -0.076 0.083 -0.076 0.122 -0.132 0.197 -0.243 

 
Acoustic resolution is set to 50, 100 and 200 while generating acoustic photos. 
 
4.2.2 Measurement set-up 2 
 
Measurements are for distances 2, 3, 4 and 5 m, using the reference sound source. 
Dislocation of the sound source from the center in the acoustic photo was achieved by 
rotating the array after placing it directly in front the reference sound source.  
 
The tripod used to manoeuvre the ring array featured a ball-type rotational joint enabling 
the array to be rotated to accommodate reference sound source acoustic photo 
dislocations. The array is connected to the tripod with an offset of 0.59m from ball-joint 
to center of the ring array.  
 
Figure 4.1 schematically depicts rotation of the microphone ring array around the tripod 
ball-joint, where the dashed arrow represents the normal to the plane in which the 
microphones of the ring array are situated. 
 

microphone 
array 

ball-joint 
tri-pod 

 
Figure 4.1, illustrating rotation of the array around the tri-pod ball-joint. 
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Dislocations aimed to distribute the reference sound source in the acoustic photo 
accordingly to figure 4.2. Each position (pos1_1, pos1_2, to pos 1_8) represents one 
acoustic photo where the ‘X’ shows where the reference sound source is located in the 
acoustic photo. For example, in figure 4.2, the sound source in pos1_2 will be in the very 
top left corner of the acoustic photo. 
 

     X X           X       
    X                 

pos1_all  X X X  pos1_1   X   pos1_2           
  X                   
     X                       
                  
                                 
                            X  

pos1_3            pos1_4           pos1_5           
  X         
      X      
          
       X     
                                 

pos1_6  X      pos1_7   X pos1_8           
                                 
                                  

Figure 4.2, sound source acoustic photo dislocations, each 5 by 5 grid resembles one acoustic photo 
divided in 25 equal subsections. 
 
Pictures (the graphic part of the acoustic photos without the SPL information overlay) of 
the dislocation positions are appended, see B1.1. 
 
By rotating the array around the tripod ball-joint there will be a shift of the focus plane 
and the sound source will during measurement not be in the focus plane of the recorded 
acoustic photo. 
 
For a rotation, consider two array positions, original and rotated position. The two will 
not share the same focus plane. See figure 4.3. 
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original position 
P3 

P0 

P1 

P2 
rotated 

focus plane 

rotated position 
P0 

P2 

P3 

 
Figure 4.3, rotation of ring array around ball-joint (P0) from original position to rotated position. Point P1 
is the location of the sound source and point P3 its projection onto the rotated focus plane. 
 
In figure 4.3, point P2 and P3 are in the rotated focus plane. Point P1 is in the original 
focus plane (not visualized). 
 
In figure 4.3 the coordinates of point P1 in the recorded acoustic photos for measurement 
set-up 2, is the projection from center of array through point P1 onto the rotated focus 
plane, point P3.  
 
After rotation of the array, the reference sound source was located (projection on focus 
plane from center of array, through point reference sound source) in the focus plane as 
shown in table 4.3. These are the source location values that can be gathered from the 
acoustic photos. 

Table 4.3, the coordinates for source dislocation in acoustic photo. 

position distance x y position distance x y 
pos1_2 2 -0.807 0.693 pos1_5 4 1.018 0.869 

 3 -1.276 0.997   5 1.192 1.073 
 4 -1.699 1.269 pos1_6 2 -0.803 0.083 
 5 -2.178 1.673   3 -1.221 0.056 

pos1_3 2 -0.505 -0.385   4 -1.639 0.098 
 3 -0.729 -0.475   5 -2.117 0.076 
 4 -1.001 -0.731 pos1_7 2 -0.426 0.111 
 5 -1.526 -0.780   3 -0.656 0.060 

pos1_4 2 0.755 -0.634   4 -0.989 0.069 
 3 1.241 -0.910   5 -1.211 0.062 
 4 1.639 -1.191 pos1_8 2 -0.497 0.632 
 5 2.126 -1.341   3 -0.639 0.953 

pos1_5 2 0.506 0.384   4 -0.949 1.317 
 3 0.746 0.569   5 -1.330 

 
1.679 

The reason that there are different source dislocation coordinates for the same dislocation 
positions at different measurement distances is because at greater distances an acoustic 
photo covers a larger area. For example, the view out of a camera aperture will expand if 
the camera is moved farther from where it was and what was being observed. Likewise, 
the dislocation, for example pos1_2, that according to figure 4.2 is in the upper left part 
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of the acoustic photo, will have greater dislocation from the center at 5 m measurement 
distance compared to the measurement at 1 m. Acoustic photos where generated with 
resolution parameter 50. 
 
4.2.3 Measurement set-up 3 & 4 
 
Measurements are at 5 m focus plane distance. Position p0 is in the center of the focus 
plane. Along the focus plane are positions p1, p2 to p4, each separated by 0.65 m to the 
left of p0. Relative position p0, positions p1 to p4 are 0.75 m below. In the focus plane, 
position p0 is on top of a supporting tri-pod and thus is elevated above the other 
positions. In figure 4.4 the positions p0 to p4 are displayed, viewed out of camera 
aperture. 
 

p0 

0.75 m 

p1 p2 p3 p4 

0.65 m 
 

Figure 4.4, measurement positions of set-up 3 & 4 relative each other in the focus plane, as seen out of the 
camera aperture. 
 
For set-up 3, the reference sound source (s1) is fixed at position p0. Disturbing sound 
source (s2) alternates between positions p1 to p4. Sound source s1 is at the centre of the 
acoustic photo. Figure 4.5 shows the set-up from above. 

0.65 m 

p0 p4 p3 p2 p1 

5 m 

camera 
 

Figure 4.5, measurement positions of set-up 3 & 4 relative each other, as seen from above. 
 

For set-up 4, s1 is moved from p1 to p4 whilst s2 is held fixed at position p0. For 
measurement set-up 3 and 4, acoustic photos where generated with resolution parameter 
50. At each measurement distance and position, both sound sources were recorded 
together and separately. 
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4.2.4 Measurement set-up 5 
 
Measurement set-up 5 are for focus plane distances 1, 2, 3 and 4 m. Reference sound 
source (s1) and disturbing sound source (s2) are placed 0.32 m apart in the focus plane. 
Sound source s1 is orientated to the center of the focus plane, s2 is 0.32 m to the left of 
center. Figure 4.6 shows the set-up from above and figure 4.7 from the side. 
 
From above: 

1 m 2 m 3 m 4 m 

camera s1 

s2 
0.32 m 

 
Figure 4.6, overview of measurement positions for measurement set-up 5, seen from above. The camera is 
positioned at 1 to 4 meters distance from s1. 
 
From the side: 
 

 
Figure 4.7, measurement positions for measurement set-up 5, seen from the side. Tripod height is 0.65 m and 
the length of the tilted array (ball-joint to array top) is 0.94 m. The sound sources are placed 0.575 m off the 
ground. 
 
Figure 4.7 ‘From the side’ aims to convey that due to tripod height the ring array profile (as 
depicted on top of tri-pod) had to be tilted down towards the sources in order for them to be 
in center of focus plane and thus in center of acoustic photo. Note also that tilt angle varies 
over the measurement distances. Acoustic photos where generated with resolution parameter 
50. At each measurement distance and position, both sound sources were recorded together 
and separately. 
 
4.2.5 Measurement set-up 6 
 
Measurement set-up 6 records both reference and disturbing sound sources in one position. 
Figure 4.8 shows measurement positions for set-up 6. The camera is pointed towards the 
point center, which marks the center of the focus plane. The reference sound source and the 
disturbing sound source are positioned far out to the left in the focus plane at position p5. 
Acoustic photos where generated with resolution parameter 50. Both sound sources were 
recorded together and separately. 
 

s1,s2 

0.94 m 0.94 m 

0.65 m 
0.65 m 

0.575 m 

1 m 2 m 3 m 4 m 
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From above: 
 

5 m 

 
Figure 4.8, measurement positions of measurement set-up 6, seen from above. The reference sound source 
is shown as (s1) and the disturbing sound source as (s2).

s1 
s2 

2.13 m 

camera center 

p5 
2.53 m 
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5. Results & analysis 
 
Along with that the measurement results for the different measurement set-ups are 
presented, investigating analysis aimed to observe effects or explain deviations are also 
presented. 
 
5.1 Results & analysis of measurement set-up 1 
 
The measured SPL dBA values for the acoustic photo point subjective center at all 
measurement distances and acoustic photo resolutions (Res) are presented in table 5.1. 

 
Table 5.1, SPL dBA values from point subjective center. 

 
Res 1 m 2 m 3 m 4 m 5 m 
50 79.0 74.4 71.0 69.1 67.0 

100 79.0 74.4 71.0 69.1 67.0 
200 79.0 74.4 71.0 69.1 67.0 

 
To evaluate how area selection and acoustic photo resolution parameter affect SPL 
readings and thus sound power estimation, these are plotted over measurement distance. 
Figures 5.1, 5.2 and 5.3 plots the estimated sound power over selection area, acoustic 
photo resolution and distance. Legend entry ‘Point’ refers to the value at the point 
subjective center in the acoustic photo. Entries ‘A1’, ‘A2, ‘A3’ and ‘A4’ denote the 
corresponding area selections. Entry ‘Res’ is the acoustic photo resolution parameter 
value. 
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Figure 5.1, sound power values for Res 50. 
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Figure 5.2, sound power values for Res 100. 
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Figure 5.3, sound power values for Res 200. 

 
From figures 5.1 to 5.3 it can be noted that increased area selection decreases SPL 
readings, and thus sound power estimations. It can also be noted that the impact is greater 
for short distances. For short distances a certain area selection will have a sharper SPL 
decay around the sound source in acoustic photos compared to longer measurement 
distances. Therefore, at short distances, area selections will house more area in the 
acoustic photo that represents low SPL values and consequently a lower overall value. 
The variations due to settings of acoustic resolution are presented in figures 5.4 to 5.6.  
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Figure 5.4, sound power values for area selections A1 and A4. 
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Figure 5.5, sound power values for area selection A2. 
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Figure 5.6, sound power values for area selection A3. 

 
Figures 5.4 to 5.6 show that the estimated sound power level does not vary significantly 
when resolution parameter is changed from 50 to 100 to 200. 
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5.1.1 Comparison between SLM and Acoustic Camera. 
 
As a comparison a hand held instrument (precision type 1 SLM) also recorded the SPL 
by means of Leq (T=30 s), A-weighted at the center of the acoustic cameras microphone 
array for each distance. Figure 5.7 compares the SPL of the acoustic photo at point 
subjective center with the instruments readings and with the theoretical decay of the 
sound source. The theoretical decay is by (3.1), Lw = 90.7 dBA accordingly with 
calibration appended A1.3. 
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Figure 5.7, an SPL comparison of three acoustic photo resolution settings and SLM readings along with 
the theoretical decay for the sound source. 
 
The differences of the individual data entries in figure 5.7 are presented in figure 5.8. 
 

-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

2,5

1 2 3 4 5
distance m

SP
L 

dB
A

camera point - theoretical

SLM - camera point

SLM - theoretical

 
Figure 5.8, displays how the values in figure 5.7 differ in relation to each other. 

 
5.1.2 Data adjustments 
 
It can be noted by figure 5.8 that compared to theoretical values, the measurements at 3 m 
seems to be a bit off. In the first few plots (figures 5.1, 5.2 and 5.3), curvature suggests 
that the value at 3 m might be a bit too low. Also, the instrument shows readings 
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suggesting a deviation at 3 m from the theoretical. Otherwise the instrument readings are 
almost at an even offset from the theoretical values. 
 
How much does a trend adjustment resemble in distance? Assuming perfect anechoic 
conditions by (3.2) and if the curvature trend adjustment is about +0.5 dBA at 3 m, figure 
5.1 becomes figure 5.9. 
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Figure 5.9, 3 m adjusted SPL values. 

 
If the measurement at 3 m was at a too long distance, curvature suggests that it might 
have been (for A1, Res 50) at 3.16 m according to (3.2). This is 0.16 m off, which is not 
an impossible mishap during measurements. This value will differ depending on which 
area selection and which acoustic photo is considered, see table 5.2. 
 

Table 5.2, adjustment variations. 
 

acoustic photo r2 r2 - r1 
A1 Res 50 3.164 0.164 
A2 Res 50 3.186 0.186 
A3 Res 50 3.239 0.239 
A4 Res 50 3.403 0.403 
A1 Res 100 3.167 0.167 
A2 Res 100 3.183 0.183 
A3 Res 100 3.252 0.252 
A4 Res 100 3.408 0.408 
A1 Res 200 3.169 0.169 
A2 Res 200 3.187 0.187 
A3 Res 200 3.244 0.244 
A4 Res 200 3.409 0.409 

 
From figure 5.7 it can be noted that the instrument measured SPL decay follows the 
theoretical decay (by equation 3.1, where Lw = 90.7 dBA according to calibration 
appended A1.3) with a 1 to 1.4 dBA offset. Also the camera measures a SPL comparable 
to the instrument for longer distances (3 to 5 m), however the camera does not comply 
with the instrument SPL readings at short distances (1 to 2 m). At 1 m the instruments 
SPL value would imply a 2.1 dBA boost to the cameras calculated sound power value. 
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It could be interesting to see how the acoustic photos and the sound power estimation 
would change, given that the acoustic camera recorded SPL values equal to SLM. To 
investigate this, the SPL over area for the original acoustic photos is calculated 
backwards. Assume that the subjective center of each acoustic photo (which is where the 
sound source is positioned) holds the highest SPL value, and that the distribution is even 
around it (which is reasonable considering dot-like sources). Calculate in what degree the 
different area selections (A1, A2, A3 and A4) decrease the total SPL value. The sound 
power can be calculated by replacing the highest point camera SPL value with the 
reading off the SLM and compensate for the area selection decrease. 
 
The result where legend entry ‘adjusted’ is adjusted as above compared to original values 
is plotted in figure 5.10. 
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Figure 5.10, adjusted and measured sound power estimations. 

 
If the measurement at 3 m indeed was faulty, and replacing the value at 3 m with the 
trend adjusted value, figure 5.11 follows. 
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Figure 5.11, double adjusted and measured sound power estimations. 

 
With manipulations, sound power is flat at around 91.7 dBA, which is one dB up from 
reference. 
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5.2 Results & analysis of measurement set-up 2 
 
SPL values recorded by the acoustic camera of the reference sound source at the positions 
defined by table 4.3 and displayed by figure 4.2 are presented in figure 5.12. The data 
values for figure 5.12 are appended in B1.2. 
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Figure 5.12, SPL measurement results for set-up 2. 

 
The calculated sound power, based on the SPL values presented in figure 5.12 and the 
measurement distances for each of the positions (pos1_1 to pos1_8), are plotted in figure 
5.13. The data values for figure 5.13 are appended in B1.3. 
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Figure 5.13, sound power measurement results for set-up 2. 

 
5.2.1 Focus plane and distance compensation 
 
At first glance dislocations seem to have an unwelcome influence in acoustic photos. 
Perhaps the variations in figure 5.12 can be explained by the increase or decrease of 
distance from source to microphone produced by rotating the array? 
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As the microphone ring array is rotated to position the sound source in the acoustic photo 
dislocations (pos1_2 to pos1_8), the center of the microphone array will have a distance 
to the sound source not equal to the measurement distance specified in the measurement 
set-up and each individual microphone will have a different distance to the sound source. 
 
Effects on sound power estimations by the modified distance from source to center of 
array is analysed in section 5.2.3 and from the increase or decrease of distance from 
source to microphone produced by rotating the array is analysed in section 5.2.4.  
 
5.2.2 Model for rotation and distance calculation 
 
To estimate the distance from source to center of array and from source to individual 
microphone for the rotated positions, MATLAB calculations have been performed. The 
MATLAB functions used are appended in B1.4. 
 
The calculated source to center of array and source to microphone distances for the 
rotated array positions are appended in B1.5 and B1.6. 
 
5.2.3 Analysis of source to center of array distance 
 
Sound power estimations by (3.10) based on the SPL data presented in figure 5.12 and 
the distance from source to center of array appended B1.5 are complied in figure 5.14. 
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Figure 5.14, sound power calculations based on modified source to center of array distance. 

 
The sound power estimations in figure 5.14 show less variation between the acoustic 
photo dislocations (pos1_1 to pos 1_8) compared to figure 5.13 due to distance 
compensation from source to center of array. 
 
5.2.4 Analysis of source to individual microphone distance 
 
The microphones of the ring array in the rotated position have unequal distances to the 
sound source (point P1 in figure 4.3).  
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By assuming perfect anechoic conditions a certain ratio in distance will correspond to a 
difference in SPL. This is expressed by (3.2). 
 
For each individual microphone the distance from the source in the acoustic photo 
dislocations (pos1_2 to pos1_8) compared to the non rotated, original position, pos1_1, 
will by (3.2) result in a dBA SPL difference. Position pos1_1 has equal distance for all 
microphones of the array from source to microphone.  
 
Since the SPL for the rotated positions (pos1_2 to pos1_8) are known (measured values) 
a value that represents an estimation of the SPL that would have been recorded had the 
array not been rotated can by (3.2) be derived. 
 
To compensate each microphone for its respective distance to source, the individual 
microphone SPL data is sought. 
 
Information on the SPL data from individual microphones that can be extracted from 
NoiseImage is non-beamformed (before any beamforming algorithm is conducted). Had 
the microphone signals been beamformed, only one SPL value would have been 
available. 
 
For each microphone a SPL dBA value will be calculated by (3.2) and the source to 
microphone distances from appendix B1.6. These values are represented with one mean 
sound pressure value by (3.4). 
 
For each acoustic photo dislocation (pos1_2 to pos1_8) and measurement distance (focus 
plane distance), a mean SPL dBA value is calculated, showed in figure 5.15. The data 
values for figure 5.15 are appended, B1.7. 
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Figure 5.15, mean SPL values of individual source to microphone distance compensated SPL values for 
positions in measurement set-up 2. 
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The values shown in figure 5.15 reveal that the variations in measured SPL (shown in 
figure 5.12) can to good degree be explained by the increase or decrease of distance from 
source to microphone that a source dislocation (pos1_2 to pos 1_8) in part constitutes.  
 
The sound power level estimations based on the distance compensated SPL values are 
presented in figure 5.16. 
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Figure 5.16, distance compensated sound power results for measurement set-up 2. 

 
5.2.5 Note on NoiseImage 3.1.3.4 
 
While analyzing the results from set-up 2 it became apparent that NoiseImage 3.1.3.4 
uses focus plane distance uncompensated to calculate the sound power level. If for 
example, in the acoustic photo for pos1_4 (measurements set-up 2), at 5 m focus plane 
distance, the maximum recorded SPL from the source is 66.4 dBA. NoiseImage 3.1.3.4 
calculates the sound power to 91.1 dBA. As can be seen in table 4.3, the dislocation of 
the source in the acoustic photo is (x = 2.126, y = -1.341). Thus, the distance from center 
of array to presumed source location (had it been in the focus plane) is 5.627 m. 
NoiseImage 3.1.3.4 uses (3.10) for calculation of the sound power. 
 

Lw = Lp + 20log10(r) + 10.697    (3.10) 
 
With input arguments Lp = 66.4 dBA SPL and r = 5.627 m distance, the sound power is 
calculated to 92.1 dBA. Whereas 66.4 dBA SPL and 5 m distance, will give a sound 
power level of 91.1 dBA. 
 
5.3 Spatial resolution estimations 
 
Values presented in this section are generated from the spatial resolution evaluation 
described in section 2.5. Spatial resolution values are for the 48 microphone ring array. 
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Table 5.3 shows the maximum spatial uncertainties for two ‘worst case’ positioned 
microphones in dimension x, y and z for the measurement positions in measurement set-
up 3 and 4. In table 5.3, dimensions x and y are the horizontal and vertical orientations of 
the focus plane. Dimension z is in the orientation of measurement distance. These ‘worst 
case scenarios’ do not resemble the total arrays spatial uncertainty. 
 

Table 5.3, maximum simulated spatial uncertainties for measurement set-up 3 & 4 presented in meters. 
 

 p0 p1 p2 p3 p4 
x 0.00099 0.00275 0.00439 0.00586 0.00714 
y 0.00099 0.00302 0.00295 0.00284 0.00271 
z 0.01413 0.01405 0.01381 0.01338 0.01281 

 
The maximum spatial uncertainties for the measurement positions in measurement set-up 
5 and 6 are shown in table 5.4 and 5.5. Columns ‘s1’ and ‘s2’ are for the positions 
described in sections 4.2.4 and 4.2.6.  
 

 Table 5.4, maximum simulated spatial uncertainties for measurement set-up 5 presented in meters. 
 

 1 m 2 m 3 m 4 m 5 m 
  s1 s2 s1 s2 s1 s2 s1 s2 s1 s2 
x 0.00467 0.00788 0.00244 0.00450 0.00164 0.00308 0.00123 0.00234 0.00099 0.00188 
y 0.00467 0.00450 0.00244 0.00241 0.00164 0.00163 0.00123 0.00123 0.00099 0.00099 
z 0.01337 0.01416 0.01395 0.01416 0.01407 0.01417 0.01411 0.01417 0.01413 0.01417 

 
Table 5.5, maximum simulated spatial uncertainties for measurement set-up 6 presented in meters. 

 
 s1 s2 
x 0.00584 0.00666 
y 0.00241 0.00234 
z 0.01344 0.01311 

 
As values of table 5.3, 5.4 and 5.5 are within limits of the measurement positions of 
measurement set-up 3, 4, 5 and 6, it can be stated that sample rate is sufficient in order to 
distinguish between the different measurement positions. 
 
5.4 Results & analysis of measurement set-up 3 & 4 
 
Measurement data for set-up 3 are compiled in table 5.6. Measurement data for set-up 4 
is shown in table 5.7.  
 
In table 5.6 and 5.7 column ‘Position’ with entry p0 refers to the reference position in the 
focus plane that produces an acoustic photo with the source at position p0 in the center. 
Positions p0, p1, p2, p3 and p4 are accordingly to measurement set-up 3 and 4 as 
described in section 4.2.3. 
 
Columns ‘s1’ and ‘s2’ of table 5.6 and table 5.7 present the SPL values extracted from 
the acoustic photos that were recorded with sources indicated by column ‘Active Sources’ 
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at positions in column ‘Position’. Columns ‘Active Sources’ may have entries ‘s1’, ‘s2’ or 
‘s1,2’ informing that either or both of sound sources s1 and s2 are active. 
 
Columns ‘s1,2 - s1’ and ‘s1,2 - s2’ of table 5.6 and table 5.7 contain the difference 
between the ‘s1,2’ SPL value and the corresponding columns ‘s1’ and ‘s2’. These 
differences express the influence recorded by the camera for the sources in the presence 
of each other at alternate positions. 
 

Table 5.6, acoustic photo SPL data for measurement set-up 3. 
 

Active Sources Position s1 (SPL dBA) s2 (SPL dBA) s1,2 - s1 s1,2 - s2 
s1 p0 67.1    
s2 p1  66.0   

s1,2 p1 67.8 67.4 0.7 1.4 
s2 p2  65.3   

s1,2 p2 67.8 66.3 0.7 1.0 
s2 p3  64.7   

s1,2 p3 67.5 65.6 0.4 0.9 
s2 p4  63.0   

s1,2 p4 67.3 64.0 0.2 1.0 
 

Table 5.7, acoustic photo SPL data for measurement set-up 4. 
 

Active Sources Position s1 (SPL dBA) s2 (SPL dBA) s1,2 - s1 s1,2 - s2 
s2 p0  65.1   
s1 p1 67.0    

s1,2 p1 67.7 66.1 0.7 1.0 
s1 p2 66.9    

s1,2 p2 67.1 65.7 0.2 0.6 
s1 p3 66.5    

s1,2 p3 66.8 66.0 0.3 0.9 
s1 p4 65.5    

s1,2 p4 66.0 66.0 0.5 0.9 
 
Figure 5.17 plots the columns ‘s1’ and ‘s2’ of table 5.6. Figure 5.18 plots the columns 
‘s1’ and ‘s2’ of table 5.7. In figures 5.17 through 5.23, legend entry with ‘@s1’states that 
the SPL dBA reading is at the reference sound source in the recorded acoustic photo. 
Likewise ‘@s2’ informs that that value is from a reading at the disturbing sound source. 
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Figure 5.17, SPL values, set-up 3.
  

Figure 5.18, SPL values, set-up 4.  

Figure 5.19 and figure 5.20 plot the columns ‘s1,2 - s1’ and ‘s1,2 - s2’ from table 5.6 and 
table 5.7 respectively. In figure 5.19, s1 is stationary at measurement position p0. In 
figure 5.20, s2 is stationary at measurement position p0. Plotted lines ‘s1 @s1’ and ‘s2 
@s2’ of figure 5.19 and 5.20, visualizes the sound sources influence in company of each 
other.  
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Figure 5.20, SPL comparison, set-up 4.Figure 5.19, SPL comparison, set-up 3.

From measurement set-up 3 and 4, it could be expected that the influence of the two 
sources on each other decreases as distance apart increases. In figures 5.17 and 5.18, this 
is overall true except for curve ‘s1,2 @s2’ in figure 5.18. It has been mentioned above 
(section 4.1) that the radiating sound pattern from s2 is unknown. This means that s2 
could have some directional higher frequency components. The one-third octave band 
spectrum for each data point at positions p0 to p4 in figures 5.17 and 5.18 is presented in 
appendix C1.1 and C1.2. 
 
To investigate further, the one-third octave band spectrums can be studied. Below follows 
one-third octave band spectrums for measurement positions p1, p2, p3 and p4 of 
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measurement set-up 4 (see figures 5.21 to 5.23). The spectrums in their entirety are 
appended in appendix C1.4. Spectrums for measurement set-up 3, refer to appendix C1.3. 
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Figure 5.21, measurement set-up 4, s1 at positions p1, p2, p3 and p4 @s1. 
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Figure 5.22, measurement set-up 4, s1,2 at positions p1, p2, p3 and p4 @s1. 
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Figure 5.23, measurement set-up 4, s1,2 at positions p1, p2, p3 and p4 @s2. 
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Figure 5.23 elucidates the seemingly abnormal results in figure 5.18; frequency band 4 
kHz to 10 kHz sees almost no change throughout the measurement positions. Also, 
frequency band 250 Hz to 4 kHz are not in par with expectations. Directional behavior 
might be a cause. 
 
It is noticeable that s2 has a hump of significant SPL ranging from 4 kHz to 10 kHz. 
Figure 5.23 reveals that this hump is almost unaffected by s1 in this set-up. Therefore in 
figure 5.18 (measurement set-up 4), where s2 is static in position p0, the hump will 
contribute to the SPL recorded by the array, and as s2 is static at p0, the SPL will keep 
level even though s1 is moved from p1 to p4. In this situation, the one-third octave bands 
315 Hz, 400 Hz and 4 to 10 kHz for s2 will influence the spectrum to such a degree that 
the difference between the contribution of s1 in positions p1, p2, p3 and p4 to the total 
will be small. 
 
5.5 Results & analysis of measurement set-up 5 
 
Measurement data for set-up 5 are presented in table 5.8. Column ‘Distance’ of table 5.8 
informs of the measurement distances while columns ‘s1 (dBA SPL)’ and ‘s2 (dBA SPL)’ 
show the SPL dBA reading in the acoustic photo at respective sound source.  
 
In table 5.8, column ‘Active Sources’ may have entries ‘s1’, ‘s2’ or ‘s1,2’ informing that 
either or both of sound sources s1 and s2 are active. 
 
Columns ‘s1,2 - s1’ and ‘s1,2 - s2’ of table 5.8 contain the difference between the ‘s1,2’ 
value and the corresponding columns ‘s1’ and ‘s2’. This difference expresses the 
influence recorded by the camera for the sources in the presence of each other at alternate 
measurement distances. 

 
Table 5.8, SPL data for measurement set-up 5. 

 
Distance (m) Active Sources Position s1 (SPL dBA) s2 (SPL dBA) s1,2 - s1 s1,2 - s2 

1 s1 p0 77.9    
1 s2 p0  80.0   
1 s1,2 p0 80.2 80.5 2.3 0.5 
2 s1 p0 74.3    
2 s2 p0  75.5   
2 s1,2 p0 76.4 76.1 2.1 0.6 
3 s1 p0 71.3    
3 s2 p0  72.0   
3 s1,2 p0 73.4 73.4 2.1 1.4 
4 s1 p0 69.1    
4 s2 p0  69.1   
4 s1,2 p0 70.8 70.8 1.7 1.7 

 
Figure 5.24 plots the columns ‘s1’and ‘s2’ of table 5.8. Figure 5.25 plots how much 
influence the individual sources achieve in presence of each other, columns ‘s1,2 – s1’ 
and ‘s1,2 – s2’ of table 5.8. In figures 5.24 through 5.30, legend entry with ‘@s1’states 
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that the SPL dBA reading is at the reference sound source in the recorded acoustic photo. 
Likewise ‘@s2’ informs that that value is from a reading at the disturbing sound source. 
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Figure 5.24, SPL values, set-up 5.
  

Figure 5.25, SPL comparison, set-up 5.

Opposed to measurement data of table 5.6 and 5.7, table 5.8 and figure 5.24 claims that 
the disturbing sound source (s2) is stronger than the reference sound source (s1). Figure 
5.24 also shows that s2 drops more in SPL over distance than s1. The one-third octave 
band spectrums for the sources at measurement distances 1 to 4 m are shown in figures 
5.26 and 5.27. 
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Figure 5.26, measurement set-up 5, s1 p0@s1, distances 1 to 4 m. 
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Figure 5.27, measurement set-up 5, s2 p0@s1, distances 1 to 4 m. 

 
A comparison (see figure 5.28) of the drop in SPL over measurement distances shows 
that the difference between s1 and 2 for distances 1 to 4 m, mainly lies in the higher 
frequencies. 

 
Figure 5.28, the one-third octave band differences between sources s2 at 1 and 4 m and s1 at 1 and 4 m 
measurement distance. 
 
Figure 5.28 shows the difference in decrease of SPL at distances 1 to 4 m between 
sources s2 compared to s1 over one-third octave bands. Furthermore, it implicates that 
higher frequency components are responsible for the behavior of s2 compared to s1 in 
figure 5.25. 
 
Ideally from a dot-like source, sound in all directions will decay 6 dB SPL each doubled 
distance by (3.2) in an anechoic environment. Mentioned above, directionality was a 
possible trait of s2 and by comparing figures 5.26 and 5.27, s1 too seems to display 
directional behavior for higher frequencies. Both s1 and s2 show an even decay of around 
6 dB SPL each doubled distance for midrange one-third octave bands. Although at higher 
frequencies s1 decays 2 dB SPL each doubled distance whilst s2 typically has in excess 
of a 6 dB SPL drop each doubled distance. It can be noted in figure 5.27, that at some 
one-third octave bands the drop in SPL from 1 to 2 m is over 8 dB and from 2 to 4 m up 

-14
-12
-10

-8
-6
-4
-2
0
2
4
6
8

10

 Δ
 S

P
L 

dB
A

16 25 40 63 100

160

250

400

630

1000

1600

2500

4000

6300

10000

16000

One-third octave band Hz

 39



to 6.5 dB for s2. Figures 5.29 and 5.30 show the one-third octave band spectrums for the 
sources at measurement distances 1 to 4 m, while both sources are active. 
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Figure 5.29, measurement set-up 5, s1,2 p0@s1, distances 1 to 4 m. 
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Figure 5.30, measurement set-up 5, s1,2 p0@s2, distances 1 to 4 m. 

 
Although assuming uncorrelated sources, at some one-third octave bands and 
measurement positions, sound wave interference seems to occur. 
 
For measurement set-up 5, the sources where recorded from different vertical angles, 
refer to section 4.2.4. In effect, a directional source will most likely not behave as a 
spherically directional source at different angles. 
 
The position in which s2 is at in measurement set-up 5 is not identical to that of p0 in 
measurement set-up 3 and 4. It is off in comparison by 0.36 meters and is in close 
vicinity to a reflective item, s1. So, it is reasonable that the recorded SPL is different 
from that of measurement set-up 3 and 4. 
 
The individual one-third octave band spectrums for each measurement distance and 
sound source are appended, see appendix D1.1. 
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5.6 Results & analysis of measurement set-up 6 
 
The results of measurement set-up 6 are compiled in table 5.9. In table 5.9, column 
headings are as described for table 5.8 in previous section. 
 

Table 5.9, SPL data for measurement set-up 6. 
 

Distance (m) Active Sources Position s1 (SPL dBA) s2 (SPL dBA) s1,2 - s1 s1,2 - s2 
5 s1 p5 66.6  0.6  
5 s2 p5  64.7  2.5 
5 s1,s2 p5 67.2 67.2   

 
From table 5.9, it can be noted that sound source s2 is influenced by the presence of s1, 
more so than the other way around. The individual third octave spectrums are appended 
in appendix E1.1. 
 
5.7 Sound source separation performances 
 
Sound source separation evaluates how much a disturbing sound source influences an 
acoustic camera measurement. The influence varies over frequency and for this chapter, 
sound source influence in one-third octave bands are presented. 
 
Given that the sound sources for set-ups 3, 4, 5 and 6 have been recorded both separately 
and together, their influence on each other can be found. For a full evaluation on sound 
source separation, the SPL readings from both sound sources, recorded separately and 
together in the same measurement for specific measurement positions are examined. 
 
5.7.1 Separation performance for measurement set-up 3 & 4 
 
By the individual sound sources SPL levels, a comparison to the corresponding combined 
SPL level will reveal the influence. Figures 5.31 to 5.34 shows the influence by one-third 
octave bands for measurement set-up 3 and figures 5.35 through 5.38 for measurements 
set-up 4. Figures 5.31 to 5.38 are for overview purposes, refer to appendix F1.1 for data 
tables. 
 
In figures 5.31 to 5.38, legend entries ‘s1’, ’s2‘ and ’s1,2’ specify which source is active 
or if both are. In legend, entry ‘s1,2 – s1’ and ‘s1,2 – s2’ represent the influence of the 
sources on each other. Legend entry with ‘@s1’states that the SPL dBA reading is at the 
reference sound source. Likewise ‘@s2’ informs that that value is from a reading at the 
disturbing sound source. 
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Figure 5.31, sound source separation performance for s1 at position p0 and s2 at position p1. 
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Figure 5.32, sound source separation performance for s1 at position p0 and s2 at position p2. 
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Figure 5.33, sound source separation performance for s1 at position p0 and s2 at position p3. 
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Figure 5.34, sound source separation performance for s1 at position p0 and s2 at position p4. 

 
The influences from the two sources on each other are low. Influence is generally greater 
at position p1 and decreases towards p4. Occasional one-third octave bands differ. 
 
Figures 5.35 to 5.38 display the influence by one-third octave bands for measurement set-
up 4. 
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Figure 5.35, sound source separation performance for s2 at position p0 and s1 at position p1. 
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Figure 5.36, sound source separation performance for s2 at position p0 and s1 at position p2. 
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Figure 5.37, sound source separation performance for s2 at position p0 and s1 at position p3. 
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Figure 5.38, sound source separation performance for s2 at position p0 and s1at position p4. 

 
The influence is again low. The influence overall is at the greatest in position p1 and 
decreases through the positions to p4, with clear exception to the two highest one-third 
octave bands. 
 
5.7.2 Separation performance for measurement set-up 5 
 
Figures 5.39 to 5.42 display the influence of the sound sources on each other by one-third 
octave bands for measurement set-up 5. Each figure is for one measurement distance.  
 
Legend entries ‘s1’ and ‘s2’ refer to the reference sound source and disturbing, 
respectively. Entry ‘s1,2@s1 – s1@s1’ is the difference in SPL between when both 
sources are active and just sound source s1, where the reading is at source s1 in the 
acoustic photos. Likewise, legend entry ‘s1,2@s2 – s2@s2’ is the difference in SPL 
between when both sources are active and just sound source s2, where the reading is at 
source s2 in the acoustic photos. 
 
Entries ‘s1,2@s1 – s1@s1’ and ‘s1,2@s2 – s2@s2’ reveal the influence of the sound 
sources on each other. Legend entry ‘abs diff s1 s2’ is the absolute difference in SPL 

 44



between the sources s1 and s2. Data tables for figures 5.39 to 5.42 are appended, see 
F1.2. 
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Figure 5.39, sound source separation for measurement set-up 5 at 1 m measurement distance. 
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Figure 5.40, sound source separation for measurement set-up 5 at 2 m measurement distance. 
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Figure 5.41, sound source separation for measurement set-up 5 at 3 m measurement distance. 
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Figure 5.42, sound source separation for measurement set-up 5 at 4 m measurement distance. 

 
Altogether (figures 5.39 to 5.42), above 630 Hz the sources influence on each other is 
essentially less than the magnitude of SPL between the individual sources. Above 630 
Hz, overall influence is kept under 10 dB. 
 
5.7.3 Separation performance for measurement set-up 6. 
 
From table 5.9, it can be noted that the disturbing sound source (s2) is influenced more in 
presence of the reference sound source (s1) than vice versa. The two sources influence on 
each other is plotted over one-third octave bands in figure 5.43. Data table for figure 5.43 
is appended, see F1.3. In figures 5.43 and 5.44, legend entries are as described in section 
5.7.2. 
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Figure 5.43, the sources influence on each other in measurement set-up 6. 

 
Disregarding lower frequencies, figure 5.43 shows eight one-third octave bands, 800 to 5 
kHz where the influence on s2 is consistently greater than on s1. At the two highest 
frequency bands influence on s1 is greater. Figure 5.44 shows the performance 
altogether. 
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Figure 5.44, the sound source separation for measurement set-up 6. 

 
5.8 Sound Power calculations for measurement set-ups 3 & 4, 5 and 6 
 
The acoustic camera software, NoiseImage, calculates the sound power from the SPL 
data and the focus plane distance (see section 5.2.5). For measurement set-up 3 and 4, the 
distance from sound source to microphone array varies in regard to measurement 
positions (p1 to p4). The sound power calculation for set-up 3 is presented in figures 5.45 
and 5.46, where in figure 5.45, the distance has been modified so that it more accurately 
resembles the true distance. In figure 5.46, original distance is the fixed focus plane 
distance. 
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Figure 5.45, sound power calculations for 
measurement set-up 3, modified distance.

Figure 5.46, sound power calculations for 
measurement set-up 3, original distance.  

 
Figures 5.47 and 5.48 are for measurement set-up 4, where modified and original distance 
is as above. 
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Figure 5.47, sound power calculations for 
measurement set-up 4, modified distance. 

Figure 5.48, sound power calculations for 
measurement set-up 4, original distance.  

 
From figures 5.45 to 5.48, it can be noted that sound power calculations based on 
modified distances compared to original distances receive an increasing attenuation from 
position p1 to p4. This is due to that modified distance is greater than original. Sound 
power calculations for measurement set-up 5 (1 to 4 m) are presented in figure 5.49.  
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Figure 5.49, sound power calculations 
for measurement set-up 5. 

 
From figure 5.49 it can be seen that calculated sound power level for the reference sound 
source as sole active sound source varies within almost one dB above calibrated value 
(90.7 dBA, see appendix A1.3), disregarding the measurement at 1 m. Figure 5.50 and 
5.51 is for measurement set-up 6, where modified and original distance is as above. 
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6. Discussion and conclusions 
 
This chapter is divided into subsections addressing specific measurement set-ups. The 
thesis is concluded in section 6.4. 
 
To evaluate sound power calculation capabilities, values on SPL are proportional to the 
acoustic cameras sound power approximation. One dB SPL scales to one dB sound 
power, given the same focus plane distance. 
 
6.1 Discussion of measurement set-up 1 
 
A reason that the calculated sound power levels are low for measurements at 1 m, is the 
extra path-way distance from source to each microphone in the array. The distance from 
center of array to source is 1 m, but for the ring array having the microphones spaced on 
a radius of 0.35 m around the center, means an increase in distance. The extra travel 
distance reduces SPL by (3.2) with 0.5 dB. Another aspect is that equation (3.10) is based 
on the assumption of plane waves, equation (3.7). This works for spherical sound 
propagation in the far-field. For the short distance measurements in set-up 1, this might 
not hold. 
 
The acoustic resolution parameter showed no effect on measurements in set-up 1 when 
altered from 50 to100 to 200. There is of course a lower bound; however it was not 
within reach of measurement set-up 1.   
 
Area selection functionality has in measurement set-up 1 consistently decreased the SPL 
reading in the acoustic photos compared to point readings. This has also without 
exception degraded the accuracy of the measurements, in comparison to SLM. 
 
From measurement set-up 1 it can be concluded that the sound power estimation works 
well in a near ideal environment (anechoic chamber) given that founding SPL values are 
valid. 
 
6.2 Discussion of measurement set-up 2 
 
For the measurements in set-up 2 the results are as presented directly from the acoustic 
photos in figure 5.12 and 5.13. Both these figures show results that are flawed.  
 
Two apparent issues arise when the acoustic photo dislocations of set-up 2 are realised by 
rotation of the array rather than if the source would be moved in a static focus plane. The 
facilities (anechoic chamber, MWL) did not allow for the source to be dislocated in a 
static focus plane (no elevation device), therefore rotation of the array. 
 
First, there will be a focusing error affecting the delay-and-sum beamforming time 
delays. This however will be minimal and might not affect the SPL reading in the 
acoustic photo as there is only one sound source used in set-up 2 (the reference sound 
source). The reference sound source has a stationary sound characteristic, and there is 
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virtually no background noise, so regardless of signal miss-alignment, the summation and 
thus SPL readings are likely to be about the same. 
 
Second, there might be a focusing error producing a mismatch in the acoustic photo 
between the SPL values and the graphical image. However, in the acoustic photos 
evaluated for measurement set-up 2 the SPL decay surrounded the source with little or no 
mismatch. 
 
The variations in SPL and sound power were analysed in sections 5.2.3 and 5.2.4.  
 
In section 5.2.3, adjusting the distance from source to center of array, the sound power 
estimations were improved. 
 
The compensation calculations in section 5.2.4 revealed that the variations in measured 
SPL could to a good degree be explained by the increase or decrease of distance from 
source to microphone that the source dislocations of measurement set-up 2 in part 
constitutes. 
 
Figure 5.15 (rotation distance compensated SPL) shows that after reasonable 
compensation, SPL from the source at dislocations (pos1_2 to pos1_8) was recorded 
(without beamforming) by the array with almost equal sensitivity. This might indicate 
that all dislocations where within limits of a main lobe. There is also a possibility that 
considering that the reference sound source produces sound over a wide frequency 
spectrum (see spectrum ‘s1 p0@s1’ for set-up 3 in appendix C1.1), the different array 
directionalities for these frequencies overlap to such a degree so that all in all, the sound 
source dislocations are recorded with near equal sensitivity. 
 
In NoiseImage 3.1.3.4, the distance for calculating sound power is set to focus plane 
distance (see section 5.2.5, Note on NoiseImage). This can be hazardous. Had a 
dislocated (not in the center of the acoustic image) sound source been in the focus plane, 
sound power levels would have been wrongly calculated. A distance compensation for 
where in the focus plane the sound power level is calculated is perhaps a good idea. 
 
The dislocations presented in section 4.2.2 seem to keep the source within the main-lobe, 
or within reach of nearby equal sensitivity. Had the source been in the focus plane, the 
same acoustic photo dislocations (pos1_2 to pos 1_8) would have had the same angle of 
incidence on the array. So, it could be assumed that if NoiseImage compensated distance 
(so that the sound power calculation was founded on the correct distance) and a source 
was placed in the focus plane, dislocated to the edge (pos1_2 and pos1_4) of the acoustic 
photo, the sound power level estimation would be good. 
 
6.3 Discussion of measurement set-up 3 & 4, 5 and 6  
 
It could be expected that the influence of a nearby sound source would decrease as the 
distance apart increases (as mentioned in section 5.4). This is overall true considering that 
the exceptions are explainable. 
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The sound field produced by the disturbing sound source, the compressor, is unknown. 
As the microphone array is exposed to different angles to the side of the compressor in 
the measurement positions in set-up 3, 4 and 6 (p0, p1, p2, p3, p4 and p5) it is possible 
that variations in the compressors radiating sound pattern cause deviation from what 
could be expected. 
 
In set-up 5, the microphone array is directed at different angles towards the sound sources 
at the different measurement distances (see figure 4.7). It seems that the sound sources 
have a radiation pattern that changes from different angles. This can be expected from the 
compressor pump and unfortunately the reference sound source possibly exhibits this as 
well. 
 
6.4 Conclusion 
 
The acoustic camera used throughout this thesis from Gfai Tech proved able to estimate 
sound power. 
 
For the measurements presented, under idealized situations, the sound power estimation 
functionality in NoiseImage provides good accuracy excluded very short measurement 
distances. Disturbing sound source suppression is good, even for slightly overpowering 
sources and for sources in close vicinity. 
 
Measurement set-ups 1 and 2 shows that sound power levels could be estimated to at best 
1 dB wrong. In set-up 1, measurements show better results at 3 to 5 m distance compared 
to 1 and 2 m distance. Measurements in set-up 2 show sound power levels around 1 dB 
off when estimated with correct distance (see section 5.2.5). 
 
For measurement set-up 3, 4, 5 and 6, the measurement data suggests that a sound source 
in an acoustic photo is influenced by disturbing sound sources. By the scope of the 
measurements performed, in one-third octave bands, to a degree of 20 dBA SPL to 
almost 0 dB, for sources from 15 dBA SPL stronger than disturbing and in the limits of 
2.6 meters apart in the focus plane and at 5m focus plane distance. Overall, by the 
measurements presented here, the sound source influence is low. 
 
Disturbing sound source suppression, measured in set-ups 3, 4, 5 and 6, vary much 
between one-third octave bands. Set-ups 3 and 4, where sound sources are separated at 
minimum 0.65 m apart, typically has low (around 5 dB SPL, worst case) disturbing sound 
source influence over 630 Hz. In set-ups 5 and 6, where the sound sources are placed 
very close together, the sound sources do not influence SPL measurements more than 
around 10 dB at frequencies over 630 Hz. For the two-source measurement set-ups (set-
ups 3, 4, 5 and 6), measured values depend on relative sound source strength. At some 
one-third octave bands and positions the disturbing sound source is stronger, and at some 
weaker. Where disturbing sound source suppression is low, the relative difference in 
sound source strength is high. Complete and specific by one-third octave band 
comparisons can be made with the information appended in F1.1, F1.2 and F1.3. 
 

 52



For situations where assumptions of free-field radiation and spherical propagation are 
met, the sound power level estimation should be good. For sound fields with multiple 
sound sources, the sound power level can be estimated taking into account the influence 
disturbing sound sources have as shown. 
 
It can also be stated that compared to room interaction sound power measurements, the 
acoustic camera is mobile. And compared to a sound intensity measurement, the acoustic 
camera can by the measurements shown here determine sound power at distance. 
 
6.5 Future work 
 
This thesis has explored the sound power estimation functionality as implemented in 
NoiseImage in a laboratory environment. In a real-life situation, acoustic camera 
measurements will have to cope with a more unpredictable environment along with a 
judgment as to what portion of the radiating sound from a source is direct sound, which 
will influence the sound power estimation. A complex source might also have directional 
higher frequencies that in a worst case coincide with low array sensitivity.  
 
The acoustic camera used in this thesis with NoiseImage 3.1.3.4, calculates the sound 
power based on an assumption of spherical sound propagation, see equation (3.10). 
Modifying the sound power estimation model to support half sphere and quarter of a 
sphere sound propagation could be useful and is easy in theory, but does it hold up in 
test? 
 
Applied in real-life situations the acoustic camera might be subjected to sound arriving 
from behind. The microphone ring array might be susceptible to this. Theoretically 
sensitivity is (given spherically sensitive microphones) almost equal front to back. Only 
the microphone support ring deflects sound waves. 
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A General 
 
A1.1 Simulated microphone array sensitivity 
 
In appendix A1.1, simulated microphone array sensitivity patterns for the ring array are 
presented. The ring array is the microphone array used in the measurements of this thesis, 
it consists of 48 microphones arranged equally spaced in a ring with radius 0.35 m. The 
simulations use the theory presented in section 2.1. The simulations are done in 
MATLAB, the simulation code is presented in appendix A1.2, see function ‘array_func’. 
Figures A1.1 to A1.31 are simulations of the microphone ring array at one-third octave 
band center frequencies from 20 Hz to 20 kHz. Microphone array sensitivity is 
normalized and presented from 0 to -30 dB. 
 
It can be noted in figures A1.1 to A1.31 that the simulated microphone array directivity 
drastically changes from 20 Hz to 20 kHz. At low frequencies the microphone array can 
not distinguish sound from different directions. Low frequency limitation is a 
consequence of microphone array geometry. The maximum distance between two 
microphones of the ring array is 0.7 m. In order to distinguish the direction of arrival of 
sound, there has to be enough phase shift across the microphones of the array. 
 
Towards 315 Hz (figure A1.13), microphone array directivity starts to become useful. 
This coincides with the manufactures recommendations, which states that recommended 
usage is between 400 Hz and 20 kHz. 
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(a) 
 

 
(b) 
 

Figure A1.1, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 20 Hz.  

 56



 
(a) 
 

 
(b) 
 

Figure A1.2, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 25 Hz.  
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(a) 
 

 
(b) 
 

Figure A1.3, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 31.5 Hz.  
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(a) 
 

 
(b) 
 

Figure A1.4, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 40 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.5, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 50 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.6, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 63 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.7, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 80 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.8, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 100 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.9, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 125 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.10, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 160 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.11, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 200 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.12, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 250 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.13, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 315 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.14, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 400 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.15, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 500 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.16, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 630 Hz.  
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(b) 
 

Figure A1.17, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 800 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.18, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 1000 Hz. 
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(b) 
 

Figure A1.19, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 1250 Hz. 
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(b) 
 

Figure A1.20, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 1600 Hz. 
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(b) 
 

Figure A1.21, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 2000 Hz. 
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(b) 
 

Figure A1.22, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 2500 Hz. 
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(b) 
 

Figure A1.23, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 3150 Hz. 
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(b) 
 

Figure A1.24, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 4000 Hz. 
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(b) 
 

Figure A1.25, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 5000 Hz. 
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(b) 
 

Figure A1.26, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 6300 Hz. 
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(b) 
 

Figure A1.27, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 8000 Hz. 
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(a) 
 

 
(b) 
 

Figure A1.28, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 10000 Hz. 
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(b) 
 

Figure A1.29, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 12500 Hz. 
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(b) 
 

Figure A1.30, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 16000 Hz. 
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(b) 
 

Figure A1.31, view (a) and (b) show the simulated microphone ring array sensitivity from two different 
angles, θ and φ at 20000 Hz. 
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A1.2 MATLAB function 
 
The MATLAB function used to simulate microphone array power patterns in appendix 
A1.1 is called array_func, it follows below. 
 
function [v1_list,v2_list,mesh_gain] = array_func(lam,N) 
%This function simulates the array function for the ring array 
%and creats a mesh figure. Inputs are: 
%lam = wave length 
%N = number of simulation angles of -pi to pi 
  
%get ring array microphone coordinates 
pos = ring_array(); 
positions = length(pos); %sets of three 
  
%get angles depending on N 
[v1_list,v2_list] = get_angles(N); 
[size_x, size_y] = size(v1_list); 
  
%calculate array function 
for i = 1:1:size_x 
       for ii = 1:1:size_y 
     
        v = [v1_list(i,ii) v2_list(i,ii)]; 
        k = 2*pi/lam*[sin(v1_list(i,ii))*cos(v2_list(i,ii)), 
sin(v1_list(i,ii))*sin(v2_list(i,ii)), cos(v1_list(i,ii))];             
        a = 0; %zero a for each new v1 & v2 
  
         for counter = 1:1:positions, 
              
            one_pos(1,1) = pos(1,counter); %x 
            one_pos(2,1) = pos(2,counter); %y 
            one_pos(3,1) = pos(3,counter); %z 
            a = a + exp(j*(k*one_pos));  %sum for all pos for 1 angle 
set 
         
         end 
       
    temp = (1/positions)*a; 
    mesh_gain(i,ii) = temp; 
   
   nd  e
end 
  
mesh_gain = abs(mesh_gain) + eps; 
max_value = max(max(mesh_gain)); %find max 
mesh_gain = mesh_gain./max_value; 
mesh_gain = 20*log10(mesh_gain); 
  
%cut too low values, -30 dB 
for i = 1:1:size_x 
    for ii = 1:1:size_y 
        if mesh_gain(i,ii) < -30 
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            mesh_gain(i,ii) = -30; 
       nd  e
    end 
end 
  
%create figure 
v1_list = v1_list(1,:); 
v2_list = v2_list(:,1); 
close all 
figure; 
meshc(v1_list,v2_list,mesh_gain); 
xlabel('\theta'); 
ylabel('\phi'); 
ymin = 0; ymax = pi; xmin = 0; xmax = pi; zmin = -30; zmax = 0;  
axis([xmin xmax ymin ymax zmin zmax]); 
  
function [xyz] = ring_array() 
%this function returns the coordinates for the 
%microphone ring array 
  
r= 0.35; %radius of ring array 
xyz = zeros(3,48); 
kol = 1; 
  
for q = 0:((2*pi)/48):(2*pi-(2*pi/48)), 
    [a c b] = sph2cart(q,0,r); 
    temp = [a b c]';     
    xyz(:,kol) = temp; 
    kol = kol + 1; 
end 
 
function [v1_out, v2_out] = get_angles(N) 
%this function returns two list with N elements each  
%v1_out and v2_out contain equally spaced angles over [0,pi] 
  
% equally-spaced angles over 0 to pi 
angles = (0 : N-1) * pi / (N-1);      
  
for i = 1:1:N, 
    v1_out(i,1:N) = angles; 
    v2_out(1:N,i) = angles; 
end 
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A1.3 Reference sound source calibration certificate 
 

Below (the following four pages) follows the reference sound source calibration certificate. 
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A1.4 Area selections pictured 
 

The area selections (A1, A2, A3 and A4 of measurement set-up 1) in relation to the 
reference sound source are depicted in figure A1.32. Area selections are marked with a 
red rectangle. 

 

   

(a) (b) 
 

(c) 

(d) 
 

 Figure A1.32, the area selections for measurement set-up 1, where (a) is A1, (b) is A2, (c) is A3 and (d) is area 
selection A4. 
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B Measurement set-up 2 
 
B1.1 Acoustic photo dislocation positions 
 
Below (figures B1.1 to B1.8) are pictures (the graphic part of the acoustic photos without 
the SPL-information overlay) of the acoustic photo dislocation positions (pos1_2, 
pos1_3, to pos1_8 of measurement set-up 2). 
 

Figure B1.1, acoustic photo dislocation position pos1_1. 
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Figure B1.2, acoustic photo dislocation position pos1_2. 
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Figure B1.3, acoustic photo dislocation position pos1_3. 
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Figure B1.4, acoustic photo dislocation position pos1_4. 
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Figure B1.5, acoustic photo dislocation position pos1_5. 
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Figure B1.6, acoustic photo dislocation position pos1_6. 
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Figure B1.7, acoustic photo dislocation position pos1_7. 
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Figure B1.8, acoustic photo dislocation position pos1_8. 
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B1.2 Data values for rotated position 
 
Table B1.1 displays the data values for figure 5.12 (section 5.2). In table B1.1, columns 
‘position’ and ‘distance’ marks the measurement position and measurement distance as 
described for measurement set-up 2 (section 4.2.2). Column ‘SPL dBA’ is the SPL 
reading from the acoustic photos of measurement set-up 2. 
 

Table B1.1, SPL values for the rotated positions of set-up 2.  
 

position distance (m) SPL dBA 
pos1_1 2 74.4 
pos1_2 2 75.2 
pos1_3 2 74.1 
pos1_4 2 73.6 
pos1_5 2 74.8 
pos1_6 2 74.6 
pos1_7 2 74.5 
pos1_8 2 75.1 

   
pos1_1 3 71.0 
pos1_2 3 71.6 
pos1_3 3 70.8 
pos1_4 3 70.6 
pos1_5 3 71.4 
pos1_6 3 71.1 
pos1_7 3 71.0 
pos1_8 3 71.5 

   
pos1_1 4 69.1 
pos1_2 4 69.0 
pos1_3 4 68.5 
pos1_4 4 68.5 
pos1_5 4 69.1 
pos1_6 4 68.7 
pos1_7 4 68.6 
pos1_8 4 69.2 

   
pos1_1 5 67.0 
pos1_2 5 67.3 
pos1_3 5 66.9 
pos1_4 5 66.4 
pos1_5 5 67.1 
pos1_6 5 67.0 
pos1_7 5 66.9 
pos1_8 5 67.3 
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B1.3 Data values for sound power 
 
Table B1.2 displays the data values for figure 5.13 (section 5.2). In table B1.2, columns 
‘position’ and ‘measurement distance’ marks the measurement position and measurement 
distance as described for measurement set-up 2 (section 4.2.2). Column ‘sound power 
dBA’ is the sound power estimation reading from the acoustic photos of measurement 
set-up 2. 
 

Table B1.2, sound power values for the rotated positions of set-up 2. 
 

position distance (m) sound power dBA
pos1_1 2 91.12 
pos1_2 2 91.92 
pos1_3 2 90.82 
pos1_4 2 90.32 
pos1_5 2 91.52 
pos1_6 2 91.32 
pos1_7 2 91.22 
pos1_8 2 91.82 

   
pos1_1 3 91.24 
pos1_2 3 91.84 
pos1_3 3 91.04 
pos1_4 3 90.84 
pos1_5 3 91.64 
pos1_6 3 91.34 
pos1_7 3 91.24 
pos1_8 3 91.74 

   
pos1_1 4 91.84 
pos1_2 4 91.74 
pos1_3 4 91.24 
pos1_4 4 91.24 
pos1_5 4 91.84 
pos1_6 4 91.44 
pos1_7 4 91.34 
pos1_8 4 91.94 

   
pos1_1 5 91.68 
pos1_2 5 91.98 
pos1_3 5 91.58 
pos1_4 5 91.08 
pos1_5 5 91.78 
pos1_6 5 91.68 
pos1_7 5 91.58 
pos1_8 5 91.98 
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B1.4 MATLAB functions 
 
Below are MATLAB functions that calculate the individual source to microphone 
distances for the rotated positions of measurement set-up 2. Function 
calc_compensation_for_mic() performs the calculation and calls functions normalize(), 
moveto(), d3length(), getDistance(), Lp_eq(), ring(), rotate_func_2() and rotArbit(). 
Function array_func() simulates the sensitivity pattern for the microphone ring array. 
 
function v = normalize(v) 
%this function normalizes a vector v to unity length 
  
length = sqrt((v(1,1))^2 + (v(2,1))^2 + (v(3,1))^2); 
v(1,1) = (v(1,1))/length; 
v(2,1) = (v(2,1))/length; 
v(3,1) = (v(3,1))/length; 
 
 
function xyz = moveto(pos,v) 
%this function moves a point v, to position pos 
%and returns a moved point xyz 
  
% v = [[x1 y1 z1]' ...] 
% pos = [x y z]' 
% xyz = [[x1 y1 z1]' ...] 
  
x = pos(1,1); y = pos(2,1); z = pos(3,1); 
vx = v(1,:); 
xyz(1,:) = x+vx; 
vy = v(2,:); 
xyz(2,:) = y+vy; 
vz = v(3,:); 
xyz(3,:) = z+vz; 
  
 
function length = d3length(v) 
%d3length returns the length of a vector v 
%v is on form; v = [x1 y1 z1]' 
  
vx = v(1,1); vy = v(2,1); vz = v(3,1); 
length = sqrt(vx^2 + vy^2 + vz^2); 
 
 
function distance = getDistance(v1,v2) 
%this function returns the distance between two points in R3 space. 
 
distance = sqrt( (v1(1,1)-v2(1,1))^2 + (v1(2,1)-v2(2,1))^2 + (v1(3,1)-
v2(3,1))^2 ); 
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function out = Lp_eq(in) 
%This function calculates the mean SPL out of the SPL values contained  
%in input argument 
%for in, row 1 = Lp, column = index  
  
length_is = size(in); length_is = length_is(1,2); 
  
%%%calculate the mean SPL dBA 
    temp = 0; 
    for Lp_index = 1:1:length_is 
    temp = temp + 10^((in(1,Lp_index))/10); 
    end 
    out = 10*log10((1/length_is)*temp);    
 
 
function [xyz,x,y,z] = ring() 
%This function returns the coordinates for the microphones 
%of the 48 microphone ring array. Coordinates position the microphones 
on a %radius around [0,0,0] 
  
r= 0.35; %radius of ring array 
xyz = zeros(3,48); %define dimensions of xyz 
kol2 = 1; %set start value 
  
for q = (+0.5*2*pi/48)+((-0.5)*pi):((2*pi)/48):((3/2)*pi-
(0.5*2*pi/48)), 
    [a b c] = sph2cart(q,0,r); 
    temp = [a b c]';     
    xyz(:,kol2) = temp; 
    kol2 = kol2 + 1; 
end 
  
x = xyz(1,:); 
y = xyz(2,:); 
z = xyz(3,:); 
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function [xyz_out,e] = rotate_func_2(p_x,p_y,distance) 
%this function calculates the position of the sound source relative the 
%microphone array after rotation. Input arguments are acoustic photo x 
& y %coordinates (p_x and p_y) and measurement distance 
  
%%get quadrant & if negative angles 
if p_x > 0 
    angle1_is_neg = -1; 
else 
    angle1_is_neg = 1; 
end 
if p_y > 0 
    angle2_is_neg = -1; 
else 
    angle2_is_neg = 1; 
end 
  
%%vr is the rotated vector pointing towards the sound source. 
vr = [p_x p_y+0.59 distance]'; 
xyz(:,1) = [0 0 0]';  
xyz(:,2) = [0 0 distance]'; 
xyz = moveto([0 0.59 0]',xyz); 
z_is = sqrt(((d3length(vr))^2)-(0.59^2)); 
xyz(:,3) = [0 0.59 z_is] ; 
%vector_ex is the extentded vector that is equal length to vr, and will  
%be rotated to vr 
vector_ex = xyz(:,3);  
  
%%%First: Rotate around y-axis %%% 
%rotate around [0 1 0] the angle between distance & px 
angle1 = acos((dot([p_x 0 distance]',[0 0 distance]'))/((d3length([p_x 
0 distance]'))*(d3length([0 0 distance]')))); 
angle1 = angle1_is_neg*angle1; 
axis_is = [0 1 0]'; 
r_axis = normalize(axis_is); 
%rotate 
p1 = r_axis; p2 = -r_axis; 
[xyz1,Trs] = rotArbit(xyz,p1,p2,angle1); 
  
%%%Secondly: rotate around cross product axis %%% 
%find rotation axis, cross against rotated vector from above (first) & 
y-axis  
%rotate vector so that point center of array & point in focus plane 
align 
vector_ex = xyz1(:,3); 
axis_is = cross(vector_ex,[0 1 0]'); 
r_axis_2 = normalize(axis_is); 
angle2 = 
acos((dot(vector_ex,vr))/((d3length(vector_ex))*(d3length(vr)))); 
angle2 = angle2_is_neg*angle2; 
%%rotate 
p1 = r_axis_2; p2=-r_axis_2; 
[xyz2,Trs] = rotArbit(xyz1,p1,p2,angle2); 
  
%estimate the alignment error 
e = off_line(xyz2(:,1),xyz2(:,2),vr); 
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xyz_out = xyz2; 
 
 
 
function [xyz1,Trs] = rotArbit(xyz,p1,p2,angle) 
  
% Rotates a set of points "xyz"(3xN) R3 cartesian space about 
aribitrary 
% axis defined by the line joining  "p1"(3x1) & "p2"(3x1) by an angle 
% "angle"(1x1) and gives the corresponding tranformation matrices   
%  
% Trs are the 3x3x3 matrix containg the following tranforamtion 
matrices 
% Trs(:,:,1)=Tr_GL;  % to transform from global to local frame*  
% Trs(:,:,2)=Tr_LR;  % to rotate about the local x-axis 
% Trs(:,:,3)=Tr_LG;  % to transform from local to global frame*  
%    
%    *local frame is the one whose x-axis is coinciding with the axis 
of 
%     rotation 
  
% This function is based on rotArbit.m found at 
% http://www.mathworks.com/matlabcentral/fileexchange 
  
if norm(p2-p1)==0 
    disp(' Error [rotArbit]:: points must be distinct !') 
    xyz1=[]; 
    Trs=[]  ;
    return 
else 
    ax=(p2-p1)/norm(p2-p1); 
end 
  
% #### Calculating the angles to make the x-axis coincide with the axis 
of %rotation 
  
angleXyPlane=pi/2-acos( dot( ax,[0 0 1] ) ); 
ty=-angleXyPlane; 
  
axOnXyPlane=[ax(1) ax(2) 0]; 
if axOnXyPlane==[0 0 0] 
    tz=0; 
else 
    tz=sign(ax(2))*acos( dot(axOnXyPlane,[1 0 0])/norm(axOnXyPlane) ); 
end 
  
% #### Rotation matrices's inline function definition 
TrMat1=inline( '[1 0 0 ; 0 cos(theta) -sin(theta) ; 0 sin(theta) 
cos(theta) ]' ); 
TrMat2=inline( '[cos(theta) 0 sin(theta) ; 0 1 0 ; -sin(theta) 0 
cos(theta) ]' ); 
TrMat3=inline( '[cos(theta) -sin(theta) 0 ; sin(theta) cos(theta) 0 ; 0 
0 1 ]' ); 
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Tr_LG=TrMat3(tz)*TrMat2(ty);  % Rotation matrix to transform from local 
to global 
Tr_GL=inv(Tr_LG); % Rotation matrix to transform from global to local 
Tr_LR=TrMat1(angle); % Rotating about the local x-axis in local frame 
  
  
% #### Finding the offset between the frame and the axis of rotation 
p1_L=Tr_GL*p1; 
offset_L=[0 p1_L(2) p1_L(3)]'; 
offset_G=Tr_LG*offset_L; 
  
% #### Shift the frame's origin to the axis of rotation 
xyz1=xyz-repmat(offset_G,1,size(xyz,2)); 
  
% #### Rotate the frame such that it's x-axis is aligned with the axis 
of interest 
xyz1=Tr_GL*xyz1; 
  
% #### Rotate the object about x-axis which is same as axis of interest 
xyz1=Tr_LR*xyz1; 
  
% #### Rotate back the frame to the original initial frame's 
orientation 
xyz1=Tr_LG*xyz1; 
 
% #### Shift back the frame to the original initial frame's origin 
xyz1=xyz1+repmat(offset_G,1,size(xyz,2)); 
  
Trs(:,:,1)=Tr_GL;  % to transform from global to local frame  
Trs(:,:,2)=Tr_LR;  % to rotate about the local x-axis 
Trs(:,:,3)=Tr_LG;  % to transform from local to global frame  
  
% #### ( local frame is the one whose x-axis is coinciding with the 
axis of rotation ) 
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function [e_data] = calc_compensation_for_mic() 
%This function calculates the distance compensated SPL for the 
individual 
%microphones. Sound source to microphone distance is compensated 
because 
%of the shift in focus plane caused by rotating the array to place the 
%sound source in the position of measurement set-up 2. 
%The individual microphones recorded SPL is imported from a xls file 
and  
%the mean SPL from all microphones are written to an xls file. 
%Output e_data is the alignment error returned from rotate_func_2() 
  
%%%%warning off%%%% 
warning off MATLAB:xlswrite:AddSheet; 
  
%%%%list directory contents, an entry is typicaly:  
%s1_pos-1-4_2m_range30dB_Spectrum 
measurement_file_list = 
dir(fullfile(matlabroot,'work/rotation/txt/txt_files/*.txt')); 
length_is = size(measurement_file_list); measurement_file_list_length = 
length_is(1,1); 
  
%%%%load info from mic_data.xls containing focus plane x & y  
%coordinates for the source. In ndata_rot_pos,  
%col 1 contains distance, col 3 contains x values, col 4 contains y 
values 
[ndata_rot_pos, headertext_rot_pos] = xlsread('xls_files/mic_data.xls', 
'org_data'); 
%as ndata_rot_pos has more rows that col, length() will work 
ndata_rot_pos_has_rows = length(ndata_rot_pos); 
  
%%%%fill cell contents for struct creation and construct rot_pos_struct 
fields = headertext_rot_pos(2,:); 
for i = 1:1:ndata_rot_pos_has_rows 
    cell_contents(i,:) = {headertext_rot_pos(i+2,1), 
ndata_rot_pos(i,1), ndata_rot_pos(i,2), ndata_rot_pos(i,3), 
ndata_rot_pos(i,4)}; 
end 
length(cell_contents); 
cell_contents'; 
rot_pos_struct = cell2struct(cell_contents', fields,1); 
  
%for all measurements compensate for the source to mic distance 
for measurement = 1:1:measurement_file_list_length 
  
    %load indvidual mics SPL in specfic sheet per measurement 
    sheet_string = measurement_file_list(measurement).name; 
    sheet_string = sheet_string(1,1:13); 
    [ndata_mic_spl, headertext_mic_spl] = 
xlsread('xls_files/mic_data_from_ters.xls', sheet_string); 
    ndata_mic_spl_has_rows = length(ndata_mic_spl); 
    %in each sheet ndata_mic_spl,  
    %row 1 = distance, row 2 = SPL dBA, row 4 = mic index 
  
    %distance keeps constant for each measurement sheet 
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    measurement_distance = ndata_mic_spl(1,1); 
    %pos keeps constant for each measurement sheet 
    pos_string_is = headertext_mic_spl(1+1,1);  
  
    rad = get_from_struct(rot_pos_struct, 'pos', pos_string_is, 
'distance', measurement_distance); 
    p_x = rot_pos_struct(rad).x; 
    p_y = rot_pos_struct(rad).y; 
    measurement_distance = rot_pos_struct(rad).distance; 
  
    %rotate an extended vector to point at where source is 
    [xyz,e] = rotate_func_2(p_x,p_y,measurement_distance); 
    e_data(:,i) = e; 
  
    %the source is at point xyz(:,2), the projection through center of 
    %array through xyz(:,2) on to focus plane is at 
    %[p_x],[distance],[p_y+0.59] 
    point_source = xyz(:,2); 
    %store the source to mic_array center distance 
    point_source_distances_is = getDistance([0 0.59 0]', point_source); 
     
    %%%%generate vectors representing Ring Array microphones 
    xyz_ring = ring(); 
  
    %%%%move Ring Array 0.59 over ball joint [0 0 0]. 
    xyz = moveto([0 0.59 0]',xyz_ring); 
  
    %do per mic calculations with x,y,distance & SPL 
    for mic= 1:1:ndata_mic_spl_has_rows 
         
        distance_is = getDistance(point_source,xyz(:,mic)); 
        %for each mic index #, store distance 
        distances(1,mic) = distance_is; 
  
        %if Lp1 is the measured SPL dBA and r1 is the distance to  
        %point_source during measurement. 
        %Lp2 is SPL dBA is seeked, r2 is the original measurement 
distance. 
        Lp1 = ndata_mic_spl(mic,2);  
        r2 = sqrt(measurement_distance^2 + 0.59^2);  
        r1 = distance_is; 
        Lp1_list(1,mic) = Lp1; 
        Lp2 = 10*log10((r1/r2)^2)+Lp1; 
        Lp2_list(1,mic) = Lp2; 
  
    end 
  
    %write the mean SPL for all microphones for one measurement 
    Lp2_eq_is = Lp_eq(Lp2_list); 
    cell = strcat('B',num2str(measurement+3)); 
    xlswrite('tmp_xls/tempdata.xls', Lp2_eq_is, 'SPL data', cell); 
  
    %write the measured SPL for all mics for current measurement 
    Lp_measured = Lp_eq(Lp1_list); 
    cell = strcat('C',num2str(measurement+3)); 
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    xlswrite('tmp_xls/tempdata.xls', Lp_measured, 'SPL data', cell); 
  
    %write which measurement 
    cell = strcat('A',num2str(measurement+3)); 
    xlswrite('tmp_xls/tempdata.xls', {sheet_string}, 'SPL data', cell); 
     
    %write distances for each mic in distances sheet 
    cell = strcat('B',num2str(measurement+3)); 
    xlswrite('tmp_xls/tempdata.xls', distances, 'distances', cell); 
      
    %write which measurement info for distances sheet 
    cell = strcat('A',num2str(measurement+3)); 
    xlswrite('tmp_xls/tempdata.xls', {sheet_string}, 'distances', 
cell); 
     
    %write distances for source to mic_array center 
    cell = strcat('B',num2str(measurement+3)); 
    xlswrite('tmp_xls/tempdata.xls', point_source_distances_is, 
'point_source distances', cell); 
      
    %write which measurement second sheet 
    cell = strcat('A',num2str(measurement+3)); 
    xlswrite('tmp_xls/tempdata.xls', {sheet_string}, 'point_source 
distances', cell); 
     
end 
  
%%%write headers for xls 
cell = 'B1'; 
string = {'Calculated SPL dBA, Lp2_mean'}; 
xlswrite('tmp_xls/tempdata.xls',string , 'SPL data', cell); 
  
cell = strcat('C',num2str(1)); 
string = {'Measured SPL dBA'}; 
xlswrite('tmp_xls/tempdata.xls',string , 'SPL data', cell); 
  
cell = strcat('B',num2str(1)); 
string = {'Distances from source to microphone, mic_index 1 -> 48'}; 
xlswrite('tmp_xls/tempdata.xls',string , 'distances', cell); 
  
cell = strcat('B',num2str(1)); 
string = {'Distances from source to center of mic_array'}; 
xlswrite('tmp_xls/tempdata.xls',string , 'point_source distances', 
cell); 
  
%%%%restore warning 
warning on MATLAB:xlswrite:AddSheet; 
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B1.5 Source to center of array distances 
 
Table B1.3 shows the source to center of array distances for the rotated positions of 
measurement set-up 3 & 4. 
 

Table B1.3, source to center of array distances for the rotated positions of measurement set-up 3 & 4. 
 

position non rotated distance (m) rotated distance (m) 
pos1_2 2 1.8262 
pos1_2 3 2.8316 
pos1_2 4 3.8376 
pos1_2 5 4.8295 
pos1_3 2 2.1112 
pos1_3 3 3.0910 
pos1_3 4 4.1043 
pos1_3 5 5.0878 
pos1_4 2 2.1746 
pos1_4 3 3.1632 
pos1_4 4 4.1596 
pos1_4 5 5.1432 
pos1_5 2 1.8947 
pos1_5 3 2.8950 
pos1_5 4 3.8802 
pos1_5 5 4.8808 
pos1_6 2 1.9774 
pos1_6 3 2.9898 
pos1_6 4 3.9866 
pos1_6 5 4.9917 
pos1_7 2 1.9683 
pos1_7 3 2.9885 
pos1_7 4 3.9901 
pos1_7 5 4.9929 
pos1_8 2 1.8335 
pos1_8 3 2.8295 
pos1_8 4 3.8236 
pos1_8 5 4.8208 
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B1.6 Individual source to microphone distances 
 
Table B1.4 contains the distance from source to microphone calculation caused by 
rotation of the array. In table B1.4, column ‘microphone index’ shows the microphone 
index as explained below. Remaining columns state the acoustic photo dislocation 
position and measurement distance as described for measurement set-up 2 (section 4.2.2). 
 
Microphone index numbers the individual microphones. The microphone ring array is 
comprised of 48 microphones (see measurement equipment, section 4.1). Figure B1.9 
shows the indexation. In figure B1.9, microphones are shown as ‘*’ symbols and ‘+’ signs 
mark the center of array and tri-pod ball-joint. The microphones are indexed counter 
clockwise around center of array, in order 1 to 48.  
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Figure B1.9, indexation of the microphone ring array. 
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Table B1.4, calculated distance from source to microphone, part (1/4). 
 

microphone pos1_2 pos1_2 pos1_2 pos1_2 pos1_3 pos1_3 pos1_3 pos1_3 
index 2 m 3 m 4 m 5 m 2 m 3 m 4 m 5 m 

1 1.9700 2.9615 3.9584 4.9521 2.0814 3.0630 4.0635 5.0548 
2 1.9832 2.9760 3.9732 4.9672 2.0936 3.0746 4.0755 5.0689 
3 1.9943 2.9884 3.9860 4.9803 2.1065 3.0867 4.0882 5.0834 
4 2.0031 2.9985 3.9966 4.9909 2.1198 3.0993 4.1014 5.0982 
5 2.0096 3.0061 4.0046 4.9990 2.1335 3.1119 4.1149 5.1130 
6 2.0135 3.0112 4.0102 5.0045 2.1472 3.1245 4.1284 5.1275 
7 2.0149 3.0137 4.0131 5.0072 2.1606 3.1368 4.1417 5.1415 
8 2.0137 3.0134 4.0133 5.0072 2.1736 3.1487 4.1545 5.1547 
9 2.0100 3.0105 4.0109 5.0044 2.1860 3.1598 4.1668 5.1670 
10 2.0038 3.0050 4.0058 4.9988 2.1976 3.1701 4.1781 5.1781 
11 1.9952 2.9969 3.9981 4.9906 2.2081 3.1793 4.1885 5.1879 
12 1.9843 2.9864 3.9880 4.9799 2.2174 3.1874 4.1976 5.1961 
13 1.9712 2.9736 3.9756 4.9668 2.2254 3.1941 4.2054 5.2027 
14 1.9562 2.9588 3.9611 4.9516 2.2319 3.1995 4.2118 5.2076 
15 1.9395 2.9420 3.9447 4.9345 2.2369 3.2033 4.2165 5.2106 
16 1.9212 2.9237 3.9267 4.9157 2.2402 3.2055 4.2196 5.2118 
17 1.9018 2.9041 3.9074 4.8957 2.2419 3.2062 4.2211 5.2110 
18 1.8814 2.8834 3.8870 4.8746 2.2418 3.2053 4.2207 5.2084 
19 1.8604 2.8621 3.8660 4.8529 2.2401 3.2027 4.2187 5.2040 
20 1.8391 2.8405 3.8446 4.8309 2.2367 3.1986 4.2150 5.1977 
21 1.8180 2.8189 3.8233 4.8090 2.2316 3.1930 4.2096 5.1898 
22 1.7973 2.7978 3.8024 4.7875 2.2250 3.1860 4.2028 5.1804 
23 1.7775 2.7774 3.7822 4.7669 2.2170 3.1778 4.1945 5.1695 
24 1.7589 2.7582 3.7632 4.7476 2.2076 3.1683 4.1848 5.1575 
25 1.7419 2.7406 3.7456 4.7297 2.1970 3.1579 4.1741 5.1444 
26 1.7268 2.7248 3.7299 4.7138 2.1855 3.1466 4.1624 5.1306 
27 1.7140 2.7112 3.7162 4.7001 2.1730 3.1347 4.1499 5.1162 
28 1.7037 2.7000 3.7049 4.6888 2.1600 3.1223 4.1369 5.1014 
29 1.6961 2.6915 3.6961 4.6801 2.1465 3.1097 4.1235 5.0866 
30 1.6914 2.6858 3.6901 4.6743 2.1328 3.0970 4.1100 5.0720 
31 1.6898 2.6831 3.6869 4.6713 2.1192 3.0845 4.0966 5.0578 
32 1.6912 2.6834 3.6867 4.6714 2.1058 3.0725 4.0835 5.0443 
33 1.6956 2.6866 3.6894 4.6744 2.0930 3.0610 4.0711 5.0317 
34 1.7029 2.6928 3.6949 4.6803 2.0809 3.0503 4.0594 5.0203 
35 1.7130 2.7018 3.7032 4.6891 2.0697 3.0407 4.0487 5.0102 
36 1.7256 2.7134 3.7141 4.7004 2.0597 3.0323 4.0392 5.0016 
37 1.7405 2.7274 3.7273 4.7143 2.0511 3.0252 4.0311 4.9948 
38 1.7573 2.7435 3.7428 4.7302 2.0440 3.0195 4.0245 4.9897 
39 1.7758 2.7615 3.7600 4.7481 2.0386 3.0155 4.0195 4.9865 
40 1.7955 2.7809 3.7788 4.7675 2.0349 3.0131 4.0162 4.9853 
41 1.8161 2.8014 3.7988 4.7881 2.0330 3.0124 4.0147 4.9861 
42 1.8373 2.8226 3.8196 4.8096 2.0331 3.0134 4.0151 4.9889 
43 1.8585 2.8442 3.8409 4.8315 2.0350 3.0161 4.0172 4.9935 
44 1.8796 2.8658 3.8623 4.8535 2.0388 3.0204 4.0211 5.0000 
45 1.9000 2.8870 3.8834 4.8752 2.0443 3.0263 4.0267 5.0082 
46 1.9196 2.9075 3.9039 4.8963 2.0515 3.0337 4.0339 5.0180 
47 1.9380 2.9270 3.9234 4.9163 2.0602 3.0423 4.0425 5.0291 
48 1.9548 2.9451 3.9417 4.9350 2.0702 3.0522 4.0525 5.0415 
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Table B1.4, calculated distance from source to microphone, part (2/4). 
 

microphone pos1_4 pos1_4 pos1_4 pos1_4 pos1_5 pos1_5 pos1_5 pos1_5 
index 2 m 3 m 4 m 5 m 2 m 3 m 4 m 5 m 

1 2.0943 3.0789 4.0724 5.0622 1.9835 2.9729 3.9616 4.9589 
2 2.0801 3.0633 4.0570 5.0461 1.9719 2.9614 3.9496 4.9476 
3 2.0679 3.0498 4.0436 5.0318 1.9596 2.9490 3.9367 4.9353 
4 2.0581 3.0385 4.0325 5.0197 1.9466 2.9360 3.9231 4.9222 
5 2.0507 3.0297 4.0238 5.0099 1.9331 2.9226 3.9089 4.9086 
6 2.0461 3.0236 4.0177 5.0025 1.9195 2.9090 3.8945 4.8948 
7 2.0442 3.0203 4.0143 4.9979 1.9059 2.8955 3.8800 4.8808 
8 2.0451 3.0198 4.0138 4.9959 1.8925 2.8823 3.8658 4.8670 
9 2.0489 3.0221 4.0160 4.9967 1.8797 2.8696 3.8520 4.8537 
10 2.0553 3.0273 4.0210 5.0003 1.8675 2.8576 3.8389 4.8410 
11 2.0643 3.0352 4.0286 5.0065 1.8564 2.8466 3.8268 4.8291 
12 2.0757 3.0456 4.0388 5.0154 1.8464 2.8368 3.8158 4.8183 
13 2.0893 3.0584 4.0513 5.0266 1.8377 2.8283 3.8062 4.8088 
14 2.1048 3.0733 4.0658 5.0400 1.8306 2.8213 3.7981 4.8008 
15 2.1218 3.0900 4.0822 5.0554 1.8252 2.8160 3.7917 4.7943 
16 2.1402 3.1082 4.1002 5.0724 1.8215 2.8124 3.7871 4.7896 
17 2.1594 3.1276 4.1193 5.0908 1.8197 2.8106 3.7844 4.7866 
18 2.1792 3.1478 4.1392 5.1103 1.8197 2.8106 3.7836 4.7855 
19 2.1992 3.1685 4.1597 5.1304 1.8217 2.8125 3.7848 4.7862 
20 2.2191 3.1893 4.1803 5.1509 1.8255 2.8161 3.7879 4.7888 
21 2.2386 3.2098 4.2008 5.1714 1.8310 2.8215 3.7928 4.7932 
22 2.2572 3.2297 4.2206 5.1915 1.8382 2.8286 3.7996 4.7993 
23 2.2748 3.2488 4.2396 5.2109 1.8470 2.8371 3.8080 4.8071 
24 2.2911 3.2666 4.2574 5.2293 1.8570 2.8470 3.8179 4.8163 
25 2.3058 3.2828 4.2737 5.2464 1.8683 2.8580 3.8291 4.8268 
26 2.3186 3.2973 4.2883 5.2619 1.8804 2.8700 3.8414 4.8385 
27 2.3295 3.3099 4.3009 5.2755 1.8933 2.8827 3.8546 4.8510 
28 2.3382 3.3202 4.3114 5.2871 1.9067 2.8959 3.8685 4.8643 
29 2.3446 3.3282 4.3195 5.2964 1.9203 2.9095 3.8828 4.8780 
30 2.3487 3.3338 4.3252 5.3033 1.9340 2.9230 3.8973 4.8919 
31 2.3503 3.3368 4.3283 5.3077 1.9474 2.9364 3.9117 4.9058 
32 2.3495 3.3373 4.3288 5.3095 1.9604 2.9494 3.9258 4.9195 
33 2.3463 3.3351 4.3267 5.3088 1.9727 2.9618 3.9393 4.9327 
34 2.3406 3.3305 4.3221 5.3054 1.9842 2.9733 3.9520 4.9451 
35 2.3327 3.3233 4.3150 5.2995 1.9946 2.9838 3.9638 4.9567 
36 2.3225 3.3137 4.3055 5.2912 2.0039 2.9932 3.9744 4.9672 
37 2.3103 3.3019 4.2937 5.2805 2.0118 3.0012 3.9836 4.9764 
38 2.2962 3.2881 4.2799 5.2677 2.0183 3.0078 3.9913 4.9841 
39 2.2805 3.2724 4.2643 5.2529 2.0232 3.0128 3.9974 4.9904 
40 2.2633 3.2551 4.2471 5.2365 2.0265 3.0161 4.0017 4.9949 
41 2.2449 3.2364 4.2285 5.2186 2.0281 3.0178 4.0043 4.9978 
42 2.2257 3.2168 4.2090 5.1996 2.0281 3.0178 4.0050 4.9988 
43 2.2059 3.1964 4.1887 5.1797 2.0264 3.0160 4.0039 4.9981 
44 2.1859 3.1757 4.1682 5.1593 2.0229 3.0126 4.0010 4.9956 
45 2.1660 3.1549 4.1476 5.1388 2.0179 3.0076 3.9963 4.9914 
46 2.1465 3.1345 4.1274 5.1185 2.0113 3.0009 3.9899 4.9855 
47 2.1279 3.1148 4.1079 5.0987 2.0033 2.9929 3.9819 4.9781 
48 2.1104 3.0962 4.0894 5.0798 1.9940 2.9835 3.9724 4.9692 
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Table B1.4, calculated distance from source to microphone, part (3/4). 
 

microphone pos1_6 pos1_6 pos1_6 pos1_6 pos1_7 pos1_7 pos1_7 pos1_7 
index 2 m 3 m 4 m 5 m 2 m 3 m 4 m 5 m 

1 2.0297 3.0248 4.0185 5.0178 2.0223 3.0205 4.0167 5.0147 
2 2.0458 3.0415 4.0354 5.0353 2.0312 3.0300 4.0274 5.0253 
3 2.0613 3.0577 4.0516 5.0522 2.0395 3.0391 4.0377 5.0355 
4 2.0757 3.0729 4.0670 5.0682 2.0470 3.0476 4.0475 5.0451 
5 2.0888 3.0870 4.0812 5.0831 2.0538 3.0555 4.0565 5.0541 
6 2.1006 3.0998 4.0940 5.0966 2.0595 3.0625 4.0646 5.0622 
7 2.1107 3.1110 4.1052 5.1085 2.0643 3.0686 4.0717 5.0693 
8 2.1191 3.1205 4.1147 5.1186 2.0679 3.0737 4.0776 5.0753 
9 2.1257 3.1281 4.1222 5.1267 2.0704 3.0777 4.0823 5.0802 
10 2.1302 3.1337 4.1277 5.1328 2.0717 3.0806 4.0858 5.0837 
11 2.1327 3.1372 4.1311 5.1367 2.0718 3.0822 4.0878 5.0859 
12 2.1332 3.1386 4.1323 5.1383 2.0706 3.0826 4.0885 5.0868 
13 2.1315 3.1379 4.1313 5.1377 2.0683 3.0817 4.0877 5.0862 
14 2.1278 3.1350 4.1281 5.1348 2.0647 3.0796 4.0856 5.0843 
15 2.1222 3.1300 4.1228 5.1297 2.0601 3.0763 4.0821 5.0810 
16 2.1145 3.1230 4.1154 5.1225 2.0544 3.0718 4.0773 5.0765 
17 2.1051 3.1140 4.1061 5.1133 2.0478 3.0663 4.0712 5.0707 
18 2.0940 3.1033 4.0951 5.1022 2.0403 3.0598 4.0641 5.0638 
19 2.0814 3.0910 4.0824 5.0893 2.0321 3.0525 4.0559 5.0559 
20 2.0675 3.0773 4.0683 5.0751 2.0233 3.0443 4.0469 5.0471 
21 2.0525 3.0623 4.0530 5.0595 2.0140 3.0356 4.0371 5.0376 
22 2.0366 3.0464 4.0368 5.0430 2.0045 3.0263 4.0268 5.0275 
23 2.0201 3.0298 4.0200 5.0257 1.9948 3.0167 4.0160 5.0170 
24 2.0033 3.0128 4.0027 5.0080 1.9851 3.0070 4.0051 5.0063 
25 1.9864 2.9956 3.9854 4.9902 1.9757 2.9973 3.9941 4.9956 
26 1.9697 2.9786 3.9683 4.9726 1.9666 2.9877 3.9833 4.9849 
27 1.9536 2.9620 3.9517 4.9554 1.9580 2.9785 3.9729 4.9747 
28 1.9383 2.9462 3.9359 4.9390 1.9501 2.9697 3.9630 4.9649 
29 1.9241 2.9314 3.9212 4.9237 1.9430 2.9617 3.9538 4.9557 
30 1.9112 2.9179 3.9078 4.9097 1.9369 2.9544 3.9454 4.9475 
31 1.9000 2.9060 3.8960 4.8973 1.9318 2.9480 3.9381 4.9402 
32 1.8906 2.8958 3.8860 4.8867 1.9279 2.9427 3.9320 4.9340 
33 1.8833 2.8876 3.8780 4.8782 1.9252 2.9385 3.9271 4.9290 
34 1.8782 2.8815 3.8722 4.8718 1.9238 2.9355 3.9235 4.9253 
35 1.8753 2.8776 3.8686 4.8677 1.9238 2.9338 3.9214 4.9231 
36 1.8748 2.8761 3.8673 4.8660 1.9250 2.9334 3.9207 4.9222 
37 1.8767 2.8769 3.8684 4.8666 1.9276 2.9344 3.9215 4.9227 
38 1.8809 2.8801 3.8718 4.8697 1.9313 2.9366 3.9237 4.9247 
39 1.8873 2.8855 3.8774 4.8750 1.9363 2.9400 3.9273 4.9281 
40 1.8958 2.8931 3.8852 4.8826 1.9423 2.9447 3.9323 4.9328 
41 1.9062 2.9027 3.8951 4.8923 1.9493 2.9504 3.9386 4.9387 
42 1.9184 2.9142 3.9067 4.9039 1.9571 2.9571 3.9460 4.9458 
43 1.9321 2.9272 3.9199 4.9172 1.9656 2.9648 3.9543 4.9539 
44 1.9470 2.9417 3.9346 4.9319 1.9747 2.9731 3.9636 4.9628 
45 1.9628 2.9572 3.9503 4.9479 1.9841 2.9821 3.9736 4.9725 
46 1.9793 2.9736 3.9668 4.9647 1.9938 2.9914 3.9840 4.9827 
47 1.9961 2.9905 3.9839 4.9822 2.0035 3.0011 3.9948 4.9932 
48 2.0130 3.0077 4.0012 5.0000 2.0131 3.0108 4.0058 5.0040 
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Table B1.4, calculated distance from source to microphone, part (4/4). 
 

microphone pos1_8 pos1_8 pos1_8 pos1_8 
index 2 m 3 m 4 m 5 m 

1 1.9701 2.9568 3.9494 4.9456 
2 1.9782 2.9637 3.9573 4.9546 
3 1.9844 2.9687 3.9632 4.9615 
4 1.9886 2.9718 3.9670 4.9663 
5 1.9908 2.9728 3.9686 4.9688 
6 1.9909 2.9718 3.9681 4.9691 
7 1.9890 2.9687 3.9654 4.9670 
8 1.9850 2.9637 3.9606 4.9627 
9 1.9791 2.9568 3.9538 4.9563 
10 1.9713 2.9481 3.9450 4.9477 
11 1.9616 2.9377 3.9344 4.9372 
12 1.9504 2.9258 3.9221 4.9249 
13 1.9376 2.9126 3.9084 4.9110 
14 1.9236 2.8982 3.8936 4.8958 
15 1.9085 2.8830 3.8777 4.8794 
16 1.8926 2.8672 3.8611 4.8622 
17 1.8761 2.8510 3.8441 4.8445 
18 1.8592 2.8348 3.8269 4.8265 
19 1.8424 2.8187 3.8098 4.8086 
20 1.8258 2.8030 3.7932 4.7910 
21 1.8098 2.7882 3.7774 4.7741 
22 1.7946 2.7743 3.7625 4.7581 
23 1.7806 2.7617 3.7489 4.7434 
24 1.7679 2.7506 3.7369 4.7303 
25 1.7570 2.7412 3.7266 4.7189 
26 1.7479 2.7337 3.7182 4.7094 
27 1.7408 2.7283 3.7119 4.7021 
28 1.7360 2.7250 3.7079 4.6970 
29 1.7335 2.7238 3.7061 4.6943 
30 1.7333 2.7250 3.7066 4.6941 
31 1.7355 2.7283 3.7095 4.6962 
32 1.7401 2.7337 3.7146 4.7008 
33 1.7468 2.7412 3.7219 4.7076 
34 1.7557 2.7506 3.7313 4.7166 
35 1.7664 2.7617 3.7424 4.7276 
36 1.7788 2.7743 3.7553 4.7404 
37 1.7927 2.7882 3.7695 4.7548 
38 1.8077 2.8031 3.7849 4.7705 
39 1.8237 2.8187 3.8011 4.7872 
40 1.8402 2.8348 3.8180 4.8047 
41 1.8570 2.8511 3.8351 4.8226 
42 1.8739 2.8672 3.8523 4.8406 
43 1.8905 2.8831 3.8691 4.8584 
44 1.9065 2.8983 3.8854 4.8757 
45 1.9217 2.9126 3.9008 4.8923 
46 1.9359 2.9258 3.9152 4.9078 
47 1.9488 2.9377 3.9282 4.9220 
48 1.9603 2.9481 3.9397 4.9346 
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B1.7 Rotation compensated SPL values 
 
Table B1.5 displays the calculated rotation compensated SPL values presented in figure 
5.15 (section 5.2.4). 
 

Table B1.5, calculated rotation compensated SPL values. 
 

position measurement distance SPL dBA 
pos1_2 2 m 75.3942 
pos1_2 3 m 71.7433 
pos1_2 4 m 69.3773 
pos1_2 5 m 67.6859 
pos1_3 2 m 75.3394 
pos1_3 3 m 71.6965 
pos1_3 4 m 69.4163 
pos1_3 5 m 67.8857 
pos1_4 2 m 75.2834 
pos1_4 3 m 71.8148 
pos1_4 4 m 69.5399 
pos1_4 5 m 67.5499 
pos1_5 2 m 75.3150 
pos1_5 3 m 71.7800 
pos1_5 4 m 69.5041 
pos1_5 5 m 67.8018 
pos1_6 2 m 75.3325 
pos1_6 3 m 71.8052 
pos1_6 4 m 69.3778 
pos1_6 5 m 67.7682 
pos1_7 2 m 75.3597 
pos1_7 3 m 71.6439 
pos1_7 4 m 69.4518 
pos1_7 5 m 67.7112 
pos1_8 2 m 75.3853 
pos1_8 3 m 71.7529 
pos1_8 4 m 69.4151 
pos1_8 5 m 67.7222 
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C Measurement set-up 3 & 4 
 
C1.1 Data values for each measurement in set-up 3 
 
Table C1.1 shows the one-third octave band spectrum data values for figure 5.17 (section 
5.4). The values presented in table C1.1 are results from measurement set-up 3. 
 

Table C1.1, one-third octave band data values for set-up 3, part (1/3). 
 

one-third octave band (Hz)   SPL dBA   
 s1 p0@S1 s1,2 p1@S1 s1,2 p1@S2 s1,2 p2@S1 s1,2 p2@S2

16 0.000 0.000 0.000 0.000 0.000 
20 0.000 0.000 0.000 0.000 0.000 
25 0.000 0.000 0.000 0.000 0.000 
31 1.200 4.312 4.341 0.648 0.602 
40 4.699 5.813 5.814 3.690 3.641 
50 5.810 17.337 17.369 20.740 20.748 
63 7.414 11.060 11.064 7.395 7.378 
80 20.246 21.299 21.288 19.690 19.631 
100 24.667 34.816 34.826 33.265 33.268 
125 25.872 28.104 28.113 29.865 29.759 
160 33.314 40.269 40.136 39.891 39.890 
200 38.472 43.608 43.602 42.761 42.601 
250 43.207 46.098 46.028 44.691 44.375 
315 44.888 54.283 54.632 52.520 53.089 
400 45.172 53.452 54.417 53.412 55.158 
500 49.052 53.592 54.177 53.222 54.184 
630 50.212 53.438 53.545 51.602 52.337 
800 53.846 54.844 54.097 54.955 52.822 

1000 56.950 57.838 56.743 57.493 53.016 
1250 59.478 60.209 55.632 59.868 50.460 
1600 59.597 59.671 53.301 59.887 52.662 
2000 59.338 58.709 53.414 59.512 54.683 
2500 57.108 57.025 52.282 57.295 51.767 
3150 53.656 53.665 49.165 53.928 47.138 
4000 51.300 51.172 50.409 51.399 49.147 
5000 52.587 53.773 57.800 53.375 55.954 
6300 52.425 53.627 59.465 53.100 58.607 
8000 48.940 49.965 57.856 49.549 57.692 
10000 40.156 40.665 41.784 40.288 42.463 
12500 39.685 42.491 50.215 40.862 48.120 
16000 31.562 34.655 43.148 35.671 44.140 
20000 26.829 32.697 37.387 30.048 36.044 
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Table C1.1, one-third octave band data values for set-up 3, part (2/3). 
 
one-third octave band (Hz)   SPL dBA   

 s1,2 p3@S1 s1,2 p3@S2 s1,2 p4@S1 s1,2 p4@S2 s2 p1@S2 
16 0.000 0.000 0.000 0.000 0.000 
20 0.000 0.000 0.000 0.000 0.000 
25 0.000 0.000 0.000 0.000 0.000 
31 0.000 0.000 0.000 0.000 0.000 
40 3.898 3.883 4.142 3.986 0.000 
50 16.714 16.675 16.491 16.358 19.319 
63 10.425 10.424 10.070 9.889 1.938 
80 19.195 19.156 20.184 19.989 8.631 

100 33.913 34.053 33.236 33.324 33.118 
125 26.796 26.675 28.412 28.074 20.220 
160 38.841 38.958 38.178 38.177 39.641 
200 43.182 43.079 40.535 40.315 41.960 
250 45.372 44.768 44.455 43.666 42.886 
315 51.869 52.461 51.776 52.383 54.589 
400 52.814 54.716 50.660 53.087 53.524 
500 52.125 53.079 51.575 52.955 52.563 
630 50.810 52.058 49.695 51.400 49.597 
800 53.651 50.178 53.466 50.018 50.671 
1000 56.819 52.326 57.516 52.646 51.488 
1250 59.632 53.446 60.033 54.533 50.791 
1600 59.482 53.070 59.330 51.134 50.260 
2000 59.019 53.102 58.906 51.999 52.584 
2500 57.083 52.212 56.834 52.451 49.762 
3150 53.705 47.938 53.603 48.395 46.016 
4000 51.135 48.600 51.122 48.225 49.230 
5000 52.886 54.217 52.613 51.557 57.673 
6300 52.751 57.244 52.586 54.784 58.435 
8000 49.291 56.366 49.050 54.236 58.314 
10000 40.285 43.624 40.059 42.483 41.464 
12500 40.821 45.920 40.026 43.159 49.352 
16000 34.442 43.550 36.181 42.649 42.508 
20000 31.703 34.140 28.595 32.625 37.255 
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Table C1.1, one-third octave band data values for set-up 3, part (3/3). 
 

one-third octave band (Hz)  SPL dBA  
 s2 p2@S2 s2 p3@S2 s2 p4@S2 

16 0.000 0.000 0.000 
20 0.000 0.000 0.000 
25 0.000 0.000 0.000 
31 0.000 0.000 0.000 
40 0.000 0.000 0.000 
50 20.166 16.085 17.068 
63 0.000 0.000 0.000 
80 7.959 6.244 7.910 

100 32.724 33.027 32.493 
125 18.860 18.921 17.088 
160 38.979 37.366 37.044 
200 40.867 40.202 39.068 
250 41.028 39.758 40.454 
315 52.231 51.730 51.325 
400 54.075 54.204 53.008 
500 52.660 51.768 50.819 
630 51.535 50.974 51.946 
800 50.572 50.328 49.446 
1000 50.954 51.534 50.772 
1250 49.985 50.463 50.460 
1600 50.172 49.831 49.393 
2000 52.288 52.356 51.892 
2500 50.020 51.412 51.947 
3150 45.988 47.036 47.731 
4000 48.664 48.221 47.131 
5000 55.341 53.767 51.585 
6300 57.987 57.001 54.859 
8000 57.086 55.330 53.884 
10000 41.981 42.481 42.306 
12500 47.356 44.542 42.386 
16000 43.740 41.828 42.446 
20000 34.895 31.852 33.501 
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C1.2 Data values for each measurement in set-up 4 
 
Table C1.2 shows the one-third octave band spectrum data values for figure 5.18 (section 
5.4). The values presented in table C1.2 are results from measurement set-up 4. 
 

Table C1.2, one-third octave band data values for set-up 4, part (1/3). 
 
one-third octave band (Hz)   SPL dBA   

  s2 p0@S2 s1,2 p1@S1 s1,2 p1@S2 s1,2 p2@S1 s1,2 p2@S2
16 0.000 0.000 0.000 0.000 0.000 
20 0.000 0.000 0.000 0.000 0.000 
25 0.000 0.000 0.000 0.000 0.000 
31 0.000 0.000 0.000 0.000 0.000 
40 0.000 0.977 1.042 0.000 0.000 
50 11.752 14.705 14.666 6.328 6.107 
63 0.000 10.367 10.400 11.477 11.445 
80 4.448 20.405 20.424 21.276 21.213 

100 31.253 32.708 32.787 31.020 31.115 
125 16.999 28.292 28.232 30.738 30.550 
160 36.661 39.759 39.882 39.627 39.677 
200 41.315 42.636 42.736 42.814 43.033 
250 44.950 45.940 46.215 44.903 45.280 
315 53.747 53.114 53.700 52.444 53.371 
400 54.599 55.223 55.627 52.985 53.952 
500 52.283 53.180 53.450 52.149 52.182 
630 49.562 52.272 51.282 51.171 48.979 
800 50.170 54.605 52.796 54.434 51.239 
1000 52.551 56.472 53.645 56.001 52.734 
1250 51.111 59.284 52.590 58.633 52.278 
1600 50.185 59.835 51.003 58.701 53.144 
2000 50.692 58.881 52.720 59.086 53.372 
2500 49.580 57.219 52.641 57.081 50.617 
3150 46.757 53.999 48.119 54.625 47.983 
4000 45.146 51.893 46.194 51.203 44.851 
5000 56.718 53.245 56.918 52.634 57.062 
6300 57.816 53.441 58.589 53.089 58.447 
8000 55.630 49.595 56.239 49.287 56.177 
10000 40.108 40.722 39.657 40.259 39.078 
12500 47.034 40.694 46.431 39.789 45.631 
16000 40.766 33.114 39.973 32.900 39.019 
20000 36.997 30.063 37.927 28.010 36.232 

 

 123



Table C1.2, one-third octave band data values for set-up 4, part (2/3). 
 
one-third octave band (Hz)   SPL dBA   

  s1,2 p3@S1 s1,2 p3@S2 s1,2 p4@S1 s1,2 p4@S2 s1 p1@S1 
16 0.000 0.000 0.000 0.000 0.000 
20 0.000 0.000 0.000 0.000 0.000 
25 0.000 0.000 0.000 0.000 0.000 
31 0.000 0.000 0.000 0.000 0.923 
40 0.000 0.000 0.000 0.000 3.012 
50 12.442 12.043 14.230 13.956 1.327 
63 11.864 11.782 14.670 14.700 9.764 
80 19.884 19.764 20.845 20.839 19.176 

100 30.452 30.547 31.186 31.423 23.024 
125 29.222 28.965 30.431 30.214 29.581 
160 37.172 37.214 37.153 37.331 33.760 
200 40.289 40.743 41.299 42.138 37.890 
250 46.091 46.691 44.676 45.593 41.683 
315 52.054 53.468 51.108 53.410 43.661 
400 52.878 55.206 50.913 54.853 44.498 
500 50.746 52.554 49.350 52.377 49.779 
630 51.133 49.840 49.864 50.749 50.525 
800 54.726 50.976 53.143 51.192 54.354 
1000 55.616 52.820 54.423 52.898 56.109 
1250 58.092 52.787 57.601 52.952 59.586 
1600 58.827 53.090 58.023 50.634 59.586 
2000 58.708 51.511 58.066 52.297 58.699 
2500 56.693 50.992 56.771 50.359 57.251 
3150 54.427 47.792 54.431 47.863 54.244 
4000 50.640 45.983 50.474 46.227 51.611 
5000 52.240 57.712 51.825 57.429 52.963 
6300 52.991 58.599 52.373 58.592 53.366 
8000 49.341 56.386 49.605 56.669 49.643 
10000 40.664 40.131 41.132 40.624 40.914 
12500 40.147 46.802 39.239 47.338 40.519 
16000 33.999 40.488 35.884 41.241 32.655 
20000 30.400 37.123 31.716 37.669 28.069 
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Table C1.2, one-third octave band data values for set-up 4, part (3/3). 
 

one-third octave band (Hz)  SPL dBA  
 s1 p2@S1 s1 p3@S1 s1 p4@S1 

16 0.000 0.000 0.000 
20 0.000 0.000 0.000 
25 0.000 0.000 0.000 
31 0.000 0.000 0.000 
40 0.000 0.000 0.000 
50 2.936 2.282 5.177 
63 10.377 11.413 14.474 
80 19.893 19.996 20.700 

100 23.798 23.958 22.473 
125 30.006 29.774 30.299 
160 34.281 33.956 34.104 
200 37.809 37.538 34.989 
250 42.237 39.843 39.904 
315 43.306 42.894 41.822 
400 44.792 44.520 44.663 
500 48.323 49.491 47.829 
630 50.396 50.215 49.852 
800 54.048 54.097 53.012 
1000 55.596 56.322 55.433 
1250 59.080 58.390 57.518 
1600 59.522 58.140 57.559 
2000 58.536 58.847 57.921 
2500 56.932 56.645 56.601 
3150 54.405 54.405 54.397 
4000 51.111 50.867 50.566 
5000 52.165 51.691 50.963 
6300 52.439 52.169 51.359 
8000 49.201 49.139 48.816 
10000 40.487 40.460 40.719 
12500 39.153 38.536 37.593 
16000 31.472 31.938 31.959 
20000 25.834 25.096 23.504 
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C1.3 Third octave spectrums for measurement set-up 3 
 
Figures C1.1 through C1.4 plot the one-third octave band SPL data from table C1.1 for 
measurement set-up 3. 
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Figure C1.1, measurement set-up 3, s1,2 at positions p1, p2, p3 and p4 @s2. 

 

0

10

20

30

40

50

60

70

16 25 40 63 100

160

250

400

630

1000

1600

2500

4000

6300

10000

16000

third octave band

dB
A

 S
PL

s1,2 p1@s1

s1,2 p2@s1
s1,2 p3@s1

s1,2 p4@s1

 
Figure C1.2, Measurement set-up 3, s1,2 at positions p1, p2, p3 and p4 @s1. 

 

 126



0

10

20

30

40

50

60

70

16 25 40 63 100

160

250

400

630

1000

1600

2500

4000

6300

10000

16000

third octave band

dB
A

 S
PL

s2 p1@s2

s2 p2@s2
s2 p3@s2

s2 p4@s2

 
Figure C1.3, measurement set-up 3, s2 at positions p1, p2, p3 and p4 @s2. 
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Figure C1.4, measurement set-up 3, s1 at position p0 @s1. 
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C1.4 Third octave spectrums for measurement set-up 4 
 
Figures C1.5 through C1.8 plot the one-third octave band SPL data from table C1.2 for 
measurement set-up 4. 
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Figure C1.5, measurement set-up 4, s1,2 at positions p1, p2, p3 and p4 @s1. 
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Figure C1.6, measurement set-up 4, s1,2 at positions p1, p2, p3 and p4 @s2. 
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Figure C1.7, measurement set-up 4, s1 at positions p1, p2, p3 and p4 @s1. 
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Figure C1.8, measurement set-up 4, s2 at position p0 @s2. 
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D Measurement set-up 5 
 
D1.1 Data values for each measurement in set-up 5 
 
Tables D1.1 to D1.4 show the one-third octave band SPL dBA data for each 
measurement distance of measurement set-up 5. 
 

Table D1.1, one-third octave band SPL dBA data for measurement set-up 5, distance 1 m. 
 

one-third octave band (Hz) distance (m) s1,2 p0@s1 s1 p0@s1 s1,2 p0@s2 s2 p0@s2 
16 1 0.00 0.00 0.00 0.00 
20 1 0.00 0.00 0.00 0.00 
25 1 0.43 1.37 0.35 0.00 
31 1 8.27 11.83 8.20 0.00 
40 1 19.87 22.50 19.77 6.62 
50 1 36.65 24.80 36.64 36.27 
63 1 29.05 27.36 28.88 11.92 
80 1 37.77 38.37 37.54 20.16 

100 1 47.29 39.76 47.40 47.20 
125 1 43.90 42.92 43.57 32.64 
160 1 53.83 47.25 53.84 52.70 
200 1 59.11 50.45 59.18 57.94 
250 1 55.89 52.10 55.82 53.54 
315 1 69.75 56.42 69.91 69.77 
400 1 73.24 59.47 73.53 73.28 
500 1 69.65 61.39 69.68 68.85 
630 1 66.82 63.79 65.83 64.36 
800 1 67.81 66.09 65.78 64.11 
1000 1 69.38 68.55 66.04 65.91 
1250 1 70.67 71.34 64.59 62.74 
1600 1 71.10 71.47 64.94 61.11 
2000 1 69.06 69.44 65.02 62.39 
2500 1 66.37 66.39 61.81 59.43 
3150 1 63.56 63.11 61.27 59.08 
4000 1 58.42 57.90 60.54 59.83 
5000 1 60.64 58.94 68.90 68.48 
6300 1 61.83 58.99 71.63 71.88 
8000 1 60.52 55.11 71.45 71.61 
10000 1 49.51 47.47 57.08 56.54 
12500 1 49.53 46.03 60.86 61.66 
16000 1 48.12 40.18 54.87 57.71 
20000 1 45.20 36.15 48.98 48.85 
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Table D1.2, one-third octave band SPL dBA data for measurement set-up 5, distance 2 m. 
 

one-third octave band (Hz) distance (m) s1,2 p0@s1 s1 p0@s1 s1,2 p0@s2 s2 p0@s2 
16 2 0.00 0.00 0.00 0.00 
20 2 0.00 0.00 0.00 0.00 
25 2 0.00 0.00 0.00 0.00 
31 2 4.12 2.66 4.10 0.00 
40 2 15.75 15.61 15.73 0.00 
50 2 30.01 16.18 30.03 30.87 
63 2 23.26 22.15 23.22 5.40 
80 2 30.71 32.64 30.68 15.34 
100 2 43.70 32.47 43.71 42.38 
125 2 37.32 38.50 37.21 27.87 
160 2 48.42 42.64 48.38 47.76 
200 2 53.06 45.74 53.11 52.03 
250 2 51.28 48.52 51.26 50.14 
315 2 64.82 51.61 64.89 64.87 
400 2 68.34 54.17 68.46 68.79 
500 2 64.98 57.36 64.93 65.09 
630 2 62.87 59.68 62.49 59.95 
800 2 64.08 61.68 63.23 58.93 

1000 2 66.03 64.36 64.90 61.63 
1250 2 67.51 67.08 63.44 59.27 
1600 2 67.33 67.52 61.47 56.88 
2000 2 66.62 66.18 61.36 58.92 
2500 2 63.76 64.05 58.54 55.42 
3150 2 60.83 61.08 56.21 53.18 
4000 2 57.70 57.14 56.26 54.75 
5000 2 58.36 56.76 65.49 65.12 
6300 2 60.15 56.69 67.10 67.29 
8000 2 58.95 54.01 66.30 66.35 
10000 2 46.93 45.36 49.32 49.80 
12500 2 49.59 44.88 57.03 55.13 
16000 2 44.82 38.01 51.31 48.98 
20000 2 40.62 34.17 46.30 43.38 
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Table D1.3, one-third octave band SPL dBA data for measurement set-up 5, distance 3 m. 
 

one-third octave band (Hz) distance (m) s1,2 p0@s1 s1 p0@s1 s1,2 p0@s1 s2 p0@s2 
16 3 0.00 0.00 0.00 0.00 
20 3 0.00 0.00 0.00 0.00 
25 3 0.00 0.00 0.00 0.00 
31 3 0.45 0.00 0.44 0.00 
40 3 11.24 11.27 11.24 0.00 
50 3 25.91 13.59 25.94 26.23 
63 3 17.04 14.76 17.02 1.77 
80 3 28.06 24.69 28.04 12.24 
100 3 38.02 30.53 38.03 38.21 
125 3 37.23 35.43 37.20 24.28 
160 3 45.61 38.97 45.60 43.54 
200 3 49.36 43.27 49.33 48.75 
250 3 47.04 44.39 47.01 44.27 
315 3 60.15 46.87 60.24 60.21 
400 3 65.15 49.91 65.18 65.32 
500 3 61.03 53.83 60.94 60.32 
630 3 59.84 56.57 59.57 57.18 
800 3 60.20 58.60 59.85 55.41 

1000 3 63.15 60.48 62.68 59.96 
1250 3 64.62 63.69 62.78 56.29 
1600 3 64.42 64.30 61.64 54.56 
2000 3 63.67 62.87 60.20 56.32 
2500 3 61.15 61.10 56.07 53.32 
3150 3 58.20 58.31 51.93 49.75 
4000 3 55.59 55.55 52.80 51.55 
5000 3 58.69 56.06 62.57 62.25 
6300 3 59.02 55.48 63.62 63.63 
8000 3 54.41 52.08 63.10 62.91 
10000 3 44.53 42.51 45.80 45.57 
12500 3 46.26 42.90 53.12 52.83 
16000 3 40.63 35.10 46.83 47.39 
20000 3 36.53 30.96 41.88 43.06 
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Table D1.4, one-third octave band SPL dBA data for measurement set-up 5, distance 4 m. 
 

one-third octave band (Hz) distance (m) s1,2 p0@s1 s1 p0@s1 s1,2 p0@s2 s2 p0@s2 
16 4 0.00 0.00 0.00 0.00 
20 4 0.00 0.00 0.00 0.00 
25 4 0.00 0.00 0.00 0.00 
31 4 0.00 0.00 0.00 0.00 
40 4 1.04 4.26 1.06 0.00 
50 4 19.99 8.91 20.04 20.07 
63 4 12.48 13.37 12.50 0.00 
80 4 23.54 23.20 23.56 9.96 
100 4 37.53 27.55 37.55 37.01 
125 4 31.82 32.15 31.81 19.66 
160 4 41.18 35.30 41.22 40.07 
200 4 47.68 40.57 47.64 46.61 
250 4 44.73 43.21 44.74 41.59 
315 4 57.97 46.45 58.00 57.89 
400 4 60.31 48.15 60.34 60.56 
500 4 56.70 50.52 56.73 56.76 
630 4 57.10 53.28 56.95 53.73 
800 4 57.26 55.99 57.02 53.14 

1000 4 61.30 58.33 61.03 57.88 
1250 4 61.87 61.51 61.22 54.59 
1600 4 62.21 61.90 60.81 52.07 
2000 4 61.20 61.26 59.60 55.09 
2500 4 58.83 58.65 56.35 51.30 
3150 4 55.91 55.97 51.58 47.91 
4000 4 53.75 53.68 50.03 49.87 
5000 4 55.80 54.64 59.66 60.16 
6300 4 56.61 54.64 60.29 60.70 
8000 4 54.46 50.59 59.07 60.41 
10000 4 42.73 41.96 42.24 43.29 
12500 4 44.54 41.34 49.63 50.95 
16000 4 38.65 33.56 44.12 44.66 
20000 4 35.43 28.79 38.08 40.88 
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E Measurement set-up 6 
 
E1.1 Data values for each measurement in set-up 6 
 
Table E1.1 shows the one-third octave band SPL dBA data for measurement set-up 6. 
 

Table E1.1, one-third octave band SPL dBA data for measurement set-up 6. 
 

one-third octave band (Hz) s1,2@s1 s1@s1 s1,2@s2 s2@s2 
16 0.00 0.00 0.00 0.00 
20 0.00 0.00 0.00 0.00 
25 0.00 0.00 0.00 0.00 
31 0.00 0.00 0.00 0.00 
40 0.00 0.00 0.00 0.00 
50 20.44 2.65 20.43 19.06 
63 10.29 12.30 10.29 0.00 
80 23.97 22.82 23.98 7.70 

100 32.65 25.14 32.67 33.04 
125 30.13 30.94 30.12 18.45 
160 41.43 33.59 41.43 39.31 
200 42.61 36.59 42.63 40.40 
250 43.62 41.66 43.59 40.43 
315 53.47 42.77 53.42 54.23 
400 54.98 44.66 54.82 57.15 
500 53.60 48.73 53.45 53.24 
630 53.27 49.80 53.05 51.26 
800 54.15 54.24 53.93 50.77 
1000 56.42 56.17 55.99 52.44 
1250 58.68 58.82 58.29 52.01 
1600 58.74 58.47 58.11 49.06 
2000 57.71 57.58 56.93 50.87 
2500 57.25 57.72 55.58 50.18 
3150 54.17 54.91 52.10 46.41 
4000 50.86 51.16 47.84 44.44 
5000 51.82 51.99 52.02 52.11 
6300 52.18 52.61 55.72 55.94 
8000 50.05 49.37 54.52 54.66 
10000 40.77 40.76 42.15 41.87 
12500 39.81 39.32 42.60 42.80 
16000 35.08 32.22 42.92 43.02 
20000 28.72 25.74 33.16 32.39 
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F Two source separation performance 
 
F1.1 Data values for set-up 3 & 4 
 
Table F1.1 shows the separation performance SPL dBA data values for measurement set-
up 3. The data presented here is based on the data from appendix C1.1. SPL values for 
sound sources s1 and s2, recorded separately and together are complied in table C1.1. 
 

Table F1.1, sound source separation performance for set-up 3, (part 1/2). 
 

one-third octave band (Hz)  Δ SPL dBA 
  s1,2 p1@s1 s1,2 p1@s2 s1,2 p2@s1 s1,2 p2@s2
  - s1 p0@s1 - s2 p1@s2 - s1 p0@s1 - s2 p2@s2 

16  0.000 0.000 0.000 0.000 
20  0.000 0.000 0.000 0.000 
25  0.000 0.000 0.000 0.000 
31  3.112 4.341 -0.552 0.602 
40  1.115 5.814 -1.008 3.641 
50  11.527 -1.950 14.930 0.583 
63  3.647 9.126 -0.019 7.378 
80  1.054 12.657 -0.556 11.672 

100  10.149 1.708 8.597 0.544 
125  2.231 7.893 3.993 10.899 
160  6.955 0.495 6.577 0.911 
200  5.135 1.642 4.289 1.735 
250  2.891 3.142 1.484 3.347 
315  9.395 0.043 7.633 0.859 
400  8.280 0.892 8.240 1.082 
500  4.540 1.613 4.170 1.524 
630  3.226 3.948 1.390 0.802 
800  0.998 3.426 1.109 2.250 
1000  0.888 5.254 0.543 2.063 
1250  0.732 4.841 0.390 0.475 
1600  0.074 3.041 0.290 2.491 
2000  -0.630 0.829 0.174 2.395 
2500  -0.083 2.520 0.187 1.748 
3150  0.009 3.149 0.272 1.150 
4000  -0.128 1.180 0.099 0.483 
5000  1.186 0.126 0.788 0.614 
6300  1.202 1.030 0.675 0.620 
8000  1.024 -0.458 0.609 0.607 
10000  0.509 0.319 0.132 0.481 
12500  2.807 0.863 1.177 0.764 
16000  3.092 0.640 4.108 0.400 
20000  5.868 0.132 3.218 1.149 
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Table F1.1, sound source separation performance for set-up 3, (part 2/2). 
 

one-third octave band (Hz)  Δ SPL dBA 
  s1,2 p3@s1 s1,2 p3@s2 s1,2 p4@s1 s1,2 p4@s2
  - s1 p0@s1 - s2 p3@s2 - s1 p0@s1 - s2 p4@s2 

16  0.000 0.000 0.000 0.000 
20  0.000 0.000 0.000 0.000 
25  0.000 0.000 0.000 0.000 
31  -1.200 0.000 -1.200 0.000 
40  -0.801 3.883 -0.556 3.986 
50  10.903 0.590 10.681 -0.709 
63  3.011 10.424 2.656 9.889 
80  -1.050 12.912 -0.061 12.078 

100  9.246 1.026 8.569 0.831 
125  0.923 7.754 2.539 10.986 
160  5.527 1.592 4.863 1.133 
200  4.710 2.877 2.063 1.247 
250  2.165 5.010 1.248 3.212 
315  6.982 0.731 6.888 1.058 
400  7.642 0.512 5.488 0.079 
500  3.073 1.311 2.523 2.136 
630  0.598 1.084 -0.517 -0.546 
800  -0.195 -0.151 -0.380 0.573 
1000  -0.131 0.792 0.566 1.874 
1250  0.154 2.983 0.555 4.074 
1600  -0.115 3.240 -0.267 1.742 
2000  -0.320 0.747 -0.433 0.107 
2500  -0.025 0.799 -0.274 0.503 
3150  0.049 0.902 -0.053 0.664 
4000  -0.165 0.379 -0.178 1.094 
5000  0.299 0.450 0.026 -0.028 
6300  0.326 0.244 0.161 -0.074 
8000  0.350 1.036 0.109 0.352 
10000  0.129 1.143 -0.097 0.177 
12500  1.136 1.378 0.341 0.773 
16000  2.880 1.722 4.618 0.203 
20000  4.874 2.289 1.766 -0.876 
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Table F1.2 shows the separation performance SPL dBA data values for measurement set-
up 4. The data presented here is based on the data from appendix C1.2. SPL values for 
sound source s1 and s2, recorded separately and together are complied in table C1.2. 
 

Table F1.2, sound source separation performance for set-up 4, (part 1/2). 
 

one-third octave band (Hz)  Δ SPL dBA 
  s1,2 p1@S2 s1,2 p1@S1 s1,2 p2@S2 s1,2 p2@S1
   - s2 p0@S2 - s1 p1@S1 - s2 p0@S2 - s1 p2@S1

16  0.000 0.000 0.000 0.000 
20  0.000 0.000 0.000 0.000 
25  0.000 0.000 0.000 0.000 
31  0.000 -0.923 0.000 0.000 
40  1.042 -2.035 0.000 0.000 
50  2.913 13.378 -5.646 3.392 
63  10.400 0.603 11.445 1.100 
80  15.976 1.229 16.765 1.384 
100  1.534 9.684 -0.138 7.221 
125  11.233 -1.289 13.551 0.732 
160  3.220 5.999 3.015 5.346 
200  1.421 4.747 1.718 5.004 
250  1.265 4.257 0.330 2.666 
315  -0.047 9.452 -0.376 9.138 
400  1.029 10.725 -0.647 8.194 
500  1.166 3.401 -0.101 3.826 
630  1.719 1.747 -0.583 0.775 
800  2.627 0.251 1.069 0.386 

1000  1.094 0.362 0.183 0.405 
1250  1.479 -0.303 1.167 -0.447 
1600  0.818 0.249 2.959 -0.821 
2000  2.028 0.182 2.680 0.551 
2500  3.062 -0.032 1.038 0.149 
3150  1.362 -0.245 1.226 0.220 
4000  1.048 0.282 -0.295 0.091 
5000  0.201 0.282 0.344 0.469 
6300  0.773 0.075 0.631 0.650 
8000  0.609 -0.047 0.546 0.086 
10000  -0.451 -0.192 -1.030 -0.228 
12500  -0.603 0.174 -1.403 0.636 
16000  -0.794 0.459 -1.747 1.428 
20000  0.930 1.995 -0.765 2.176 
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Table F1.2, sound source separation performance for set-up 3, (part 2/2). 
 

one-third octave band (Hz)  Δ SPL dBA 
  s1,2 p3@S2 s1,2 p3@S1 s1,2 p4@S2 s1,2 p4@S1
   - s2 p0@S2 - s1 p3@S1 - s2 p0@S2 - s1 p4@S1

16  0.000 0.000 0.000 0.000 
20  0.000 0.000 0.000 0.000 
25  0.000 0.000 0.000 0.000 
31  0.000 0.000 0.000 0.000 
40  0.000 0.000 0.000 0.000 
50  0.291 10.160 2.204 9.053 
63  11.782 0.451 14.700 0.196 
80  15.316 -0.112 16.392 0.145 
100  -0.706 6.494 0.169 8.713 
125  11.966 -0.552 13.215 0.132 
160  0.552 3.216 0.669 3.049 
200  -0.572 2.751 0.823 6.310 
250  1.741 6.248 0.643 4.772 
315  -0.279 9.160 -0.338 9.286 
400  0.607 8.358 0.254 6.250 
500  0.271 1.255 0.094 1.521 
630  0.277 0.919 1.186 0.013 
800  0.806 0.628 1.022 0.131 

1000  0.268 -0.705 0.346 -1.010 
1250  1.676 -0.297 1.841 0.082 
1600  2.905 0.687 0.449 0.464 
2000  0.819 -0.139 1.605 0.145 
2500  1.413 0.049 0.780 0.170 
3150  1.035 0.022 1.106 0.035 
4000  0.838 -0.227 1.082 -0.092 
5000  0.994 0.549 0.711 0.861 
6300  0.784 0.823 0.777 1.013 
8000  0.756 0.202 1.039 0.789 
10000  0.023 0.203 0.516 0.413 
12500  -0.232 1.611 0.304 1.646 
16000  -0.279 2.062 0.475 3.924 
20000  0.126 5.304 0.671 8.212 
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F1.2 Data values for set-up 5 
 
Tables F1.3 through F1.6 show the sound source separation performance for 
measurement set-up 5. SPL values for sound source s1 and s2, recorded separately and 
together are complied in tables D1.1 to D1.4. 
 

Table F1.3, sound source separation performance for set-up 5, distance 1 m. 
 

one-third octave band (Hz) distance (m) Δ SPL dBA 
  s1,2 p0@s1 s1,2 p0@s2 
  - s1 p0@s1 - s2 p0@s2 

16 1 0.00 0.00 
20 1 0.00 0.00 
25 1 -0.93 0.35 
31 1 -3.56 8.20 
40 1 -2.63 13.16 
50 1 11.85 0.38 
63 1 1.69 16.96 
80 1 -0.60 17.39 

100 1 7.54 0.20 
125 1 0.98 10.93 
160 1 6.57 1.14 
200 1 8.66 1.24 
250 1 3.80 2.28 
315 1 13.33 0.14 
400 1 13.77 0.25 
500 1 8.26 0.84 
630 1 3.03 1.47 
800 1 1.71 1.67 
1000 1 0.84 0.13 
1250 1 -0.66 1.86 
1600 1 -0.37 3.83 
2000 1 -0.38 2.63 
2500 1 -0.02 2.39 
3150 1 0.44 2.18 
4000 1 0.52 0.71 
5000 1 1.69 0.42 
6300 1 2.84 -0.25 
8000 1 5.41 -0.16 
10000 1 2.04 0.54 
12500 1 3.50 -0.80 
16000 1 7.93 -2.84 
20000 1 9.05 0.13 
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Table F1.4, sound source separation performance for set-up 5, distance 2 m. 
 

one-third octave band (Hz) distance (m) Δ SPL dBA 
  s1,2 p0@s1 s1,2 p0@s2 
  - s1 p0@s1 - s2 p0@s2 

16 2 0.00 0.00 
20 2 0.00 0.00 
25 2 0.00 0.00 
31 2 1.46 4.10 
40 2 0.14 15.73 
50 2 13.83 -0.84 
63 2 1.12 17.82 
80 2 -1.94 15.34 
100 2 11.23 1.33 
125 2 -1.18 9.34 
160 2 5.78 0.62 
200 2 7.32 1.08 
250 2 2.76 1.12 
315 2 13.20 0.03 
400 2 14.17 -0.33 
500 2 7.62 -0.15 
630 2 3.19 2.54 
800 2 2.40 4.30 

1000 2 1.67 3.27 
1250 2 0.43 4.17 
1600 2 -0.19 4.59 
2000 2 0.45 2.44 
2500 2 -0.28 3.12 
3150 2 -0.24 3.03 
4000 2 0.56 1.51 
5000 2 1.60 0.37 
6300 2 3.46 -0.19 
8000 2 4.94 -0.05 
10000 2 1.57 -0.48 
12500 2 4.71 1.90 
16000 2 6.81 2.33 
20000 2 6.45 2.92 
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Table F1.5, sound source separation performance for set-up 5, distance 3 m. 
 

one-third octave band (Hz) distance (m) Δ SPL dBA 
  s1,2 p0@s1 s1,2 p0@s2 
  - s1 p0@s1 - s2 p0@s2 

16 3 0.00 0.00 
20 3 0.00 0.00 
25 3 0.00 0.00 
31 3 0.45 0.44 
40 3 -0.03 11.24 
50 3 12.32 -0.29 
63 3 2.28 15.25 
80 3 3.36 15.80 
100 3 7.50 -0.19 
125 3 1.80 12.92 
160 3 6.65 2.07 
200 3 6.09 0.58 
250 3 2.65 2.74 
315 3 13.28 0.03 
400 3 15.23 -0.14 
500 3 7.20 0.62 
630 3 3.27 2.39 
800 3 1.60 4.43 

1000 3 2.66 2.72 
1250 3 0.92 6.49 
1600 3 0.12 7.08 
2000 3 0.80 3.88 
2500 3 0.05 2.75 
3150 3 -0.12 2.18 
4000 3 0.04 1.25 
5000 3 2.62 0.32 
6300 3 3.54 -0.02 
8000 3 2.33 0.20 
10000 3 2.02 0.23 
12500 3 3.35 0.29 
16000 3 5.52 -0.55 
20000 3 5.57 -1.18 
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Table F1.6, sound source separation performance for set-up 5, distance 4 m. 
 

one-third octave band (Hz) distance (m) Δ SPL dBA 
  s1,2 p0@s1 s1,2 p0@s2 
  - s1 p0@s1 - s2 p0@s2 

16 4 0.00 0.00 
20 4 0.00 0.00 
25 4 0.00 0.00 
31 4 0.00 0.00 
40 4 -3.23 1.06 
50 4 11.08 -0.03 
63 4 -0.89 12.50 
80 4 0.33 13.60 
100 4 9.98 0.54 
125 4 -0.34 12.15 
160 4 5.89 1.15 
200 4 7.12 1.03 
250 4 1.52 3.15 
315 4 11.52 0.11 
400 4 12.16 -0.22 
500 4 6.18 -0.04 
630 4 3.82 3.22 
800 4 1.28 3.87 

1000 4 2.97 3.15 
1250 4 0.36 6.64 
1600 4 0.30 8.74 
2000 4 -0.06 4.51 
2500 4 0.17 5.05 
3150 4 -0.06 3.67 
4000 4 0.08 0.16 
5000 4 1.16 -0.51 
6300 4 1.97 -0.41 
8000 4 3.88 -1.34 
10000 4 0.77 -1.05 
12500 4 3.21 -1.32 
16000 4 5.09 -0.54 
20000 4 6.63 -2.81 
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F1.3 Data values for set-up 6 
 
Table F1.7 shows the sound source separation performance for measurement set-up 6. 
SPL values for sound source s1 and s2, recorded separately and together are complied in 
table E1.1. 
 

Table F1.7, sound source separation performance for set-up 6. 
 

one-third octave band (Hz) Δ SPL dBA 
 s1,2@s1 s1,2@s2 

 - s1@s1 - s2@s2 
16 0.00 0.00
20 0.00 0.00
25 0.00 0.00
31 0.00 0.00
40 0.00 0.00
50 17.79 1.37
63 -2.01 10.29
80 1.15 16.28

100 7.51 -0.38
125 -0.81 11.67
160 7.84 2.12
200 6.03 2.22
250 1.96 3.16
315 10.70 -0.80
400 10.32 -2.33
500 4.87 0.20
630 3.46 1.79
800 -0.09 3.16
1000 0.25 3.55
1250 -0.14 6.28
1600 0.27 9.05
2000 0.13 6.05
2500 -0.47 5.40
3150 -0.73 5.68
4000 -0.29 3.40
5000 -0.18 -0.09
6300 -0.44 -0.22
8000 0.67 -0.14
10000 0.01 0.28
12500 0.49 -0.21
16000 2.86 -0.11
20000 2.98 0.76
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