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Practice-oriented simplification of noise emission
measurement methods, subproject 2: Practical adaptation of the sound intensity measurement method
Abstract
The sound power level quantifies the total amount of sound emitted by a source. It is
therefore used for regulatory purposes within the framework of occupational health,
environmental protection and consumer information. The measurement of the sound
power level is internationally harmonised in about ten different ISO-standards. Despite
the fact that the sound intensity method is the most recent one, it is seldom used in
practice for various reasons. This was the main motivation to initiate this research project.
Starting point for the project is a thorough analysis of the existing knowledge on the
physical background of sound intensity measurement using two-microphone-probes.
Limitations due to the finite difference approximation of the pressure gradient and due
to the phase mismatch between the two microphone channels are mathematically expressed.
This is followed by purely analytical calculations where the sound field emitted by a
single monopole and a single dipole is superposed by a plane wave and a diffuse
sound field. The sound power level calculated from the sound intensity in normal direction to an enveloping surface is compared to the known sound power level of the
sources. Varying the relation between the amplitudes of the different sound fields suggests that from the currently used sound field indicators only the signed pressure intensity indicator is useful. Neither the unsigned pressure intensity indicator nor the
sound field inhomogeneity indicator provides additional information on the quality of
the obtained sound power level.
From these findings, proposals for a major simplification of the sound intensity measurement method are derived. The proposals are checked by a comprehensive measurement program executed at PTB. Four different sources with different spectral characteristics and directivity are measured in different surroundings using manual scanning, automatic scanning and discrete measurement points. Measurement results confirm the theoretical findings to a large extent.
Finally, standard documents are drafted where the findings of the project are included.
For this, a totally new approach is proposed by always measuring in one-third octave
bands between 50 Hz and 10 kHz and calculating the A-weighted sound power level
from these frequency bands with possibly different grades of accuracy.
Key words
sound power level, sound intensity method, sound field indicators, scanning method,
discrete point method
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Praxisorientierte Vereinfachung von Geräuschemissionsmessverfahren - Teilprojekt 2: Praxisanpassung des Schallintensitätsmessverfahrens
Kurzreferat
Der Schallleistungspegel quantifiziert die Gesamtmenge des von einer Quelle emittierten Schalls. Er wird daher für regulatorische Zwecke im Rahmen des Arbeitsschutzes,
Umweltschutzes und des Verbraucherschutzes verwendet. Die Messung des Schallleistungspegels ist international in ca. 10 unterschiedlichen ISO-Normen harmonisiert.
Obwohl die Schallintensitätsmethode die modernste Methode ist, wird sie aus verschiedenen Gründen in der Praxis selten verwendet. Dies war die Hauptmotivation zur
Initiierung dieses Forschungsprojekts.
Ausgangspunkt des Projekts ist eine gründliche Analyse des existierenden Wissens
über den physikalischen Hintergrund der Schallintensitätsmessung mit Zwei-MikrofonSonden. Begrenzungen aufgrund der Näherung des Druckgradienten durch die Druckdifferenz und aufgrund des Phasenfehlers zwischen den Mikrofonkanälen werden mathematisch formuliert.
Daran schließen sich rein analytische Berechnungen an, in denen das von einem einzelnen Monopol oder Dipol emittierte Schallfeld mit einer ebenen Welle und einem
diffusen Feld superponiert wird. Der Schallleistungspegel, der aus der Schallintensität
in Normalenrichtung zu einer Hüllfläche berechnet wird, wird mit dem bekannten
Schallleistungspegel der Quellen verglichen. Eine Variation des Verhältnisses der
Amplituden der verschiedenen Schallfelder legt nahe, dass von den heute verwendeten Schallfeldindikatoren nur der vorzeichenbehaftete Druck-Intensitäts-Indikator sinnvoll ist. Weder der vorzeichenlose Druck-Intensitäts-Indikator noch der Schallfeld-Inhomogenitäts-Indikator liefern zusätzliche Informationen über die Qualität des erzielten Schallleistungspegels.
Aus diesen Ergebnissen werden Vorschläge für eine wesentliche Vereinfachung des
Schallintensitäts-Messverfahrens abgeleitet. Die Vorschläge werden durch ein umfassendes an der PTB durchgeführtes Messprogramm überprüft. Vier verschiedene
Schallquellen mit unterschiedlicher spektraler Charakteristik werden in unterschiedlichen Umgebungen mit manuellem Scanning, automatischem Scanning und diskreten
Punkten vermessen. Die Messergebnisse bestätigen die theoretischen Ergebnisse
weitgehend.
Schließlich werden aufbauend auf den Projektergebnissen Normungsdokumente entworfen. Dabei wird ein völlig neuer Ansatz vorgeschlagen, indem immer alle Terzen
zwischen 50 Hz und 10 kHz gemessen werden. Der A-bewertete Schallleistungspegel
wird daraus berechnet, wobei verschiedene Unsicherheitsklassen für verschiedene
Frequenzbänder zulässig sind.
Schlagwörter
Schallleistungspegel, Schallintensitätsmethode, Schallfeldindikatoren, Scanning-Methode, Messung an diskreten Punkten
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1

Introduction

Sound power is the major descriptor for the sound emission of sources. Manufacturers
of noise emitting technical products are therefore often required to declare the sound
power level of their products due to EU or national legislation with respect to occupational health, environmental protection or consumer information. The declaration of a
sound power level is usually based upon a measurement which can be performed by
different internationally harmonised methods.
Among the standardised sound power level measurement methods, the intensity
method is the most modern one. It is applicable in a wide range of sound field situations, especially in ordinary rooms, where other methods are less appropriate. Even
though, the intensity method is less used in practice than other methods presumably
due to a more expensive measurement equipment, a more complicated measurement
procedure and a larger expenditure of time for the measurement.
Due to the above reasons, a research project was initiated by BAuA and executed by
PTB to develop proposals for a simplification of the standardised sound intensity measurement methods. This report is the final report of this project. It therefore covers the
whole content of the research performed within the scope of this project.
Starting point for the investigation is a thorough analysis of the technical background
of the currently standardised methods and a review of the existing literature with respect to proposals for an improvement. This is followed by a theoretical analysis of the
adequacy of today's standardised requirements. From this, proposals for a simplification of the intensity-based sound power level measurement methods are derived which
are checked by a subsequent extensive measurement programme. The results from
all these activities are then finally condensed into precise proposals for simplifying the
sound power level determination by measuring intensity.

2

State-of-the-art in sound power determination
by intensity

2.1

Measuring intensity by p-p probes

Sound intensity is defined as the product of sound pressure 𝑝 and sound velocity 𝑣 [1].
It is a vector quantity, in general. When a two-microphone probe (p-p probe) is used
for the measurement, the velocity component under consideration is determined from
time integration of the pressure difference 𝑝𝐵 − 𝑝𝐴 at microphones A and B with a spacing 2 ∆𝑟
𝑣=−

1
𝑝B − 𝑝A
∫(𝑝B − 𝑝A ) d𝑡 = −
𝜌 2 ∆𝑟
j 𝜔 𝜌 2 ∆𝑟

(2.1)

where 𝜌 is the medium density, 𝑡 is time, 𝜔 is angular frequency and j the imaginary
unit. Multiplication by the averaged sound pressure yields the complex intensity.

8
The real part of it is
1
𝑝A + 𝑝B
𝑝B − 𝑝A ∗
Re {(
) (−
)}
2
2
j 𝜔 𝜌 2 ∆𝑟

(2.2)

1
Re{ j (𝑝A + 𝑝B ) (𝑝B − 𝑝A )∗ }
8 𝜔 𝜌 ∆𝑟

(2.3)

Re{ j 𝑝A 𝑝A∗ } = Re{ j 𝑝B 𝑝B∗ } = 0

(2.4)

𝐼=
which can be written as
𝐼=−
Due to

this can be further simplified to
𝐼=−

1
Re{ j (𝑝A 𝑝B∗ − 𝑝B 𝑝A∗ ) }
8 𝜌 𝑐 𝑘 ∆𝑟

(2.5)

with wave number 𝑘 and speed of sound 𝑐. Incorporating the phase angles of the sound
pressures at microphones A and B 𝜑𝐴 ; 𝜑𝐵 yields
𝐼=−

|𝑝A | |𝑝B |
Re{j [ej (𝜑A −𝜑B ) − e−j (𝜑A −𝜑B) ] }
8 𝜌 𝑐 𝑘 ∆𝑟

(2.6)

which finally gives
𝐼=

|𝑝A | |𝑝B |
sin (𝜑A − 𝜑B )
4 𝜌 𝑐 𝑘 ∆𝑟

(2.7)

The measured intensity is the superposition of this intensity and the residual intensity
𝐼𝛿 caused by the phase mismatch between both microphone channels.
𝐼meas = 𝐼 + 𝐼𝛿

(2.8)

The level of the residual intensity 𝐿𝐼𝛿 follows from the pressure-residual intensity index
of the probe 𝛿𝑝𝐼0 and the sound pressure level
𝐿𝐼𝛿 = 𝐿𝑝 − 𝛿𝑝𝐼0

(2.9)

Including the sign of the phase error ∆
𝐼𝛿 = sgn(∆) 𝐼0 100.1 (𝐿𝑝 −𝛿𝑝𝐼0 )/dB

(2.10)

finally gives the residual intensity
𝐼𝛿 = sgn(∆) 𝐼0

𝑝2 −0.1 𝛿 /dB
𝑝𝐼0
10
𝑝02

(2.11)

or
𝐼𝛿 = sgn(∆)

𝑝2 −0.1 𝛿 /dB
𝑝𝐼0
10
𝜌𝑐

(2.12)

where 𝐼0 is the reference sound intensity (10-12 W/m2) and 𝑝0 the reference sound
pressure (20 μPa). The sound pressure 𝑝 used in Eq. (2.12) is a rms value as its origin
is a level equation.
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It is calculated from the mean value of the sound pressure magnitudes at microphones
A and B by
𝑝=

1

(|𝑝A | + |𝑝B |)

2√2

(2.13)

The intensity measured by a p-p probe thus is
𝐼meas =

2.2

|𝑝A | |𝑝B |
sgn(∆)
(|𝑝A | + |𝑝B |)2 10−0.1 𝛿𝑝𝐼0/dB
sin (𝜑𝐴 − 𝜑𝐵 ) +
4 𝜌 𝑐 𝑘 ∆𝑟
8𝜌𝑐

(2.14)

Sound power determination from intensity measurements

Sound power determination by intensity is based on the enveloping surface method.
Integration of the normal component of the intensity 𝐼n over the enveloping surface 𝑆
yields the sound power 𝑃 emitted from all sources within 𝑆
𝑃 = ∫𝐼n d𝑆

(2.15)

𝑆

When the two-microphone intensity technique is applied for the measurement, the enveloping surface is discretised in 𝑁 partial surfaces. In each partial surface 𝑆𝑖 , the
normal component of the sound intensity is superposed by the residual intensity
𝑁

𝑃meas = ∑(𝐼n,𝑖 + 𝐼res,𝑖 ) 𝑆𝑖

(2.16)

𝑖=1

The partial surface may be represented by a discrete measurement point or by a scanning path. The level of the residual intensity can easily be calculated from the sound
pressure level on the i-th surface and the pressure residual intensity index
𝐿𝐼,res,𝑖 = 𝐿𝑝,𝑖 − δ𝑝𝐼0,𝑖

(2.17)

From this, the residual intensity can be calculated
𝐼res,𝑖 = sgn(∆) 𝐼0 10(𝐿𝑝,𝑖 −𝛿𝑝𝐼0,𝑖 ) / (10 dB) = sgn(∆) 𝑝𝑖2

𝐼0
10−𝛿𝑝𝐼0,𝑖
𝑝02

/ (10 dB)

(2.18)

Introducing this into Eq. (2.16) yields
𝑛

𝑛

𝑃meas = ∑ 𝐼n,𝑖 𝑆𝑖 + ∑ sgn(∆) 𝑝𝑖2 𝑆𝑖
𝑖=1

𝑖=1

𝐼0
10−𝛿𝑝𝐼0,𝑖
𝑝02

/ (10 dB)

(2.19)

When the same probe is used for all measurement points or intensity scans, the pressure - residual intensity index will be constant
𝛿𝑝𝐼0,𝑖 = 𝛿𝑝𝐼0 ∀ 𝑖

(2.20)

The measured sound power then is
𝑛

𝑃meas

𝑛

𝐼0
= ∑ 𝐼n,𝑖 𝑆𝑖 + sgn(∆) 2 10−𝛿𝑝𝐼0 / (10 dB) ∑ 𝑝𝑖2 𝑆𝑖
𝑝0
𝑖=1
𝑖=1
𝐼
0
= 𝐼n 𝑆 + sgn(∆) 𝑝2 𝑆 2 10−𝛿𝑝𝐼0 / (10 dB)
𝑝0

(2.21)
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whereas the ideal sound power would be
(2.22)

𝑃 = 𝐼n 𝑆
The surface-averaged measured normal component of sound intensity is
𝐼n,meas 𝑆 = 𝐼n 𝑆 + sgn(∆) 𝑝2 𝑆

𝐼0
−𝛿𝑝𝐼0
2 10
𝑝0

/ (10 dB)

(2.23)

which can be reformulated
1=

𝐼n 𝑆
𝐼n,meas 𝑆

+ sgn(∆)

𝑝2 𝑆

𝐼0
−𝛿𝑝𝐼0
2 10
𝑝
𝐼n,meas 𝑆 0

/ (10 dB)

(2.24)

via
𝐼n 𝑆
𝐼n,meas 𝑆

= 1 − sgn(∆) 10(𝐿𝑝 − 𝐿𝐼,meas −𝛿𝑝𝐼0 ) / (10 dB)

(2.25)

and
𝐼n,meas 𝑆
𝐼n 𝑆

=

1
1 − sgn(∆) 10(𝐿𝑝 − 𝐿𝐼,meas −𝛿𝑝𝐼0 ) / (10 dB)

(2.26)

to yield the deviation of the measured intensity-based sound power level
∆𝐿𝑊,𝐼 = −10 lg|1 − sgn(∆) 10(𝐹𝑝𝐼n −𝛿𝑝𝐼0 ) / (10 dB) | dB

(2.27)

as a function of the difference between the signed pressure intensity indicator 𝐹𝑝𝐼n
𝐹𝑝𝐼n = 𝐿𝑝 − 𝐿𝐼,meas

(2.28)

and the pressure-residual intensity index 𝛿𝑝𝐼0 .

2.3

Currently standardised procedures

The determination of sound power using sound intensity is currently described by the
ISO 9614 series, which consists of three parts. ISO 9414-1 [2] applies to sound intensity measurements at discrete points. It can provide three grades of accuracy (precision, engineering, survey) depending on the random errors related to the measurement
procedure and the maximum measurement bias error. Apart from measuring at discrete points, the enveloping surface can be alternatively scanned. This is described in
ISO 9614-2 [3] and ISO 9614-3 [4], with the former providing engineering or survey
grade of accuracy and the latter precision.
Complimentary to the measuring procedures are the specifications of the measuring
equipment as they are described in IEC 1043 [5]. The current specifications apply to
p-p sound intensity probes and define the usable frequency range between 50 Hz and
6.3 kHz in one-third octave band analysis. Additionally, no A-weighted measurements
can be directly performed, but the A-weighted values are determined by the octave or
one-third octave band values instead [2]-[4].
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The dynamic capability of the measuring equipment is described by the dynamic capability index, which is given by
𝐿d = 𝛿𝑝𝐼0 − 𝐾

(2.29)

where 𝐾 is the bias error factor. For precision or engineering grade of accuracy, 𝐾 is
10 dB, while for survey 7 dB.

2.4

Definition of sound power level in standards

The logarithmic measure of the sound power measured by the two-microphone technique as expressed by Eq. (2.16) is termed sound power level and is given by [4]
𝐿𝑊 = 10 lg

|𝑃meas |
dB
𝑃0

(2.30)

with 𝑃0 the reference sound power (10-12 W). It must be noted that the absolute value
is used for record purposes only with negative sound power values expressed as (-)
xx dB.

2.5

Field indicators and uncertainty of measured sound
power levels

For the description of the sound field and its effect on the sound power measurements,
a number of field indicators are currently used and are listed below. It must be noted
that for the same indicator different names can be found in the current ISO literature
[2] - [4]. Additionally, the negative partial power indicator is differently defined in ISO
9614-1 [2] and ISO 9614-2 [3].

2.5.1

Temporal variability indicator of the sound field

The temporal variability indicator, denoted 𝐹1 in [2] and 𝐹𝑇 in [4] is given by
𝑀

1
1
2
√
𝐹𝑇 =
∑ (𝐼n𝑇𝑚 − 𝐼̅̅̅̅
n𝑇 )
𝑀
−
1
𝐼̅̅̅̅
n𝑇

(2.31)

𝑚=1

where 𝐼̅̅̅̅
n𝑇 is the mean value of 𝐼n𝑇𝑚 for 𝑀 short-time samples 𝐼n𝑇𝑚 measured at an
appropriate position selected on the measurement surface and calculated from
𝑀

𝐼̅̅̅̅
n𝑇 =

1
∑ 𝐼n𝑇𝑚
𝑀

(2.32)

𝑚=1

The subscript T is used to distinguish the sound intensity values used for this indicator
from the normal sound intensity values used for the sound power determination.
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2.5.2

Unsigned pressure-intensity indicator

The unsigned pressure-intensity indicator denoted 𝐹𝑝|𝐼n| in [4] and 𝐹2 in [2] is given by
𝐹𝑝|𝐼n |

𝑁
𝑁
̅̅̅
|𝐼̅̅̅
1
𝑝𝑖2
1
n𝑖 |
̅̅̅̅̅
= ̅̅̅
𝐿𝑝 − 𝐿
=
10lg
(
∑
)
dB
−
10lg
(
∑
) dB
|𝐼n |
2
𝑁
𝑁
𝐼0
𝑝0
𝑖=1

(2.33)

𝑖=1

where ̅̅̅
𝐿𝑝 is the averaged sound pressure level, ̅̅̅̅̅
𝐿|𝐼n | the averaged unsigned normal
2
̅̅̅
sound intensity level, 𝑝𝑖 the time-averaged squared pressure measured on each partial surface and |𝐼̅̅̅
n𝑖 | the time-averaged unsigned normal sound intensity measured on
each partial surface.

2.5.3

Signed pressure-intensity indicator

The signed pressure-intensity indicator denoted 𝐹3 in [2], 𝐹𝑝𝐼 in [3] and 𝐹𝑝𝐼n in [4] is
given by
𝑁

𝐹𝑝𝐼n

𝑁

̅̅̅
1
𝑝𝑖2
1
𝐼̅̅̅
n𝑖
= ̅̅̅
𝐿𝑝 − ̅̅̅̅
𝐿𝐼n = 10lg ( ∑ 2 ) dB − 10lg | ∑ | dB
𝑁
𝑁
𝐼0
𝑝0
𝑖=1

(2.34)

𝑖=1

where ̅𝐿̅𝐼̅n̅ is the averaged signed normal sound intensity level and 𝐼̅n̅̅𝑖 the time-averaged signed normal sound intensity measured on each partial surface.

2.5.4

Negative partial power indicator

The negative partial power indicator 𝐹+⁄− [3] is provided by
𝐹+⁄−

∑𝑁
𝑖=1|𝑃meas,𝑖 |
= 10lg ( 𝑁
) dB
∑𝑖=1 𝑃meas,𝑖

(2.35)

where |𝑃meas,𝑖 | and 𝑃meas,𝑖 is the unsigned and signed sound power on each partial
surface respectively. In ISO 9614-2 [3] it is stated that in the special case of uniform
partial surfaces the indicator equals 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | . In ISO 9614-1 [2] the term negative
partial power indicator is used for 𝐹𝑝𝐼n .
2.5.5

Field non-uniformity indicator

The non-uniformity indicator of the sound field is denoted 𝐹𝑆 in ISO 9614-3 [4] and 𝐹4
in ISO 9614-1 [2] can be calculated from
𝑁

1
1
2
√
𝐹𝑆 =
∑(𝐼̅̅̅̅
− 𝐼̅n )
n,𝑖
̅̅̅
𝐼n 𝑁 − 1

(2.36)

𝑖=1

where
𝑁

1
𝐼̅n = ∑ ̅̅̅̅
𝐼n,𝑖
𝑁
𝑖=1

(2.37)
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2.5.6

Measurement uncertainty

Apart from the sound power level determination, the uncertainty of the determination
is also of importance. The uncertainty can be related to the nature of the source, the
nature of the extraneous sound field, the absorption of the source, the form of the
sampling of the sound field and the applied measurement procedure [4]. In the current
ISO literature, the uncertainty is given as the standard deviation  of reproducibility of
the sound power levels determined according to each ISO standard. Table 2.1 contains
the standard deviation for each measurement procedure [2]-[4]. The symbol s is used
in [2]-[4] which is equal to 𝜎𝑅0 in more recent sound power standards
Table 2.1 Standard deviation of reproducibility of sound power levels determined according to the existing ISO standards
Octave band
centre
frequencies
in Hz

One-third
octave band
centre
frequencies
in Hz

Standard deviation (s) in dB

Precision
(grade 1)
in dB

Engineering
(grade 2)
in dB

Survey
(grade 3)
in dB

ISO 9614-1
63 to125

50 to 160

2,0

3,0

250 to 500

200 to 630

1,5

2,0

1000 to 4000

800 to 5000

1,0

1,5

6300

2,0

2,5

A-weighted

4,0
ISO 9614-2

63 to125

50 to 160

3,0

250

200 to 315

2,0

500 to 4000

400 to 5000

1,5

6300

2,5

A-weighted

1,5
ISO 9614-3

A-weighted

50 to 160

2,0

200 to 315

1,5

400 to 5000

1,0

6300

2,0
1,0

4,0
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2.5.7

Procedure for achieving the desired accuracy

In each ISO standard that is used for the determination of the sound power level from
sound intensity measurements [2]-[4], the sound field indicators and the standard deviation of reproducibility are used to check whether the measurements have achieved
the desired accuracy. If this is not the case, actions are proposed. The checks to perform are briefly described in Table 2.2.
Table 2.2 List of checks for achieving the desired accuracy and the indicators used
Parameter to check

Indicator
ISO 9416-1

Adequacy of the measurement equipment

𝐹𝑝𝐼n , 𝐿d

Adequacy of the chosen array of measurement position

𝐹𝑆

Concentration of positive partial sound power and evaluation of
the necessary modification of the measurement array

𝐹𝑆

Indication that the field is not stationary

𝐹𝑇

Indication of the presence of strongly directional extraneous
sources

𝐹𝑝𝐼n , 𝐹𝑝|𝐼n|

ISO 9416-2
Adequacy of the measurement equipment

𝐹𝑝𝐼n , 𝐿d
𝐹+⁄−

Limit on negative partial power

𝐿𝑊1 − 𝐿𝑊2

Partial-power repeatability
ISO 9416-3
Adequacy of the averaging time

𝐹𝑇

Adequacy of the measurement equipment

𝐿𝑊1 − 𝐿𝑊2
𝐹𝑝𝐼n , 𝐿d

Presence of strong extraneous noise

𝐹𝑝𝐼n , 𝐹𝑝|𝐼n|

Repeatability of the scan on a partial surface

Field non-uniformity

2.6

𝐹𝑆

New developments

The sources of error in the sound power determination based on sound intensity measurements have been a research topic of many studies. A comprehensive overview has
been provided by Jacobsen [6]. Table 2.3 summarizes the error sources, using four
categories: errors related to the measurement equipment, to the measurement procedure, to the source and the surrounding environment.
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Table 2.3 Sources of error in sound intensity measurements according to [6]
Instrument

Measurement
procedure

Source

Finite difference
error
Scattering and diffraction
Phase mismatch
Calibration
Wind screens

Measurement surface
Surface area

Non-stationary
noise
Absorption

Projection error
Spatial sampling
Averaging time
random errors

Airflow

Environment and
actual source
output
Position in a room
Static pressure
and temperature

Vent attenuation
Electrical selfnoise
The finite difference error limits the p-p approximation depending on the distance between the microphones and the wavelength. The error related to scattering and diffraction derives from the disturbance imposed to the sound field by the sound intensity
probe. The phase mismatch between the two measurement channels is an important
source of error, which has been widely studied [11]-[13]. The error during calibration is
related to the flat frequency response of the microphones and the constant acoustic
distance between them [6]. The use of windscreens is another source of error [14]. A
phase mismatch can be due to the cavity behind the diaphragm [6]. The influence of
the electrical noise of the equipment especially when the low sound intensity levels are
to be measured has been presented [15]. The errors due to the measurement surface
are controlled by the field indicators. Due to the lack of the precise knowledge of the
surface area, a related error may occur. The projection error describes measurements
where the sound intensity probe is not normal to the measurement surface. Spatial
sampling is covered either by scanning measurements or measurements at discrete
points. The related errors have also been extensively studied [16], [17]. Random errors
are related to the averaging time of the measurements [18]. The presence of background noise has been studied [19]. Additionally, the non-stationarity of the noise can
lead to errors. The source absorption is another source of error [6]. Airflow can lead to
erroneous sound intensity levels especially at low frequencies [6]. The location of the
source can change the emitted sound power. Lastly, the sound power depends on the
static pressure and temperature. In terms of aerodynamic sources, a correction has
been proposed [10], but this is not the case for other sources, e.g. structural sources.
Several new developments have been suggested to overcome some sources of errors
and deficiencies in sound intensity measurements:
1.
Jacobsen has suggested that measurements with the currently very common
1/2''-probe and a 12 mm spacer may be applicable up to 10 kHz [6].
2.
A new correction technique for the phase mismatch between the microphones
has been implemented for a measuring system [20].
3.
A new p-u probe has been introduced [21], [22], but it cannot be used in standardized measurements, because there are no standard characteristics to fulfil like
the ones described in IEC 1043 for p-p probes [5].
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4.

A modified measurement technique has been used in sound intensity measurements with multi-microphone p-p probes, but it has not been applied to two-microphone probes yet [23], [24]. The method is used to overcome the phase mismatch at low frequencies and the finite microphone spacing at high frequencies
using the Phase and Amplitude Gradient Estimator (PAGE) method, which utilizes phase unwrap techniques.

3

Theoretical investigation of sound power determination by p-p probes

3.1

Basic concept of theoretical investigations

The basic idea of the theoretical investigations is to superpose the sound field around
sound sources like monopoles or dipoles by plane waves or diffuse sound fields. The
theoretically known sound power of the source is then compared to the sound power
determined by p-p probes which is analytically calculated. Additionally, sound field indicators are calculated to see whether they can be used to qualify sound power results
obtained by p-p probe measurements. The results of the calculations are compared to
the criteria from the current standards.

3.2

Monopole measured by a p-p probe without external fields

The first considered case is that a monopole with a volume flow 𝑞 is measured by a pp-probe with a microphone spacer 2 ∆𝑟. The spherical measurement surface has a
distance 𝑟 to the source. The sound pressure at microphone A is
j 𝜌 𝑐 𝑘 𝑞 e−j 𝑘 (𝑟−∆𝑟)
4 𝜋 (𝑟 − ∆𝑟)

(3.1)

j 𝜌 𝑐 𝑘 𝑞 e−j 𝑘 (𝑟+∆𝑟)
𝑝B =
4 𝜋 (𝑟 + ∆𝑟)

(3.2)

𝑝A =
and at microphone B

Expressed in amplitude and phase this is
|𝑝A | =

𝜌𝑐𝑘𝑞
; 𝜑A = 𝜋/2 − 𝑘 (𝑟 − ∆𝑟)
4 𝜋 𝑟 (1 − ∆𝑟/𝑟)

(3.3)

|𝑝B | =

𝜌𝑐𝑘𝑞
; 𝜑B = 𝜋/2 − 𝑘 (𝑟 + ∆𝑟)
4 𝜋 𝑟 (1 + ∆𝑟/𝑟)

(3.4)

and
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The measured intensity follows directly from Eq. (2.14)
𝜌𝑐 𝑘𝑞 2
sin ( 𝑘 2 ∆𝑟 )
=
(
)
2 4𝜋𝑟
𝑘 2 ∆𝑟 [1 − (∆𝑟/𝑟)2 ]
sgn(∆)
𝜌𝑐 𝑘𝑞 2
1
+
sgn(∆) (
) {[
(1 − ∆𝑟/𝑟)
8𝜌𝑐
4𝜋𝑟
2
1
+
] } 10−0,1 𝛿𝑝𝐼0 /dB
(1 + ∆𝑟/𝑟)

(3.5)

𝜌𝑐 𝑘𝑞 2
sin ( 𝑘 2 ∆𝑟 )
=
(
)
2 4𝜋𝑟
𝑘 2 ∆𝑟 [1 − (∆𝑟/𝑟)2 ]
2
𝜌𝑐 𝑘𝑞 2
2
+
(
) sgn(∆) [
] 10−0,1 𝛿𝑝𝐼0 /dB
8 4𝜋𝑟
1 − (∆𝑟/𝑟)2

(3.6)

𝐼meas

which gives
𝐼meas

This measured intensity is now related to the sound power of a monopole (where 𝑞 is
understood as an amplitude and not an rms-value) and the surface area of the enveloping surface
𝑃mon 𝜌 𝑐 𝑘 2 𝑞 2 𝜌 𝑐 𝑘 𝑞 2
=
=
(
)
𝑆
32 𝜋 2 𝑟 2
2 4𝜋𝑟
which leads to the related radial component of intensity
2
𝐼meas 𝑆
sin (𝑘 2 ∆𝑟)
1
)
𝐼r =
=
+ sgn(∆ [
] 10−0,1 𝛿𝑝𝐼0 /dB
2
2
[1
(∆𝑟/𝑟)
]
(∆𝑟/𝑟)
𝑃mon
𝑘 2 ∆𝑟 −
1−

(3.7)

(3.8)

The difference of sound power levels measured by a p-p probe and the monopole
sound power level is then determined from discretizing a hemispherical enveloping
surface with 𝑁 points
𝑁

∆𝐿W,𝐼 = 10 lg |∑
𝑛=1

∆𝑆𝑛
𝐼 | dB
𝑆 r,𝑛

(3.9)

where the absolute value is introduced to ensure a real result on a dB scale since 𝐼r
can become negative. The sound pressure squared is related to the impedance, monopole sound power and surface by
𝑝r2

2
𝑝2 32 𝜋 2 𝑟 2
1
=
=[
]
𝜌 𝑐 𝜌 𝑐 𝑘 2 𝑞2
1 − (∆𝑟/𝑟)2

(3.10)

which can be introduced in Eq. (3.8) to yield
𝐼r =

sin (𝑘 2 ∆𝑟)
+ sgn(∆) 𝑝r2 10−0,1 𝛿𝑝𝐼0 /dB
2
[1
(∆𝑟/𝑟)
]
𝑘 2 ∆𝑟 −

(3.11)

The difference between pressure based and monopole sound power level is then
𝑁

∆𝐿W,𝑝 = 10 lg ∑
𝑛=1

∆𝑆𝑛 2
𝑝 dB
𝑆 r

(3.12)
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For further analysis, also the quantity
𝑁

∆𝐿W,|𝐼| = 10 lg ∑
𝑛=1

∆𝑆𝑛
|𝐼r,𝑛 | dB .
𝑆

(3.13)

is used. The non-uniformity indicator is determined by
𝑁

1
1
2
√
𝐹𝑆 =
∑(𝐼r,𝑛 − 𝐼̅r )
|̅
𝐼r | 𝑁 − 1

(3.14)

𝑛=1

the signed pressure intensity indicator by
𝐹𝑝𝐼n = ∆𝐿W,𝑝 − ∆𝐿W,𝐼

(3.15)

and the difference between the signed and unsigned pressure intensity indicators by
𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| = ∆𝐿W,|𝐼| − ∆𝐿W,𝐼 .

3.3

(3.16)

Monopole measured by a p-p probe in a plane wave

The model is now extended to the case that a monopole's sound field is superposed
by an uncorrelated plane wave travelling in positive x-direction with an amplitude 𝑎.
The sound pressure at microphone A is then
𝑝A =

j 𝜌 𝑐 𝑘 𝑞 e−j 𝑘 (𝑟−∆𝑟)
+ 𝑎 e−j 𝑘 (𝑟−∆𝑟) cos 𝜑 sin 𝜃
4 𝜋 (𝑟 − ∆𝑟)

(3.17)

and at microphone B
j 𝜌 𝑐 𝑘 𝑞 e−j 𝑘 (𝑟+∆𝑟)
𝑝B =
+ 𝑎 e−j 𝑘 (𝑟+∆𝑟) cos 𝜑 sin 𝜃
4 𝜋 (𝑟 + ∆𝑟)

(3.18)

The intensity component normal to a hemispherical measurement surface is calculated by inserting Eqs. (3.17) and (3.18) into Eq. (2.5). The assumption of uncorrelated
pressures in spherical and plane waves is mathematically
𝑎𝑞=0

(3.19)

which gives - after some manipulations - the intensity
1
𝜌𝑐𝑘𝑞 2
sin(𝑘 2 ∆𝑟)
𝑎2 sin(𝑘 2 ∆𝑟 cos 𝜑 sin 𝜃)
𝐼=
{(
)
+
}
[1 − (∆𝑟/𝑟)2 ] 𝑘 2 ∆𝑟
2𝜌𝑐
4𝜋𝑟
𝑘 2 ∆𝑟

(3.20)
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Superposing the residual intensity gives the measured intensity
𝐼meas

1
𝜌𝑐𝑘𝑞 2
sin(𝑘 2 ∆𝑟)
𝑎2 sin(𝑘 2 ∆𝑟 cos 𝜑 sin 𝜃)
=
{(
)
+
}
[1 − (∆𝑟/𝑟)2 ] 𝑘 2 ∆𝑟
2𝜌𝑐
4𝜋𝑟
𝑘 2 ∆𝑟
2
sgn(∆)
𝜌𝑐𝑘𝑞
√
+
{ [
] + 𝑎2
8𝜌𝑐
4 𝜋 𝑟 (1 − ∆𝑟/𝑟)

(3.21)

2
2

+ √[

𝜌𝑐𝑘𝑞
] + 𝑎2 } 10−0,1 𝛿𝑝𝐼0 /dB
4 𝜋 𝑟 (1 + ∆𝑟/𝑟)

which can be expressed as the intensity related to the monopole sound power and a
spherical enveloping surface area by
𝐼r = 𝐼meas

𝑆
𝑃Mon
=

sin(𝑘 2 ∆𝑟)

+

𝑎r2 sin(𝑘 2 ∆𝑟 cos 𝜑 sin 𝜃)
𝑘 2 ∆𝑟

∆𝑟 2
[1 − ( 𝑟 ) ] 𝑘 2 ∆𝑟
+ sgn(∆) 𝑝r2 10−0,1 𝛿𝑝𝐼0 /dB

(3.22)

where 𝑎𝑟 is the ratio of the sound pressure in the plane wave and the monopole sound
pressure at distance 𝑟
𝑎r = 𝑎

4𝜋𝑟
𝜌𝑐𝑘𝑞

(3.23)

and the related sound pressure 𝑝r is
2
2
1
1
1
𝑝r = {√[
] + 𝑎r2 + √[
] + 𝑎r2 }
(1 − ∆𝑟/𝑟)
(1 + ∆𝑟/𝑟)
2

(3.24)

For a vanishing relative amplitude of the plane wave, Eq. (3.22) is identical to Eq. (3.8).
In the following, calculations are performed using Eqs. (3.22), (3.24) and (3.12) - (3.16).
The determination of sound power and field indicators requires an averaging over an
enveloping surface. Due to symmetry, all further calculations are performed on a hemispherical measurement surface applying a spiral discretisation with 𝑊 windings and
𝑁 points. The discretisation of the angles thus is
𝜑=

(𝑛 − 1/2) 2 𝜋 𝑊
, 𝑛 = 1…𝑁
𝑁

(3.25)

(𝑛 − 1/2)
, 𝑛 = 1…𝑁
𝑁

(3.26)

and
𝜃 = ArcCos

The ratio between the partial surface area ∆𝑆𝑛 represented by each point and the overall area 𝑆 is calculated from
∆𝑆𝑛 2 𝜋 𝑊
𝑛
𝑛+1
𝑛 + 1/2
=
[ArcCos ( ) − ArcCos (
)] Sin [ArcCos (
)]
𝑆
𝑁
𝑁
𝑁
𝑁

(3.27)
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with
𝑛 = 0…𝑁 − 1

(3.28)

2𝜋𝑊
𝑛
𝑛+1
𝑛 + 1/2
=
∑ [ArcCos ( ) − ArcCos (
)] Sin [ArcCos (
)]
𝑁
𝑁
𝑁
𝑁

(3.29)

and
𝑁−1

𝑛=0

A spiral array with 𝑊 = 100 and 𝑁 = 529 is used for the calculations (Fig. 3.1). The
weighting factors are nearly identical for all points except for the points closest to the
equator (Fig. 3.2).

Fig. 3.1

Spiral array used for the calculation.

Fig. 3.2

Weighting factors for the
529 points of the spiral array
from Fig. 3.1.

Parameters used for calculation are given in Table 3.1, and calculation results are
shown in Fig. 3.3 to Fig. 3.7. The following observations are noticed:
 As long as the frequency is well below the range where the finite difference approximation is no longer valid (about 2 kHz for the 12 mm spacer) there is no dependency on the frequency observed. This is due to the fact that 𝛿𝑝𝐼0 is considered
to be 20 dB at all frequencies. For real intensity probes, 𝛿𝑝𝐼0 depends on frequency,
which leads to frequency-dependent results. In particular, 𝛿𝑝𝐼0 usually decreases
towards lower frequencies which can be compensated by using a larger spacer.


The difference of the sound power level and the monopole sound power level determined from the absolute value of the averaged intensity (Fig. 3.3) decreases
systematically with increasing amplitudes of the external plane wave 𝑎r when the
sign of the phase error is negative (dashed lines) and it increases for a positive
phase error (solid lines). For the two smallest amplitudes of the plane wave, sound
power level differences are in an acceptable range of about ±1 dB.



When the average sound pressure level is used to determine the sound power
level difference (Fig. 3.4), results are exactly in the expected range (e.g. 3 dB for
𝑎r = 1 and 10 dB for 𝑎r = 3). Note that these huge deviations for the sound pressure enveloping method are not observed for the intensity method (Fig. 3.3).
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The criterion for the dynamic capability 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 is between -17 dB and 10 dB at
sufficiently small frequencies (Fig. 3.5). For today’s criteria from ISO 9614 (all
parts), this difference should be below -10 dB for a class 1 and below -7 dB for a
class 2 measurement. This is fulfilled for the two smallest amplitudes of the plane
wave.



The difference between signed and unsigned pressure-intensity indicators is between 0 and about 26 dB (Fig. 3.6). For valid measurement results it should be
below 3 dB according to today’s criteria from ISO 9614. This means that all results
except for 𝑎r = 1 should be disqualified even though the sound power level differences are still acceptable. This needs further investigation.



The non-uniformity indicator assumes values from 0.6 up to 500 (Fig. 3.7). The
criterion from ISO 9614-1 requires to square this indicator and to multiply it by a
frequency dependent factor C to determine the minimum number of measurement
points required. The factor C is at least 11 for a class 2 and at least 19 for a class
1 measurement. Thus, a very large number of measurement points may be required.

Table 3.1 Parameters used for calculation of Fig. 3.3 to Fig. 3.7
𝑊
100

𝑁
529

𝛿𝑝𝐼0
20 dB

2 ∆𝑟
12 mm

𝑟
2m

𝑎r
1; 3; 5; 7; 9

sgn(∆)
-1; 1
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Fig. 3.3

∆𝐿𝑊,𝐼 for a monopole in a Fig. 3.4
plane wave.

∆𝐿W,𝑝 for a monopole in a
plane wave.

Fig. 3.5

𝐹𝑝𝐼n − 𝛿𝑝𝐼0 for a monopole in Fig. 3.6
a plane wave.

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| for a monopole
in a plane wave.

Fig. 3.7

Common legend for Fig. 3.3 to Fig. 3.7:
𝑎r = 1; sgn(∆) = 1
𝑎r = 3; sgn(∆) = 1
𝑎r = 5; sgn(∆) = 1
𝑎r = 7; sgn(∆) = 1
𝑎r = 9; sgn(∆) = 1
𝑎r = 1; sgn(∆) = −1
𝑎r = 3; sgn(∆) = −1
𝑎r = 5; sgn(∆) = −1
𝑎r = 7; sgn(∆) = −1
|𝐹𝑆 | for a monopole in a
𝑎r = 9; sgn(∆) = −1
plane wave.
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3.4

Monopole measured by a p-p probe in a diffuse field and a
plane wave

3.4.1

Calculation model

Since previous calculation results are meaningful, the calculation model is extended
further. Now a monopole field is superposed by a plane wave and an additional diffuse
field. The sound pressure at microphone A is then
𝑝A =

j 𝜔 𝜌 𝑞 e−j 𝑘 (𝑟−∆𝑟)
+ 𝑎 e−j 𝑘
4 𝜋 (𝑟 − ∆𝑟)

(𝑟−∆𝑟) cos 𝜑 sin 𝜃

+𝑏

(3.30)

j 𝜔 𝜌 𝑞 e−j 𝑘 (𝑟+∆𝑟)
𝑝B =
+ 𝑎 e−j 𝑘 (𝑟+∆𝑟) cos 𝜑 sin 𝜃 + 𝑏
4 𝜋 (𝑟 + ∆𝑟)

(3.31)

and at microphone B

where 𝑏 is the the sound pressure amplitude of the diffuse field. Since sound pressures
from the diffuse field, plane wave and monopole field are assumed to be uncorrelated,
the time averages of source quantities vanish, i.e.
𝑞 𝑎 = 0; 𝑞 𝑏 = 0; 𝑎 𝑏 = 0.

(3.32)

The magnitude of the sound pressures at microphones A and B thus is
|𝑝A | =

2
𝜌𝑐𝑘𝑞
1
√[
] + 𝑎r2 + 𝑏r2
(1 − ∆𝑟/𝑟)
4𝜋𝑟

(3.33)

|𝑝B | =

2
𝜌𝑐𝑘𝑞
1
√[
] + 𝑎r2 + 𝑏r2
(1 + ∆𝑟/𝑟)
4𝜋𝑟

(3.34)

and

where 𝑏r is the relative amplitude of the sound pressure in the diffuse field. The average sound pressure from microphones A and B related to the monopole sound power
follows to be
𝑝r =

2
2
1
1
1
{√[
] + 𝑎r2 + 𝑏r2 + √[
] + 𝑎r2 + 𝑏r2 }
(1 − ∆𝑟/𝑟)
(1 + ∆𝑟/𝑟)
2

(3.35)

The intensity approximated by the p-p probe is now calculated from Eq. (3.22). It is
applicable since the pressure gradient of the diffuse field vanishes in each field point.
Some examples of intensities calculated by Eq. (3.22) in combination with Eq. (3.35)
are displayed in Fig. 3.8 and Fig. 3.9. The superposition with the plane wave travelling
from left to right in the graphs clearly deforms the original uniform radiation pattern.
When the relative amplitude of the plane wave is larger than 1, the intensity becomes
negative, as expected (Fig. 3.8). Adding diffuse field components only does not alter
the uniform radiation pattern, but for the displayed case of a very large diffuse field
amplitude, the intensity becomes negative due to the negative phase error (red curve
in Fig. 3.9).
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Fig. 3.8

3.4.2

Relative intensities of a
monopole superposed by a
plane wave normalised to its
maximum, relative amplitudes 𝑎r = 0 (red), 𝑎r = 0.7
(green), 𝑎r = 2 (blue), other
parameters: 𝜑 = 0, 𝑏r = 0,
sgn(∆) = − 1, 𝛿𝑝𝐼0 = 20 dB.
Dotted line indicates negative intensity.

Fig. 3.9

Relative intensities of a
monopole superposed by a
plane wave and a diffuse
field normalised to its maximum, relative amplitudes
𝑎r = 0; 𝑏r = 10 (red), 𝑎r =
0.7; 𝑏r = 4 (green), 𝑎r =
2; 𝑏r = 8 (blue), other parameters:
𝜑=0
,
sgn(∆) = − 1, 𝛿𝑝𝐼0 = 20 dB.
Dotted lines indicate negative intensity.

Results for a large number of measurement points

To verify the implementation of the equations, some calculations were performed with
parameters from Table 3.2. For a vanishing 𝑎r , the monopole sound field is simply
superposed by a diffuse sound field with different sound pressure amplitudes. All results fully agree with the expectations (Fig. 3.10 to Fig. 3.12). Intensity based sound
power level deviations are within ± 1 dB for the two lowest values of the diffuse field
amplitudes 𝑏𝑟 (Fig. 3.10). For the larger diffuse field amplitudes, sound power level
deviations become much larger. The pressure-based sound power level deviations are
identical to the plane wave case, as expected (Fig. 3.11). The indicator 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 is
between -17 dB and 6 dB (Fig. 3.12). The lowest diffuse field amplitudes give indicators
which are below -10 dB as required for a class 1 measurement according to today’s
standards. The indicator 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| and the non-uniformity indicator 𝐹𝑆 are not displayed since they vanish.
Table 3.2 Parameters used for calculation of Fig. 3.10 to Fig. 3.12
𝑊
100

𝑁
529

𝛿𝑝𝐼0
20 dB

2 ∆𝑟
12 mm

𝑟
2m

𝑎r
0

sgn(∆)
-1; 1

𝑏r
1; 3; 5; 7; 9
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Fig. 3.10

∆𝐿W,𝐼 for a monopole in a
diffuse field.

Fig. 3.12

𝐹𝑝𝐼n − 𝛿𝑝𝐼0 for a monopole
in a diffuse field.

∆𝐿W,𝑝 for a monopole in a
diffuse field.
Common legend for Fig. 3.10 to Fig.
3.12:
𝑏r = 1; sgn(∆) = 1
𝑏r = 3; sgn(∆) = 1
𝑏r = 5; sgn(∆) = 1
𝑏r = 7; sgn(∆) = 1
𝑏r = 9; sgn(∆) = 1
𝑏r = 1; sgn(∆) = −1
𝑏r = 3; sgn(∆) = −1
𝑏r = 5; sgn(∆) = −1
𝑏r = 7; sgn(∆) = −1
𝑏r = 9; sgn(∆) = −1
Fig. 3.11

Since results show no influence of frequency as long as the frequency is well below
the limitations of the finite difference approximation, equations are further analysed.
Combining Eqs. (3.35) and (3.22) yields the intensity approximation to be
𝐼r = {

sin (𝑘 2 ∆𝑟)
sin (𝑘 2 ∆𝑟 cos 𝜑 sin 𝜃)
+ 𝑎𝑟2
}
2
[1 − (∆𝑟/𝑟) ] 𝑘 2 ∆𝑟
𝑘 2 ∆𝑟
1
1
+ sgn(∆) 10−0.1 𝛿𝑝𝐼0 /dB { [√
+ 𝑎r2 + 𝑏r2
2 (1 − ∆𝑟/𝑟)2

(3.36)

2

1
+√
+ 𝑎𝑟2 + 𝑏𝑟2 ]} .
(1 + ∆𝑟/𝑟)2
Since the half spacer length ∆𝑟 is small compared to the radius 𝑟, the approximation
(1 ± ∆𝑟/𝑟) ≈ 1

(3.37)

is applicable. Additionally, at sufficiently small frequencies
sin (𝑘 2 ∆𝑟)
≈1
𝑘 2 ∆𝑟

(3.38)

sin (𝑘 2 ∆𝑟 cos 𝜑 sin 𝜃)
≈ cos 𝜑 sin 𝜃
𝑘 2 ∆𝑟

(3.39)

and
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can be used. The approximated intensity is then
𝐼r = 1 + 𝑎r2 cos 𝜑 sin 𝜃 + sgn(∆) 10−0,1 𝛿𝑝𝐼0 /dB (1 + 𝑎r2 + 𝑏r2 )

(3.40)

The absolute value of the relative intensity thus is
|𝐼meas | 4 𝜋 𝑟 2
= |1 + 𝑎r2 cos 𝜑 sin 𝜃 + sgn(∆) 10−0,1 𝛿𝑝𝐼0 /dB (1 + 𝑎r2 + 𝑏r2 )|
𝑃Mon

(3.41)

and the relative squared sound pressure
𝑝r2 = (1 + 𝑎r2 + 𝑏r2 ) .

(3.42)

Sound power determination requires an averaging over the enveloping surface. Under
the assumption of an infinite number of measurement points and using the upper hemisphere this is
̅̅̅
𝐼r =

2 𝜋 𝜋/2
1
∫ ∫ [1 + 𝑎r2 cos 𝜑 sin 𝜃
2 𝜋 𝑟 2 𝜑=0 𝜃=0

+ sgn(∆) 10

−0,1 𝛿𝑝𝐼0 /dB

(1 +

(3.43)
𝑎r2

+

𝑏r2 )]

2

𝑟 sin 𝜃 d𝜃 d𝜑 .

which gives
̅̅̅
𝐼r =

2 𝜋 𝜋/2
2 𝜋 𝜋/2
1
[∫ ∫ sin 𝜃 d𝜃 d𝜑 + ∫ ∫ 𝑎r2 cos 𝜑 sin 𝜃 sin 𝜃 d𝜃 d𝜑
2 𝜋 𝜑=0 𝜃=0
𝜑=0 𝜃=0
2𝜋

+∫

𝜋/2

sgn(∆) 10−0,1 𝛿𝑝𝐼0 /dB (1 + 𝑎r2 + 𝑏r2 ) sin 𝜃 d𝜃 d𝜑]

∫

(3.44)

𝜑=0 𝜃=0

and finally
̅̅̅
𝐼r = 1 + sgn(∆) 10−0,1 𝛿𝑝𝐼0 /dB (1 + 𝑎r2 + 𝑏r2 )

(3.45)

̅̅̅
𝐼r = 1 + sgn(∆) 10−0,1 𝛿𝑝𝐼0 /dB 𝑝r2 .

(3.46)

or

Further simplification yields
∆𝐿𝑊,𝐼 = −10 lg|1 − sgn(∆) 100,1(𝐿̅̅̅̅𝑝 −𝐿̅𝐼 −𝛿𝑝𝐼0)/dB | dB

(3.47)

which is the known expression for the deviation of the sound power level as a function
of the difference between pressure-intensity indicator and pressure-residual intensity
index (see Eq. (2.27)). The derivation of Eq. (3.47) from Eq. (3.36) is a further verification of the calculation model.
Now, a fixed frequency well below 1 kHz was chosen and the energetic sum of the
relative amplitudes of the plane wave and the diffuse field was varied between 0.1 and
100
√𝑎r2 + 𝑏r2 = 0,1 … 100 .

(3.48)

Additionally, the ratio between the diffuse field and the plane wave amplitude was set
to the fixed values
𝑏r / 𝑎r = 0,1; 0,3; 1; 3; 10 .

(3.49)
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The resulting sound power level differences are plotted as a function of the indicators
(Fig. 3.13 to Fig. 3.16). According to Fig. 3.13, the indicator 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 is obviously
well correlated to the sound power level deviation. All the different 𝑏r /𝑎r give identical
results, which means that the indicator is applicable no matter how diffuse or free the
external sound field is. From Fig. 3.14, it can be deduced that 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 must be below
-10 dB to restrict the sound power level deviation ∆𝐿𝑊,𝐼 to be within ±0.5 dB. A value
of 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 below -7 dB corresponds to ∆𝐿𝑊,𝐼 between ±1 dB. This verifies the criteria
from today’s ISO 9614.
The indicator 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| shows a different behaviour (Fig. 3.15). For each value of
the ratio 𝑏r /𝑎r, a different relation between this indicator and the sound power level
deviation is calculated. Todays ISO 9614 requires that 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| must be below 3
dB. According to Fig. 3.15, this requirement is too strict for 𝑏r /𝑎r < 1 i.e. for an external
plane wave field whereas it is not sufficient for 𝑏r /𝑎r > 1 i.e. for a diffuse external field.
The benefit from using this indicator thus seems to be questionable.
The indicator |𝐹𝑆 | is used in ISO 9614-1 [2] to calculate the required number of measurements points by
𝑁 > 𝐶 |𝐹𝑆 |2

(3.50)

with 𝐶 = 11 for grade 2 and 𝐶 = 19 for grade 1 measurements at medium frequencies.
From Fig. 3.16 such a relation cannot be deduced since the relation strongly depends
on the parameter 𝑏r /𝑎r. To keep the sound power level deviation |∆𝐿𝑊,𝐼 | below 1 dB,
|𝐹𝑆 | has to be smaller than 10 for 𝑏r /𝑎r = 0,1. The same sound power level deviation
at 𝑏r /𝑎r = 10 requires |𝐹𝑆 | to be be smaller than 0,1. This result challenges the usability
of the indicator 𝐹𝑆 .
Another interesting question is whether different indicators are correlated. This is investigated by plotting the indicators 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| and |𝐹𝑆 | as a function of 𝐹𝑝𝐼n − 𝛿𝑝𝐼0.
For a fixed ratio of 𝑏r /𝑎r , there is a systematic behaviour (Fig. 3.17, Fig. 3.18). Nevertheless, a general relation between the indicators cannot be concluded from these
graphs since the ratio 𝑏𝑟 / 𝑎𝑟 alters the relation between both indicators significantly.
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Fig. 3.13

∆𝐿W,𝐼 as a function of Fig. 3.14
𝐹𝑝𝐼n − 𝛿𝑝𝐼0.

Detailed view from Fig.
3.13.

Fig. 3.15

∆𝐿W,𝐼 as a function of
𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| .

∆𝐿W,𝐼 as a function of |𝐹𝑆 |.

Fig. 3.16

|𝐹𝑆 | as a function of 𝐹𝑝𝐼n − Fig. 3.18
𝛿𝑝𝐼0.
Common legend for Fig. 3.13 to Fig. 3.18
𝑏r /𝑎r = 0,1; sgn(∆) = 1
𝑏r /𝑎r = 0,3; sgn(∆) = 1
𝑏r /𝑎r = 1; sgn(∆) = 1
𝑏r /𝑎r = 3; sgn(∆) = 1
𝑏r /𝑎r = 10; sgn(∆) = 1
Fig. 3.17

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| as a function of
𝐹𝑝𝐼n − 𝛿𝑝𝐼0.
𝑏r /𝑎r
𝑏r /𝑎r
𝑏r /𝑎r
𝑏r /𝑎r
𝑏r /𝑎r

= 0,1; sgn(∆) = −1
= 0,3; sgn(∆) = −1
= 1; sgn(∆) = −1
= 3; sgn(∆) = −1
= 10; sgn(∆) = −1
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3.4.3

Results for a limited number of measurement points

All the above calculations are yielded with fixed sets of parameters, e.g. 𝛿𝑝𝐼0 was always set to 20 dB and the number of measurement points was close to infinity. To
come to more realistic results, 1000 calculations with random variation of parameters
were performed for three different symmetric arrays with 6, 8 and 12 points on a spherical enveloping surface. The arrays are derived from a cube, an octahedron and a
dodecahedron. The coordinates of the measurement points are given in Table 3.3,
Table 3.4 and Table 3.5. The range of parameters is given in Table 3.6. The angle 𝜑0
is introduced to vary the orientation of the array with respect to the plane wave.
Table 3.3 Measurement point coordinates for the array with 𝑵 = 6
1
0
0

𝜑/°
𝜃/°

2
0 + 𝜑0
90

3
90 + 𝜑0
90

4
180 + 𝜑0
90

5
270 + 𝜑0
90

6
0
180

Table 3.4 Measurement point coordinates for the array with 𝑵 = 8
1
𝜑/°
𝜃/°

0
+ 𝜑0
45

2
90
+ 𝜑0
45

3
180
+ 𝜑0
45

4
270
+ 𝜑0
45

5
0
+𝜑0
135

6
90
+ 𝜑0
135

7
180
+ 𝜑0
135

8
270
+ 𝜑0
135

Table 3.5 Measurement point coordinates for the array with 𝑵 = 12

𝜑/°
𝜃/°
𝜑/°
𝜃/°

1
0
0
7
36 + 𝜑0
120

2
0 + 𝜑0
60
8
108 + 𝜑0
120

3
72 + 𝜑0
60
9
180 + 𝜑0
120

4
144 + 𝜑0
60
10
252 + 𝜑0
120

5
236 + 𝜑0
60
11
324 + 𝜑0
120

6
308 + 𝜑0
60
12
0
180

Table 3.6 Parameters used for calculation of Fig. 3.19 to Fig. 3.21
𝛿𝑝𝐼0 /
dB
10...25

∆𝑟/𝑟

𝑘 ∆𝑟

𝑎r

0,006 0,022 0…10

sgn(∆)

𝑏r

-1; 1

0…10

𝜑0 / °
(𝑵 = 6, 8)
0...90

𝜑0 / °
(𝑵 = 12)
0...72

Calculation results show that the indicator 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 is strongly correlated to the
sound power deviation ∆𝐿W,𝐼 (Fig. 3.19). The calculation result is identical to Fig. 3.13.
Limiting this indicator to values below a certain value limits the deviation of the sound
power level. The two other indicators 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| and |𝐹𝑆 | do not provide a similar correlation with the sound power level deviation (Fig. 3.19, Fig. 3.20). So, the systematic
relation between these indicators and a sound power level deviation as seen in Fig.
3.15 and Fig. 3.16 for a fixed ratio of 𝑏r / 𝑎r is caused by the use of the fixed set of
parameters.
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The random variation of parameters clearly shows that neither 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| nor |𝐹𝑆 | can
be used to limit the sound power level deviation at least for the considered academic
case. These results are identical for the 6-, 8- and 12-point arrays.

Fig. 3.19

∆𝐿W,𝐼 as a function of Fig. 3.20
𝐹𝑝𝐼n − 𝛿𝑝𝐼0.

Fig. 3.21

∆𝐿W,𝐼 as a function of |𝐹𝑆 |.

∆𝐿W,𝐼 as a function of
𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| .

In a next step, it is considered that the relative amplitude of the plane wave field may
be different in every array point. This means
𝑎r = 𝑎r,0 + ∆𝑎r RND(0,1)

(3.51)

where RND(0,1) is an equally distributed random number between 0 and 1. To come
to an appropriate choice for 𝑎r,0 and ∆𝑎r , an expression in dB is derived to describe
the extent of the variability. The ratio between the maximum value of the distribution
𝑎r,0 + ∆𝑎r and the mean value 𝑎r,0 + 0,5 ∆𝑎r is chosen as an adequate descriptor
𝑎r,0 + ∆𝑎r
𝐿∆𝑎r = 20 lg (
) dB
𝑎r,0 + 0,5 ∆𝑎r

(3.52)

from which
∆𝑎r = 𝑎r,0

1 − 100,05 𝐿∆𝑎r /dB
0,5 100,05 𝐿∆𝑎r /dB − 1

(3.53)

can be calculated. Physically this approach describes the case where the amplitude of
the external plane wave is non-stationary, which may often be observed in real situations. Such an additional random effect may also be present for the diffuse field amplitude 𝑏r . Therefore, this relative amplitude is also randomly varied in each field point
between 0 and 3. The major difference is that the diffuse field is suppressed by the pp probe in each measurement point whereas the plane wave field is suppressed only
by surface averaging. A non-stationarity therefore has a significant effect on the measured sound power levels for the plane wave but not so much for the diffuse field.
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Table 3.7

Parameters used for calculation of Fig. 3.22 to Fig. 3.25 (second line) and
Fig. 3.26 to Fig. 3.29 (third line)

𝛿𝑝𝐼0 / dB

∆𝑟/𝑟

𝑘 2 ∆𝑟

𝑎r,0

sgn(∆)

𝑏r

8 ... 18
15 ... 25

0,003
0,003

0,022
0,022

1
4

-1; 1
-1; 1

0 ... 3
0 ... 3

𝜑0 / °
(𝑁 = 6)
0 ... 90
0 ... 90

𝜑0 / °
(𝑁 = 12)
0 ... 72
0 ... 72

Fig. 3.22

∆𝐿W,𝐼 as a function of Fig. 3.23
𝐹𝑝𝐼n − 𝛿𝑝𝐼0, 𝑁 = 6, 𝐿∆𝑎r =
0,1 dB.

∆𝐿W,𝐼 as a function of
𝐹𝑝𝐼n − 𝛿𝑝𝐼0, 𝑁 = 12, 𝐿∆𝑎r =
0,1 dB.

Fig. 3.24

∆𝐿W,𝐼 as a function of Fig. 3.25
𝐹𝑝𝐼n − 𝛿𝑝𝐼0, 𝑁 = 6, 𝐿∆𝑎r =
0,4 dB

∆𝐿W,𝐼 as a function of
𝐹𝑝𝐼n − 𝛿𝑝𝐼0, 𝑁 = 12, 𝐿∆𝑎r =
0,4 dB

Using this approach, 1000 calculations were performed for the arrays with 6 and 12
points. Parameters were randomly varied within the ranges given in Table 3.7. The first
set of results (Fig. 3.22 to Fig. 3.25) covers a relative amplitude of
𝑎r,0 = 1 and two different values for 𝐿∆𝑎r namely 0,1 dB and 0,4 dB. The range for 𝛿𝑝𝐼0
is chosen to cover a common range for the indicator 𝐹𝑝𝐼n − 𝛿𝑝𝐼0. The random variation
of the plane wave amplitude has only a very minor effect on the sound power level
deviation ∆𝐿W,𝐼 when 𝐿∆𝑎r equals 0,1 dB (Fig. 3.22, Fig. 3.23). When 𝐿∆𝑎r is 0,4 dB, a
random variation becomes visible (Fig. 3.24, Fig. 3.25). The scatter is slightly smaller
in Fig. 3.25 compared to Fig. 3.24 due to the better averaging by the 12-point array
compared to the 6-point array.

32
The same level of non-stationarity (𝐿∆𝑎r equal to 0,1 dB and 0,4 dB) becomes much
more important when a larger relative amplitude 𝑎r,0 = 4 is chosen (Fig. 3.26 to Fig.
3.29). In these cases, the indicator 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 is less suitable to predict the sound
power level deviation. Again, the slightly better averaging by the 12 point array compared to the 6 point array is noticeable (Fig. 3.26 compared to Fig. 3.27, Fig. 3.28
compared to Fig. 3.29). Thus, stationarity of the extraneous plane wave field is much
more important for strong extraneous fields than for weak ones. It is furthermore interesting to notice that the other two indicators 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| and 𝐹𝑆 did not give any meaningful correlation to the observed sound power level deviation. These results are not
displayed.

Fig. 3.26

Fig. 3.28

∆𝐿W,𝐼 as a function of
𝐹𝑝𝐼n − 𝛿𝑝𝐼0, 𝑁 = 6, 𝐿∆𝑎𝑟 =
0,1 dB

∆𝐿W,𝐼 as a function of
𝐹𝑝𝐼n − 𝛿𝑝𝐼0, 𝑁 = 6, 𝐿∆𝑎𝑟 =
0,4 dB

Fig. 3.27

∆𝐿W,𝐼 as a function of
𝐹𝑝𝐼n − 𝛿𝑝𝐼0, 𝑁 = 12, 𝐿∆𝑎𝑟 =
0,1 dB

Fig. 3.29

∆𝐿W,𝐼 as a function of
𝐹𝑝𝐼n − 𝛿𝑝𝐼0, 𝑁 = 12, 𝐿∆𝑎𝑟 =
0,4 dB

3.5

Dipole measured by a p-p probe in a diffuse field and a plane
wave

3.5.1

Calculation model

The monopole model may give special results because the source does not exhibit
any directivity by itself. All sound field inhomogeneities are generated by the superposition with the plane wave field. Therefore, the model is now extended to the case that
a dipole's sound field is superposed by an uncorrelated plane wave travelling in positive x-direction with an amplitude 𝑎 and a diffuse field with an amplitude 𝑏.
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The sound pressure at microphone A is then
𝜌 𝑐 𝑘 2 𝐷 e−j 𝑘 (𝑟−∆𝑟)
1
𝑝A = −
[1 +
] cos 𝜃 + 𝑎 e−j 𝑘 (𝑟−∆𝑟) cos 𝜑 sin 𝜃
(𝑟
(𝑟
4 𝜋 − ∆𝑟)
j 𝑘 − ∆𝑟)
+𝑏

(3.54)

and at microphone B
𝑝B = −

𝜌 𝑐 𝑘 2 𝐷 e−j 𝑘 (𝑟+∆𝑟)
1
[1 +
] cos 𝜃 + 𝑎 e−j 𝑘 (𝑟+∆𝑟) cos 𝜑 sin 𝜃 + 𝑏
4 𝜋 (𝑟 + ∆𝑟)
j 𝑘(𝑟 + ∆𝑟)

(3.55)

with the dipole moment 𝐷. The orientation of the dipole is chosen that its maximum
radiation is in the direction of the z-axis. The intensity component normal to a hemispherical measurement surface follows from inserting (3.54) and (3.51) into Eq. (2.5).
No correlation between the three different fields means
𝐷 𝑎 = 0; 𝐷 𝑏 = 0; 𝑎 𝑏 = 0

(3.56)

which gives after some calculations in analogy to the monopole case the intensity related to the dipole sound power and the enveloping surface area of a sphere
3 cos2 𝜃
sin 𝑘 2 ∆𝑟
1
𝐼r =
{
[1
+
]
1 − (∆𝑟/𝑟)2 𝑘 2 ∆𝑟
𝑘 𝑟 [1 − (∆𝑟/𝑟)2 ]
2
∆𝑟/𝑟 cos 𝑘 2 ∆𝑟
sin 𝑘 2 ∆𝑟 cos 𝜑 sin 𝜃
2
−
}
+
3
𝑎
r
𝑘 𝑟 [1 − (∆𝑟/𝑟)2 ] 𝑘 2 ∆𝑟
𝑘 2 ∆𝑟
−0,1
𝛿
/dB
2
𝑝𝐼0
+ sgn(∆) 𝑝r 10

(3.57)

with the related sound pressure
2
2
3
cos 𝜃
1
√
𝑝r =
{√[
] {1 + [
] } + 𝑎r2 + 𝑏r2
(1 − ∆𝑟/𝑟)
4
𝑘 𝑟 (1 − ∆𝑟/𝑟)

(3.58)
2
2
cos 𝜃
1
√
+ [
] {1 + [
] } + 𝑎r2 + 𝑏r2 }
(1 + ∆𝑟/𝑟)
𝑘 𝑟 (1 + ∆𝑟/𝑟)

and the relative amplitudes of the plane wave
𝑎r = 𝑎

4𝜋𝑟
𝜌 𝑐 𝑘2 𝐷

(3.59)

𝑏r = 𝑏

4𝜋𝑟
.
𝜌 𝑐 𝑘2 𝐷

(3.60)

and the diffuse field

Using these equations, relative intensities have been calculated in the far field (𝑘 𝑟 =
10, left column of Fig. 3.30 to Fig. 3.35) and in the near field (𝑘 𝑟 = 0,5, right column of
Fig. 3.30 to Fig. 3.35). The latter is chosen to represent a frequency of 50 Hz at a
distance of 0,5 m to the source which is a realistic lower limit for 𝑘 𝑟. Further parameters
are given in Table 3.8 and Table 3.9. They are chosen to make the influence visible.
Table 3.8 Common parameters used for calculation of Fig. 3.30 to Fig. 3.35
𝛿𝑝𝐼0 / dB
20

∆𝑟/𝑟
0,003

𝑘 2 ∆𝑟
0,022

𝜑
0

sgn(∆)
-1
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Table 3.9 Relative amplitudes used for calculation of Fig. 3.30 to Fig. 3.35
red
Fig. 3.30
Fig. 3.31
Fig. 3.32
Fig. 3.33
Fig. 3.34
Fig. 3.35

𝑘𝑟
10
0,5
10
0,5
10
0,5

𝑎r
0
0
0
0
0
0

blue
𝑏r
0
0
0
0
0
0

𝑎r
0,7
0,7
0
0
0,7
0,7

green
𝑏r
0
0
5
5
5
5

𝑎r
2
2
0
0
2
2

𝑏r
0
0
10
10
10
10

When the dipole is superposed by a plane wave, the resulting relative intensity clearly
shows a shift of the directivity pattern (Fig. 3.30, Fig. 3.31). Dipole intensity vanishes
at 𝜃 close to ± 90°, and the resulting relative intensity is dominated by the plane wave.
Thus, it assumes large negative or positive values in these directions at sufficiently
large amplitudes. This effect is slightly more pronounced in the far field due to the
normalisation of the plane wave amplitude to the far field amplitude of the dipole. When
only a diffuse field is superposed to the dipole field (Fig. 3.32, Fig. 3.33), a positive
intensity is added to the dipole intensity in all field points due to the chosen positive
sign of the phase error. Therefore, the radiation pattern becomes more monopole-like
at the relatively large diffuse field amplitudes used. Changes in the far field and in the
near field are quite similar. This is in analogy to the plane wave superposition. The
superposition with a mixture of a plane wave and a diffuse field (Fig. 3.34, Fig. 3.35) is
finally a combination of the above findings.

35

Fig. 3.30

Relative intensities of a dipole superposed by a
plane wave normalised to
its maximum, dotted line indicates negative intensity.

Fig. 3.31

Relative intensities of a dipole superposed by a
plane wave normalised to
its maximum, dotted line indicates negative intensity.

Fig. 3.32

Relative intensities of a dipole superposed by a diffuse field normalised to its
maximum, dotted line indicates negative intensity.

Fig. 3.33

Relative intensities of a dipole superposed by a diffuse field normalised to its
maximum, dotted line indicates negative intensity.

Fig. 3.34

Relative intensities of a di- Fig. 3.35
pole superposed by a diffuse field and a plane
wave normalised to its
maximum, dotted line indicates negative intensity.

Relative intensities of a dipole superposed by a diffuse field and a plane
wave normalised to its
maximum, dotted line indicates negative intensity.

3.5.2

Sound power and field indicators

Inserting Eqs. (3.57) and (3.58) into Eqs. (3.9) and (3.12) - (3.16), sound powers and
field indicators were calculated as a function of frequency. Parameters used for this
calculation are given in Table 3.10.
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Table 3.10

Common parameters used for calculation of Fig. 3.36 to Fig. 3.41
𝑊
100

𝑁
529

𝛿𝑝𝐼0 / dB
20

∆𝑟/ m
0,006

𝑟/ m
2

𝑎r
0…5

𝑏r
0

Differences between intensity-based sound power levels and dipole sound power levels are close to 0 dB for the three smallest relative amplitudes of the plane wave
𝑎r = 0; 1; √3 (Fig. 3.36), as expected. For 𝑎r = 3; 5, sound power level differences
become much larger. Depending on the sign of the phase error, deviations are negative or positive. The range for the parameter 𝑎r is slightly different than for the monopole case because the sound pressure of the plane wave is related to the sound pressure maximum of the dipole's directivity. Furthermore, a slight dependency on frequency is observed which is due to nearfield effects at very low frequencies (10 - 30
Hz) and due to the finite difference approximation at high frequencies.
In general, the pressure-based sound power level deviates much more from the dipole
sound power level (Fig. 3.37) than the intensity-based sound power level. Without an
extraneous plane wave (𝑎r = 0), nearfield effects lead to a significant deviation below
100 Hz whereas the sound power level is very close to the ideal result at higher frequencies. An increase of 𝑎r shifts the deviations towards larger positive values
whereby the nearfield effects become less prominent. For 𝑎r = 5, a huge deviation of
19 dB is reached.
The values of the pressure-intensity criterion 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 are roughly between -20 dB
and 5 dB (Fig. 3.38). Due to the nearfield effects, an increase of 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 towards
low frequencies is observed for small 𝑎r whereas the influence of the finite difference
approximation is clearly seen at high frequencies. The difference of signed and unsigned pressure intensity indicators is 0 for 𝑎r = 0 and increases with increasing 𝑎r up
to 22 dB (Fig. 3.39). Effects of nearfield and finite difference approximation are faintly
occurring.
The non-uniformity indicator |𝐹𝑆 | is about 1 for 𝑎r = 0 and increases considerably for
growing 𝑎𝑟 (Fig. 3.40). It is very interesting to note that the sound pressure based nonhomogeneity indicator is also about 1 for 𝑎r = 0 but decreases with growing 𝑎r (Fig.
3.41). So, an increasing 𝑎r leads to a more homogeneous sound pressure field and to
a less homogeneous sound intensity field on the enveloping surface. Qualitatively,
these results resemble very much the results for the monopole (Fig. 3.3 - Fig. 3.7). The
main additional effect for the dipole is the nearfield.
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Fig. 3.36

∆𝐿W,𝐼 for a dipole.

Fig. 3.37

∆𝐿W,𝑝 for a dipole.

Fig. 3.38

𝐹𝑝𝐼n − 𝛿𝑝𝐼0 for a dipole.

Fig. 3.39

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| for a dipole.

Fig. 3.40

|𝐹𝑆 | for a dipole.

Fig. 3.41

Common legend for Fig. 3.36 to Fig. 3.41
𝑎r = 0; sgn(∆) = 1
𝑎r = 1; sgn(∆) = 1
𝑎r = √3; sgn(∆) = 1
𝑎r = 3; sgn(∆) = 1
𝑎r = 5; sgn(∆) = 1

Non-uniformity indicator for
sound pressure.
𝑎r
𝑎r
𝑎r
𝑎r
𝑎r

= 0; sgn(∆) = −1
= 1; sgn(∆) = −1
= √3; sgn(∆) = −1
= 3; sgn(∆) = −1
= 5; sgn(∆) = −1
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To investigate whether there is a general relation between the sound power level deviation and the indicators, further calculations are performed for a fixed frequency of
100 Hz. The parameters are varied like for the monopole case (Eqs.(3.48) and (3.49)).
A first glance at the resulting Fig. 3.42 to Fig. 3.47 reveals large similarities to the
monopole case (Fig. 3.13 to Fig. 3.18). In particular, the intensity-based sound power
level deviation ∆𝐿W,𝐼 is a clear function of the pressure intensity criterion 𝐹𝑝𝐼n − 𝛿𝑝𝐼0
(Fig. 3.42). Results are identical for all investigated ratios 𝑏r /𝑎r which means that the
functional relationship is valid for extraneous diffuse fields and for extraneous plane
waves. The quantitative relation can be deduced from Fig. 3.43. As for the monopole,
𝐹𝑝𝐼n − 𝛿𝑝𝐼0 < −10 dB corresponds to |∆𝐿W,𝐼 | < 0,5 dB and 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 < −7 dB to
|∆𝐿W,𝐼 | < 1 dB. In contrast to this very clear relationship, Fig. 3.44 and Fig. 3.45 show
that the relation between ∆𝐿W,𝐼 and 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| or |𝐹𝑆 | is not a general one since each
ratio 𝑏r /𝑎r generates another curve. To limit ∆𝐿W,𝐼 by limiting 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| or |𝐹𝑆 | would
require to know whether there is an extraneous diffuse field or a plane wave. The relation between 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 and 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| or |𝐹𝑆 | is shown in Fig. 3.46 and Fig. 3.47.
For fixed ratios of 𝑏r /𝑎r a functional relationship is observed. Therefore, it cannot be
expected that 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| or |𝐹𝑆 | provide additional information on the sound power
level deviation.
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Fig. 3.42

∆𝐿W,𝐼 as a function of Fig. 3.43
𝐹𝑝𝐼n − 𝛿𝑝𝐼0.

Fig. 3.44

∆𝐿W,𝐼 as a function of
𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| .

Fig. 3.45

∆𝐿W,𝐼 as a function of |𝐹𝑆 |.

|𝐹𝑆 | as a function of 𝐹𝑝𝐼n −
𝛿𝑝𝐼0.
Common legend for Fig. 3.42 to Fig. 3.47:
𝑏r /𝑎r = 0,1; sgn(∆) = 1
𝑏r /𝑎r = 0,3; sgn(∆) = 1
𝑏r /𝑎r = 1; sgn(∆) = 1
𝑏r /𝑎r = 3; sgn(∆) = 1
𝑏r /𝑎r = 10; sgn(∆) = 1

Fig. 3.47

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| as a function of
𝐹𝑝𝐼n − 𝛿𝑝𝐼0.

Fig. 3.46

Detailed view from Fig.
3.42.

𝑏r /𝑎r
𝑏r /𝑎r
𝑏r /𝑎r
𝑏r /𝑎r
𝑏r /𝑎r

= 0,1; sgn(∆) = −1
= 0,3; sgn(∆) = −1
= 1; sgn(∆) = −1
= 3; sgn(∆) = −1
= 10; sgn(∆) = −1
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4

Ideas for revising different parts of ISO 9614

From the findings in Chapters 3 and 4, the following ideas for a technical revision of
the different parts of ISO 9614 are derived:
1. The current versions of ISO 9614 allow measurements up to 6,3 kHz. As it has
been mentioned already, measurements with a 1/2''-probe and a 12 mm spacer
may be applicable up to 10 kHz [6].
2. Today, ISO 9614 does not contain criteria concerning which spacer shall be used
at which frequencies. It is thus proposed to perform an initial measurement with
the 12 mm spacer covering the whole frequency range and check by the criterion
𝐹𝑝𝐼n − 𝛿𝑝𝐼0 < -7 dB or - 10 dB whether measurement results are valid. If that is not
the case at low frequencies (e.g. below 500 Hz), an additional measurement with
a longer spacer (e.g. 50 mm) may lead to valid results at low frequencies.
3. To simplify the applicability of sound intensity methods, a reduction of the number
of indicators presented in 2.1.1 - 2.1.5 may be considered. Especially, when actions are to be taken to increase the accuracy of the sound power determination,
a combination of indicators 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 and 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | is used. This combination
may provide similar information because both indicators describe the acoustic environment and the measuring capability of the intensity probe. Additionally, the proposed countermeasures against a violation of the criterion 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n| < 3 dB are
the same as against a violation of the criterion 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 < 𝐾 in today’s standards
[2]-[4]. It is therefore proposed to omit the indicator 𝐹𝑝|𝐼n | .
4. Today, the sound field non-homogeneity is tested for the scanning method by
checking whether the standard deviation of the sound intensity levels measured
on each partial surface is sufficiently small. This procedure is known to give reliable
results. For measurements at discrete points, the standard deviation of all individually measured sound intensity levels is used to calculate a minimum number of
required measurement points. This procedure may lead to very large numbers of
measurement points in some cases. It is thus proposed to apply the same procedure as for the scanning method also for the discrete point method. This means
that the standard deviation is not calculated from all individual measurement points
but from the mean values of each partial surface area. Then, the same criterion as
for the scanning method is applied.
5. If the defined criteria for a valid measurement according to ISO 9614 cannot be
met, an upper limit for the sound power level can be determined from the measured
sound pressure levels.
6. Intensity probe microphones often have a lower sensitivity and thus a higher background noise level compared to low-noise microphones. Nevertheless, the influence of electrical background noise is not addressed in today’s ISO 9614. Thus, a
new indicator is proposed to cover this effect.
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5

Description of measurements

5.1

Purpose of measurements

The calculation results in Chapter 3 are obtained using academic cases. It is questionable whether these results are also valid for real sources in real environments measured with real intensity probes. Therefore, a comprehensive measurement programme
is executed to check the proposals from chapter 4. It is straightforward that this programme cannot cover all real world applications. Nevertheless, a large variety of
sources, environments, background noise situations and further influencing parameters could be included. It is therefore considered that the results from this measurement
programme cover a very broad range of possible applications of the sound intensity
method.

5.2

Sound sources under test

Four sources under test were chosen, having different spectral content, absorption and
directivity. Fig. 5.1 shows all sources under test, which were namely a broadband
source (BS), a broadband source with absorption (BSWA), a tonal source (TS) and a
tonal source with absorption (TSWA).

Fig. 5.1

Sources under test. Top left: broadband source. Top right: broadband
source with absorption. Bottom left: tonal source. Bottom right: tonal
source with absorption.
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The BS is an assembly of two aerodynamic reference sound sources (Brüel & Kjær,
Type 4204) positioned at different heights as shown in Fig. 5.1. The height difference
is provided by a wooden box, having one side open.
The TS is a half-dodecahedron loudspeaker as depicted in Fig. 5.1. The emitted signal
was generated in MATLAB as a multi-sine signal following
31

𝑠 = 𝐴 ∑ sin(2𝜋𝑓𝑖 + 𝜑𝑖 )

(5.1)

𝑖=1

where 𝐴 is the amplitude, 𝑓𝑖 the centre frequency of the i-th one-third octave band from
20 Hz to 20 kHz rounded to the nearest decade and 𝜑𝑖 the related phase. The latter
was randomly generated for each discrete frequency once. Then it was used for all TS
measurements for repeatability reasons. To account for any changes in the sound
emission of the TS, a correction was applied to the TS measurement values. The correction is given by
Re{𝑆𝑉in 𝐼in }
𝐶em = 10lg (
) dB
Re{𝑆𝑉in 𝐼in ,ref }

(5.2)

where Re{𝑆𝑉in 𝐼in } is the real part of the cross-spectrum of the input voltage and current
of the signal fed to the TS and Re{𝑆𝑉in 𝐼in,ref } a reference cross-spectrum. The latter was
set as the mean value of all cross-spectra used. Minor changes in the acoustic emission of the TS were revealed after the application of the correction.
The BSWA is a modification of the BS as it can be seen in Fig. 5.1. For the modification,
an absorber panel was added to the BS at a defined position, covering the open side
of the box. The absorber had a thickness of 100 mm and a surface of 0,7 m². It is made
of a polyester fibre mat which is framed by a U-shaped aluminium profile.
The absorption addition was also applied to the TS to form the TSWA. The emitted
signal was the same as for the TS and the emission correction was also applied.

5.3

Surrounding environments

Measurements were performed in five rooms, PTB’s hemi-anechoic room, PTB’s 200
m³ reverberation room, an open space (a basement), a 50 m³ reverberant room and
the same room after adding absorption. For variation of the sound field in the hemianechoic room, the room was used in two different states. The first was the normal
anechoic room. The second state was the hemi-anechoic room with added reflections.
This was realised by adding 10 reflecting panels of 0,7 m² each. They were placed in
front of the wedges on two orthogonal sides of the room, five on each side as shown
in Fig. 5.2. Fig. 5.3 shows a measurement setup in the open space, the 50 m³ reverberant room and the same room after adding absorption.
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Fig. 5.2

Picture of the measurement setup for the automated measurements.
The free field conditions were disturbed by placing ten reflecting panels.
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Fig. 5.3

Measurements were performed in an open space (top), in a reverberant room (middle) and in the same room after adding absorption (bottom).
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5.4

Probe positioning

5.4.1

Automated measurements

Measurements were performed either by scanning [3] - [4] or at discrete points [2]. The
movement or positioning of the probes was performed by automated means or manually. The automated measurements were performed in PTB’s hemi-anechoic room using PTB’s scanning apparatus [8]. Thereby, all measurements were performed on a
hemispherical measurement surface. The scanning apparatus is placed inside PTB's
hemi-anechoic room, which is qualified according to ISO 26101 [9] for frequencies between 50 Hz and 20 kHz for the measurement radii used. A sketch for the measurement setup in case of BS and BSWA is shown in Fig. 5.4, while the setup for TS and
TSWA in Fig. 5.5.
The measurements were performed over a hemispherical surface of 1,7 m radius either by continuous scanning or at discrete points by remotely stopping the moving arc
at predefined positions. For the full coverage of the hemisphere, the probes covered
once the left quarter sphere as shown in Fig. 5.4 and Fig. 5.5 (the probe angles in
relation to the floor being: probe 1 - 29°, probe 2 - 57°, probe 3 - 78°) and afterwards
the right quarter sphere (probe angles: probe 1 - 151°, probe 2 - 123°, probe 3 - 102°).
For the scan measurements, the path length of the probes was: probe 1 – 2,51 m,
probe 2 – 4,52 m and probe 3 – 5,31 m.
For the measurements at discrete points, the arc was stopped at 30° steps starting
from 15° (angle between the floor and the arc), providing measurements at: 15°, 45°,
75°, 105°, 135° & 165°. The measurement positions are shown in Fig. 5.6.

Fig. 5.4

Measurement setup for the investigation of broadband source and
broadband source with absorption.
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Fig. 5.5

Measurement setup for the investigation of tonal source and tonal
source with absorption.

Fig. 5.6

Measurement positions for the automated sound intensity measurements at discrete points.

An initial investigation was about the influence of the scanning speed. Measurements
were performed for three different measurement durations, namely T = 600 s, T = 900
s and T = 1200 s. The speed of each probe is different due to its position on the scanning apparatus as it can be seen in Fig. 5.4. and Fig. 5.6. Table 5.1 shows the speed
of each probe for the different measurement durations, and Fig. 5.7 shows the sound
power level of the TS for the three different measurement durations. The correction of
Eq. (5.2) was applied. The differences at high frequencies are due to extraneous noise
influence, which was applied to measurements. The scan duration is related to the
temporal stability of the random signal of BS and BSWA. According to a previous analysis [10], the measurement duration for the automated scanning measurements was
set to 1200 s. For the automated measurements at discrete points, the measurement
duration was 180 s for each position shown in Fig. 5.6.
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Table 5.1 Scan speed of each probe for different measurement durations
Measurement
duration in s
600
900
1200

Fig. 5.7

5.4.2

Probe speed in 10-3 m/s
Probe 1
4,2
2,8
2,1

Probe 2
7,5
5,0
3,8

Probe 3
8,8
5,9
4,4

Sound power level of the tonal source for various measurement durations. Legend indicates the measurement duration and the speed of
each intensity probe.

Manual measurements

Apart from automated sound intensity measurements, manual measurements were
also performed. These were performed by PTB’s personnel following both scanning
and measurements at discrete points. Three sound intensity probes were also used for
these measurements, specially assembled on a holder, which could be screwed on a
microphone stand. The holder can be seen in Fig. 5.8. Contrary to the automated
measurements, which covered a hemisphere, the manual measurements were performed over a parallelepiped. An example of manual measurement is shown in Fig.
5.9, where BSWA is measured by manual scanning in the hemi-anechoic room. The
image also shows the cords used for the demarcation of the parallelepiped.
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Fig. 5.8

Holder to accommodate three sound intensity probes on a microphone
stand.

Fig. 5.9

Sound intensity measurement of broadband source with absorption by
manual scanning.

Surface sampling is another parameter that is taken into consideration in the sound
intensity measurements. The sound intensity probes holder shown in Fig. 5.8 allowed
the variation of the surface sampling by choosing which probe(s) to use. Concerning
the manual measurements, the sound power was determined by a) using all three
probes and b) only the middle one.
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For the manual scanning measurements, the scan was performed following both paths
shown in Fig. 5.10 and the mean sound intensity was used for the sound power determination. For the manual measurements at discrete points, each partial surface was
divided in 0,5 m x 0,5 m squares, leading to 12 measurement positions for the side
partial surfaces and 16 positions for the top surface. The current ISO standards guidelines were followed for the manual scanning measurements [3], [4]. For the measurements at discrete points, the measurements had a duration of 60 s.

Fig. 5.10 Scan paths followed for the manual scanning measurements.

5.5

Intensity probes

Three sound intensity probes were used for the measurements. During the project,
three Brüel & Kjær phase-matched microphone pairs of Type 4181 and one of Type
4197 were used. For each measurement, two pairs of Type 4181 and Type 4197 were
connected to the intensity probes. To cover the frequency range between 50 Hz and
10 kHz, a 12 mm and a 50 mm spacer were used.
5.5.1

Sound intensity and sound pressure calculation

The sound pressure signals were recorded by a multichannel analyser. From the discretised signals, the auto-spectra and the complex cross-spectra were calculated by
the analyser system in real time, using an FFT algorithm with 6401 lines and applying
a Hanning window. These spectra were averaged by the analyser appropriately, depending on the measurement duration. The averaged auto and cross-spectra were
exported from the analyser and further processed using MATLAB.
The sound intensity was calculated from the cross-spectrum of each microphone pair
according to
𝐼(𝜔) =

1
Im{𝑆𝑝1 𝑝2 (𝜔)}
𝜔 𝜌 Δ𝑥

(5.3)

where 𝜔 is the angular frequency, 𝜌 the air density, Δ𝑥 the spacer length and
Im{𝑆𝑝1 𝑝2 (𝜔)} the imaginary part of the microphone pair cross-spectrum [7]. The onethird octave bands were calculated from FFT bands by adding all 𝑀 intensity FFT lines
belonging to the corresponding one-third octave band as
𝑀

𝐼 = ∑ 𝐼(𝜔𝑚 )
𝑚=1

(5.4)
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For the sound pressure, this summation was performed energetically by
𝑀
2

𝑝 = ∑[

2
2
𝑝A(𝜔
+ 𝑝B(𝜔
𝑚)
𝑚)

2

𝑚=1

]

(5.5)

where 𝑝A and 𝑝B are the sound pressure signals of each microphone as described by
Eqs. (3.1) and (3.2).
The frequency characteristics of the signals used for the TS and the TSWA led to two
different considerations in terms of the FFT bands used in the frequency analysis.
In the first, all FFT lines were used, while in the second, only the lines corresponding
to the centre frequencies of the input signal as given by Eq. (5.1) and their directly
adjacent lines (in total three FFT lines for each centre frequency). The adjacent lines
were considered due to the side lobes of the Hanning window applied to the FFT analysis.
5.5.2

Pressure-residual intensity index

The pressure-residual intensity index is the difference between the indicated sound
pressure level 𝐿𝑝 and sound intensity level of the residual intensity 𝐿𝐼𝛿 , when the intensity probe is placed and oriented in a sound field whose sound intensity is zero [4]. The
index is calculated from
𝛿𝑝𝐼0 = 𝐿𝑝 − 𝐿𝐼𝛿

(5.6)

where 𝐿𝑝 is the sound pressure level in the coupler and 𝐿𝐼𝛿 the level of the residual
intensity 𝐼𝛿 , which is given by
𝐿𝐼𝛿 = 10 lg

|𝐼𝛿 |
dB
𝐼0

(5.7)

Fig. 5.11 shows the pressure-residual intensity index for all microphone pairs used in
the project. The index was measured at different dates and for different connection
lines (e.g. probe, pre-amplifier, and cables).
The capability of the probe to adequately measure sound intensity is described by the
dynamic capability index [4], which is described by Eq. (2.29). The pressure - residual
intensity index depends on the spacer length. The relation between the spacer lengths
used is
𝛿𝑝𝐼0(50 mm) = 𝛿𝑝𝐼0(12 mm) + 10 lg

50
dB ≈ 𝛿𝑝𝐼0(12 mm) + 6,2 dB
12

(5.8)
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Fig. 5.11

Pressure-residual intensity index measured at different dates for all microphone pairs used for 12 mm spacer
For the measurement of the pressure-residual intensity index measurement, the Brüel
& Kjær ZI 0055 sound source was used. The generated signal is emitted up to 5 kHz,
which is the cut-off frequency of the filter internally applied. The source was externally
driven, but it was not possible for frequencies above 5 kHz to emit. Due to the application of the sound intensity measurements to frequencies above 5 kHz, this value was
used for higher frequencies as it can be seen in Fig. 5.11. The connection line appears
to be sensitive to many parameters. One of them is the microphone preamplifier. The
deviations of 𝛿𝑝𝐼0 (e.g. the green line in the bottom right graph of Fig. 5.11) depict the
sensitivity of the connection line. For this reason, the pressure-residual intensity index
was measured each time there were changes in the connection line.
In the current ISO 9614 series the measurements are considered to be performed using a single probe. In this chapter, a new indicator is proposed to check the accuracy
of the sound power determination when more than one probes are used. The analysis
presented in 0 describes the deviation between the measured and actual sound power
level by combing the signed pressure-intensity indicator of Eq. (2.34) and the pressure
residual-intensity index given by Eq. (5.6). Using Eq. (2.28) this is
(𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) = ̅̅̅
𝐿𝑝 − ̅̅̅̅
𝐿𝐼n − 𝛿𝑝𝐼0

(5.9)

Following similar analysis as in 0, when different probes are used for the measurement,
each one will have a different pressure-residual intensity index. Using Eqs. (2.26) and
(2.27) the deviation from the ideal sound power level can be expressed by
𝐼n,meas 𝑆
𝐼n 𝑆

𝑁

𝑝𝑖2 𝑆𝑖 𝐼0
−𝛿𝑝𝐼0,𝑖
= 1±∑
2 10
𝐼n 𝑆 𝑝0

/ (10 dB)

(5.10)

𝑖=1

or
𝑁

∆𝐿𝑊,𝐼 = 10 lg [1 ± ∑
𝑖=1

𝑆𝑖
10(𝐿𝑝,𝑖 −𝐿𝐼n −𝛿𝑝𝐼0,𝑖 ) / (10 dB) ] dB
𝑆

(5.11)
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To express Eq. (5.11) in analogy to Eq. (2.27), an artificial difference between the
signed pressure-intensity indicator and the pressure - residual intensity index is defined
by
𝑁

∑
𝑖=1

∗
𝑆𝑖
10(𝐿𝑝,𝑖 −𝐿𝐼n −𝛿𝑝𝐼0,𝑖 ) / (10 dB) = 10(𝐹𝑝𝐼n −𝛿𝑝𝐼0 ) / (10 dB)
𝑆

(5.12)

The new indicator should then be calculated by
𝑁
∗

(𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) = 10 lg [∑
𝑖=1

𝑆𝑖
10(𝐿𝑝,𝑖 −𝐿𝐼n −𝛿𝑝𝐼0,𝑖 ) / (10 dB) ] dB
𝑆

(5.13)

and sound power level deviations should follow
∆𝐿𝑊,𝐼 = −10 lg |1 − sgn(∆)10(𝐹𝑝𝐼n −𝛿𝑝𝐼0 )

∗

/ (10 dB)

| dB

(5.14)

This is similar to Eq. (2.27) except that it uses the individual sound pressure level and
the pressure-residual intensity index for each probe.

5.6

Overview on the performed sound power measurements

In this chapter, the measurements performed during the project are briefly presented.
They are further explained in the following chapters. Table 5.2 contains all project
measurements and the parameters for each measurement.
There are a number of measurement settings that are globally applied to the measurements. As it has been previously mentioned (Chapter 5.1.3), the sound intensity was
originally measured in FFT bands and the one-third octave bands were then calculated. In the case of the BS and the BSWA, all FFT lines contained in a one-third octave
band were used, whereas for TS and TSWA only three lines per one-third octave band
centre frequency. Using the findings of Chapter 0 and the current ISO standards guidelines [2]-[4], each measurement was performed using both a 12 mm and a 50 mm
spacer. The results were combined according to the finite difference error to provide a
single measurement result (50 mm spacer for 50 Hz – 800 Hz, 12 mm spacer for 1 kHz
– 10 kHz).
Measurements were performed both automatically and manually. The duration for the
automated scanning measurements was 1200 s and for the discrete point measurements 180 s per measurement point. For the manually scanned measurements, the
duration was not constant, but it was ensured that the scanning speed did not exceed
0,5 m/s [4]. The duration of the measurements at discrete points was 60 s per point.
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Table 5.2 List of measurements performed during the project
Measurement set

Source

Environment

Measurement
surface

Sampling

̅̅̅
𝑳𝒑 − 𝑳𝒏

Noise type

Influence of electrical noise
1

TS

Hemianechoic
room

Discrete
points

Various

Reference measurements according to ISO 3741
2

BS

3

BSWA

4

TS

5

TSWA

Reverberation room

Influence of scan speed
6

BS

7

TS

Hemianechoic
room

Hemisphere

Scan (automated)

Hemisphere

Scan,
discrete
points
(automated)

̅̅̅
𝐿𝑝 ,
-10 dB,
-5 dB,
0 dB,
5 dB,
10 dB

Scan,
discrete
points
(manual)

̅̅̅
𝐿𝑝 ,
0 dB,
5 dB,
10 dB

Scan,
discrete
points
(manual)

̅̅̅
𝐿𝑝

0 dB

Stationary

Influence of extraneous noise
8

BS

9

TS

10

BSWA

11

TSWA

12

BSWA

13

TSWA

14

BS

15

TS

16

BSWA

17

TSWA

Hemianechoic
room
Hemianechoic
room + reflection
Hemianechoic
room

Parallelepiped

Stationary,
nonstationary

Influence of surrounding environment
18

BS

19

TS

20

BSWA

21

5.7

TSWA

a) Reverberation
room,
b) open
space,
c) reverberant room,
d) reverberant room +
absorption

Parallelepiped

Measured sound power levels and field indicators

In this chapter, the measurement results are presented in the same way for all sources
for comparison reasons. For each measurement set, a figure is presented containing
four graphs (Fig. 5.12). In the top left graph, the sound power level 𝐿𝑊 is given for all
measurement methods (scan, discrete) and field quantities (sound pressure, sound
∗
intensity). In the top right graph, the proposed field indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) is provided.
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In the bottom left, the absolute value of the indicator 𝐹𝑆,𝐼 is shown. The bottom right
graph shows the indicator 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | . In all graphs, the quantities are plotted against
frequency. Fig. 5.12 is provided as an example for automated measurements with BS
without extraneous noise. Annex A contains all further measurement results.

Fig. 5.12

5.8

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Automated
measurements in hemi-anechoic room. No extraneous noise.

Measurement results following the revision proposals

The theoretical results presented in Fig. 3.42 - Fig. 3.47 have been experimentally
investigated by implementing the measurements described in Table 5.2. In accordance
with the presentation in Chapter 3 and the proposals for the new indicators of Chapter
4, similar analysis is presented in Annex B. For each measurement set, a group of five
graphs show the following:
∗
1) the sound power level difference Δ𝐿𝑊 against the indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )
2) the sound power level difference Δ𝐿𝑊 against the indicator 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |
3) the sound power level difference Δ𝐿𝑊 against the indicator |𝐹𝑆,𝐼 |
∗
4) the indicator |𝐹𝑆,𝐼 | against the indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )
∗
5) the indicator 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against the indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )
The sound power level difference Δ𝐿𝑊 is calculated by
Δ𝐿𝑊 = 𝐿𝑊 − 𝐿𝑊, ref

(5.15)

where 𝐿𝑊 is the sound power level determined after each measurement and 𝐿𝑊, ref the
reference sound power level. This was set for each source as the sound power level

55
determined after the automated scan measurement in the hemi-anechoic room without
the presence of extraneous noise. The theoretical values of Δ𝐿𝑊 were calculated using
Eq. (5.14).
The indicator |𝐹𝑆,𝐼 | is the absolute value of the non-uniformity field indicator given by
Eq. (2.36) with I indicating the calculation was based on sound intensity measurements.
Due to the large number of figures,
Fig. 5.13 shows the results for the case of automated measurement of BS when stationary noise was applied. The rest of the corresponding measurements is included in
Annex B. In some cases, some measurement values seem to be missing, but they are
actually overlapping with other measurement values.

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )
Fig. 5.13

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Experimental investigation of the theoretical results. Source: BS. Automated scan measurements in hemi-anechoic room. Stationary
noise.

56

6

Detailed check of revision proposals

6.1

Using a 12 mm spacer up to 10 kHz

The finite distance between the microphones of the intensity probe leads to sound
intensity errors at high frequencies. Jacobsen suggested that it is possible to measure
sound intensity up to 10 kHz using a 12 mm spacer with a pair of 1/2'' microphones [6].
To test this, measurements were performed using intensity probes and a free field
sound pressure microphone. Two different phase matched microphone pairs were
used, one with a sensitivity of 12 mV/Pa and the other of 50 mV/Pa. To vary the probe
geometry, three different probes were used for each microphone pair. Each probe was
positioned above a loudspeaker at different orientations (0°, 30°, 60° & 90°). At every
position, a sound pressure measurement was also performed with the free field microphone, which had the same position and orientation as the probe. The measurements
were performed in PTB’s hemi-anechoic room using a 12 mm spacer. Fig. 6.1 shows
the measurement setup.
The sound pressure level difference measured with the probe and the free field microphone was calculated from
Δ𝐿𝑝 = 𝐿𝑝(probe) − 𝐿𝑝(microphone)

(6.1)

Fig. 6.2 shows the sound pressure level differences for all orientations and probes
used for each phase matched microphone pair.

Fig. 6.1

Measurement setup for measurements up to 10 kHz using a 12 mm
spacer.
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Fig. 6.2

Sound pressure level difference between sound pressure level of the
intensity probe and the sound pressure level of a free field microphone
having the same position and orientation. Sensitivity of the phase
matched microphones: 50 mV/Pa (blue) and 12 mV/Pa (red, first microphone pair and black second microphone pair).

The predicted increase in sound pressure level due to the presence of the probe in the
sound field can clearly be seen from the sound pressure level differences. This compensates partly the finite difference approximation error for the sound velocity. This
means, that the measured product from sound pressure and sound velocity, i.e. the
measured sound intensity gets closer to the true value of the sound intensity. This is
further verified by calculating the difference between the measured intensity levels and
the intensity levels using the pressure values and free field approximation. For the
known angle between intensity probe axis and sound propagation direction, the difference between sound intensity levels
2
𝑝(microphone)
Δ𝐿𝐼 = 𝐿𝐼(probe) − 10 lg [
cos(𝜃)] dB
𝐼0 𝜌 𝑐

(6.2)

should ideally vanish in a free field when the sound pressure is measured with the freefield microphone. The above equation can be applied to frequencies where the sound
intensity approximation holds which is the case up to 5 kHz. Fig. 6.3 shows the difference between the sound intensity levels measured with the probes and the sound intensity approximated by sound pressure up to 5 kHz. This difference is close 0 dB
which is the expected result and further verifies the measurements.
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Fig. 6.3

Difference between measured sound intensity level and sound intensity
level calculated from sound pressure approximation.

To derive a systematic correction for the use of a 12 mm spacer at frequencies from
6,3 kHz to 10 kHz, measurement data is used. The sound power levels of BS, BSWA,
TS and TSWA determined from the measurement sets given in Table 5.2 for the case
of no extraneous noise are compared to the sound power level of the same sources
from reverberation room measurements according to ISO 3741 [26]. For determining
the reference values of the tonal sources, the correction of Eq. (5.2) was applied. For
the TSWA, the sound power level after the correction was larger than the other measurements as seen in Fig. 6.4. The cross-spectrum correction was also applied using
the input voltage data of the TS. The corrected sound power level is then better comparable to the other sound power levels. Therefore, this level (red line in Fig. 6.4) was
used for the determination of the reference sound power level for the TSWA.
The sound power level difference of all results is categorized in precision, engineering
and survey grade results. The categorization uses the following proposed values for
∗
(𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) : -10 dB, -8 dB and -5 dB for precision, engineering and survey grade,
respectively. The sound power level difference between sound intensity results in all
measured environments and reverberation room results are shown in Fig. 6.5-Fig. 6.7.
To check if the sound power level difference follows theory, the finite approximation
error has been included in the graphs for a spacer length of 12 mm.
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Fig. 6.4

Sound power level of the TSWA after all measurements (blue), reference sound power level after using the same source input voltage values for the cross-spectrum correction (black) and after using the input
voltage values of the TS (red).

Fig. 6.5

Difference between sound power level based on sound intensity and
reference sound power level after sound pressure measurements in reverberation room (blue). Theoretical finite approximation error for 12 mm
spacer(black). Precision grade results.
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Fig. 6.6

Difference between sound power level based on sound intensity and
reference sound power level after sound pressure measurements in reverberation room (blue). Theoretical finite approximation error for 12 mm
spacer(black). Engineering grade results.

Fig. 6.7

Difference between sound power level based on sound intensity and
reference sound power level after sound pressure measurements in reverberation room (blue). Theoretical finite approximation error for 12 mm
spacer(black). Survey grade results.

The study which suggested the use of a 12 mm spacer up to 10 kHz, used a correction
based on the pressure response of the microphones at high frequencies determined
using an electrostatic actuator [25]. The use of such equipment requires extra measurements from the microphone manufacturers. As an alternative, it is suggested that
the combination of the level differences in Fig. 6.3-Fig. 6.7 can be used for the determination of the correction and for the estimation of the related uncertainty. The latter
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will be provided to cover the use of microphones different from those used in the current study and various angles of incidence.

Fig. 6.8

Correction for the use of a 12 mm spacer for measurements up to
10 kHz (top) and the related uncertainty (bottom) for all precision
grades.

Fig. 6.8 shows the proposed correction and the related uncertainty. The correction was
derived by the mean sound intensity level difference of Eq. (6.2) as
̅̅̅̅̅𝐼
(6.3)
𝐶 = −Δ𝐿
and the related uncertainty by the standard deviation σ of the level difference
(6.4)
𝑢2 = 𝜎 2 (Δ𝐿𝐼 )
Uncertainty values given in the draft standard (Annex C) are calculated by energetically
summing the value from equation (6.4) to the existing uncertainties [2] at 6,3 kHz for
precision grade (𝜎 = 2,0 dB) and for engineering grade (𝜎 = 2,5 dB)
In addition to the proposed correction, the specifications for the measuring equipment
must be revised for frequencies up to 10 kHz [5]. Similar modifications must be made
to the equipment used for the determination of the sound pressure – residual intensity
index.
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6.2

Using a larger spacer at low frequencies

To check the usability of a 12 mm spacer to frequencies down to 50 Hz, a comparison
was made between measurements with the 12 mm spacer and 50 mm spacer. The
main idea for this comparison is the possibility to relate the spacer to the existing sound
field. For this reason, the measurements related to the influence of the extraneous
noise and the surrounding environment (see Table 5.2) were performed using both
spacers. The sound power level was determined for both spacers up to 800 Hz (limit
based on the finite difference error) and a comparison was made following
Δ𝐿𝑊(spacer) = 𝐿𝑊(12mm) − 𝐿𝑊(50mm)

(6.5)

with 𝐿𝑊(12mm) and 𝐿𝑊(50mm) being the sound power level determined from 12 mm and
50 mm spacer measurements.
The mean value and the standard deviation of the sound power level differences were
calculated. Fig. 6.9 shows the sound power level differences, their mean value and the
limits set by the doubled standard deviation when all measurements concerning the
influence of the extraneous noise and the surrounding environment are considered.
The values used in Fig. 6.9 fulfil the 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 criterion.
A statistical analysis was performed for the sound power level differences in all surrounding environments. The differences were split in 0,5 dB bins and the probability of
each bin is shown in the histograms of Fig. 6.10. As it can be seen, the sound power
level difference mainly lies within ±0.5 dB.

Fig. 6.9

Sound power level difference between 12 mm and 50 mm spacer results
(dots), mean difference (red) and mean difference ± doubled standard
deviation (black). All surrounding environments, extraneous noise levels
and measurement methods.
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Fig. 6.10

Probability distribution of the difference between measurements with a
12 mm and a 50 mm spacer for five different surrounding environments.

The results using a single spacer for the entire frequency spectrum of interest have
been highlighted by Fig. 6.9 and Fig. 6.10. The results are presented in an alternative
way in Fig. 6.11, where the number of the measurements qualifying for the criterion for
the adequacy of the measuring equipment 𝐿d ≥ 𝐹𝑝𝐼n [4] are given as percentage to the
total measurements performed.

Fig. 6.11

Percentage of the number measurements qualifying for the criterion
for the adequacy of the measuring equipment for measurements using
a 12 mm spacer (blue) and a 50 mm spacer (orange red).
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The percentage for the 50 mm spacer measurements is larger due to the higher pressure-residual intensity. As it may be observed, the percentage at frequencies below
100 Hz does not differ to the same extent as for higher frequencies.
By combining the results of the present and the previous chapter it is suggested that
the sound intensity measurements should begin using a 1/2ʺ microphone pair with a
12 mm spacer for the frequency range from 50 Hz to 10 kHz. Then a check for the
adequacy of the measuring equipment must be performed. If the adequacy is not sufficient, the measurement should be repeated using a 50 mm spacer.

6.3

Utility of the indicator 𝑭𝒑|𝑰n |

The unsigned pressure-intensity indicator is only used to check the presence of strong
extraneous noise in comparison to the signed pressure-intensity indicator [4]. In the
theoretical investigation, it was shown that the deviation of the sound power level from
the actual level is not correlated to this criterion. This was also the case for the measurement results presented in Annex B. Fig. 6.12 shows the sound power level deviation
from the reference level as a function of the difference between the signed and the
unsigned pressure-intensity indicator for all measurements performed. The graph reveals no correlation between the two quantities and is thus an experimental support to
the theoretical findings regarding the redundancy of the unsigned pressure-intensity
indicator.

Fig. 6.12

Sound power level deviation from the reference level against the difference between the signed and the unsigned pressure-intensity indicator.
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6.4

Investigation on the required number of measurement points

Fig. 6.13

Measurement points for the calculation of the sound power level and
the non-homogeneity indicator. First row: all measurement points. Second row: only middle probe used. Third row: 20 points. Fourth row: 10
points. Fifth row: 5 points. Left column: lateral partial surfaces. Right
column. Top partial surface.

An analysis was performed to check the correlation between non-homogeneity indicator and the number of measurement points. The discrete point measurements were
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used as follows. For each measurement, the sound power level for all measurement
points (measurements with three probes) was considered as reference. The sound
power level was also determined for the case when only the measurements with the
middle probe were used (64 points). Additionally, the sound power level was determined for 5 (one at each partial surface), 10 (two at each partial surface) and 20 (four
at each partial surface) measurement points. The selection of the points was common
for all measurements and they were chosen to be as indicative as possible. Fig. 6.13
shows the selection of the measurement points. The sound power level difference between the levels determined using different measurement points and the level using
all points was calculated for all measurements and sources. The sound power level
difference is shown against the indicator 𝐹𝑆 for each measurement point selection in
Fig. 6.14. It is not possible to derive a criterion on the indicator 𝐹𝑆 for limiting the sound
power level deviation except for using a very small value like e.g. 0,3. These results
support the theoretical finding that there is not a clear correlation between 𝐹𝑆 and the
sound power level deviation.

Fig. 6.14

Sound power level difference between the levels determined using different measurement points and the level using all points against indicator 𝐹𝑆 .

A further analysis is dedicated to the question how many measurement points should
be used. For this, the mean value of the sound power level differences for all frequencies along with the standard deviation ranges are shown in Fig. 6.15. It is surprising to
see that increasing the number of measurement points from 5 over 10 to 20 points
does not reduce the spread of the results. Only when 64 points are used the standard
deviation starts to decrease significantly. The surface used has an area of 16 m². 64
points thus corresponds to 4 points per m² whereas 20 points is close to 1 point per
m².
While Fig. 6.15 comprises results at all frequencies between 50 Hz and 10 kHz, Fig.
6.16 shows the sound power level difference as a function of frequency. In this graph,
the largest number of measurement points really gives the smallest deviations whereas
the improvement by increasing the number of points from 5 to 10 to 20 is not very clear.
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Altogether, this investigation gives no clear answer on how many measurement points
should be used.

Fig. 6.15

Mean value and standard deviation of the difference between sound
power level determined using reduced number of measurement points
and the level using all measurement points for each selection of measurement points.

Fig. 6.16

Mean difference between the sound power level determined using a
reduced number of measurement points and the level using all measurement points.

6.5

Upper limit for the sound power level

In the extreme case where the fulfilment of the criteria for a valid measurement according to ISO 9614 is not feasible, it is suggested that an upper limit for the sound power
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level should be reported. The measurements have been used to provide an indication
of the upper limit. The sound power level determined after sound pressure measurements 𝐿𝑊(𝑝) was compared to the reference sound power level 𝐿𝑊(𝐼),ref after measurements of sound intensity. This was set as the level after automated scanning measurements in the hemi-anechoic room without the existence of extraneous noise. The
sound power level difference thus is
Δ𝐿𝑊(𝑝−𝐼) = 𝐿𝑊(𝑝) − 𝐿𝑊(𝐼),ref

(6.6)

Fig. 6.17 and Fig. 6.18 show the sound power level difference as a function of fre∗
quency and the indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) respectively. It can be concluded from Fig. 6.17
that the difference can be up to 15 dB for frequencies between 80 Hz and 2 kHz,
whereas for the remaining spectrum the difference may even exceed 15 dB. Fig. 6.18
shows the tendency that the sound power level difference increases as the indicator
∗
(𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) increases as well.

Fig. 6.17

Level difference between sound power level determined after sound
pressure measurements and sound power level reference value
against frequency.
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Fig. 6.18

6.6

Level difference between sound power level determined after sound
pressure measurements and sound power level reference value
∗
against indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) .

Influence of electrical noise

The presence of noise is taken into consideration in the current ISO literature [2]-[4] by
examining the non-stationarity of the sound field. On the other hand, electrical noise is
not considered although it could increase the random error related to the finite averaging time, especially at low frequencies if 𝐹𝑝𝐼n becomes large [6]. A set of measurements was performed for the investigation of the limitations in sound power determination in presence of electrical noise in the measurement chains. The tonal source
(TS) was used. According to Eq. (5.1), the signal of the TS was set initially to a reference amplitude (Aref = 6 x 10-2). The reference amplitude was decreased in steps until
the emitted sound could be barely heard, following the values A = [5, 1, 0,5, 0,1, 0,05,
0,01] x 10-2. The measurements were performed at a fixed scanning apparatus position
(15° in Fig. 5.6) and the cross and auto-spectra of each probe were recorded for three
different measurement durations, namely 180 s, 240 s and 300 s. For this set of measurements, the same microphone pairs were used as in Chapter 0. The variability in
measurement duration does not produce significant differences among the results.
The background noise level in the hemi-anechoic room was measured and set as the
electrical noise level 𝐿el . Fig. 6.19 and Fig. 6.20 show the sound intensity and sound
pressure level of an intensity probe as an example.

70

Fig. 6.19

Fig. 6.20

Sound intensity level for various noise generator amplitude values.

Sound pressure level for various noise generator amplitude values and
electrical noise level 𝐿el .

The difference between the sound intensity level for various input amplitudes and the
reference sound intensity level was calculated according to
(6.7)
Δ𝐿𝐼 = 𝐿𝐼 − 𝐿𝐼, ref − 𝐶em
The sound intensity level differences are presented against the corresponding difference between the sound pressure level and the electrical noise level. The differences
are shown in Fig. 6.21. A conclusion from this graph is that the sound pressure level
detected by the pair of microphones must be at least 10 dB above the electrical noise
level. Introducing such a criterion into future intensity standards would increase the
applicability to low noise sources since such a criterion is missing in the current standards.
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Fig. 6.21

6.7

Sound intensity level difference against the level difference between
sound pressure and electrical noise.

Indicator for the use of multiple intensity probes

The option to use more than one intensity probes has been introduced and a new
indicator to check the adequacy of the measurement equipment has been described
∗
in Chapter 5.1.4. The indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) is a modification of the currently used
(𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) indicator. Apparently, the currently used adequacy criteria should be applied to each measurement line. It must be noted that it would be of great importance
to measure the 𝛿𝑝𝐼0 index more than once in case the measurements last for a long
period of time or there are changes in the measurement line.

7

Summary

Theoretical and experimental investigations on the sound intensity measurement
method for sound power determination have been performed. The main results are:


Sound power determinations can be performed with a 12 mm spacer between
50 Hz and 10 kHz when a correction is applied for the one-third octave bands at
6,3 kHz, 8 kHz and 10 kHz. Tentative values for this correction are derived in conjunction with uncertainties. It is recommended that such corrections are provided
by the manufacturers of sound intensity probes.



The quality of measured sound power levels can be assessed by the signed pressure-intensity indicator 𝐹𝑝𝐼n in combination with the pressure-residual intensity index 𝛿𝑝𝐼0 . To cover different grades of accuracy, bias error factors of 𝐾 = 5 dB; 𝐾 =
8 dB and 𝐾 = 10 dB are proposed for survey, engineering and precision grade,
respectively.

72


The unsigned pressure-intensity indicator 𝐹𝑝|𝐼n| as well as the non-homogeneityindicator 𝐹𝑆 do not provide useful information and can therefore be deleted.



Using larger microphone spacers improves the indicator 𝐹𝑝𝐼n − 𝛿𝑝𝐼0 . Then the frequency range of measurement has an upper limit (e.g. about 1 kHz for a 50 mm
spacer). It is therefore recommended to explicitly address the additional use of a
larger spacer in limited frequency ranges in the standard.



An upper limit of the sound power level can be calculated from the measured sound
pressure levels. This upper limit turned out to be 10 dB or even more above the
correct sound power level. Nevertheless, it can be useful for frequency bands
which do not contribute significantly to the main descriptor, the A-weighted sound
power level. Using this idea, it can be assured that there is a valid sound power
level result available in all one-third octave bands after measuring. From this, at
least an upper limit of the A-weighted sound power level can always be calculated.



Low-noise sources are sometimes difficult to be measured with the intensity
method due to the comparatively low sensitivity of probe microphones. It is therefore recommended that the sound pressure level indicated by the probe while
measuring the source under test is 10 dB larger than the electrical background
noise.



Increasing the number of measurement points on the enveloping surface improves
the quality of the results only slightly. It was not possible to derive clear criteria how
many measurement points or which point density is required. It is therefore recommended to use for all grades of accuracy at least one discrete measurement position per m² of the enveloping surface without further modification.

These findings are incorporated in the draft standards (Annex C).

8

Outlook

Several aspects of the sound intensity measurement method have not been addressed
in the project or could not be clarified finally. These aspects are


the handling of sound absorption inside the enveloping surface,



the handling of wind and the application of a windscreen,



the incorporation of new technology like p-u-probes or phase unwrapping.

Furthermore, proposed draft standards need to be tested with different sources in different environments by different people using different measurement equipment.
These investigations should ideally be complemented by an interlaboratory test where
the proposed procedures are tested with the same source(s).
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Annex A Supplement of measurement results
A.1

Automated measurements in hemi-anechoic room

Fig. A.1

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 10 dB. Stationary
noise.
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Fig. A.2

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 5 dB. Stationary
noise.

Fig. A.3

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Stationary
noise.
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Fig. A.4

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Stationary
noise.

Fig. A.5

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Stationary
noise.
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Fig. A.6

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 10 dB. Non-stationary
noise.

Fig. A.7

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 5 dB. Non-stationary
noise.
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Fig. A.8

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Non-stationary
noise.

Fig. A.9

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Non-stationary
noise.
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Fig. A.10

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Non-stationary noise.

Fig. A.11

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator (bottom left)
and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated
measurements in hemi-anechoic room. No noise.
𝐹𝑆 ,𝐼
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Fig. A.12

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 10 dB. Stationary noise.

Fig. A.13

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 5 dB. Stationary noise.
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Fig. A.14

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Stationary noise.

Fig. A.15

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Stationary noise.
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Fig. A.16

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Stationary noise.

Fig. A.17

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 10 dB. Nonstationary noise.
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Fig. A.18

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 5 dB. Non-stationary noise.

Fig. A.19

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Non-stationary noise.
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Fig. A.20

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Nonstationary noise.

Fig. A.21

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Nonstationary noise.
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Fig. A.22

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room with added reflections.
No noise.

Fig. A.23

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = 10 dB. Stationary noise.
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Fig. A.24

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = 5 dB. Stationary noise.

Fig. A.25

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Stationary noise.
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Fig. A.26

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Stationary noise.

Fig. A.27

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Stationary noise.
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Fig. A.28

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = 10 dB. Non-stationary noise.

Fig. A.29

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = 5 dB. Non-stationary noise.
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Fig. A.30

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Non-stationary noise.

Fig. A.31

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Non-stationary noise.
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Fig. A.32

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Non-stationary noise.

Fig. A.33

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Automated
measurements in hemi-anechoic room. No noise.
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Fig. A.34

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 10 dB. Stationary
noise.

Fig. A.35

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 5 dB. Stationary
noise.
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Fig. A.36

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Stationary
noise.

Fig. A.37

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Stationary
noise.
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Fig. A.38

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Stationary
noise.

Fig. A.39

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 10 dB. Non-stationary
noise.
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Fig. A.40

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 5 dB. Non-stationary
noise.

Fig. A.41

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Non-stationary
noise.
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Fig. A.42

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Non-stationary
noise.

Fig. A.43

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Automated
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Non-stationary noise.
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Fig. A.44

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room. No noise.

Fig. A.45

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 10 dB. Stationary noise.
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Fig. A.46

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 5 dB. Stationary noise.

Fig. A.47

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Stationary noise.
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Fig. A.48

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Stationary noise.

Fig. A.49

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Stationary noise.
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Fig. A.50

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 10 dB. Nonstationary noise.

Fig. A.51

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 5 dB. Non-stationary noise.
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Fig. A.52

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Non-stationary noise.

Fig. A.53

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Nonstationary noise.
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Fig. A.54

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Nonstationary noise.

Fig. A.55

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room with added reflections.
No noise.
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Fig. A.56

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = 10 dB. Stationary noise.

Fig. A.57

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = 5 dB. Stationary noise.
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Fig. A.58

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Stationary noise.

Fig. A.59

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Stationary noise.
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Fig. A.60

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Stationary noise.

Fig. A.61

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = 10 dB. Non-stationary noise.
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Fig. A.62

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = 5 dB. Non-stationary noise.

Fig. A.63

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Non-stationary noise.
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Fig. A.64

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Non-stationary noise.

Fig. A.65

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Automated measurements in hemi-anechoic room with added reflections.
̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Non-stationary noise.
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A.2

Manual measurements in hemi-anechoic room

Fig. A.66

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼𝑛 − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Manual
measurements in hemi-anechoic room. No noise.
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Fig. A.67

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Stationary
noise.

Fig. A.68

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Stationary
noise.
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Fig. A.69

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Non-stationary
noise.

Fig. A.70

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Manual
measurements in hemi-anechoic room̅̅̅
𝐿𝑝 − 𝐿𝑛 . = -10 dB. Non-stationary noise.
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Fig. A.71

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Manual
measurements in hemi-anechoic room. No noise.

Fig. A.72

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Stationary
noise.

113

Fig. A.73

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Stationary
noise.

Fig. A.74

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Stationary
noise.
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Fig. A.75

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Non-stationary
noise.

Fig. A.76

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Non-stationary
noise.
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Fig. A.77

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Non-stationary noise.

Fig. A.78

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Manual
measurements in hemi-anechoic room. No noise.
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Fig. A.79

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Stationary
noise.

Fig. A.80

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Stationary
noise.
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Fig. A.81

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Stationary
noise.

Fig. A.82

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Non-stationary
noise.
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Fig. A.83

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Non-stationary
noise.

Fig. A.84

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Non-stationary noise.
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Fig. A.85

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Manual
measurements in hemi-anechoic room. No noise.

Fig. A.86

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Stationary
noise.
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Fig. A.87

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Stationary
noise.

Fig. A.88

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -10 dB. Stationary
noise.
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Fig. A.89

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = 0 dB. Non-stationary
noise.

Fig. A.90

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = -5 dB. Non-stationary
noise.
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Fig. A.91

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Manual
measurements in hemi-anechoic room. ̅̅̅
𝐿𝑝 − 𝐿𝑛 = - 10 dB. Non-stationary noise.
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A.3

Manual measurements in reverberation room

Fig. A.92

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Manual
measurements in reverberation room. No noise.

Fig. A.93

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Manual
measurements in reverberation room. No noise.
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Fig. A.94

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Manual
measurements in reverberation room. No noise.

Fig. A.95

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Manual
measurements in reverberation room. No noise.
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A.4

Manual measurements in open space

Fig. A.96

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Manual
measurements in open space. No noise.

Fig. A.97

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Manual
measurements in open space. No noise.
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Fig. A.98

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Manual
measurements in open space. No noise.

Fig. A.99

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Manual
measurements in open space. No noise.
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A.5

Manual measurements in reverberant room

Fig. A.100

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Manual
measurements in reverberant room. No noise.

Fig. A.101

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Manual
measurements in reverberant room. No noise.
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Fig. A.102

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Manual
measurements in reverberant room. No noise.

Fig. A.103

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Manual
measurements in reverberant room. No noise.
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A.6

Manual measurements in reverberant room with added absorption

Fig. A.104

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BS. Manual
measurements in reverberant room with added absorption. No noise.

Fig. A.105

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: BSWA. Manual
measurements in reverberant room with added absorption. No noise.
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Fig. A.106

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TS. Manual
measurements in reverberant room with added absorption. No noise.

Fig. A.107

Sound power level for different measurement methods (top left), indi∗
cator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (top right), absolute value of indicator 𝐹𝑆,𝐼 (bottom
left) and indicator (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 ) (bottom right). Source: TSWA. Manual
measurements in reverberant room with added absorption. No noise.
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A.7

Data Repository

All measured sound pressure levels and sound intensity levels, the corresponding
pressure-residual intensity indices, the surface areas and all further information that
are required for calculating sound power levels and sound field indicators are available
in a data repository under the link:
https://oar.ptb.de/resources/show/10.7795/20210723
DOI: 10.7795/20210723

Annex B Supplement of results focusing on the revision proposals
B.1

Results after automated measurements in hemi-anechoic
room

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )
Fig. B.1

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Experimental investigation of the theoretical results. Source: BS. Automated scan measurements in hemi-anechoic room. Non-stationary noise.
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Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.2 Experimental investigation of the theoretical results. Source: BS. Automated measurements at discrete points in hemi-anechoic room. Stationary noise.
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Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.3 Experimental investigation of the theoretical results. Source: BS. Automated measurements at discrete points in hemi-anechoic room. Non-stationary noise.
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Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )
Fig. B.4

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Experimental investigation of the theoretical results. Source: TS. Automated scan measurements in hemi-anechoic room. Stationary noise.
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Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )
Fig. B.5

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Experimental investigation of the theoretical results. Source: TS. Automated scan measurements in hemi-anechoic room. Non-stationary noise.
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Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.6 Experimental investigation of the theoretical results. Source: TS. Automated measurements at discrete points in hemi-anechoic room. Stationary noise.
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Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.7 Experimental investigation of the theoretical results. Source: TS. Automated measurements at discrete points in hemi-anechoic room. Non-stationary noise.
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Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )
Fig. B.8

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Experimental investigation of the theoretical results. Source: BSWA. Automated scan measurements in hemi-anechoic room. Stationary noise.
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Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )
Fig. B.9

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Experimental investigation of the theoretical results. Source: BSWA. Automated scan measurements in hemi-anechoic room. Non-stationary
noise.
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Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.10 Experimental investigation of the theoretical results. Source: BSWA. Automated measurements at discrete points in hemi-anechoic room. Stationary noise.
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Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.11 Experimental investigation of the theoretical results. Source: BSWA. Automated measurements at discrete points in hemi-anechoic room. Nonstationary noise.

142

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.12 Experimental investigation of the theoretical results. Source: TSWA. Automated scan measurements in hemi-anechoic room. Stationary noise.

143

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.13 Experimental investigation of the theoretical results. Source: TSWA. Automated scan measurements in hemi-anechoic room. Non-stationary
noise.

144

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.14 Experimental investigation of the theoretical results. Source: TSWA. Automated measurements at discrete points in hemi-anechoic room. Stationary noise.

145

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.15 Experimental investigation of the theoretical results. Source: TSWA. Automated measurements at discrete points in hemi-anechoic room. Nonstationary noise.

146

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.16 Experimental investigation of the theoretical results. Source: BSWA. Automated scan measurements in hemi-anechoic room with added reflection. Stationary noise.

147

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.17 Experimental investigation of the theoretical results. Source: BSWA. Automated scan measurements in hemi-anechoic room with added reflection. Non-stationary noise.

148

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.18 Experimental investigation of the theoretical results. Source: BSWA. Automated measurements at discrete points in hemi-anechoic room with
added reflections. Stationary noise.

149

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.19 Experimental investigation of the theoretical results. Source: BSWA. Automated measurements at discrete points in hemi-anechoic room with
added reflections. Non-stationary noise.

150

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.20 Experimental investigation of the theoretical results. Source: TSWA. Automated scan measurements in hemi-anechoic room with added reflections. Stationary noise.

151

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.21 Experimental investigation of the theoretical results. Source: TSWA. Automated scan measurements in hemi-anechoic room with added reflections. Non-stationary noise.

152

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.22 Experimental investigation of the theoretical results. Source: TSWA. Automated measurements at discrete points in hemi-anechoic room with
added reflections. Stationary noise.

153

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.23 Experimental investigation of the theoretical results. Source: TSWA. Automated measurements at discrete points in hemi-anechoic room with
added reflections. Non-stationary noise.

154

B.2

Results after manual measurements in hemi-anechoic room

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.24 Experimental investigation of the theoretical results. Source: BS. Manual
scan measurements in hemi-anechoic room using one intensity probe.
Stationary noise.

155

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.25 Experimental investigation of the theoretical results. Source: BS. Manual
scan measurements in hemi-anechoic room using three intensity probes.
Stationary noise.

156

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.26 Experimental investigation of the theoretical results. Source: BS. Manual
scan measurements in hemi-anechoic room using one intensity probe.
Non-stationary noise.

157

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.27 Experimental investigation of the theoretical results. Source: BS. Manual
scan measurements in hemi-anechoic room using three intensity probes.
Non-stationary noise.

158

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.28 Experimental investigation of the theoretical results. Source: BS. Manual
measurements at discrete points in hemi-anechoic room using one intensity probe. Stationary noise.

159

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.29 Experimental investigation of the theoretical results. Source: BS. Manual
measurements at discrete points in hemi-anechoic room using three intensity probes. Stationary noise.

160

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.30 Experimental investigation of the theoretical results. Source: BS. Manual
measurements at discrete points in hemi-anechoic room using one intensity probe. Non-stationary noise.

161

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.31 Experimental investigation of the theoretical results. Source: BS. Manual
measurements at discrete points in hemi-anechoic room using three intensity probes. Non-stationary noise.

162

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.32 Experimental investigation of the theoretical results. Source: TS. Manual
scan measurements in hemi-anechoic room using one intensity probe.
Stationary noise.

163

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.33 Experimental investigation of the theoretical results. Source: TS. Manual
scan measurements in hemi-anechoic room using three intensity probes.
Stationary noise.

164

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.34 Experimental investigation of the theoretical results. Source: TS. Manual
scan measurements in hemi-anechoic room using one intensity probe.
Non-stationary noise.

165

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.35 Experimental investigation of the theoretical results. Source: TS. Manual
scan measurements in hemi-anechoic room using three intensity probes.
Non-stationary noise.

166

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.36 Experimental investigation of the theoretical results. Source: TS. Manual
measurements at discrete points in hemi-anechoic room using one intensity probe. Stationary noise.

167

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.37 Experimental investigation of the theoretical results. Source: TS. Manual
measurements at discrete points in hemi-anechoic room using three intensity probes. Stationary noise.

168

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.38 Experimental investigation of the theoretical results. Source: TS. Manual
measurements at discrete points in hemi-anechoic room using one intensity probe. Non-stationary noise.

169

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.39 Experimental investigation of the theoretical results. Source: TS Manual
measurements at discrete points in hemi-anechoic room using three intensity probes. Non-stationary noise.

170

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.40 Experimental investigation of the theoretical results. Source: BSWA. Manual scan measurements in hemi-anechoic room using one intensity probe.
Stationary noise.

171

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.41 Experimental investigation of the theoretical results. Source: BSWA. Manual scan measurements in hemi-anechoic room using three intensity
probes. Stationary noise.

172

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.42 Experimental investigation of the theoretical results. Source: BSWA. Manual scan measurements in hemi-anechoic room using one intensity probe.
Non-stationary noise.

173

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.43 Experimental investigation of the theoretical results. Source: BSWA. Manual scan measurements in hemi-anechoic room using three intensity
probes. Non-stationary noise.

174

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.44 Experimental investigation of the theoretical results. Source: TSWA. Manual scan measurements in hemi-anechoic room using one intensity probe.
Stationary noise.

175

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.45 Experimental investigation of the theoretical results. Source: TSWA. Manual scan measurements in hemi-anechoic room using three intensity
probes. Stationary noise.

176

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.46 Experimental investigation of the theoretical results. Source: TSWA. Manual scan measurements in hemi-anechoic room using one intensity probe.
Non-stationary noise.

177

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.47 Experimental investigation of the theoretical results. Source: TSWA. Manual scan measurements in hemi-anechoic room using three intensity
probes. Non-stationary noise.

178

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.48 Experimental investigation of the theoretical results. Source: TSWA. Manual measurements at discrete points in hemi-anechoic room using one
intensity probe. Stationary noise.

179

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.49 Experimental investigation of the theoretical results. Source: TSWA. Manual measurements at discrete points in hemi-anechoic room using three
intensity probes. Stationary noise.

180

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.50 Experimental investigation of the theoretical results. Source: TSWA. Manual measurements at discrete points in hemi-anechoic room using one
intensity probe. Non-stationary noise.

181

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.51 Experimental investigation of the theoretical results. Source: TSWA. Manual measurements at discrete points in hemi-anechoic room using three
intensity probes. Non-stationary noise.

182

B.3

Results after manual measurements in reverberation room

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.52 Experimental investigation of the theoretical results. Source: BS. Manual
scan measurements in reverberation room.

183

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.53 Experimental investigation of the theoretical results. Source: BS. Manual
measurements at discrete points in reverberation room.

184

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.54 Experimental investigation of the theoretical results. Source: TS. Manual
scan measurements in reverberation room.

185

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.55 Experimental investigation of the theoretical results. Source: TS. Manual
measurements at discrete points in reverberation room.

186

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.56 Experimental investigation of the theoretical results. Source: BSWA. Manual scan measurements in reverberation room.

187

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.57 Experimental investigation of the theoretical results. Source: BSWA. Manual measurements at discrete points in reverberation room.

188

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.58 Experimental investigation of the theoretical results. Source: TSWA. Manual scan measurements in reverberation room.

189

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.59 Experimental investigation of the theoretical results. Source: TSWA. Manual measurements at discrete points in reverberation room.

190

B.4

Results after manual measurements in open space

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.60 Experimental investigation of the theoretical results. Source: BS. Manual
scan measurements in open space.

191

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.61 Experimental investigation of the theoretical results. Source: BS. Manual
measurements at discrete points in open space.

192

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.62 Experimental investigation of the theoretical results. Source: TS. Manual
scan measurements in open space.

193

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.63 Experimental investigation of the theoretical results. Source: TS. Manual
measurements at discrete points in open space.

194

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.64 Experimental investigation of the theoretical results. Source: BSWA. Manual scan measurements in open space.

195

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.65 Experimental investigation of the theoretical results. Source: BSWA. Manual measurements at discrete points in open space.

196

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.66 Experimental investigation of the theoretical results. Source: TSWA. Manual scan measurements in open space.

197

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.67 Experimental investigation of the theoretical results. Source: TSWA. Manual measurements at discrete points in open space.

198

B.5

Results after manual measurements in reverberant room

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.68 Experimental investigation of the theoretical results. Source: BS. Manual
scan measurements in reverberant room.

199

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.69 Experimental investigation of the theoretical results. Source: BS. Manual
measurements at discrete points in reverberant room.

200

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.70 Experimental investigation of the theoretical results. Source: TS. Manual
scan measurements in reverberant room.

201

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.71 Experimental investigation of the theoretical results. Source: TS. Manual
measurements at discrete points in reverberant room.

202

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.72 Experimental investigation of the theoretical results. Source: BSWA. Manual scan measurements in reverberant room.

203

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.73 Experimental investigation of the theoretical results. Source: BSWA. Manual measurements at discrete points in reverberant room.

204

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.74 Experimental investigation of the theoretical results. Source: TSWA. Manual scan measurements in reverberant room.

205

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.75 Experimental investigation of the theoretical results. Source: TSWA. Manual measurements at discrete points in reverberant room.

206

B.6

Results after manual measurements in reverberant room with
added absorption

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.76 Experimental investigation of the theoretical results. Source: BS. Manual
scan measurements in reverberant room with added absorption.

207

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.77 Experimental investigation of the theoretical results. Source: BS. Manual
measurements at discrete points in reverberant room with added absorption.

208

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.78 Experimental investigation of the theoretical results. Source: TS. Manual
scan measurements in reverberant room with added absorption.

209

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.79 Experimental investigation of the theoretical results. Source: TS. Manual
measurements at discrete points in reverberant room with added absorption.

210

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.80 Experimental investigation of the theoretical results. Source: BSWA. Manual scan measurements in reverberant room with added absorption.

211

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.81 Experimental investigation of the theoretical results. Source: BSWA. Manual measurements at discrete points in reverberant room with added absorption.

212

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.82 Experimental investigation of the theoretical results. Source: TSWA. Manual scan measurements in reverberant room with added absorption.

213

Δ𝐿𝑊 against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Δ𝐿𝑊 against 𝐹𝑝𝐼n − 𝐹𝑝|𝐼n |

|𝐹𝑆,𝐼 | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

Δ𝐿𝑊 against |𝐹𝑆,𝐼 |

∗

𝐹𝑝𝐼n − 𝐹𝑝|𝐼n | against (𝐹𝑝𝐼n − 𝛿𝑝𝐼0 )

∗

Fig. B.83 Experimental investigation of the theoretical results. Source: TSWA. Manual measurements at discrete points in reverberant room with added absorption.
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