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Abstract

Within the framework of an outdoor active noise control project, a need arose, namely to establish

whether electrodynamic loudspeakers are likely to be affected by the primary noise or by the interactions

between them. The aim of this thesis is therefore to provide computation and measurement methods

allowing to predict whether the effects of an incident sound field on a loudspeaker have to be taken into

account.

The study comprises two main parts involving modelling, theory and calculations for the first part,

and experimental validations in an anechoic chamber for the second one.

The equivalent circuit modelling of an electrodynamic loudspeaker shows that its behaviour can be

completely determined from its input impedance. The thesis starts with the reflection that the modifica-

tions in loudspeaker behaviour due to the presence of an incident sound pressure applied on its radiating

membrane could then also be analysed in the same way. The chosen process then consists in analysing

the loudspeaker modifications in behaviour, no longer as variations of its radiation impedance, but as

variations of its volume velocity and input impedance. The latter, which is located at the electrical

loudspeaker terminals, offers the advantage of being easily measurable.

Within the scope of this thesis, the loudspeakers are assumed to behave like flat rigid pistons. Based

on Thiele and Small parameters and using Rayleigh’s surface integral and the unified and geometrical

theories of diffraction, the calculations enable input impedance, volume velocity, near and far field

sound pressure, as well as medium reaction force and radiation impedance to be obtained for each

loudspeaker. Taking into account interaction effects, they also enable the modifications of all these

quantities in modulus and phase to be predicted. A discrete approach is chosen in order to minimize

the computation time. The calculations were however fine tuned in such a way as to ensure sufficient

accuracy in relation to measurement uncertainties.

In order to evaluate the orders of magnitude of the modifications in loudspeaker behaviour, some

preliminary calculations are first carried out in the simple case of two closed-box loudspeakers mounted

in the same infinite baffle. This part also leads to understand how input impedance and volume velocity

modifications vary according to excitation ratio, excitation difference of phase and distance between

piston centres. Then and in order to get closer to realistic configurations, the calculations are carried out

in the cases of two adjacent and distant closed-box loudspeakers.

A test bench enables then the effects of an incident sound field on a closed-box loudspeaker to be

measured. The configuration is chosen in order to eliminate any diffraction and significant mutual effects

i



ii

likely to distort the results. The aim of this first experiment is to highlight every potential measurement

difficulty in order to determine the measurement setup, as well as to validate the choice of the measured

quantities (input impedance and volume velocity).

Once the orders of magnitude of the modifications in loudspeaker behaviour are evaluated, the

study focuses on three different loudspeaker configurations beginning with the most simple case of

two closed-box systems mounted in a baffle, and ending with most realistic ones, corresponding to the

configurations of loudspeakers mounted in an array (two adjacent and distant closed-box systems).

It is worth noting here that the measurement accuracy of the Thiele and Small’s parameters plays

an essential role in this study.

The results of the measurements carried out in each configuration are finally compared to the theo-

retical predictions, enabling calculation methods to be validated.



Version abrégée

Dans le cadre d’un projet de contrôle actif du bruit en extérieur, il s’est avéré nécessaire de savoir de

quelle façon le comportement d’une source secondaire (haut-parleur électrodynamique monté dans un

réseau) pouvait être modifié par l’effet du champ primaire incident ou par celui du champ provenant des

autres haut-parleurs du réseau. Comme ces modifications de comportement n’ayant à notre connaissance

jamais été considérées lors de la conception de systèmes haut-parleurs, cette thèse propose des méthodes

de calcul et de mesure permettant de prédire s’il y a lieu d’en tenir compte.

L’étude se divise en deux parties. La première est consacrée aux modélisations, aux aspects

théoriques et aux calculs, alors que la deuxième présente les validations expérimentales en chambre

anéchoïque.

La modélisation d’un haut-parleur électrodynamique par des schémas équivalents démontre que

son comportement peut être entièrement déterminé à partir de son impédance électrique d’entrée. L’idée

de départ est de postuler que les modifications de comportement dues à la présence d’un champ incident

devraient pouvoir être analysées à partir de cette impédance. La méthode choisie consiste ainsi à analyser

ces modifications non plus sous la forme d’une impédance de rayonnement, mais en termes de débit

et d’impédance électrique d’entrée. Etant définie aux bornes du haut-parleur, cette dernière grandeur

présente l’avantage non négligeable d’être très facilement mesurable.

Dans le cadre de cette thèse, les haut-parleurs sont supposés se comporter en pistons plats rigides.

Les calculs sont basés sur les paramètres de Thiele et Small, sur l’intégrale de Rayleigh et sur les

théories géométrique et unifiée de la diffraction. Ils permettent d’obtenir, pour chaque haut-parleur, aussi

bien son impédance d’entrée, son débit, sa pression acoustique rayonnée en champ proche ou lointain,

que sa force d’action ou son impédance de rayonnement. Tenant compte des effets d’interaction, ils

permettent également de prédire les modifications de toutes ces grandeurs aussi bien en amplitude qu’en

phase. Une approche numérique a été choisie afin de minimiser les temps de calcul. Les différentes

discrétisations sont fixées de manière à assurer une précision suffisante eu égard aux incertitudes des

mesures de validation.

Afin de procéder à l’évaluation des ordres de grandeur des modifications, des calculs ont tout

d’abord été effectués dans le cas simple de deux haut-parleurs montés sur enceintes closes en écran infini.

Ces calculs ont également permis de mettre en évidence les variations des modifications d’impédance

d’entrée et de débit en fonction des excitations (rapport et déphasage) et de la distance séparant les

centres des pistons. L’étude s’est ensuite tournée vers des configurations plus réalistes, mettant en jeu

deux haut-parleurs montés sur enceintes closes, adjacents, puis distants.
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Un banc de mesure destiné à l’évaluation des effets d’un champ incident sur le comportement d’un

haut-parleur monté en enceinte close a été réalisé. Afin de mettre en évidence toutes les difficultés

potentielles de cette mesure, la configuration choisie élimine tout effet de diffraction ou d’interaction

pouvant altérer les résultats. Elle permet également de valider le choix des deux grandeurs à mesurer

(impédance d’entrée et débit).

Une fois les ordres de grandeur des modifications de l’impédance d’entrée et du débit évalués,

l’étude se consacre aux mesures proprement dites. Cette dernière partie débute par une configuration

simple de deux haut-parleurs montés en enceintes closes sur un écran, pour aboutir à des cas plus réal-

istes correspondant par exemple à ceux de haut-parleurs montés en réseau (deux haut-parleurs montés

en enceintes closes, adjacents et distants).

Il est intéressant de noter l’importance de la précision des paramètres de Thiele et Small dans ce

travail. Il a été nécessaire de vouer un soin extrême à leur détermination et à l’étude des effets de leur

incertitude.

Les résultats des mesures effectuées dans chaque configuration sont finalement confrontés aux

prévisions théoriques, permettant ainsi de valider les méthodes de calcul proposées.
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Introduction

Framework

Within the framework of an outdoor active noise control project, an unusual and specific need arose,

namely to establish whether anti-noise sources (loudspeakers mounted in an array) are likely to be

affected by the primary noise or by the interactions between them. These kinds of modifications in

behaviour are almost never considered during the design of conventional loudspeaker systems.

The focus of this thesis will be solely on electrodynamic loudspeakers, invented in 1925 by C.W.

Rice and E.W. Kellogg. The reason is that from that time on, they established themselves as the leading

kind of driver in the great majority of applications.

It is also worth noting here that, within the scope of this thesis, the loudspeakers will be mounted

only on closed boxes. This choice was made according to the sources specifications of the active noise

control project, which contained an essential requirement related to the quality of the phase response,

that is, a group delay as small as possible. Some analyses and syntheses carried out within the framework

of the project showed that at comparable performance the group delay is in general higher with vented

systems as opposed to closed-box systems (see the paper entitled "Amplitude and phase synthesis of

loudspeaker systems").

Objectives

The aim of this thesis is therefore to provide computation and measurement methods allowing to predict

whether the effects of an incident sound field on a loudspeaker have to be taken into account during the

design phase.

The purpose of this thesis is to judge if these effects can be effectively studied as modifications of

input impedance and volume velocity, instead of the usual radiation impedance. On the one hand, the

electrical quantities (current and voltage), that are located at the driver terminals, offer the advantage

of being easily measurable when the radiation impedance and sound pressure are non uniform. On the

other hand, the volume velocity modifications offer the advantage of being more or less of the same

order of magnitude as those of radiated sound pressure.
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2 INTRODUCTION

Thesis structure

This thesis comprises a theoretical part involving modelling, theory and computations using tools such

as Matlab or Mathematica, and an experimental part carried out in an anechoic chamber, the aim of

which is to validate the calculations.

� The first chapter treats lumped-constant models which are the basis of any loudspeaker analyses

and syntheses in the low-frequency range. Once reduced to equivalent electrical, mechanical or

acoustical circuits, they enable electrical input impedance and volume velocity in amplitude and

phase to be calculated. The chapter ends with an elementary theoretical development enabling the

whole thesis content to be easily understood.

� The second chapter states the theories necessary for the interaction calculations between two

closed-box loudspeakers mounted firstly in an infinite baffle, secondly in a limited baffle and

finally without any baffle. This chapter goes through a numerical approach of the Rayleigh’s

surface integral as well as geometrical and unified theories of diffraction.

� The third chapter applies the theories of the second chapter to the concrete case of a loudspeaker

model determined by the parameters stemming from the first chapter. The calculations, carried

out in the case of two closed-box loudspeakers mounted in an infinite baffle, enable the input

impedance, volume velocity, near and far field sound pressure, as well as medium reaction force

and radiation impedance to be obtained for each loudspeaker. Taking into account interaction

effects, they also enable the modifications of all these quantities in modulus and phase to be

predicted. These modifications are also studied according to the excitations ratio, excitations

difference of phase and distance between piston centres. Then, the calculations are recalculated in

the case of two adjacent and distant closed-box loudspeakers, taking into account the diffraction

at the enclosure edges.

� The fourth chapter proposed a preliminary experiment, which is devised in order to highlight every

potential measurement difficulty enabling the measurement set-ups to be determined as well as the

choice of the measured quantities (input impedance and volume velocity) to be validated. Then,

after a discussion about the variations of measured TS parameters, the chapter focuses on three

experimental configurations leading to theoretical prediction validations.

Finally, the experimental configuration of two closed-box loudspeakers mounted face-to-face is

proposed in appendix. Whilst this case does not meet any technological need, it is nevertheless interest-

ing because it shows two loudspeakers highly coupled.

Terminology

In this thesis, the terms driver and loudspeaker are used indifferently in order to describe the component

assembly shown in figure 1.1. The symbols, acronyms and abbreviations are listed after the appendices.



Chapter 1

Loudspeaker system models

Sections 1.1 to 1.5 constitute above all a digest of well-known work that is necessary to understand this

thesis. Readers familiar with this material can go straight to Section 1.6.

1.1 Description of an electrodynamic loudspeaker

The purpose of loudspeakers is to radiate sound, converting electrical power into acoustic waves prac-

tically always via an electro-mechanical transduction. Electrodynamic loudspeakers carry out this pro-

cess using a diaphragm (generally cone shaped) which is set in motion by an electrodynamic motor.

Figure 1.1 shows the cutaway view of a typical mid-range driver, such as those used in this work.

As shown in this figure, an electrodynamic driver comprises four parts according to their functions:

1. Made up of a cone and a dust cap, the diaphragm is the radiating component. The dust cap, in

the shape of a dome or inverted dome, is used to avoid any dust or foreign particles getting into

the motor.

2. The suspensions are the spider (inner part) and the surround or hinge (outer part). They play a

key role in the smooth functioning of the whole system. Their main purpose consists in holding

the diaphragm while guiding it axially, as well as exerting a restoring force on the voice coil to

keep it in the air gap.

3. The electrodynamic motor is made up of a voice coil and a magnetic circuit (pole piece, back and

front plates and magnet). The voice coil is located in the air gap between pole piece and front

plate.

4. The frame, often called basket or chassis, has to ensure the accurate alignment of all the driver

components. It can also contribute, in some cases, to the motor heat dissipation. An optional

gasket may be added to the cone perimeter to avoid supplementary leakages and facilitate the

driver mounting on a baffle or box.

3



4 CHAPTER 1. LOUDSPEAKER SYSTEM MODELS

The moving system is made up of the diaphragm, the suspensions and the voice coil. It represents a

mechanical resonator.
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� 
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� � � �  	 �

� � � � 	 � � � 	 � 	

� � �   	 � � � �  � � 	 � � �  � �

� � � � � 	 � � � � �

� � � � � 	 �

� � � � � � �  �

� � � � � � � � �

� � �  	

� � � � � 	 �

� � � � � 	 �

� � � � � � � � � � � �

Figure 1.1 - Drawing of an electrodynamic loudspeaker (mid-range woofer)

1.2 Low frequency model

When the loudspeaker size is considered to be small compared to the wavelength in air, its diaphragm

is assumed to behave like a flat rigid piston of radius � (�� �
�
�). Mounted in an infinite baffle or in

a box in order to separate backward and forward radiations, the loudspeaker can then be described by a

lumped-constant circuit comprising electrical, mechanical and acoustic elements [12] (fig. 1.2).

The use of a gyrator for the electromechanical coupling has been preferred in order to be in an

impedance-type analogy. In order to remain in the direct analogy, the mechanoacoustical coupling is

represented by a transformer, in order to have the volume velocity as a through quantity.

Let us describe the electrical, mechanical and acoustic parts, according to the elements in figure 1.2.
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� � �

� �

� � � �

� � 	�




� � � � �
� �

	 � � �

 � � �  � �

�

� � � � �� � �
� �

Figure 1.2 - Lumped-constant model of an electrodynamic loudspeaker mounted in an infinite

baffle or in a box

The two coupling coefficients are the electrodynamic one ��, in which � is the radial induction

in the gap and � the length of the conductor (voice-coil), and the effective projected surface area of the

loudspeaker diaphragm �� � ���.

The electrical part includes the amplifier, the connecting wires and the voice-coil. The former is

represented by the no-load voltage �� of a real voltage source and its internal resistance ��. The latter

is represented by the self-inductance 	� and the resistance �� equivalent to the electrical and magnetic

losses in the motor. The quantities are:

� the voltage at the loudspeaker terminals � ,

� the current across the loudspeaker 
 ,

� the induced voltage � � �� � � ����� �.

The input impedance  is the ratio: ��
 .

The moving system constitutes the mechanical part. It is made up of a moving mass ��, a me-

chanical compliance ��� corresponding to the suspensions and a mechanical loss resistance ��� due

to suspensions internal frictions. The quantities are:

� the magnetic force � � ���� 
 ,

� the reaction force of the medium � ��, representing the sound pressure at the diaphragm surface,

� the moving system velocity �.

The acoustic part is made up of two acoustic impedances: the forward radiation one ��� and the

backward one ��. The latter corresponds to the radiation impedance ��� in the case of a loudspeaker

mounted in a baffle, and to the box impedance �� in the case of loudspeaker mounted in a box. The

quantities are:
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� the sound pressure � � � �����,

� the volume velocity �.

1.3 Equivalent circuits

In order to simplify loudspeaker analysis and synthesis in the low-frequency range, it is possible and

usual to represent the circuit of figure 1.2 by its equivalent acoustical, electrical or mechanical circuits,

depending on the needs [14, 15]. As a rule and in order to identify easily the nature of components, the

mechanical components are identified by "m" and the acoustic ones by "a".

In the low-frequency range and as a first approximation, the voice coil inductance 	� and its equiva-

lents may be neglected, as we shall see later (��
� large compared with ��	�

�). They are thus removed

from the equivalent circuits.

Let us first discuss the case of a loudspeaker mounted in an infinite baffle. Reduced to three ele-

ments in series, the equivalent acoustical circuit drawn in figure 1.3, appears to be the most interesting

out of the three because it enables the volume velocity to be calculated as a function of the electrical

excitation through its acoustical equivalent:

�
�
�

����

����� ����
(1.1)

� � � � � � � � � � � � � � � � � � � � � � �

�

� �

Figure 1.3 - Equivalent acoustical circuit of an electrodynamic loudspeaker mounted in an infi-
nite baffle

The acoustic backward and forward radiation impedances are identical. They are represented by

the acoustic radiation mass ��� and acoustic resistance ���. The elements ���, ���, ��� and ��� are

the acoustic equivalents of the electrical and mechanical components �� ���, ���, �� and ���:
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��� �
�����

������ ����
(1.2)

��� �
���
���

(1.3)

��� �
��
���

(1.4)

��� � ������ (1.5)

Let us now draw the corresponding equivalent electrical circuit, enabling the input impedance  to

be easily calculated (fig. 1.4).

� �

� �

�



� �

� �� �

� � � � � �

Figure 1.4 - Equivalent electrical circuit of an electrodynamic loudspeaker mounted in an infi-

nite baffle

The elements ��, 	�, �� and �� are respectively equivalent to the mechanical and acoustic ele-

ments ��� and ���, ���, �� and ���, with:

�� �
�����

��� � � �
�
����

(1.6)

	� � �������
� (1.7)

�� �
��
�����

(1.8)

�� �
����

�
�

�����
(1.9)
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When the driver is mounted in a closed box of internal net volume ��, the acoustic backward

radiation impedance is identified as an acoustic compliance:

� �

Figure 1.5 - Cutaway view of a closed-

box loudspeaker

��� �
���
���

(1.10)

where � is the mass density, �

the speed of sound and � a com-

pliance factor equal to 1 for an

empty box

In order to improve the model accuracy, an acoustic resistance ��� (losses in the box) and an

acoustic mass ��� (kinetic energy) are associated to this compliance. The acoustic forward radiation

impedance is again represented by an acoustic radiation mass (���) and an acoustic radiation resistance

(���).

As previously, the equivalent acoustical circuit may be simplified to three elements in series

(fig. 1.6): the acoustic resistance ��	, the acoustic mass ��	 and the acoustic compliance ��	.

� � � � � �
� � �

�

� �

Figure 1.6 - Equivalent acoustical circuit of an electrodynamic loudspeaker mounted in a closed

box

��	 � ��� ���� ���� ���� (1.11)

��	 � ��� ���� ���� (1.12)
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����	 � ����� � �
��
�� (1.13)

This acoustical equivalent circuit enables the membrane volume velocity to be readily calculated

as a function of frequency:

� �
�
�

��	 � ����	 �
�


����

(1.14)

The equivalent electrical circuit may be reduced to the simplified one, drawn in figure 1.7.

� �

� �

�



� �

� � � �

� � � � � � � � � � � � �

Figure 1.7 - Equivalent electrical circuit of an electrodynamic loudspeaker mounted in a closed
box

The elements �	, 		 and �	 are respectively equivalent to the mechanical or acoustic elements:

�	 �
�����

��� � ��� ���� �����
(1.15)

	��	 � 	��� � 	��� ���� 	� �
��� ����

�

���
(1.16)

�	 �
��
�����

�
���� ����� �

�
�

�����
(1.17)
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This electrical equivalent circuit enables the input impedance to be readily calculated as a function

of frequency:

 �
�



� �� �

�
�
�
� ���	 �

�

���

� �� �
�������

��� ���� ���� � ����	 �
�


����

(1.18)

1.4 Thiele and Small parameters

The behaviour of a loudspeaker mounted in different assemblies is better described using the small-

signal parameters, called the Thiele and Small’s parameters. In the following, these parameters will be

named TS parameters [14–16, 20, 21].

In the case of a loudspeaker mounted in an infinite baffle, they are:

� the resonance frequency

�� �
�

��
�
���� � ��������

�
�

��
�
��� � ����	�

(1.19)

� the electrical quality factor at ��

�� � ������� � ������� ���� (1.20)

which becomes ��� when �� is zero.

� the mechanical quality factor at ��

��� � ������� � ������ (1.21)

� the total quality factor at ��

�� �
�����
�� ����

(1.22)

which becomes ��� when �� is zero.

� the equivalent volume of air ���

��� � � �� ��� ��� (1.23)
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In addition to these parameters there are three other ones:

� the output resistance of source ��,

� the voice coil DC resistance ��, and

� the effective projected area �� of loudspeaker diaphragm, the diameter of which �� is generally

measured from the middle of the flexible edge suspensions.

In the same way, the TS parameters related to a loudspeaker mounted in a closed box are:

� the resonance frequency

�	 �
�

��
�
��	��	

�
�

��
�
�			

(1.24)

� the electrical quality factor at �	

��	 � ���	�	��� ���� (1.25)

which becomes ��	� when �� is zero.

� the mechanical quality factor at �	

��	 � ���	�	�	 (1.26)

� the total quality factor at �	

��	 �
��	��	
��	 ���	

(1.27)

which becomes ��	� when �� is zero.

Finally, the parameters related to the box of internal volume �� are: the compliance factor �, the

acoustic resistance ��� and mass ���, and the compliance ratio

 �
���
���

�
���
���

(1.28)

The TS parameters are generally given by loudspeaker manufacturers. Due to production toler-

ances, these parameters differ from each individual loudspeaker of the same type. As it will be seen
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in Subsection 4.2.3, this parameter dispersion is deemed to be unacceptable in the framework of this

thesis. Furthermore, these parameters vary notably on the one hand with the voice-coil heating (non-

invariant), and on the other hand with the excitation (non-linearity of suspension, ...). They have thus to

be carefully measured for each loudspeaker working conditions, related to the excitation amplitude and

preheating state, as far as possible. The chosen measurement method of these parameters is developed

in Appendix B.

1.5 Basic relations

Many computations in this thesis are based on the following set of basic relations [12], deduced from

the TS parameters as follows, with ��� and  according respectively to equations 1.10 and 1.28:

�� �

�
������

�
�

����������
(1.29)

��� �
���
���

(1.30)

��� �
���

������ ����
(1.31)

��� �
�

����������
(1.32)

�	 � ��
�
� �  (1.33)

��	 � ���
�	
��

(1.34)

��	 � ���
�� ���
��

�	
��

(1.35)

��	 � ���
�� ���
��

�	
��

(1.36)

��	 �
������
��� � ���

(1.37)

��	 �
��	

����	��
(1.38)

Once all these quantities are known, the volume velocity � and input impedance  calculations

may be carried out.
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In synthesis, the parameters are determined according to the required target performance of the sys-

tem. The difficulty lies here in the fulfilment of several constraints which could lead to a supernumerary

data synthesis problem, due to system specifications and technical feasibility. Let us note in passing

that an illustration of the difficulties met in supernumerary data syntheses is given in the AES preprint

"Amplitude and phase synthesis of loudspeaker systems" (see Author’s publications). Synthesis will not

be investigated in this thesis.

1.6 One closed-box loudspeaker subjected to an external force

A closed-box loudspeaker can also be modelled from its equivalent mechanical circuit, where � �� is the

reaction force of the medium, �� the radiation impedance and � the uniform membrane velocity (rigid

piston hypothesis of Section 1.2).

	 �

 � �  � �

�

	 � �

Figure 1.8 - Equivalent mechanical circuit of a closed-box loudspeaker

With the force source written as:

� � � ��
��

�� ���
(1.39)

and the source impedance as:

�� �
�����

��� ����
� ���� � �

�
����� � ����� � �

�
����� �

���
����	

(1.40)

Let us now suppose that the excitation voltage �� is zero, therefore � � is also zero, and that an

external force is applied on the driver, for example the one of an incident sound field. Because an
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electrodynamic loudspeaker is reversible, it behaves as a sound sensor. Thus, if the resistance ��,

consequently �� , remain unchanged, the equivalent mechanical circuit becomes that of figure 1.9.

	 � � �

 � �

 � �

� �

Figure 1.9 - Equivalent mechanical circuit of a closed-box loudspeaker behaving as a sound
sensor

The principle of superposition enables the loudspeaker behaviour subjected simultaneously to an

electrical excitation �� represented by � �, and to an acoustical one, represented by � ���, to be found.

As shown in figure 1.10, the acoustical prompting effect leads to a modification of the velocity � in �� =

� + ��. The volume velocity � will be thus modified in �� in the same way.

	 �

 � �  � �

� �

	 � � �

Figure 1.10 - Equivalent mechanical circuit of a closed-box loudspeaker subjected to electrical
and acoustical promptings
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1.7 Interactions between two closed-box loudspeakers:
elementary theory

The problem of interaction between two loudspeakers can be simply defined by the following elementary

development.

Let us assume that 	�!� and 	�!� are two loudspeakers. Each of them are assumed to be driven

by an independent source, being able to be controlled separately. Thus, it is possible to consider three

successive cases, where only 	�!� is fed, then where only 	�!� is fed, and finally where the both

are driven simultaneously. In the two first cases, the reflections made in Section 1.6 may be applied,

enabling the equivalent piston velocities to be found for each piston, and consequently every interesting

quantities, according to the equations:

� �� � ���� � ���� �� � � (1.41)

� �� � ���� � ���� �� � � (1.42)

In the third case, each loudspeaker is assumed to be subjected to an external force � ��� due to the

sound pressure radiated by the other one. The force of 	�!� on 	�!� is called � �� and conversely,

the force of 	�!� on 	�!� is called � ��. Thus, two new equations can be written from the circuit of

figure 1.10:

� �� � ���� � ���� �
�
� � � �� � � (1.43)

� �� � ���� � ���� �
�
� � � �� � � (1.44)

These equations enable the new velocities ��� and ��� to be found. It is of course obvious that the

problem here is to calculate the external forces � �� and � ��.

Let us tackle this calculation on the basis of two simplifying hypotheses:

1. The loudspeakers radiate as monopoles. The sound pressures at a distance " can be thus written

as [12]:

�
�
� � 	 � �

�
�

#�
���

��"�
(1.45)

�
�
� � 	 � �

�
�

#�
���

��"�
(1.46)
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with the volume velocities ����� being the product ����� �
�
���, where ����� are the equivalent pistons

surfaces of 	�!� and 	�!�.

2. The sound pressure radiated by 	�!� is uniformly distributed on 	�!� surface, and conversely.

The external forces may be thus simply written as:

� �� � ��� ��� � ��� � 	 � �
�
� ���

#�
��

��$
(1.47)

� �� � ��� ��� � ��� � 	 � �
�
� ���

#�
��

��$
(1.48)

where $ is the distance between piston centres, as shown in figure 1.11.

�

� �  �

� �  �

� �

� �

Figure 1.11 - Depiction of two pistons separated by a distance r

The introductions of relations 1.47 in 1.43, respectively the 1.48 in 1.44, give the below set of two

equations with two unknowns ��� and ���:

� �� � ���� � ���� �
�
� � ��� � 	 � �

�
� ���

#�
��

��$
� � (1.49)

� �� � ���� � ���� �
�
� � ��� � 	 � �

�
� ���

#�
��

��$
� � (1.50)

These two equations lead thus to the values of ��� and ���, that now still have to be compared to the

velocity values �� and �� without any interactions (equ. 1.41 and 1.42)
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In reality, the two hypotheses � and � are too simplistic, because the interactions are expected to

be significant above all for small distances between loudspeaker centres (according of course to their

dimensions). Thus, it should be necessary, a priori, to develop analytical expressions giving loudspeaker

near field sound pressure.

In this thesis, a more direct approach is preferred: instead of using complicated analytical expres-

sions, it is proposed to carry out numerical calculations, reiterated as often as necessary so as to fulfil

all required criteria. The computed values will then be compared to experimental results in view of

validations.

The starting point is to sum, at the equivalent piston surface of 	�!�, the sound pressures due to

a given distribution of elementary sources located on the equivalent piston surface of 	�!�, and vice

versa. Once the external forces acting on the two pistons are obtained, the new volume velocities are

then calculated in order to reiterate the process. The next chapters will show that two or three iterations

will usually be sufficient.

To conclude this chapter, it is important to note that while this thesis work focuses on two identical

closed-box loudspeakers, the numerical approach developed in Chapter 2 and applied in Chapter 3

can be generalized without any theoretical problems to configurations comprising several loudspeakers,

identical or not. In this case, it is worth noting that the loudspeaker number could be limited by the

computer memory capacity.
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Chapter 2

Radiation and diffraction theories

2.1 Introduction

The aim of this chapter is to choose the most suitable theoretical methods, according to different loud-

speaker configurations, that enable the sound pressure to be calculated anywhere in space.

The sound pressure computation, given as a function of the loudspeaker volume velocity, is carried

out without going through the radiated acoustic power. This offers the distinctive advantage of obtaining

the phase response of the system. The medium reaction force and the radiation impedance are then

calculated according to the sound pressure at the loudspeaker membrane.

First of all, this chapter deals with the theory related to one piston mounted in an infinite baffle (see

Section 2.2) in order to establish the necessary basis for calculating the interactions between two pistons

mounted in the same infinite baffle (see Section 2.3). Section 2.4 then treats two diffraction theories

necessary for the calculations of the sound pressure radiated by a closed-box piston. Finally, these

theories are applied to the interaction calculations of two adjacent and separated closed-box pistons (see

Section 2.5).

2.2 One loudspeaker in an infinite baffle

At low frequencies, the theory related to one loudspeaker mounted in an infinite baffle is reduced to

that of a flat circular piston (radius �) of uniform velocity � mounted in an infinite rigid baffle. The

latter allows to do away with some phenomena such as interactions between front and rear, reflections

or diffractions at the boundaries.

Due to the fact that the Green’s function is known, the Huygens-Rayleigh surface integral offers

the advantage of being an exact solution of the standard boundary integral equation method [13]. This

formula is valid in the near field as well as in the far field.

19



20 CHAPTER 2. RADIATION AND DIFFRACTION THEORIES

� �

�

�

�

�� �

�
�

Figure 2.1 - Piston geometry and observa-

tion point

� �
�	� �

��

�
��

#�
���

"�
��

(2.1)

In the far field, this formula is generally simplified as [12]:

��"% &� � �	��� �
#�
��

��"

�'��� 	
�&�

� 	
�&
(2.2)

The calculation of the reaction force � �� on the whole piston requires the knowledge of the sound

pressure in the immediate vicinity of the piston surface [12]. Thus and according to figure 2.2, the force

of a piston on itself is given by:

� �� �
�	��

��

� �
�
���

� ��

�
�(

� �
�
�
�

��
�

� ��

�

#�
���

$�
�(

�

(2.3)

� and �: polar coordinates of dS = � d� d�

��: distance between surface elements

� �

�

� �

�

�

� �

�

�

�

Figure 2.2 - Piston geometry in cartesian and polar coordinates
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The double surface integral (equ. 2.3) has been solved by Lord Rayleigh in terms of Bessel and

Struve functions of first order:

� �� � ���

�
�� '������

��

�
� �

�
�������

��

�
(2.4)

with

� � �� � (2.5)

The radiation impedance (acoustic resistance and reactance) is easily calculated from this force as

follows:

�� �
� ��
���

(2.6)

��� �
��

��

�
�� '������

��

�
�)" *�� �

��

��

�
�������

��

�
(2.7)

A numerical approach may replace the continuous one. To do that, a double surface division is

necessary in order to obtain the force and the radiation impedance. Whilst the discrete approach does

not improve calculations in terms of time saving due to the simplicity of the analytical solution, it will

nevertheless be necessary to study this method in anticipation of interaction computations between two

drivers. In the case where the force and radiation impedance have no simple analytical solutions, the dis-

crete approach may even replace the continuous one in order to save computation time (see Section 2.3).

Thus, the discrete calculations carried out for a loudspeaker mounted in an infinite baffle, will be useful

to determine the numbers of surface elements necessary for accurate calculations of the force.

These two chosen numbers of surface elements are determined by comparing the discrete results

with the analytical ones, in such a way as to keep the differences below acceptable quantities (see

Subsections 3.3.4 and 3.3.6). These numbers will be used as default values in the next section treating

interaction problems between two loudspeakers.

Although detailed studies on the optimal piston surface divisions show that irregular partitions give

very good results [2], the method proposed below is nevertheless based on regular surface divisions,

which is accurate enough with regard to the computations carried out in this thesis (see Subsections 3.3.4

and 3.3.6).

In a first step, the surface �� is divided into a discrete number ) of small radiating surfaces of same

area. The piston is divided in concentric rings of same length, each of them containing �� elements more
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than the previous one, � being the elements number of the central circular surface, which is 4 in our case

(fig. 2.3).

The near field sound pressure can be thus calculated as [18].

�
�
� �

�

�	�

��"�
#�
��� (2.8)

� �+% ,% -� �

��
���

�
�

(2.9)

Figure 2.3 - Examples of piston membrane surface divisions - 4 and 36 radiating elements of

same surface area

A second sampling, in � elements, enables the force and therefore the radiation impedance to be

calculated. Any superposition of the element centres is avoided.

� �� �
��
�

��

��

� �+
 % ,
 % �� (2.10)

The values of ��� and ��� can be now deduced from equation 2.10, according to equation 2.6.

This calculated one-side radiation impedance has now to be inserted into the input impedance and

volume velocity computations in order to converge to the accurate system responses. Thus, ��� is going

to replace the acoustic radiation mass coming from the basic small-signal parameters, while��� is going

to be quite simply added to the system modelling.
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2.3 Two loudspeakers in an infinite baffle

Without taking into account the interactions between the loudspeakers 	�!� and 	�!�, the total sound

pressure is calculated via the principle of superposition, by adding pressures relating to the different

element volume velocities belonging to each driver.

However, in the case where the interactions can not be neglected, the 	�!� behaviour is modified

according to the activity of 	�!�, and vice-versa. These variations of behaviour are calculated as

modifications of force, which lead to modifications of radiation impedance and therefore of volume

velocity and input impedance. In the following, 	�!� will represent the disturbing source and 	�!�
the modified one, with $ being the distance between them (fig. 2.4).

Contrary to the preliminary theory given in Section 1.6, this configuration can not be solved ana-

lytically, given that the sound pressure distributions on surface may not be considered as uniform (small

$).

In most cases, the action of a loudspeaker on another one is described in terms of radiation

impedance modifications. The 	�!� radiation impedance becomes:

 ���� � ��� � ���� � ����� � � *
�
��� � ����� ������� � ��*��� �*����� (2.11)

�

� �

� �  ! � �  �

� �

Figure 2.4 - Depiction of two pistons mounted in an infinite baffle

Two evaluations of radiation impedance modifications have been given by Pritchard [11] and then

by Jacobsen [5] for $ � ���� and ����� � �:
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����� � ����

�
��
��

	
� ��$ � .�

�$

�
����� � ����

�
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�

�� ��
��$

��	 ��$ � .�

�
(2.12)

� : difference of phase between �
�
��� �

�

These results do not take into account the finite size of the disturbing source. It is worth noting that

the coupling term tends towards zero if �$ > 1 (non interacting pistons).

These formulas give a first evaluation of interactions as long as the distance between pistons re-

mains much greater than piston size. This poor resulting accuracy does not fulfil all requirements of this

thesis.

Within the framework of the thesis, the modifications are analysed in terms of forces, which lead to

volume velocity and input impedance variations. The force exerted by 	�!� on 	�!� may be written

under the following analytical form, according to [9]:

� �� �
�	� ��
��

� ��
�

� ��

�

� ����� �������

� ����� �������

� �� 	
����������� ���� �
�� 	
���

�
��
�
���

�
���� �

� #�
��� �� �( �$� � (2.13)

Figure 2.5 shows the geometry necessary to the understanding of the force analytical equation 2.13 [9].
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�
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Figure 2.5 - Geometry necessary to the calculation of the analytical force (equ. 2.13)

As this integral has no main analytical solution, excepted in particular cases [9], the purpose in this

thesis is nevertheless to be able to compute it. That is why a discrete approach is proposed, as mentioned

in Subsection 1.7. Let us thus subdivide the surface ��� into )� elements and ��� into �� elements:

�
��
� �

��

�	�

��"��
#�
���� � �

�
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���
���

�
��

(2.14)
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�����
� ����� �)" ����� (2.15)

2.4 One closed-box loudspeaker

The study of a piston mounted in an infinite baffle developed in Section 2.2 is peculiar in that its radiation

may be calculated according to analytical approaches. Whilst this assembly is commonly considered to

be the ideal theoretical one due to the absence of any corrupting phenomena, it is of small interest in

practice, except for dedicated applications where drivers are mounted on bare walls, being considered

as infinite baffles with regard to piston size. Normally, loudspeakers are mounted in closed or vented

boxes which are designed on the basis of driver types and application requirements.

The enclosure does away with direct interferences resulting from front and rear driver radiations.

However, the diffraction at the enclosure edges has now to be taken into account. The diffracted field

may be calculated in the form of infinite series only for elementary cases where the wave equation is

resolved by variable separation. However, in most cases we can have recourse to approximate solutions.

Since these series converge very slowly at high frequencies, the diffraction field may be calculated

using asymptotic methods (Kirchhoff formulation). The scope of the application related to this approx-

imate theory is restricted to wavelengths much smaller than source and distance, due also to the fact

that propagation is studied here as a local phenomenon. As it will be seen later, Vanderkooy showed

however that the frequency range may be widely extended downwards [22].

According to the Keller’s Geometrical Theory of Diffraction (GTD) and to the fact that the driver

is mounted in an enclosure, the total sound pressure may be directly calculated by adding direct and

diffracted waves [1, 3, 23]. Figure 2.6 shows this principle.

� � �
����	�

� �
�����

(2.16)

The direct contribution corresponds to the radiation of a flat piston assumed to be mounted on an

infinite baffle:

�
����	�

�+% ,% -� �
�	�

��

��
���

�
�

"�
#�
��� (2.17)

The diffracted field �
�����

is calculated from incident waves interacting with the enclosure edges

divided into "l" scattered elements. At each one of these points of diffraction, the sound pressure may

be calculated as:
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Figure 2.6 - Concept of geometrical theory of diffraction applied to a flat piston mounted in a
closed box
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The diffracted field is thus computed from "l" virtual secondary sources of �
��	��

excitation value

and placed at the points of diffraction.

Vanderkooy showed and explained that the diffraction contributions depend on the observation

angle /� � �������-�
�
�+� +��� � �, � ,���� and that a phase reversal phenomenon in the illuminated

zone has to be taken into account [22].

Thus, the sound pressure diffracted by each boundary element of wedge angle �� is given by:

Æ�
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with
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(2.20)

and 0 � ��� � �����
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�

�

�

� � � 	 
� �

Figure 2.7 - Depiction of observation angle �� and wedge angle ��

For most loudspeakers, the value of the enclosure wedge angle �� is ���. In this case, the direc-

tivity function �����+�% ,�%�� is -0.77 on box surface (/� = 0Æ) and -1.15 on-axis in far-field (/� close to

90Æ). As one can see, the diffraction amplitude becomes infinite close to the shadow boundary. Given

that this phenomenon is not physical, Vanderkooy has limited his theory to observation angles /� <

130Æ [22].

The directivity function �����/�%�� is drawn in figure 2.8 for an angle � of �/4.
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Figure 2.8 - Directivity function ���������� according to ��, for � � �/4

In the following, the GTD used for observation angles equal to zero, will be called GTD(0Æ).
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The total sound pressure is given by:

��+% ,% -� � �
����	�

�
��
���

Æ�
�����

(2.21)

For observation points located in transition regions (close to shadow boundaries) or for sources

located near diffracting edges, the directivity function ���� of the geometrical theory has to be completed

by a transition-region correction factor based on Fresnel integrals. This improved theory, called the

Uniform Theory of Diffraction (UTD), allows the diffracted field to be obtained for different types of

incident field, whilst removing discontinuities at the boundaries [4, 8, 17, 19]. Let us mention that this

theory is valid only in the high-frequency range. Thus, the new directivity function becomes:

�����+�% ,�%�� � ��
�
*� #


 �

� �

�
 �

#�
!
�

�1 �����+�% ,�%�� (2.22)

with *� � �2� 	
�
� 3� �����	 /�� for locally plane waves, 2� being the distance from diffracting

edge element "l" to observation point, and 3� the angle of reflection (cone at diffracting elements). These

magnitudes are depicted in figure 2.9.

As this integral requires more computation time than approximate expressions, the UTD will be

used only for observation points located outside GTD validation domain.
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� �� �

Figure 2.9 - Depiction of distance �� and angles ��, �� and ��
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Figure 2.10 enables the function ���� to be compared to the function ���� in modulus and phase,

for different 	 � �2� 	
�
� 3�.
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Figure 2.10 - Comparisons between the directivity function ���� and ���� according to ��, for
different values of � � � �� ���
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2.5 Two closed-box loudspeakers

2.5.1 Two adjacent closed-box loudspeakers (finite baffle)

The study of two adjacent closed-box loudspeakers comes down to the one of a limited baffle. The

calculations of modifications in loudspeaker behaviour due to mutual effects are carried out using the

theory of radiation in an infinite baffle (see Section 2.2) completed with the geometrical theory of edge

diffraction for /� = 0Æ.

�

�

�

� �  � � �  �

Figure 2.11 - Depiction of two flat pistons mounted on two adjacent closed boxes

Without taking into account the interactions, the resulting sound pressure radiated by both loud-

speakers becomes:
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The additional forces � �� and � �� applied on 	�!�, respectively 	�!� are then given by:
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���
��

���

��

�
�
�+�� % ,�� % �� (2.24)

If observation points are located close to shadow boundaries or sources near diffraction points, the

total sound pressure may be calculated using the UTD.
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2.5.2 Two distant closed-box loudspeakers

In the case of two distant closed-box loudspeakers, the pressure of one loudspeaker has to be calculated

in the immediate vicinity of the other one, that is to say close to the shadow boundaries. Thus, as

described in Section 2.4, the uniform theory of diffraction has to be used.
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Figure 2.12 - Depiction of two flat pistons mounted on two distant closed boxes

In order to save computation time, it may be interesting to calculate this configuration according

to GTD(0Æ), GTD and UTD applied on the eight enclosures edges in four different combinations. The

latter, mentioned below, will be then compared during the experimental validations:

1. GTD(0Æ) used on the eight edges with,

2. GTD used on the six edges 4�, ��, 5�, 4�, ��, and �� (without diffraction on the remaining two

�� and 5�),

3. GTD used on the six edges 4�, ��, 5�, 4�, ��, ��, and UTD used on the remaining two �� and

5�,

4. and finally, UTD used on the eight edges.
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Chapter 3

Calculations of modifications in
loudspeaker behaviour

3.1 Aim and process

The aim of this calculation chapter is to give the orders of magnitude of the driver interactions in order

to choose the best method of measurement. To do that, different loudspeaker configurations will be

analysed according to the theories mentioned in the previous chapter.

In a first stage, the calculations are carried out in the simple and academic case of a single closed-

box loudspeaker 	�!� mounted in an infinite baffle.

In a second stage, the calculations are carried out in the case of two closed-box drivers mounted

in an infinite baffle. They enable additionally first order modifications of driver 	�!� subjected to the

sound field of 	�!� to be predicted, and vice-versa.

In a third stage, the calculations are carried out in the more realistic case of two adjacent and distant

closed-box loudspeakers. As in the second stage, they enable the interactions between the two drivers

to be obtained in taking into account the diffraction at the boxes edges.

In order to simplify the investigations related to the different cases, all the calculations in this

chapter are based on loudspeakers of the same model mounted in identical closed boxes.

These calculations will be validated, afterwards, by a lot of systematic experimentations in which

the above set out configurations will be studied (see Chapter 4). As we shall see later, the accuracy of

comparisons between calculations and measurements will require the measurement of the TS parameters

for each of the loudspeakers individually before introducing them into computation data.

33
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3.2 Loudspeaker data

As we have seen in the modelling chapter, most of loudspeaker calculations start with the determination

of parameters linked to the chosen driver, box and power source. The calculations carried out in this

chapter, are based on a Tannoy 367-X loudspeaker (fig. 3.1).

Figure 3.1 - Pictures of the loudspeaker model used during the whole thesis

The TS parameters inserted in the calculations come from the measured average of five of those

loudspeakers (measurement method explained in Appendix B). These values are given on a temporary

basis and their variations will be discussed in the next chapter (see Subsection 4.2.3). They are:

�� = 68.9 ��

��� = 1.34

��� = 1.68

��� = 0.74

��� = 3.98 ��

In a first approximation, �� is assumed to be independent of voltage, frequency and temperature. The

effects of its variations on the results will be also discussed later. The measured average gives:

�� = 6.9 �

These parameters have to be complemented by the loudspeaker diaphragm size (piston radius � in low

frequency range) and enclosure net internal volume ��:

� = 4.5 cm � �� = 63.6 ���
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�� = 0.57 ��

� = 1

The excitation conditions for the calculations correspond to the arbitrary values:

�� = 1 �

�� = 1 V (RMS)

Relations (1.33) to (1.36) lead to the TS parameters of the closed-box system:

�	 = 194.7 ��

��	 = 4.75

��	� = 2.4

��	� = 3.78

According to Section 1.5, the other calculated parameters, necessary to the computations of input

impedance and volume velocity, become:

��� = �6� ���� ����

�� = 4.1 Tm

��� = ��6� ���� ����

��� = ��6 �� ��

��� = ��6� �� ��

 = 7

��	 = �6� ���� ����

��	 = ���6� �����

In the piston domain, that total mass of 7.4 � is made up of three different masses according to the

following proportion:

� the moving system mass �� of about 6.6 g, ie 89 %,

� the box equivalent mass �� of about 0.5 g, ie 7 %,

� and the equivalent radiation mass �� of about 0.3 g, ie 4 %.

3.3 One closed-box loudspeaker in an infinite baffle

3.3.1 General points

In the following, ) designates the first surface division number enabling the sound pressure to be calcu-

lated, when � defines the second one, enabling the force and the radiation impedance to be calculated.
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These numbers are chosen according to piston radius and frequency range, so as to correspond as closely

as possible to the continuous approach results. However, with computation time to be considered, it is

not useful to push the fine tuning too far, but nevertheless far enough so as to ensure sufficient accuracy

compared to the calculations and measurements which will be carried out afterwards.

3.3.2 Input impedance and volume velocity

As explained in the introduction, the modifications occurring on a driver subjected to an incident sound

field will be analysed later in terms of volume velocity and input impedance. It may therefore be of

interest to analyse and understand both these well-known frequency curves. Based on the previous sec-

tion parameters, volume velocity (equ. 1.14) and input impedance (equ. 1.18) are calculated taking into

account the radiation resistance ��� coming from the analytical solution 2.7. This acoustic resistance,

generally neglected at this stage of calculations, is nevertheless introduced in the computation code in

order to complete the modification studies carried out in the next section.

The equivalent circuits developed in the modelling chapter, showed that electrodynamic driver

systems may be represented by an equivalent acoustic resonator (fig. 1.6) made up of acoustic resistance,

mass and compliance in series. This circuit enables volume velocity according to excitation signal to be

calculated in a simply way (equ. 1.14). The properties of this representation may be copied from those

of well-known electrical series-resonant circuits. Then, the volume velocity response may be divided

into three parts (below, at and above the resonance frequency) according to the influence of the different

components:

� below the resonance frequency, the dominant component proves to be the equivalent compliance,

which leads to a variation of volume velocity proportional to the frequency (� � ����	)

� at the resonance frequency where the mass and compliance influences cancel out each other, the

dominant element is the acoustic resistance (� � �
��

).

� above the resonance frequency, the main role is held by the equivalent mass, which leads to a

variation of volume velocity inversely proportional to the frequency (� � �

����

)

Figure 3.2 shows the computed volume velocity in modulus and phase, in with the different con-

trolled domains are highlighted. As we can notice, the working of drivers is governed by a lot of laws

and components depending on the frequency, which do not make it easy to understand their behaviour.

In fact, each component or group of components may become essential, in turn, for a given frequency

domain.

Let us analyse also the input impedance in modulus and phase. As previously, figure 3.3 shows the

computed curves in modulus and phase with the different controlled domains highlighted.
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Figure 3.2 - Computed volume velocity in modulus and phase
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Figure 3.3 - Computed input impedance in modulus and phase, with (dotted lines) and without

(solid lines) taking into account the value of ��

According to relation 1.18, the behaviour of the input impedance comes under equivalent electrical

resistance, capacitance and inductance. It is not necessary here to prove again the decisive role played

by this curve in driver analyses (see Chapter 1 and Appendix B).

3.3.3 Near-field sound pressure

Once the volume velocity is determined, the calculation of the sound pressure radiated by a rigid piston

mounted in an infinite baffle may be carried out in different ways depending upon the degree of accuracy

required by the application under consideration. In most cases, the distance between the listener and the

source is so great compared to the driver size that the computations may be limited to the far field.

The computation of the near-field sound pressure has to be carried out in this work, in order to

enable the force exerted by a loudspeaker on the air (see Subsection 3.3.5) to be calculated. Taking into
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consideration the boundary conditions of an infinite baffle, the radiated sound pressure may be derived

accurately from relation 2.1. Enabling the sound pressure to be calculated anywhere in the half space

located in front of the radiating surface, this integral has the disadvantage of requiring a great deal of

computation time. In order to accelerate the latter, the continuous approach may be compared to a

discrete one (equ. 2.9), in which the piston area is divided into ) identical small elements.

Figure 3.4 shows the comparison between the near-field sound pressure calculations resulting from

the continuous approach and from the discrete ones (with ) = 4 and 400 elements). The modulus and

the phase of the sound pressure are calculated on-axis in the immediate vicinity of the piston surface (+

= , = 0 and - = 1 7�), in order to prepare the calculation of the force exerted by the driver on the air

(see Subsection 3.3.5).
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Figure 3.4 - Comparison of the near-field sound pressure resulting from integral and discrete

approaches - modulus and phase calculations carried out on-axis in the immediate
vicinity of the piston surface (x = y = 0 and z = 1 ��)

3.3.4 Error estimations according to n

Within the framework of this thesis, the near-field sound pressure calculation does not constitute an end

in itself, but only an intermediate stage in view of calculating the force exerted by a piston on another

one. That is why the comparison between the analytical approach and the discrete one does not enable

the suitable number of division elements to be chosen, but contributes only to have a first idea of the

tendency. In our case and for values of �� less than
�
�, the modulus error remains less than 8 % for

) = 4 and less than 0.8 % for ) = 400, when the phase error does not exceed 0.005 degrees for both

divisions. It should be noted moreover that these error calculations are very difficult to define because of

the sound pressure non uniformity. Let us now analyse the differences between analytical and discrete

approaches according to the acoustic force and radiation impedance, which offer the advantage of being

independent of the observation point.
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3.3.5 Reaction force and radiation impedance

The calculation of the medium reaction force exerted on the piston results from the integration of the

radiated sound pressure on the whole surface of its membrane (equ. 2.3). Given that the calculation of

this double surface integral requires large computational time, it is advisable to use Rayleigh analyti-

cal solution 2.4. The latter enables directly the acoustic radiation mass and resistance to be obtained,

following relation 2.7.

The existence of this attractive and accurate analytical solution makes the discrete approach seem-

ingly useless. However, the latter will nevertheless be studied with the aim of choosing both surface

divisions, which will be applied afterwards when calculating the force exerted by a piston on another

one, a case for which no analytical solution exists. The purpose here will therefore be to define both

numbers ) and �, comparing the discrete results and the analytical ones issued from the Rayleigh solu-

tion, in order to apply those by default to the calculations of the interaction forces between two pistons

(see Section 3.4.1).

Figure 3.5 shows the results of the force calculations in modulus and phase. Compared with con-

tinuous approach results, the curves enable increased precision according to the second surface division

(� = 4 or 36) to be highlighted, for the first one ) set to 400 surface elements.
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Figure 3.5 - Computed medium reaction force in modulus and phase - comparison of analytical

solution (Bessel and Struve functions) with discrete results according to 	 = 400
and 
 = 4 and 36
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Figure 3.6 is given, as a rough guide, for those readers who may be more familiar with the radiation

impedance curves than with those of the reaction force. As with the reaction force, this figure enables

the analytical (Bessel and Struve) approach with the discrete one to be compared, for ) = 400 and � =

4 or 36.

� = 4 � = 36
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Figure 3.6 - Computed radiation impedance (��� and���) - comparison of analytical solution

with discrete results according to 	 = 400 and 
 = 4 and 36

3.3.6 Error discussion

After analysing the best compromise between an acceptable degree of accuracy and time-saving consid-

erations, the first division number was set to 400 elements and the second one to 36.

In order to justify this choice, figure 3.7 shows the force differences in percent and degrees between

the analytical calculations and the discrete ones, computed with ) = 400 and � = 36. These differences

are in the order of 2 percent and 0.8 degree for �� � ��, corresponding to a frequency of about 1.6 kHz.

This accuracy is tolerable in view of the orders of magnitude calculated in the next section, where the

force variations under the influence of another loudspeaker may reach 	19 � and 	10 degrees. These

values correspond to the case where both drivers are identical and located close together (separated by a

distance of 3�).

As for the radiation impedance calculations, figure 3.8 gives the *�� and��� differences in percent

between both approaches, also for ) = 400 and� = 36. The differences observed for �� � �� are larger

for the reactive part than for the resistive one, generally neglected in this range of frequency. The *��
errors are less than 3�, when the ��� ones are less than 1.3�. As with the reaction force calculations,

these errors have now to be compared with the radiation impedance modifications occurring when the

loudspeaker is subjected to the sound field radiated by another loudspeaker (see Section 3.4.1). Both

drivers are again identical and separated by a distance of 3�. Considering variations of 	�� for *��
and ���� for ���, the error calculations are again judged to be acceptable.
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Figure 3.7 - Error calculations of the reaction force carried out according to the discrete ap-
proach (	=400 and 
=36) in comparison with the continuous one (Bessel and

Struve)
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Figure 3.8 - Error calculations of the radiation resistance and reactance carried out according

to the discrete approach (	=400 and
=36) in comparison with the analytical one

In turn, the measurements will also confirm the compromise made between time saving and accu-

racy related to surface subdivisions.
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3.4 Two closed-box loudspeakers in an infinite baffle

In a first step, the driver modifications are calculated for a distance between source centres set to three

radii (smallest realistic value) and for both driver excitations set to 1 V RMS in-phase. The consequences

of the variation of these three variables (distance, excitation ratio and excitation phase difference) will

be studied in a second step.

3.4.1 Resulting modifications

The 	�!� surface divisions ()� and ��) depend not only on piston size and frequency range, but also

on the distance between pistons centres. The division )�, chosen equal to )�, enables the sound pressure

to be calculated anywhere, in particular at 	�!� surface (fig. 3.9).
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Figure 3.9 - ��� sound pressure calculated in modulus and phase in the immediate vicinity of

��� piston surface (x = y = 0 and z = 1 �m) - comparison between continuous

approach (integral) and discrete ones (	� = 4 and 400)

The third 	�!� surface division �� enables the 	�!� force � �� applied to 	�!� to be calculated.

This force corresponds to � ��� drawn in Figure 1.9. According to the previous results and to the com-

plexity of the double surface integral, �� is chosen equal to ��. Thus, the modifications of the force

(fig. 3.11), radiation impedance (fig. 3.12), input impedance (fig. 3.13) and volume velocity (fig. 3.14)

are calculated with )� = 400, �� = 36, )� = 400, �� = 36.

The action force necessary to the 	�!� to move the air becomes (� constant):

� �� � � �� ��� � � ��� (3.1)

According to the frequency, the modifications of the 	�!� action force are calculated in percent

and degrees, in accordance with:

����
� ���

� �� � ����
����

(3.2)
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Figure 3.10 - Depiction of the double surface division of the two pistons mounted in an infinite
baffle

�$8�� ����� � �$8�� ��� � �$8�� ���� (3.3)
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Figure 3.11 - Modification of ��� action force - calculations in modulus (	) and phase (deg)

The calculation of � �� enables the radiation impedance to be obtained according to equation 2.15.

The equivalent radiation impedance  ���� is calculated according to equation 2.11. Let us now calculate

the modifications in percent occurring on ���� , *��� and ���� :

����
� ���

����� � ����
����

(3.4)

*���
� ���

* �
��� � *���
*���

(3.5)
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����
� ���

��
��� � ����
����

(3.6)

Figure 3.12 shows the reactive and resistive parts of 	�!� radiation impedance taking into account

or not the disruptions due to 	�!�. The modification values ����
and *���

are also plotted.
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Figure 3.12 - Reactive and resistive parts of ��� radiation impedance taking into account or
not the disruptions due to ��� - modifications in 	

Considering that the two loudspeakers 	�!� and 	�!� are identical and identically driven, they

are both modified in the same way. Thus, in order to lighten notations in this subsection, the loudspeaker

identifications (0 or 1) will be omitted here.

The calculations of the input impedance  (equ. 1.18) and volume velocity � (equ. 1.14) are carried

out now taking into account the radiation impedance �� (deduced from relation 2.10) coming from the

four membrane subdivisions (fig. 3.10). When the loudspeaker is subjected to an incident sound field,

the same computations are carried out for the modified input impedance  � and volume velocity ��,

replacing �� by  ���. The modifications in percent and degrees are calculated as:

��� � ���
 � � 


(3.7)

�$8����� � �$8� �� � �$8�� (3.8)

���� � ���
�� � �

�
(3.9)
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�$8������ � �$8���� � �$8��� (3.10)
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Figure 3.13 - Input impedance modifications, in modulus (	) and phase (degree)
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Figure 3.14 - Volume velocity modifications, in modulus (	) and phase (degree)

The results show that the closer the frequency is to the system resonance, the greater the modifi-

cations become. This is due to the fact that the mechanical impedance �� (fig. 1.8 to 1.10) has its

minimum at the resonance.

The comparisons of modifications between input impedance and volume velocity, according to the

frequency, show that the orders of magnitude are similar at the system resonance, but this is not the case

away from resonance. The volume velocity modifications are then higher than those of input impedance.

The orders of magnitude of the results are so significant, that the modifications of input impedance

and volume velocity ought to be measurable.

The volume velocity modifications give directly the change in sound pressure, due to the fact that

the latter corresponds exactly to the former in the case of relative modification calculations (in �, dB

or degree). The sound pressure modifications are then identical to those of figure 3.14, that is in the
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order of -1.5 to 0.6 � and -0.9 to 0.4 degrees. As these values are constant anywhere in half-space, the

calculations can be given any coordinates +, , and -.

Let us now calculate the sound pressure radiated by both loudspeakers together without and with

interaction. Whilst the sound pressure level difference  	" can not be measured, it may be computed

in order to have an idea of its order of magnitude in dB:

 	" � �� !��

��
�
� ��

�



�� ����
� �� !�� 
�� � ��


�� ����
(3.11)

�$8������ � �$8���
�
� ��

�
� � �$8��

�
� �

�
� (3.12)
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Figure 3.15 - Modifications of the total sound pressure level (dB) radiated by both loudspeakers

The equivalence between the modifications of the volume velocity of each loudspeaker and the

resulting sound pressure radiated by both loudspeakers together, is valid as far as both systems are

defined by the same values of parameters and are identically driven in amplitude and phase.

Until now, the 	�!� behaviour modifications were calculated for one given configuration and

settings. Whilst these calculations are sufficient to obtain orders of magnitude, they are not sufficient

to analyse and study incident sound field actions more accurately. This is why the calculations must be

completed with various parameters settings.
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3.4.2 Modification calculations according to excitation ratio

This subsection and following ones treat the variations of  and � modifications according to the exci-

tation ratio �����, excitation phase difference . and distance $ between loudspeaker centres.

Figures 3.16 and 3.17 show the input impedance and volume velocity modifications in modulus

and phase, according to excitation ratio (#�#� = 0.1, 0.5, 1, 1.5, 2, 3) and frequency (� from 100 to 500

Hz). . is set to 0Æ and $ to 3� (smallest realistic value).

In accordance with the equivalent mechanical circuit drawn in figure 1.9, � ��� variations entail

identical changes on the velocity ��. This means that the fluctuations of the excitation ratio entail

similar variations in the modifications of loudspeaker behaviour. This theory is confirmed by the curves

of figures 3.16 and 3.17.
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Figure 3.16 - Input impedance modifications (modulus-phase) according to excitation ratio and
frequency
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Figure 3.17 - Volume velocity modifications (modulus-phase) according to excitation ratio and

frequency
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For information, the sound pressure radiated by the two loudspeakers together are also calculated

according to excitation ratio. Figures 3.19 and 3.20 show the sound pressure difference (with and without

interaction) for two loudspeakers driven by different excitation amplitudes. The calculations are carried

out at the points 4 and �, according to figure 3.18.
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Figure 3.18 - Sound pressure calculation points (A and B)
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Figure 3.19 - Modifications of the sound pressures radiated by both loudspeakers together for

different excitation ratios - calculations at point A
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Figure 3.20 - Modifications of the sound pressures radiated by both loudspeakers together for

different excitation ratios - calculations at point B

As was assumed, figures 3.19 and 3.20 confirm that the sound pressure modifications are dependent

on the observation point, as far as the loudspeakers are described by different parameters or are driven

in a different way.

3.4.3 Modification calculations according to excitation phase difference

In order to analyse loudspeaker behaviour modifications independently of the observation point, this

subsection is going to focus only on input impedance and volume velocity modifications.

Figure 3.21 shows the input impedance modifications in modulus and phase, according to excitation

phase difference (. from 0Æ to 180Æ every 30Æ) and frequency (� from 100 to 500 Hz). #�#� is set to 1

and $ to 3� (smallest realistic value).
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Figure 3.21 - Input impedance modifications (modulus-phase) according to excitation phase
difference and frequency
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Figure 3.22 - Input impedance modifications (modulus) according to excitation phase difference

and frequency
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Figure 3.23 - Input impedance modifications (phase) according to excitation phase difference
and frequency
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In order to have a better idea of the modifications according to both parameters � and ., the curves

of figure 3.21 are displayed in 3D views (fig. 3.22 and 3.23). The calculations are carried out every 5

Hz from 50 to 500 Hz, and every 4 deg from 0 to 360 deg.

Let us now apply the same process to the case of the variations in volume velocity modifications.

As for the input impedance, the study starts with a figure showing the volume velocity modifications in

modulus and phase according to ., for #�#� = 1 and $ = 3� (fig. 3.24).
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Figure 3.24 - Volume velocity modifications (modulus-phase) according to excitation phase dif-

ference and frequency

In order to have a better idea of the modifications according to both parameters � and ., the curves

of figure 3.24 are also displayed in 3D views (fig. 3.25 and 3.26). The calculations are carried out every

5 Hz from 50 to 500 Hz, and every 4 deg, from 0 to 360 deg.
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Figure 3.25 - Volume velocity modifications (modulus) according to excitation phase difference

and frequency
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Figure 3.26 - Volume velocity modifications (phase) according to excitation phase difference
and frequency
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3.4.4 Modification analysis according to excitation phase difference

Let us now take a closer look at the previous subsection curves. Taking . = 0Æ curve as reference, fig-

ure 3.27 shows for five given frequencies, the input impedance variation functions in modulus ���.% ��

and phase �"�.% ��, according to ..

� �

 �

 �

 �

 �

 �

�

�

�

�

�

� � � � � � � � � � � � � � � � � �

 � � � � �

� ' � � - .

� � � � � - .

� ( � � � - .

� ( , ' � - .

� � ' � - .

� �

 � � �

 � � �

 � � �

 � � �

�

� � �

� � �

� � �

� � �

� � � � � � � � � � � � � � � � � �

 � � � � �

� ' � � - .

� � � � � - .

� ( � � � - .

� ( , ' � - .

� � ' � � - .

Figure 3.27 - Functions �� and �	 calculated for � = 50, 100, 200, 275 and 350 Hz

The analysis of these curves calculated every 5 Hz enables the variation functions ���.% �� and

�"�.% �� to be determined. They have been identified as:

���.% �� � ��	�.� �9��� 	
��.� (3.13)

�"�.% �� � ��	�.��9����� 	
��.� (3.14)

These equations enable the function 9��� to be calculated frequency by frequency. The result is

plotted in figure 3.28 (blue curve). According to the latter, 9��� has been identified as being determined

by the reference conditions (black curves of figure 3.21). The zeros correspond to modulus extrema and

the discontinuities to modulus zeros. Conversely and due to the fact that 9��� is inverted in �", the

zeros correspond to phase zeros and the discontinuities to phase extrema. In other words:

9��� � �6�
�$8���Æ�����
��Æ����

(3.15)

Figure 3.28 shows the comparison between the function 9��� calculated:

� at first from equations 3.13 and 3.14,

� secondly from the function identified in retrospect (equ. 3.15).
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Figure 3.28 - Function ���� calculated from the curves of figure 3.21 and from the identified
function of equation 3.15

Let us now analyse in the same way the variations of � modifications (fig. 3.24, 3.25 and 3.26). The

modification functions have been again identified taking again the . = 0Æ curve as reference. According

to phase difference and frequency, the variation functions in modulus :��.% �� and phase :"�.% �� of

the volume velocity modifications are identified as:

:��.% �� � ��	�.��;����� 	
��.� (3.16)

:"�.% �� � ��	�.� �;��� 	
��.� (3.17)

The function ;��� is determined by the reference conditions at 0Æ (black curves of figure 3.24), in

the same way as 9���, ie:

;��� �
����Æ����

�6� �$8����Æ�����
(3.18)

Figure 3.29 shows the comparison between the function ;��� calculated:

� at first from equations 3.16 and 3.17,

� secondly from the function identified in retrospect (equ. 3.18).
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Figure 3.29 - Function ���� calculated from the curves of figure 3.24 and from the identified

function of equation 3.18

3.4.5 Modification calculations according to distance between loudspeaker centres

As mentioned in Subsection 3.4.3, this subsection focuses only on input impedance and volume velocity,

in order to calculate their modifications according to the distance $ between the loudspeaker centres,

independently of the observation point.

Thus, figures 3.30 and 3.31 show  and � modifications in modulus and phase, according to dis-

tance between piston centres ($ � ��% ��% ��% ��% �% ��% ���), and frequency (� from 100 to 500 Hz).

. is set to 0Æ and #�
#�

to 1.
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Figure 3.30 - Input impedance modifications (modulus-phase) according to distance r and fre-

quency
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Figure 3.31 - Volume velocity modifications (modulus-phase) according to distance r and fre-
quency

3.4.6 Modification analysis according to distance between loudspeaker centres

As in Subsection 3.4.4, let us take a closer look at the curves plotted in Subsection 3.4.5.

Unlike the two previous parameters (����� and .), the variation function according to the distance

between source centres is not obvious to determine. Figure 3.32 shows for six given frequencies, the

volume velocity variation functions in modulus ���$% �� and phase �"�$% ��, according to $.
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Figure 3.32 - Functions �� and �	 calculated for � = 100, 150, 200, 225, 250 and 275 Hz

An analytical solution was proposed by R.L. Pritchard [11]. However, let us analyse these curves

numerically. Calculated every 5 Hz, they enable the variation functions �� and �" to be approximated

in terms of Bessel functions:
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���$% �� �
��� '��< $ � ���

$�$�
(3.19)

�"�$% �� �
��" '��< $ � �"�

$�$�
(3.20)

where <% ��% ��% �"% �" are the variables represented in figure 3.33:
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Figure 3.33 - Variables �� ��� ��� �	� �	 of the functions ����� �� and �	��� ��

These variables are very much like:

� a linear function of the frequency for <,

� a function of  for �� and �", and

� a function of �$8�� for �� and �".

The volume velocity variation functions :��$% �� and :"�$% �� may be also approximated by

equations 3.19 and 3.20, where <, ��, ��, �", �" are the variables represented in figure 3.34. As for the

input impedance, these variables are very much like:

� a linear function of the frequency for <,

� a function of � for �� and �", and

� a function of �$8��� for �� and �".
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Figure 3.34 - Variables �� ��� ��� �	� �	 of the functions����� �� and �	��� ��

3.4.7 Iteration number

Mentioned in Subsection 1.7, the numerical computations of  and � modifications have to be iterated

several times in order to tend toward the solutions. This is explained by the fact that after the first com-

putation, enabling the modified volume velocities ��
���

to be found, each loudspeaker radiates a modified

sound pressure, which in turn, is going to affect the other one. This is translated into a second calculation

leading to the new modified volume velocities ���
���

, and so on. While this operation may be reproduced

indefinitely, the differences between two consecutive calculations will tend rapidly toward zero. The

iteration number will depend on the tolerance margin chosen regarding to the required accuracy.

Let us now calculate the difference of  and � modifications according to the iteration number. Fig-

ure 3.35 shows the ��� and �$8����� calculated differences between iterations 0-1, 1-2, 2-3, and 3-4,

for three frequencies. The two loudspeakers are identical, separated by $ � �� and excited according to

����� = 10. Figure 3.36 shows the same results according to ���� and �$8������ calculations.
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Figure 3.35 - ��
� and �������
� differences between 0-1, 1-2, 2-3, and 3-4 iterations
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Figure 3.36 - ��
� and �������
� differences between 0-1, 1-2, 2-3, and 3-4 iterations

As we can see, the differences, tending towards zero when the number of iterations increases, de-

pend directly on the frequency. In Chapter 4, this number is calculated in such a way that the calculated

differences fit into the chosen tolerance margin for whatever frequency.

3.5 Diffracion by a closed box

The calculations of closed-box loudspeakers differ from those in baffles because of the need to take into

account the diffractions of the enclosure edges.

The sound pressure of a loudspeaker mounted in an infinite baffle is first calculated in order to

refer to a customary radiation example. Then, the sound pressure of the same loudspeaker mounted in a

closed box can be computed according to the three diffraction methods (see Section 2.4):

1. GTD(0Æ)

2. GTD

3. UTD

In order to display the different validation domains of the three methods, figure 3.38 shows sound

pressure iso-curves in modulus (Pa) and phase (deg) computed near the system resonance (200 Hz) and

close to the front panel and piston surface at (- = 1 mm). The latter is divided into 400 elements and the

enclosure edges into 24 secondary sources.

Calculated according to the above diffraction methods, figure 3.38 enables the near-field sound

pressure to be compared, as:
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Figure 3.37 - Depiction of a piston of radius � divided into 400 elements and mounted on a
close box of front size � � �, the edges of which are divided into 24 secondary

sources)

1. Figure 3.38 A.

The calculation of a piston mounted in an infinite baffle is given first, as a reference for the three

following calculations of a piston mounted in a closed box.

2. Figure 3.38 B.

The calculation using the GTD(0Æ) enables the 24 secondary sources spread on the edges to be

easily observed. It is obvious that this result is not valid close to the enclosure edges. Nevertheless,

it can be used, as we shall see later, anywhere else in space with a good degree of accuracy.

3. Figure 3.38 C.

The figure shows very clearly that this method is not valid for observation points located close to

the shadow boundaries. We can see that the sound pressure tends to infinity outside the enclosure

edges (/� �� 180Æ for z �� 0). The phase results are also interesting because they point out that the

phase is reversed at the enclosure edges.

4. Figure 3.38 D.

Compared with the radiation of a driver mounted in an infinite baffle (fig. 3.38 A), the sound

pressure calculated with the aid of the UTD appears to be the most realistic. The reversal phase

phenomenon does not appear as clearly as in the case C (figures 3.39 and 3.40 show a drop in

phase of about 15 degrees for - = 1 mm). Furthermore, the diffraction is observed here as a kind

of break in the radiation field, instead of secondary sources discontinuities.
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Figure 3.38 - Sound pressure iso-curves calculated at 200 Hz and at � = 1 mm of a piston

(� � ��) in an infinite baffle (A) and in a closed box (front size of ���) according
to GTD with �� = 0Æ (B), GTD dependent on �� (C) and UTD dependent on �� (D)
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Whilst figure 3.38 represents the sound pressure on a section located just closed to the baffle (- =

1 mm), it remains difficult to compare the different diffraction methods. To do that, the sound pressure

is calculated in modulus and phase according only to the coordinate +, for - = 1 mm. On the one hand,

figure 3.39 shows the sound pressure at , = 0, that is to say without computing the sound pressure

directly on piston or edges elements centres. On the other hand, figure 3.40 shows the sound pressure

computed at , = <��� in order to carry out the calculations on two secondary sources centres.
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Figure 3.39 - Sound pressures calculated according to �, at � = 0 and � = 1 mm - ���� radiation

compared to GTD(0Æ), GTD and UTD
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Figure 3.40 - Sound pressures calculated according to �, at � = ��
� and � = 1 mm - ����
radiation compared to GTD(0Æ), GTD and UTD
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In order to supplement the latter study concerning the space validation domains of the UTD and

GTD, the same has to be done for the frequency validation domains. Figures 3.41 and 3.42 show

comparisons between the radiations of a closed-box loudspeaker mounted:

� in an infinite baffle (2�st),

� without baffle and without taking into account diffraction at enclosure edges (4�st),

� without baffle but with taking into account enclosure edges diffraction calculated according to

both diffraction methods GTD and UTD.

The calculations versus frequency are carried out on-axis at - = 1 m (/� �� ��6�Æ) in figure 3.41 and at -

= 1 cm (/� �� �Æ) in figure 3.42.
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Figure 3.41 - Comparison of the on-axis sound pressure radiated by a closed-box loudspeaker
mounted in an infinite baffle with the sound pressure radiated by the same closed-

box loudspeaker taking into account (GTD & UTD) or not (4�st) the diffraction
at the edges - calculation at � = 1 m

As required, the sound pressure curves on-axis (/� < 90Æ) show good similitudes between both the-

ories of diffraction. Furthermore, the far-field curves (at - = 1 m) fit with the common sense concerning

the radiation behaviour of a closed-box loudspeaker:

� low frequency range: as the external box dimensions are very small in comparison to the wave-

length 3, the driver does not "see" the enclosure and radiates as if it were mounted in 4�st.

� high frequency range: as the wavelength 3 is small compared to the front panel of the box, each

little radiating surface of the piston "sees" the front panel as if it were an infinite baffle.
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Figure 3.42 - Same as figure 3.41 but calculated at � = 1 cm

The near-field curves on-axis (at 1 cm) show a sound pressure behaviour close to that of a driver

radiating in ��st. By the same token, as the observation distance is very small compared to the box front

panel dimensions, the observation point "sees" the front panel as an infinite baffle.

Figure 3.44 shows the comparison of the same calculation methods mentioned previously, but with

the difference that the computations are carried out this time out-of-axis at + = - 4 �, , = 0, and - = 1

cm. That means that /� is contained between 2 and 175 degrees, as shown in figure 3.43.
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Figure 3.43 - Depiction of the observation angles �� = 175Æ and �� = 2Æ
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For observation points located close to shadow boundaries (when z � 0), the observation angles

/� tend to 180Æ for the diffraction occurring at the edge located between the driver and the observation

point. Conversely, the angles tend to 0Æ for the diffraction occurring at the other edges.

10
2

10
3

10
4

0

0.5

1

1.5

Hz

Pa 

f  

closed box (GTD) 

4 π 

    out−of−axis   
x = − 4a    y = 0 
     z = 1 cm     

closed box (UTD) 

st 

2 π st 

Figure 3.44 - Same as figure 3.41 but calculated out-of-axis at � = 1 cm

In this case, the curves calculated according to GTD and UTD differ considerably (fig. 3.44): when

the GTD curve tends to infinity (for z � 0) in which case it is unusable, the UTD curve appears to

approach common sense. The observation point located close to the front panel surface "sees" thus the

loudspeaker system as a whole, as if it radiates in 4�st (fig. 3.43).

In conclusion, the UTD will be applied whenever �2��	
�� 3���� � ��	 /�� � � (fig. 2.9), that is to

say in the two following cases:

� when observation points are located close to shadow boundaries (at least one /� > 130Æ)

� when sources are located near diffraction edges (3� �� 0Æ)
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3.6 Diffraction of two adjacent and distant closed-box loudspeakers

Let us apply the diffraction calculations carried out in the previous section to the case of two identical

adjacent and distant closed-box loudspeakers (fig. 2.11 and 2.12).

Taking into account first order interactions between 	�!� and 	�!�, figures 3.45 and 3.46 show

the total sound pressure at 200 Hz, radiated by two adjacent closed-box loudspeakers in the immediate

vicinity (z = 1 mm) of their piston and box front panel surfaces. As the closed-box loudspeakers are

mounted side by side, the diffraction calculation comes down to the case of two pistons mounted in a

limited baffle. Figures 3.45 and 3.46, representing sound pressure modulus and phase iso-curves, enable

GTD(0Æ) and UTD to be displayed. Given that the GTD (dependent on /�) gives very bad results close

to the shadow boundaries, this method is left aside in these figures.

The pistons surfaces are divided into 400 radiating elements and the finite baffle edges into 36

secondary sources. Both loudspeakers have the same excitation in amplitude (1 V RMS) and phase.

0

2

4

6

8

−0.1 −0.05 0 0.05 0.1 0.15 0.2 0.25

−0.1

−0.05

0

0.05

0.1

0 
LSP 

b LSP 1 

x 

y 

m 

m 

b 

Pa 

2a 

b 

50

60

70

80

90

100

110

−0.1 −0.05 0 0.05 0.1 0.15 0.2 0.25

−0.1

−0.05

0

0.05

0.1 deg 

b 

m 

m 

x 

y 

LSP 
1

b b 

2a 
0

LSP 

Figure 3.45 - Sound pressure in modulus and phase of two adjacent loudspeakers calculated
according to GTD(0Æ)
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Figure 3.46 - Sound pressure in modulus and phase of two adjacent loudspeakers calculated

according UTD
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For an easier comparison of diffraction methods, the sound pressure is plotted in figure 3.47 ac-

cording only to the coordinate +, for , = 0 and - = 1 mm.
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Figure 3.47 - Sound pressure of two adjacent closed-box loudspeakers - calculation according
to � with � = � and � = 1 mm - comparisons between ���� radiation, GTD(0Æ)

and UTD methods

As we can see, the results of calculations based on GTD(0Æ) and UTD are relatively close to those

of two loudspeakers mounted in an infinite baffle. This is explained by the fact that calculation points

are chosen very close to the box surfaces, taking care to avoid coordinates (+,,) of secondary source

centres.

Let us now apply the iso-curves calculations in the case of two closed-box loudspeakers separated

by a distance 8 as depicted in figure 2.12. The pistons surfaces are divided into 400 elements and the

boxes edges into 24 secondary sources each.
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Figure 3.48 - Sound pressure (modulus - phase) of two distant closed-box loudspeakers (10 cm
apart) calculated according to UTD
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As previously, the sound pressure is also plotted (fig. 3.49) according to the coordinate +, for , = 0

and - = 1 mm.
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Figure 3.49 - Sound pressure of two closed-box loudspeakers separated by a distance � = 10

cm - calculation according to � with � = � and � = 1 mm - comparisons between
���� radiation, GTD(0Æ) and UTD methods

Let us now calculate the loudspeaker behaviour modifications according to the frequency and the

distance 8. Figures 3.50 to 3.52 show 	�!��� medium reaction force, input impedance and volume

velocity modifications. Figure 3.53 shows the modifications of the sound pressure radiated by the two

loudspeakers together at + = 0, , = 0 and - = 1 m (equ. 3.11). The case of two adjacent loudspeakers is

calculated according to both methods GTD and UTD.
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Figure 3.50 - Modifications of ����� medium reaction force in modulus and phase according
to frequency and distance � - GTD and UTD methods
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Figure 3.51 - Modifications of ����� input impedance in modulus and phase according to
frequency and distance � - GTD and UTD methods
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Figure 3.52 - Modifications of ����� volume velocity in modulus and phase according to fre-

quency and distance � - GTD and UTD methods
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Figure 3.53 - Differences of the total sound pressure level ��	 with and without interaction, at
1 m on-axis according to frequency and distance � - GTD and UTD methods
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All these curves are given in order to keep in mind the modification orders of magnitude related to

the different quantities, as well as to observe the different modification laws of decrease.

3.7 Conclusion

Based on the various theories described in Chapter 2, this calculation part has enabled the orders of

magnitude of interactions between two loudspeakers to be computed, with a view to choosing the best

method of measurement.

This chapter started with the calculations of the input impedance and volume velocity of one closed-

box loudspeaker mounted in an infinite baffle. Based on the equivalent acoustical and electrical circuits

described in Chapter 1, these calculations were carried out according to the measured parameters of a

chosen loudspeaker model. Once the volume velocity was determined, numerical computations of the

near-field sound pressure and the medium reaction force were compared to analytical calculations in

order to set the two numbers of surface divisions, which were then introduced as default values in the

calculation of the force exerted by a loudspeaker on another one.

The interaction computations between two closed-box loudspeakers mounted in an infinite baffle

were then carried out by means of first order modifications in volume velocity and input impedance.

The resulting orders of magnitude led to the assumption that the input impedance and volume velocity

modifications ought to be measurable. Furthermore and in order to analyse incident sound field actions

more accurately, it was necessary to complete these calculations with the study of the modifications

varying according to different parameters such as the excitation ratio, the excitation difference of phase

and the distance between pistons centres.

Finally, the calculation codes developed in the case of two closed-box pistons mounted in an infi-

nite baffle were applied to the more realistic configuration of two closed-box pistons mounted without

any baffle. In this case, the computations were modified in order to take into account the effects of

diffraction at the enclosure edges. The latter were calculated according to three different methods, that

is, the geometrical theory of diffraction independent of the observation angle (GTD(0Æ)), the geometri-

cal theory of diffraction dependent on the observation angle (GTD), and the unified theory of diffraction

(UTD).

The sound pressure radiated by a closed-box loudspeaker was calculated first at different obser-

vation points using the GTD and UTD methods. In order to assess the results, the latter were then

compared to the calculations of the same closed-box loudspeaker radiating in 2�st and 4�st.

The comparisons of the diffraction methods led to the conclusion that the UTD ought to be applied

whenever the observation points were located close to the shadow boundaries or the sources near the

diffraction edges. However, as this method requires more computation time than the GTD, the latter will

be used in all the other cases.



Chapter 4

Experimental validations

4.1 Aim and process

The aim of this chapter is to validate the previous calculations, by means of three experiments: two

closed-box loudspeakers mounted first in an IEC baffle, secondly side by side and finally separated by a

distance 8.

A method is first proposed in order to determine the measurements set-up (see Subsection 4.2.1),

validate the choice of modification study by means of volume velocity and input impedance (see Subsec-

tion 4.2.2), discuss the TS parameters (see Subsection 4.2.3) and propose the experiment configurations

(see Subsection 4.2.4).

Finally, the measurement results are compared with the calculations for all cases experimented.

These comparisons lead to discussions about calculation methods and measurement uncertainties.

4.2 Method

4.2.1 Measurement principles

In order to obtain experimentally the loudspeaker input impedance  and volume velocity �, it is essen-

tial to determine initially which kinds of measurements have to be carried out and which quantities have

to be measured.

As the complementarity between measurements carried out using pure tones and white noise en-

ables the calculation validations to be carried out respectively according to the excitation phase differ-

ence and frequency, both these kinds of measurements will be treated.

In the case of measurements using pure tones, the loudspeakers are driven by a two-channel sine

wave generator allowing their excitations to be varied in modulus as well as in phase. With the aim

of measuring only the modifications in loudspeaker behaviour due to the incident sound field, the ex-

perimentations must free themselves of any additional effects relating to time-dependent perturbations,

71
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which may be of the same order of magnitude than the effects to be measured. Then, in order to no

longer have to take into account the 	�!� temperature drifts, the 	�!� is excited by tonebursts.

In the case of measurements using white noise, the loudspeakers are driven through the medium of

a PC-based (see Appendix A).

Let us see now which quantities have to be captured. It is very obvious which quantities are required

to obtain the input impedance, ie the input voltage � and current 
 , but it is more problematic to find an

effective measurement method suitable for the volume velocity. In our case, two methods afford a real

interest:

� the measurement of the diaphragm velocity � enables � to be calculated according to relation 2.5.

� the measurement of the in-box sound pressure �
��

enables � to be calculated, according to the

relation:

� � ����� ��� (4.1)

This last measurement method is applicable in so far as the box behaves like an acoustic compli-

ance, meaning that the acoustic mass ��� and resistance ��� can be neglected (see Appendix B).

In both cases, obtaining the measured volume velocity requires some calculations involving esti-

mated parameters: the projected membrane surface for the first one, and the net enclosure volume for

the second one. Some preliminary results lead us to think that the first method will give more accurate

results than the second one. Nevertheless, the second method will be preferred for practical reasons.
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� � �
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Figure 4.1 - ��� and ��� measured quantities

Summing up the measured quantities ��, ��, 
�, �
��

, and �
��

, figure 4.1 shows that the modifica-

tion measurements will be carried out essentially on the loudspeaker 	�!�, subjected to the 	�!�. The
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	�!� near-field sound pressure �
��

is added to the other quantities in order to control the excitations in

the case of measurements carried out using pure tone excitations, and check the sound level in the case

of measurements carried out using white noise.

4.2.2 Preliminary experiment

The aim of this preliminary experiment is to turn the attention on every potential measurement difficulty,

to determine the measurement set-up, and to validate the choice of the measurement types. It seems

essential, in this preliminary stage, to get rid of any diffraction and significant mutual effects likely to

distort the results. The measurement principle is thus chosen in order to reduce the mutual effects to a

minimum by virtue of great volume velocity differences.

The chosen configuration (fig. 4.2 and 4.3), made up of two different closed-box loudspeakers

mounted face-to-face at a distance of one meter, will also enable the orders of magnitude of modifi-

cations occurring at a loudspeaker (	�!�) subjected to an incident sound field to be predicted (see

Appendix A for equipment list).
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Figure 4.2 - Assembly diagram of a closed-box loudspeaker (���) subjected to the sound field

of another loudspeaker (���) located in far-field - pure tone excitations

The incident sound field is delivered by the closed-box system 	�!�, made up of four !:	

loudspeakers. The secondary source 	�!� is a specimen of the loudspeaker used in the calculation

part (see Section 3.2), and mounted in a small closed box of external dimensions: 0.1 x 0.16 x 0.16 �

(fig. 4.4).
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� 	 
 	 � 	 �

� � � �

� � � 

� 	 
 	 � 	 


Figure 4.3 - Picture of two different closed-box loudspeakers mounted face-to-face at a distance

of 1 m

Figure 4.4 - ��� closed-box loudspeaker made up of a driver (see Section 3.2) mounted in a

small enclosure of external dimensions: 0.1 x 0.16 x 0.16 ��) - 1/2" microphone
inside the box

In order to measure the greatest modifications of input impedance and volume velocity, a first

frequency of 200 Hz is chosen close to the 	�!� resonance. A second one, of 1 kHz, is chosen more

than two octaves higher so as to notice the expected decrease of modifications.
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In order to reduce the mutual effects to a minimum, the 	�!��� excitation levels are individually

adjusted so as to obtain the same sound pressure level 	"�
 of 120 dB in the immediate vicinity of 	�!�
membrane (at outer suspensions level). The difference of phase between input voltages is set so as to

minimize the near-field sound pressure at ��� location.

This setting determines the reference state (0Æ). The measurements are then carried out in out-of-

phasing 	�!� input voltage from 0Æ to 180Æ in 10Æ steps. The quantities ��, 
� and �
��

are recorded

during 10 seconds and converted in .wav under the software CoolEditPro, before to be post-processed

under Matlab.

Figure 4.5 shows the variations over time of the 	�!� input impedance modulus with and without

an incident sound field (tone bursts of one second every two seconds) at 200 Hz and 1kHz. These

measurements correspond to the reference state.
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Figure 4.5 - Variation over time of ��� input impedance (reference state of 0Æ)

As was expected the modifications at 200 Hz, in the order of 15 �, are much more significant than

those at 1 kHz, which are only in the order of 0.4 �.

Additionally, the second graph is quite representative of the rise of the voice-coil resistance due

to increasing temperature. However, the input resistance differences, with and without external sound

field, remain unchanged in time.

Let us now plot the 	�!� input impedance modifications corresponding to the differences between

the on/off states shown in figure 4.5, and this versus the excitation difference of phase .. Figures 4.6,

and 4.7 show the input impedance modifications in modulus and phase versus ., for 200 and 1000 Hz.

The phase difference is calculated by cross-correlation, according to the Matlab XCORR function (see

Appendix A.3).
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Figure 4.6 - Modulus and phase modifications at 200 Hz of the ��� input impedance, versus

difference of phase
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Figure 4.7 - Modulus and phase modifications at 1000 Hz of the ��� input impedance, versus
difference of phase

The orders of magnitude of phase modifications at 1000 Hz being very small, the cross-correlation

calculations show some inaccuracies. A polynomial approximation of order 4 is thus also plotted in

figure 4.7.

Let us do the same for the �
��

modifications in modulus versus .. The calculations are again carried

out at 200 and 1000 Hz (fig. 4.8).

These results show that the effects of an incident sound field on a closed-box loudspeaker can be

easily measurable in terms of input impedance  and sound pressure �
��

modifications. They thus

valid the measurement set-up. Furthermore, they also enable the sinusoidal tendency of modification

variations according to . to be highlighted, which closely matches the expected variations calculated in

Sections 3.4.3 and 3.4.4.
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Figure 4.8 - Modulus modifications of ��� inner sound pressure versus difference of phase,

at 200 and 1000 Hz

4.2.3 Description and TS parameters

From this subsection, the two loudspeaker systems 	�!� and 	�!� will be as identical as possible

(fig. 4.9), which does not mean that their parameters will be exactly the same. These small differences

could not be neglected when accurately comparing measurement results with predictions. The para-

meters of both closed-box loudspeakers will thus be first measured and then introduced individually in

calculation sheets.

�  �
�

� � � � �

�
�
��
�

� � �
� �

Figure 4.9 - Picture of ��� and ���

As explained in Appendix B, the choice of the TS parameters measurement fell on the delta compli-

ance method, in which the parameters are determined from measurements of electrical input impedances.

According to an excitation voltage of 50 mV (RMS), an example of these measured parameters is given

for both loudspeaker systems in the above mentioned appendix.
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As the accuracy of those parameters is essential and also due to the fact that, in the next sections, the

loudspeakers will be driven by different excitation amplitudes with a maximum value of 2 V, it appears

to be vital to measure the parameters at increasing input voltages.

Figures 4.10 and 4.11 show the resonance frequencies �� and �	 of both loudspeakers according

to the input voltage. They are measured without any warming up and after a warming up period of 30

minutes, carried out with the same input voltage used during the parameters measurement.
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Figure 4.10 - Resonance frequencies of the ��� measured in free and closed-box assemblies
according to the input voltage - measurements with and without any warming up
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Figure 4.11 - Resonance frequencies of ��� measured in free and closed-box assemblies ac-
cording to the input voltage - measurements with and without any warming up

The shape of the curves related to the free assemblies appears to confirm that the resonance fre-

quency �� decreases with the increasing excitation. This main tendency is much less marked in the

closed-box systems curves. This observation tends to prove that the mechanical compliance ���, cor-

responding to the inner and outer suspensions, increases with the membrane displacement. This effect

is of course less manifest when the driver is mounted in a small enclosure due to the fact that the value

of the acoustic suspension related to the enclosure volume overcomes the increase in ���. In order

to justify that the resonance frequency is mainly determined by the enclosure [12], let us calculate the

values of ��	, ��� and  , according to Section 1.5:
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��	� = 36.9 ���� ���� ���� = 42.9 ���� ����  � �� 6.1

��	� = 35.9 ���� ���� ���� = 42.9 ���� ����  � ��= 5.1

Without going further into detail, we can admit that the driver may not be regarded as a linear nor

invariant system. While it is possible to do away with this non-linear behaviour by introducing into

the calculation data TS parameters that correspond to the input voltage, it is more difficult to take into

account their time variations due to the voice-coil warming up and the ageing of the driver. Therefore,

due to the difficulty in monitoring the latter phenomena and because their orders of magnitude are higher

than those of the measurement inaccuracies, their valuation will give the tolerance margins necessary

for the error calculations.

The other required parameters are:

� the membrane radius � = 4.5 	 0.1 ��,

� the net internal box volume �� = 0.585 	 0.05 �� (see Appendix B.3),

� the source resistances ��� = 1.8 	 0.1 � and ��� = 0.8 	 0.1 � (see Appendix C), and

� the estimated compliance factor � = 1 (no filling material).

4.2.4 Experiment configurations

Now that the expected orders of magnitude of loudspeaker modifications have been highlighted, that the

feasibility of measurement process has been proved and that most of the possible difficulties have been

delimited, the study can focus on the validation part comparing measurement results with calculations.

Three experiments have been chosen starting with a simple academic case and ending with a more

realistic one, corresponding for example to the case of loudspeakers mounted in an array:

� Experiment 1: two closed-box loudspeakers mounted in an IEC baffle, corresponding to the cal-

culation case of loudspeakers mounted in an infinite baffle (see Section 4.3)

� Experiment 2: two adjacent closed-box loudspeakers, corresponding to the calculation case of

loudspeakers mounted in a limited baffle (see Section 4.4)

� Experiment 3: two distant closed-box loudspeakers (see Section 4.5)

Finally, a supplementary experiment was carried out by means of two closed-box loudspeakers

mounted face-to-face. An elementary analysis of this case showed that it involves phenomena beyond

the scope of this thesis. It was decided not to go into the subject in any greater depth. The assumptions

and ideas of investigation are nevertheless given in Appendix E, as well as the comparisons between

measurements and calculations.
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4.3 Two closed-box loudspeakers mounted in an IEC baffle

4.3.1 Aim

This first experiment is necessary to validate the calculations carried out in the simple case of two pistons

mounted in an infinite baffle (see Section 3.4). The loudspeakers 	�!� and 	�!� are those represented

in figure 4.9.
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Figure 4.12 - Two adjacent closed-box loudspeakers mounted in an IEC baffle (135 x 165 cm) -
front and back views

With the aim of validating the calculations according to input voltage (difference of phase and

amplitude), the measurements are first carried out using pure tone excitations (200 Hz) in accordance

with the preliminary experiment (see Subsection 4.2.2).

Then, with a view to validate also the calculations according to the frequency, the measurements

are also carried out using white noise excitations.

As previously, the equipment lists are given in Appendix A for both measurement methods.
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4.3.2 Measurements using pure tone excitations at 200 Hz

The measurement process and measured quantities are the same as those used in the preliminary exper-

iment (fig. 4.1).
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Figure 4.13 - Assembly diagram of two closed-box loudspeakers mounted in an IEC baffle and

driven in pure tones

	�!� and 	�!� are driven in order to produce separately the same sound pressure level 	"�
 at

	�!� outer suspensions level. The reference state is set up following the next operation sequence:

1. 	"�
 = 90 dB with �� = 0.075 V and �� = 0 V

2. 	"�
 = 90 dB with �� = 0 V and �� = 0.51 V

3. 	"�
 = 52 dB (minimum level) with �� = 0.075 V, �� = 0.51 V and . = 36 deg

It is worth noting here that the amplifiers were wired completely out-of-phase. Thus, the . reference

value is in reality -144 degree, as it can be seen in figure 4.14. Instead of repeating the measurements,

it was decided to go on with this wiring for the rest of the thesis. Therefore and in order to correspond

to the measurements, 	�!� and 	�!� excitations are introduced into calculation sheets according to a

� phase shifting. Thus, it is worth noting here that all the measurement and calculation results given in

this chapter will be upside-down relative to those of Chapter 3.

Figure 4.14 shows the near-field sound pressure level	"�
 according to excitation phase differences

. (every 10 degrees). The measured curve is compared to the two calculated ones, according to 0 and

2 iterations (see Subsection 3.4.7). The iteration number will be set by the calculations of  and �

modifications.
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Figure 4.14 - Sound pressure level �	�� radiated by the two loudspeakers together according

to � - comparisons between measurements and calculations (0 and 2 iterations)

In order to obtain the measured phase, the post-processing is again carried out by cross-correlation

of input voltage �� and current 
�, using the Matlab function XCORR. As an example, figure 4.15 shows

the post-processed input impedance in modulus and phase for the reference state of . = -144 deg,  and

 � being respectively the 	�!� input impedance without and with 	�!� action.
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Figure 4.15 - ��� input impedance over time in modulus and phase, with and without ���
action

This post-processing is also carried out for the other measurements (every 10 degrees) in order to

compute the input impedance modifications over phase difference, according to relations 3.7 and 3.8.

Figure 4.16 shows thus the post-processing results compared to the calculated  modifications in mod-

ulus and phase, according to ..

The iteration number is considered to be acceptable when the difference between two consecutive

iterations is bounded by 	���� (	�6���) for the modulus and 	 0.01 degree for the phase. These
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Figure 4.16 - ��� input impedance modifications in modulus and phase according to � - cal-

culations with 0 and 2 iterations

values were chosen with regard to the fact that they may be considered negligible compared with modi-

fication orders of magnitude, measurement uncertainties and other disturbing effects such as voice-coil

warming up,... The retained number of iterations corresponds thus to the last but one operation. In the

present case, two iterations are sufficient.

Let us proceed in the same way for the volume velocity modifications. Figure 4.17 shows the post-

processed volume velocity in modulus and phase for the reference state (. = -144 deg), � and �� being

respectively the 	�!� volume velocity without and with 	�!� action.

The phase is again post-processed by cross-correlation of in-box sound pressure �
��

and input

voltage ��. Unlike electrical measurements, the acoustical measurements appear to be corrupted by

ambient noise. This will be discussed later. Consequently, the phase plot of figure 4.17 also shows the

tolerance margin defined by �� and ��, in which � phase values are located, as well as the averages of

points.
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Figure 4.17 - ��� volume velocity over time in modulus and phase, with and without ���
action
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As the phase values �$8��� are difficult to be post-processed in an accurate way, the measured

modification �$8������ is calculated, according to relation 3.10, taking into account the �$8��� and

�$8���� average values shown in figure 4.17.

As done before for the input impedance and according to relation 3.9, figure 4.18 shows the mea-

sured and calculated � modifications in modulus and phase according to .. The measured phase modifi-

cations are completed with the tolerance margin boundaries �� and �� and with a supplementary curve

coming from time shifting post-processing.

In the same way as with the input impedance, the number of iterations necessary to calculate �

modifications is also 2.
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Figure 4.18 - ��� volume velocity modifications in modulus and phase according to � - cal-

culations with 0 and 2 iterations

In order to end this pure tone analysis, let us also compare the calculated and measured input

impedance modifications, when 	�!� input voltage is doubled, without changing any other settings or

parameters (fig. 4.19).
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Figure 4.19 - ��� input impedance modifications in modulus and phase according to �, with

 � doubled - calculation with 0, 1 and 3 iterations
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This figure highlights two important points. Firstly, the amplitude and phase curves show modi-

fications virtually twice as high as the ones of figure 4.16, corroborating the predictions calculated in

Subsection 3.4.2. Secondly, the comparisons between measurements and calculations without and with

iterations seem to justify interaction computations of higher order than one.

Finally, these results call for some comments. Figures 4.16, 4.18 and 4.19 show satisfactory sim-

ilarities between measured and calculated results. The small differences come, for the most part, from

ambient noise, post-processing inaccuracy, and uncertainties on measured TS parameters. To a lesser

degree, they can also come from the calculation hypotheses (piston modelling, uniform membrane ve-

locity, membrane subdivision, loudspeaker radius).

According to the equations of Appendix D, it is possible to compute the errors made on the TS

parameters by estimating the possible post-processing errors made on �� (	 0.1 Hz), �� (	 0.1 Hz) and

-� (	 0.5). By considering every realistically conceivable combination of the modified parameters ��,

��� and���, the error calculations have to be carried out 64 times for each driver, that comes altogether

(for two drivers) to 4096 calculated cases. To this figure can be added the measurement error of the net

internal volume ��, estimated at 	 0.05 ��, which offers the advantage of showing the same error for

the two closed boxes. Thus the error calculations should be ideally repeated 8192 times in order to find

the worst cases.

Without calculating all these cases, the computations were nonetheless carried out 128 (64x2) times

for each driver. As these results give a great number of curves surrounding the measurement ones, it

appears not really interesting to show them here. Furthermore, the resulting resonance frequencies

variations appear to be smaller than those mentioned in Subsection 4.2.3. Thus, it is rather worthwhile to

give examples of  modification variations according to three parameters, ie �� 	 0.05 ��, �	� 	 1 Hz

(realistic variations according to Subsection 4.2.3), and ��� 	 1 �. Figure 4.20 shows the comparisons

between these new modification curves and the reference one coming from figure 4.16. As previously,

these curves are computed according to 2 iterations.
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Figure 4.20 - ��� input impedance modifications in modulus and phase according to � - com-

parisons between the reference curve of figure 4.16 and six curves according to
measurement error of !�, and variations of �� and ��� (2 iterations)
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This figure shows that the variations of input impedance modifications due to the errors made on

these three significant parameters are in the order of the differences between measurements and calcu-

lations. Given, as well, that the interfering noise can not be taken into account in the calculations and

that the resulting post-processing accuracy depends on a few settings such as undersampling frequency,

averaged points number or cross-correlation windows lengths, the calculations are considered as being

validated.

4.3.3 Measurements using white noise excitations

In order to carry out measurements using white noise excitations, the two-channel generator is replaced

by a computer, as described in Appendix A. The measured quantities are otherwise the same as previ-

ously (fig. 4.1).

* + , �

�  	 � ' � � � � � ' � � � 	 �

� �  � � � 


� � � � � 
 � 	 �� � � � � 
 � 	 �

* + , !

� � � � � � 	 �
- � " " � , � $ � .

� � � � �  � 	 � � 	 � �

Figure 4.21 - Assembly diagram of two closed-box loudspeakers mounted in an IEC baffle and

driven in white noise

The measurements are carried out at four different excitation voltage ratios, ie 100, 10, 2 and 1,

with =���� always set at 2 V RMS. In order to lighten the presentation of results, the input impedance

and volume velocity modifications will be given only for ratio values of 10 and 1, the two other ratios

having nothing more to contribute, except that they confirm the results of the chosen ones.

All the measured quantities are recorded during 30 seconds, according to the excitations sequences

drawn in figure 4.22, showing the input voltages =���� and =���� generated by the PC-based.
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� � � � �

� � � � �

�
! � ! � ! " !�

Figure 4.22 - Drawing of the excitations sequences

The recorded waves =����, ����� and ������ are then post-processed. After an under-sampling, the

input impedance and volume velocity are computed according to the frequency, using the Matlab TFE

transfer functions (see Appendix A.3):

"% � # = TFE (�����, =����, NFFT, �� , WINDOW, NOVERLAP)

"�% � # = �� ��� =� TFE (=����, ������, NFFT, �� , WINDOW, NOVERLAP)

In order to obtain  and � without and with 	�!� disturbances, these computations are carried

out twice, respectively from 10 to 20 s and from 20 to 30 s. The values of NFFT, �� , WINDOW and

NOVERLAP are set case by case. The modifications of  and � in modulus and phase are then deduced

from relations 3.7, 3.8, 3.9 and 3.10.

Let us now compare measurement results with calculations. The accuracy of the latter requires

some preliminary measurements; then, in addition to the TS parameters of each driver (see Subsec-

tion 4.2.3), the measured excitation ratio is also introduced in calculation data, because it differs from

the theoretical value, due to the excitation setting inaccuracy and to the different values of TS parameters

between both loudspeakers, notably the value of �� (see Appendix C).
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The signals =���� and =���� have thus also to be post-processed using the TFE transfer function.

With the aim of making the calculations easier, the modulus and the phase of this function are approx-

imated in polynomial series of order 25. Figure 4.23 enables this function to be compared, for both

ratios, with the theoretical value of 10 (respectively 1) for the modulus, and 0 for the phase.
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Figure 4.23 - Comparison between expected (black dots) and measured excitation differences
for the two retained settings: ratio of 10 (A.) and 1 (B.) - plots of excitation ratios

and differences of phase �, according to TFE results (blacke curves) and polyno-
mial approximations of order 25 (grey curves)

Figures 4.24 and 4.25 show the measured and calculated modifications of  and �, according to

the frequency, for the excitation ratios of 10 and 1. Whilst the measured and calculated curves follow

the same tendency and have similar orders of magnitude, the comparisons show nevertheless significant

differences due, to a large extent, to various approximations, among which, those appearing to come

from the IEC baffle, given that the latter is not infinite in practice. The frequencies of 206 and 252 Hz,

corresponding to the finite baffle dimensions (165 x 135 cm), are drawn in the figures.
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Figure 4.24 - Comparisons between measured and calculated modifications of input impedance
and volume velocity in modulus and phase for an excitation ratio of 10
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Figure 4.25 - Comparisons between measured and calculated modifications of input impedance

and volume velocity in modulus and phase for an excitation ratio of 1
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Dwelling more on figures 4.24 and 4.25, two interesting phenomena can be observed. At first,

and contrary to what was observed in Section 3.4, the orders of magnitude of input impedance and

volume velocity modifications, are totally different at the system resonance. Whilst the  modifications

are greater than the � modifications at the resonance, the tendency is reversed on both sides of the

resonance. Secondly, the iteration number, calculated according to the previous subsection prescriptions

(tolerance margin of 	 0.01 �, ie 	����) for the modulus and 	 0.01 degree for the phase), increases

with the excitation ratio. This confirms the observation made in the experiment using a pure tone.

Figure 4.26 shows the differences calculated between the third and fourth iterations of the  and

� modifications given in figure 4.24. As we can see, the differences are smaller for the � calculations,

due to the lower modification values at the resonance. Although the iteration numbers are the same

here for  and � modification computations, it is expected that these numbers can be lower for the �

calculations than they are for the  calculations. They will depend on the modification values of  and

� (see Section 4.5 and Appendix E).
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Figure 4.26 - Differences between the third and fourth iterative calculations of the input

impedance (A) and volume velocity (B) modifications in modulus (black curves)

and phase (grey curves)

Finally, it is of course obvious to note that the smaller the modifications are, the more inaccurate the

post-processed results are. In order to validate calculations by experiments, all the next measurements

will be carried out according to an excitation ratio of 10.
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4.4 Two adjacent closed-box loudspeakers

4.4.1 Aim

The radiation of two side-by-side closed-box loudspeakers can be considered the same as that of loud-

speakers mounted in the same finite baffle, the dimensions of which correspond to the two front panels

of the enclosures. This configuration enables the previous one to be connected to the next one. In other

words, this assembly acts as a link between the case of two closed-box loudspeakers mounted in an

infinite baffle and that of two separated closed-box loudspeakers.

4.4.2 Measurement process

The measurement process is the same as in Subsection 4.3.3, where the loudspeakers are driven by white

noise. The equipment list is again given in Appendix A.

A first series of measurements were carried out putting the closed-box loudspeakers on a 2 m rail,

as shown in figure 4.27. While this assembly did away with most reflections, the post-processed results

were unexploitable due to some interferences, regardless of excitation ratio.

Figure 4.27 - Picture of two side-by-side closed-box loudspeakers mounted on a rail

It was then decided to put the loudspeakers simply on one of the immovable stands belonging to

the anechoic chamber, taking care to avoid any significant surface reflection disturbances (fig. 4.28).

Furthermore and in order to avoid also any mutual vibrations between the enclosures, the latter are

separated by about 0.5 mm.
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Figure 4.28 - Picture of two side-by-side closed-box loudspeakers mounted on an immovable
stand

4.4.3 Measured and calculated results

As explained in Subsection 4.3.3, the TS parameters and the measured excitation ratio are once again

introduced in the calculation data sheets. While the measurements and computations were carried out

according to the three excitation ratios of 1, 2 and 10, this section will give only the results related

to the last one corresponding to the greater 	�!� modifications. As mentioned in the previous sec-

tion, the greater the excitation ratio is, the more accurate the comparisons between measurements and

computations are.

In order to be aware of the edges diffraction effects, measurement results are first compared to

computations carried out in 2�st (infinite baffle) and 4�st. Figures 4.29 and 4.30 show these comparisons

in terms of input impedance and volume velocity modifications according to the frequency.

As previous calculations and common sense could suggest, the measured modification results are

more or less located between the curves computed in 2�st (baffled) and 4�st. Compared to computation

results, let us note in passing that the measured curves show a slight shifting toward the high frequen-

cies (especially visible on the phase curves). In order now to get closer to measurement results, the

computations can be improved by taking into account the edge diffraction effects.

In accordance with the theoretical method developed in Subsection 2.5, the geometric theory of

diffraction is thus introduced into the computation sheets. To do that, the reduced baffle made up of the

two adjacent enclosures front panels is divided into a discrete number of secondary sources. For want of

a contradictory theory, these sources are placed at regular intervals on the six diffracting edges, taking

care to avoid the four panels corners. An example of edges partition is given in figure 2.11 in the case

of 36 elements, ie 6 by edge.
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Figure 4.29 - ��� input impedance modifications - comparisons between measurements and
calculations in 2� and 4� steradian
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Figure 4.30 - ��� volume velocity modifications - comparisons between measurements and

calculations in 2� and 4� steradian

In order to be consistent with the determination of the computed iteration number, the edge division

number will be set in the same way. Carried out according to a source number multiple of 6 (from 12 to

48), the latter is considered to be acceptable when the differences between two calculations are bounded

by 	 0.01� (	����) for the amplitude and 	 0.01 degree for the phase.

Figure 4.31 shows the differences between  and � modifications calculated according to 30 and

36 edge divisions. The differences are again smaller for the volume velocity calculations, as explained

during the iteration number discussion (see Subsection 4.3.3).

According to these results, the number of edge divisions should be of 30 (five per edge), but as a

precaution and in order to avoid secondary source locations on axis + and ,, the division number choice

fell on 36 elements, ie 6 per edge.
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Figure 4.31 - Differences between input impedance and volume velocity modifications calcu-

lated with 30 and 36 edge divisions (modulus in red and phase in blue)

Finally, the measured  and � modification curves of figures 4.29 and 4.30 are compared with the

calculated ones resulting from GTD computation. The number of iterations is chosen according again

to the prescriptions of Subsection 4.3.2. The results are given in figures 4.32 and 4.33.
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Figure 4.32 - Measured input impedance modifications compared with calculations (GTD)

# � � 	

 �

 �

�

�

�

�

�

�

�

�

�

� � � � � � � � � � � � � �
� � � � � � 	 


�

� � � � � � � � � � � 

� 
 � � 
 & � � � � �  � � �  � � � � � 1 � / 5 6 � � � � � �  � �

� 
 � � 
 & � � ( � �  � � �  � � � � � � 1 � / 5 6 � � � � � �  � �

� � � � # � � � 	

 � � �

 � � �

� � �

� � �

� � �

� � �

� � � � � � � � � � � � � �
� � � � � � 	 


� � �

� � � � � � � � � � � 

� 
 � � 
 & � � � � �  � � �  � � � � � 1 � / 5 6 � � � � � �  � �

� 
 � � 
 & � � ( � �  � � �  � � � � � � 1 � / 5 6 � � � � � �  � �

Figure 4.33 - Measured volume velocity modifications compared with calculations (GTD)
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4.4.4 Comments

The comparisons between computations and measurements (fig. 4.32 and 4.33) appear to validate the

use of GTD to calculate the limited baffle edge diffraction effects when all the observation points are

located on the baffle, meaning that the observation angles /� are equal to zero. As previously mentioned,

the curves shifting toward the high frequencies is also validated by the GTD computation.

As in Subsection 4.3.2, the post-processing errors are calculated first according to the equations of

Appendix D. Without calculating all the 8192 cases, the computations were all the same carried out 128

times for each loudspeaker. The results are a series of curves surrounding the measured ones, without

however being able to be ensure that the worst cases are found. As previously carried out and explained,

it is more interesting to show the variations of calculation results according to measurement errors of

��	 0.05 �� and variations of���	 1�. These two parameters are chosen, among the others, because

they act greatly upon the accuracy of the modification results (fig. 4.34 and 4.35). In view of these results

and according to the same previously made comments, the calculations are again considered as being

validated.
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Figure 4.34 - Measured input impedance modifications compared with six calculated curves

according to !� measurement errors and ��� variations (2 iterations)
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Figure 4.35 - Measured volume velocity modifications compared with six calculated curves ac-

cording to !� measurement errors and ��� variations (2 iterations)
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4.5 Two distant closed-box loudspeakers

4.5.1 Aim and measurement process

The configuration of two separated closed-box loudspeakers makes up the outcome of the thesis. It

represents a "pseudo" realistic case, which can lead to the analysis of several loudspeakers mounted in

arrays.

The measurement process is again the same as in Subsection 4.3.3, where the loudspeakers are

driven by white noise. The equipment list is given in Appendix A. According to the same problems met

during the previous experiment, the loudspeakers are put on one of the immovable stands belonging to

the anechoic chamber, as shown in figure 4.36.

�

Figure 4.36 - Picture of two closed-box loudspeakers mounted on an immovable stand and se-

parated by a distance g

The distance 8 separating the box edges is set to two values, ie 2 and 10 cm. The latter is chosen

according to the calculation results of Section 3.6, in order to visualize the modifications decrease, while

keeping measurable orders of magnitude.

4.5.2 Measured and calculated results

As previously, the TS parameters and the measured excitation ratios are again introduced in the com-

putation sheets. In order to compare the different diffraction methods calculated in Section 3.6, the

computations are carried out four times according to the four different combinations of GTD and UTD

mentioned in Subsection 2.5.2.

Figures 4.37 and 4.38 show the input impedance modifications measured and calculated for an

excitation ratio of 10 and according to the two distances 8 of 2 and 10 cm.



4.5. TWO DISTANT CLOSED-BOX LOUDSPEAKERS 97

" � � 	

 �

 �

�

�

�

� �

� �

� �

� � � � � � � � � � � � � �

� � � � � � � 	 


�

� � � � � � � � � � � 

� 
 � � 
 & � / 5 6 � � + � � 	 � � � � � 1 � ( � �  � � �  � � � �

� 
 � � 
 & � / 5 6 � � � � � 	 � � � � � 1 � ( � �  � � �  � � � �

� 
 � � 
 & � / 5 6 � � � � � 	 � � � � � 1 � $ 5 6 � � ( � � 	 � � � � � 1 � ( � �  � � �  � � � �

� 
 � � 
 & � $ 5 6 � � + � � 	 � � � � � 1 � ( � �  � � �  � � � �

� � � � " � � � 	

 �

 �

�

�

�

�

�

� �

� � � � � � � � � � � � � �

� � � � � � � 	 


� � �

� � � � � � � � � � � 

� 
 � � 
 & � / 5 6 � � + � � 	 � � � � � 1 � ( � �  � � �  � � � �

� 
 � � 
 & � / 5 6 � � � � � 	 � � � � � 1 � ( � �  � � �  � � � �

� 
 � � 
 & � / 5 6 � � � � � 	 � � � � � 1 � $ 5 6 � � ( � � 	 � � � � � 1 � ( � �  � � �  � � � �

� 
 � � 
 & � $ 5 6 � � + � � 	 � � � � � 1 � ( � �  � � �  � � � �

Figure 4.37 - Input impedance modifications for g = 2 cm - comparisons between measurement
results and GTD and UTD calculations
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Figure 4.38 - Input impedance modifications for g = 10 cm - comparisons between measurement

results and GTD and UTD calculations

These figures show good degrees of accuracy between the measurements and the four combinations

of GTD and UTD calculations for both distances. The iteration number is again chosen according to the

prescriptions of Subsection 4.3.2. The two calculations need the same number as previously in the case

of adjacent boxes, ie 2.

Whilst the four calculation methods can be judged to be satisfactory, it is not obvious, however,

to grade them in order of efficiency, because their differences are of the same order of magnitude as

the error calculations carried out in the previous sections. Nevertheless, it is worth mentioning that the

curves calculated on the eight edges with GTD(0Æ) and UTD are very close together (< 0.012 for the

modulus and < 0.5 deg for the phase), and that the calculation results match the measurement results

more closely for the distance of 10 cm than for the one of 2 cm.
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Let us compute and post-process the volume velocity modifications in the same way. Thus, Fig-

ures 4.39 and 4.40 show comparisons between calculated and measured curves, for an excitation ratio

of 10 and according to the two distances 8 of 2 and 10 cm.
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Figure 4.39 - Volume velocity modifications for g = 2 cm - comparisons between measurement

results and GTD and UTD calculations
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Figure 4.40 - Volume velocity modifications for g = 10 cm - comparisons between measurement

results and GTD and UTD calculations

The comments on the above input impedance curves apply also to the volume velocity curves,

apart from the number of iterations which, whilst also equal to 2 at 10 cm, drops to 1 at 2 cm (see

Subsection 4.3.3).

Finally and in order to show the validation frequency domain, let us post-process and calculate these

modifications at higher frequencies. Thus, according to a distance 8 of 10 cm, figures 4.41 and 4.42

enable measured curves to GTD and UTD calculated curves to be compared up to 1.6 kHz (piston

domain higher frequency).
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Figure 4.41 - Input impedance modifications for g = 10 cm - comparisons of measurement re-
sults with GTD and UTD calculation curves up to 1.6 kHz

Whilst it is not obvious to assess the comparison between  calculated and measured curves, due

to the small modification values above system resonance frequency, they appear nevertheless to follow

the same tendency.
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Figure 4.42 - Volume velocity modifications for g = 10 cm - comparisons of measurement results

with GTD and UTD calculation curves up to 1.6 kHz

These last curves are very interesting because they bring to the fore the limits of the volume velocity

measurement method, which should normally coincide with the frequency at which the box can no more

be considered as an ideal acoustic compliance. In the present case, the curves show that the method

cannot be used accurately above 900 Hz. It is worth noting that this frequency is lower than the frequency

corresponding to the empty box first mode (1480 Hz).

4.6 Conclusion

This last part of the thesis has enabled the theories described in Chapter 2 and the calculations carried

out in Chapter 3 to be validated, by means of a series of experiments carried out in an anechoic chamber.
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This chapter started with the description of the measurement procedures chosen so as to ensure a

sufficient degree of accuracy, corresponding more or less to that of the theoretical predictions. Thus,

once the measurement set-ups were determined, a preliminary experiment was proposed in order to

validate the interaction study in terms of volume velocity (in-box sound pressure) and input impedance

modifications. This experiment enabled also a few measurement difficulties to be highlighted, such

as those related to the rise of the voice-coil resistance due to increasing temperature, as well as those

related to the non-linear and non-invariant behaviour of the TS parameters. The problems related to the

non-linearity of the latter were circumvented by introducing into the calculation data the TS parameters

measured individually for each loudspeaker at the excitation level corresponding to the one used during

the experiment. As for the non-invariant behaviour of these parameters, it will be taken into account

during the error calculations by using as tolerance margin the differences of the parameters measured

before and after a warming-up period.

After having decided on the measurement method, found solutions to counter most of the possible

difficulties and after having validated the choice of the measured quantities, the calculation validations

were carried out through three experiments corresponding to the loudspeaker configurations studied in

Chapter 3.

The first experiment allowed the interactions between two closed-box loudspeakers mounted in the

same IEC baffle to be measured. At first, this experiment was carried out using pure tone excitations

so as to measure input impedance and volume velocity modifications according to excitations ratio and

difference of phase. Then, the experiment was renewed using white noise excitations in order to measure

also the modifications according to the frequency. In both cases, the similitude between measurement

and computation results, combined with error calculations, enabled the theoretical predictions to be

validated.

In the second experiment, the IEC baffle was reduced to the dimensions of the front panels of

two closed-box loudspeakers placed side-by-side. Unlike the previous configuration, the computations

carried out in this one had to take into account the diffraction at the enclosure edges. According to the

fact that all the observation points were located on the limited baffle (observation angles equal to zero),

the diffracted field was calculated using the GTD. Showing a high degree of similitude, the comparisons

between measurement and computation results appear to validate the theoretical predictions, and in

particular the use of the GTD.

Making up the outcome of the thesis, the third configuration was identical to the previous one

with the difference that the two closed-box loudspeakers were then separated. In this case, the theory

required the use of the UTD to calculate the diffracted field corresponding to the observation points

located close to the shadow boundaries. In order to save computation time, four different combinations

of GTD and UTD were applied on the eight enclosure edges. Finally, the comparisons between the

measurement results and the four computation results showed good degrees of accuracy, and that for

different distances between the enclosures. The experiment has thus once again validated the theoretical

predictions.



General conclusion

The original contributions of this thesis appear clearly in the approaches chosen to analyse the effects of

an incident sound field on a loudspeaker. Thus, whereas these effects are generally studied as modifica-

tions of loudspeaker radiation impedance, this work analyses these modifications in behaviour in terms

of input impedance and volume velocity, the latter allowing the radiated sound pressure to be calculated

with and without taking into account the external field. The main conclusion lies in the fact that this

approach has turned out to be a judicious choice, especially with regard to the good degree of accuracy

observed in the comparison between computation and measurement results.

The orders of magnitude are such that the modifications can be calculated using numerical treat-

ments. The latter turned out to be effective already after one or two iterations. In order to validate the

calculation results, experimental techniques were chosen in order to enable these effects to be accurately

measured. Thus, it was decided to measure the behaviour modifications directly at the loudspeaker elec-

trical input terminals, in order to take into account the modifications occurring on the whole system.

This proposed input impedance measurement technique proved to be very appropriate and accurate, due

to the fact that the post-processed computations are based on two measured quantities of same nature

(electrical voltage and current). However, as this method is only effective for frequencies located close

to the system resonance, it was necessary to complete the experiment techniques by the measurement

of the volume velocity. It was decided to obtain this quantity by measuring the sound pressure in the

enclosure. Whilst this method offers the advantage of analysing the modifications in a larger frequency

domain, the measurement results are considerably more disturbed due to the different nature of measured

quantities (acoustical sound pressure and electrical voltage). Despite the presence of some interfering

noise related to the various assemblies used during the experimentations, it is not overly presumptive to

assert that the combination of these two measurement techniques enabled the theoretical predictions to

be validated in all the three configurations studied in this thesis.

Whilst the input impedance and volume velocity modifications studied in this thesis can reach

in some cases considerable orders of magnitude for one of the two loudspeakers, it is important to

note that the modifications occurring on the resulting radiated sound pressure remain mostly negligible,

especially in amplitude. These modifications are in fact of the same order of magnitude as those due

to other disturbing effects such as the voice-coil warming up or the non-linearities. However, the phase

modifications can be more problematical in applications such as active noise control for instance, where

small changes can considerably reduce the system efficiency.
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102 GENERAL CONCLUSION

The technological spin-off effects may be of two sorts. The first one is closely linked to the primary

aim of the thesis. This engineering approach consists in showing the importance of being aware of

possible disturbing effects coming from an external sound field, in order to decide whether they must be

compensated by the control or taken into account during the loudspeaker design phase. The second one

ensues from the input impedance modification analysis. As previously mentioned, the latter offers the

advantage of being easily measurable close to the system resonance. Thus, it should be interesting to

use an electrodynamic loudspeaker as a force/pressure sensor with the aim of analysing acoustic loads,

taking care of course to match the loudspeaker resonance with the frequency domain to be measured. To

do that, the input impedance has to be measured first when the loudspeaker is mounted in a well-known

reference assembly such as the one of a baffle, and then when the loudspeaker is loaded by the acoustic

impedance to be measured.

It is obvious that the methods used in this thesis can be applied to various loudspeaker assemblies,

such as for the combinations of several loudspeakers mounted in arrays, identical or different loud-

speakers mounted in the same enclosure whilst also taking into account rear interactions (column or

multidriver loudspeakers), loudspeaker mounted in vented or passive radiator box...

Finally, it would be sensible to confirm these methods by measuring other loudspeaker models,

such as woofers or tweeters, so that the identified functions of Subsections 3.4.4 and 3.4.6 could also be

put into general use. The results of volume velocity measurement could also be completed, for example,

by measurement of the cone velocity (interferometry laser). It could also be interesting to extend the

scope of this study to other loudspeaker technologies. The results could also be completed with time

domain studies, in order to analyse the modifications in loudspeaker transient responses.



Appendix A

Test bench

A.1 General principle

The heart of the test bench is a PC-based data acquisition system. It comprises an input/output device

with AD and DA converters TANGO 24 - Frontier, a digital input/output card DAKOTA placed in a slot

of a MEM 400 PC. This equipment enables measurement signals to be easily generated and controlled

(sinus wave, white noise,...), as well as data acquisition to be carried out (voltages, sound pressure,...).

The basic sampling frequency is 48 kHz with uniform 24-bit quantization. There are 16 inputs and

16 outputs.

The measurement process includes the two successive parts corresponding to the acquisition of

quantities to be measured, and to the computation of the related values. The main softwares are CoolEdit

and Matlab. The first one enables events to be digitally recorded (.wav files), while the second one is

used for digital post-processing (Mathematica is also used in particular cases). The lengths of recorded

samples are 10 or 30 seconds, according to the type of acquisition.

According to the required measurements, others devices were necessary, such as power amplifiers,

measurement amplifiers, microphones, shunt resistance,... The following lists specify the equipment

used for the various experiments.

A.2 Equipment lists

A.2.1 Experiment of Subsection 4.2.2

The equipment list below refers to figure A.1.

1 Generator Multifunction Synthesizer HEWLETT PACKARD 8904A

2 Tone-Burst Generator GENERAL RADIO 1396-B

3 Power Amplifier AUDIOPERFORMANCE P211
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Figure A.1 - Assembly diagram of the measurements using pure tones

4 Power amplifier QUAD 50E

5 4 loudspeakers PHL in a closed box LEMA (	�!� in figure 4.3)

6 1 loudspeaker Tannoy 367X in a closed

box

LEMA (	�!� in figure 4.3)

7 Precision shunt resistor 1 � AOIP 501RE3

8 Microphone 1/2" 10 mV/Pa BRUEL � KJAER 4134 + 2639

9 Microphone 1/4" 1.4 mV/Pa BRUEL � KJAER 4136 + 2639

10-11 Measurement amplifiers BRUEL � KJAER 2636

12 AD converters TANGO 24 - FRONTIER Design Group

13 Digital input card DAKOTA

14 Computer MEM 400

The 1 � precision shunt resistor enables the loudspeaker input impedance to be measured.

A.2.2 Experiment of Subsection 4.3.2

The equipment list is the same as the previous one, excepted for the loudspeaker 5 (	�!�) and its

amplifier, which become:

3 Power Amplifier QUAD 50E

5 1 Tannoy 367X loudspeaker in a closed

box

LEMA (	�!� in figure 4.12)
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A.2.3 Experiments of Subsection 4.3.3, Sections 4.4 and 4.5, and Appendix E
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Figure A.2 - Assembly diagram of the measurements using white noise

The equipment list is the same as the one of Subsection A.2.1, where � and � are removed. The

excitation signals are generated by ��, �� and ��.

A.3 Matlab functions

The two main Matlab functions used during the post-processing computations are defined below [7].

� Matlab definition of XCORR: Cross-correlation function estimates

� � *�>���4%��, where A and B are length M vectors (M>1), returns the length 2*M-1

cross-correlation sequence C. If A and B are of different length, the shortest one is zero-padded.

� Matlab definition of TFE: Transfer Function Estimate

?�� � ?���*%@%A��?% ��%B
A5>B � estimates the transfer function of the system with

input X and output Y using Welch’s averaged periodogram method. X and Y are divided into

overlapping sections, each of which is detrended, then windowed by the WINDOW parameter,

then zero-padded to length NFFT. The magnitude squared of the length NFFT DFTs of the sec-

tions of X are averaged to form !��, the Power Spectral Density of X. The products of the length

NFFT DFTs of the sections of X and Y are averaged to form !�� , the Cross Spectral Density of



106 APPENDIX A. TEST BENCH

X and Y. ?�� is the quotient of !�� and !��; it has length NFFT/2+1 for NFFT even, (NFFT+1)/2

for NFFT odd, or NFFT if X or Y is complex. Specifying a scalar for WINDOW, a Hanning

window of that length is used. �� is the sampling frequency which does not effect the transfer

function estimate but is used for scaling of plots.

"?+,% � # � ?���*%@%A��?% ��%B
A5>B%A>� ��	4! � returns a vector of frequen-

cies the same size as ?�� at which the transfer function is estimated, and overlaps the sections of

X and Y by NOVERLAP samples.



Appendix B

TS parameters measurement

B.1 Method

The TS parameters are determined according to the delta compliance method, that is to say by measuring

the loudspeaker input impedance  versus frequency, first in a free assembly and secondly in an empty

box assembly.

This method is based on the properties of  which can be written:

 � �� �
�����

���

������� �
��
��

�������� � ������� �
��
�� � �

(B.1)

The quantities to be measured are:

1. the voltage � at the loudspeaker terminals

2. the loudspeaker input current 
 (a shunt resistor of 100 � is inserted instead of the 1 � in certain

cases)

The necessity of the common ground (unbalanced inputs) leads to a phase reversal, ie � % �

���� 
 (or - 
 for the resistor of 1 �).

The data acquisition refers to the method given in Appendix A for the measurements carried out

using white noise.

B.2 Post-processing

In order to save computing time, the signals are undersampled at 6 kHz. The frequency range is limited

from 50 to 1600 Hz.
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The parameters are deduced from the two reduced input impedance frequency response curves (free

air and closed-box assemblies), calculated using the Matlab TFE function.

The calculation is resumed below:

� .wav recording of the two voltages (at loudspeaker and shunt resistor terminals)

� Resampling at 6 kHz

� Computation of the input impedances using the Matlab TFE function

� Calculation of the input impedance in modulus  and phase &&

� Search of the impedance minimum

� Comparison between the latter and the ohm-meter measured ��.

� Calculation of the reduced input impedance - � ���

The TS parameters may then be calculated from these reduced impedance curves, as follows:

� Search of � and -� (respectively  and - maximum values)

� Choice of -� (chosen where the curve shows a good symmetry), normally -� �
�
-�, but here -�

is set to � � ��-� � ����

� Search of an estimated frequency �� where the curve reaches its maximum value

� Search of the frequencies �� and �� such that -���� � -���� � -�

� Calculation of resonance frequencies ���	 �
�
����

� Calculation of mechanical quality factors �����	 �
����
�����

�
��
�
���

�

��
�
��

� Calculation of electrical quality factors �����	� �
'�����

����

� Calculation of total quality factors �����	� �
'�����

��

� Calculation of the compliance ratio  � ��'��

��'��
� �

� Calculation of ��� �  ��, �� being measured previously

� Verification of the acoustic losses ratio �����

��
� �� '��

�� '��

� Verification of the masses ratio ��������

�����������
� ��'��

��'��

� Comparison between the resonance frequencies ���	 and the frequencies correponding to &&��� �

�
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B.3 Example of TS parameters determination

This section gives the TS parameters determination, for an excitation of 50 mV, of the two Tannoy

loudspeakers 367X used during the experiments.

The net internal volume of the enclosure is determined as the empty box and driver lodging hole

volumes minus magnet and cabinet volumes, ie ����� �� 0.7273 + 0.1414 - 0.2837 �� 0.585 	 0.05 ��.

The determination of the parameters follows the procedure of Section B.2.

	�!�

��� = 6.6 � ��� = 68.8 Hz ���� = 0.69 ���� = 2.62 ���� = 0.55

���� = 3.59 l �	� = 181.7 Hz ��	�� = 1.87 ��	� = 6.67 ��	�� = 1.46

	�!�

��� = 6.8 � ��� = 73.8 Hz ���� = 0.87 ���� = 2.99 ���� = 0.67

���� = 2.99 l �	� = 183.5 Hz ��	�� = 2.13 ��	� = 7.13 ��	�� = 1.64

Figures B.1 and B.2 show the reduced impedance curves in free and closed-box assemblies, and

give the results of the Matlab determination of TS parameters:
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Figure B.1 - ��� TS parameters based on the measured input impedances in free and in
closed-box assemblies
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Figure B.2 - ��� TS parameters based on the measured input impedances in free and in

closed-box assemblies

The check on the acoustic losses ratio, assumed to be close to unity, gives:

for 	�!�: 0.98

for 	�!�: 1.01

The check on the acoustic masses ratio, assumed to be close to unity, gives:

for 	�!�: 1.04

for 	�!�: 1.04

In addition to this method, the calculation sheet gives an other estimation of �� and �	, ie when the &&���
is zero. The results give:

��� = 68.8 Hz �	� = 182.2 Hz

��� = 73.3 Hz �	� = 184 Hz

The comparison between both methods gives differences of 	 0.6 Hz at the most, which are quite

acceptable within the framework of our study.



Appendix C

Source output resistance measurement

The �� resistance value includes the resistance associated to:

� the output amplifier (Quad 50 E with an output transformer),

� the connecting wires (from amplifier to loudspeaker terminals in the anechoic chamber), and

� the connectors,

without forgetting the value of the shunt precision resistor (1 �).

Its measurement was made by replacing first the loudspeaker by precision resistors ����� of 10

and 100 � and finally in open-circuit. The voltages across and at the terminals of ����� are measured

at the three frequencies 50, 200 and 500 Hz.

The following graphs give the output voltage versus the current for the two Quad amplifiers (their

input voltages were 50 mV in all cases).

Based on equations written in figures C.1 and C.2, the �� values are finally chosen for 	�!� and

	�!�, as:

� ��� = 1.8 	 0.1 �

� ��� = 0.8 	 0.1 � (without shunt resistor)
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Figure C.1 -  ��"�� measured for three ����� values (10, 100, � �) and three frequencies

(50, 200, 500 Hz)
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Figure C.2 -  ��"�� measured for three ����� values (10, 100, � �) and three frequencies

(50, 200, 500 Hz)



Appendix D

Errors calculation

The errors are calculated according to the propagation laws of maxima errors (positive and negative

signs). Both final results are thus obtained by the most pessimistic combinations of all the fluctuating

parameters. This calculation method [6, 10] may be written in its general form as:

 , �

��
���

Æ,

Æ+�
 +� �C$ , � ��+�% +�% +% 666% +�� (D.1)

D.1 TS parameters

Measured and calculated according to the procedure described in Appendix B, the TS parameters can

gently fluctuate depending on the uncertainties related to the frequency ��, the frequency ��, the re-

duced impedance -� and the net internal volume ��, as followed:
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Appendix E

Two face-to-face closed-box loudspeakers

E.1 Aim and process

The configuration of two closed-box loudspeakers mounted face-to-face also appears to be of interest in

order to analyse the number of iterations necessary to calculate  and � modifications for highly coupled

loudspeakers.

The measurement process is again the same as in Subsection 4.3.3, where the loudspeakers are

driven by white noise. The equipment list is given in Appendix A. The loudspeakers are put on a rail of

2 m (fig. E.1)

Figure E.1 - Assembly picture of two face-to-face closed-box loudspeakers mounted on a rail
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The iteration number being directly related to the distance between loudspeakers, the measure-

ments are carried out according to different 8, ie 50, 20, 10 and 5 cm. Although no probable specific

technological needs are met for small distances between the boxes, this case is nevertheless interesting

due to the fact that it may bring into play a large amount of iterations. As previously, this number is

considered to be acceptable when the differences between two consecutive iterations are bounded by 	
0.01 � for the modulus and 	 0.01 degree for the phase.

The calculations are carried out according to the GTD method. The comparisons between measured

and calculated results let appear that the 	�!��� sound pressures calculated at the 	�!��� surface must

be multiplied by a factor due to the presence of the 	�!��� box, which acts as an infinite baffle for each

little 	�!��� radiating surface. We shall assume as a rough approximation that the wall is rigid, which is

of course not correct given that the walls are in reality the membranes of the moving drivers. According

to image source theory, this factor, called �� in the following, decreases when 8 increases. Given that the

diffraction effects are only calculated at emission for both closed-box loudspeakers, �� also comprises

the diffraction effects at the other box edges.

E.2 Results

According to the four distances 8, the results coming from figures E.2, E.3, E.4, and E.5 are given in

the table below, mentioning in each case the value found for �� and the iteration number necessary to

calculate  and � according to the above prescriptions:

distance g 50 cm 20 cm 10 cm 5 cm

figure number E.2 E.3 E.4 E.5

factor �� 1.45 1.85 2.2 2.7

 iteration number 1 2 5 16

� iteration number 0 2 3 9

In the first measurement case (8 = 50 cm), the � modifications are spoilt by mistakes most likely

coming from the small modification values and from the rail vibrations. Those disruptive factors have to

be overcome to compare measurement results with calculations, that is why a polynomial approximation

of order 40 has been computed.
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Figure E.2 - Input impedance and volume velocity modifications for � = 50 cm - comparisons
between measurements and calculations
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Figure E.3 - Input impedance and volume velocity modifications for � = 20 cm - comparisons

between measurements and calculations
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Figure E.4 - Input impedance and volume velocity modifications for � = 10 cm - comparisons

between measurements and calculations
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Figure E.5 - Input impedance and volume velocity modifications for � = 5 cm - comparisons
between measurements and calculations
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E.3 Comments

The fact that �� reaches values exceeding 2 confirms that it does not come only from image source

contributions. This factor decreases in a pseudo-logarithmic way, as shown in figure E.6.

�
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Figure E.6 - Image source factor decrease with distance g

As we can see, the number of iterations can require a large amount of calculations when the loud-

speakers are located very close together. This is due to the huge orders of magnitude of  (1500 � and

140 deg) and � modifications (60 � and 30 deg).

Whilst the calculations (corrected by ��) of  modifications correspond accurately to the measure-

ments, the comparisons between measured and calculated � modifications lead us to assume that �� must

be a function varying according to the frequency. As these considerations go beyond the scope of this

thesis, it has been decided not to go into this configuration analysis in greater depth.
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Glossary of terms

� � Radius of the projected surface

�$8������ �$� Volume velocity modifications in phase

�$8����� �$� Input impedance modifications in phase

� ��	 Speed of sound

" � Distance to the piston centre

� �� Frequency

�	 �� Resonance frequency of a closed-box loudspeaker

�� �� Resonance frequency of a loudspeaker in an infinite baffle

8 � Distance between enclosures

� ����� Wave number

� � Number of edge divisions

� � Second piston surface division number

��� ����� Acoustic mass associated to ���
��� ����� Acoustic radiation mass

��� ����� Acoustic mass equivalent to ��
�� �� Mass of the moving system

) � First piston surface division number

� �� Sound pressure

�
��

�� 	�!� sound pressure at the immediate vicinity of	�!� mem-

brane

�
�

�� Pressure generator

�
��

�� In-box sound pressure

�
��

�� Near-field sound pressure

� ��	 Volume velocity

���� � Volume velocity modifications in modulus

$ � Distance between pistons centres

2� � Distance from diffracting edge element � to observation point

� ��	 Loudspeaker membrane velocity

�� ��	 Membrane velocity due to an external force

- � Reduced input impedance
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�� %� Electrodynamic coupling coefficient

��� ���� Acoustic compliance corresponding to the closed box

��� ���� Acoustic compliance equivalent to ���
��� ��& Mechanical compliance of loudspeaker suspensions

�� ' Capacitance corresponding to ��
�� ' Capacitance corresponding to ���

 ( Current across the loudspeaker

� ) Induced voltage

� & Excitation force

� �� & 	�!� force on 	�!� membrane

� ��� & External force on loudspeaker membrane

� � & Source force corresponding to ��
� � � "Image source" factor

� �� & Medium reaction force

	� � Inductance of the voice coil

	� � Inductance equivalent to ���
��	 � Electrical quality factor of a closed-box loudspeaker

��	 � Mechanical quality factor of a closed-box loudspeaker

��	 � Total quality factor of a closed-box loudspeaker

�� � Electrical quality factor of a loudspeaker in an infinite baffle

��� � Mechanical quality factor of a loudspeaker in an infinite baffle

�� � Total quality factor of a loudspeaker in an infinite baffle

� � Shunt Resistance

��� �� Acoustic resistance associated to ���
��� �� Acoustic resistance equivalent to �� ���
��� �� Acoustic resistance of enclosure losses due to leakage

��� �� Acoustic radiation resistance

��� �� Acoustic resistance equivalent to ���
�� � DC resistance of loudspeaker voice coil

�� � Output resistance of source including cables and connectors

�� � Amplifier output resistance

����� � Measurement resistance

��� �� Mechanical loss resistance

�� � Electrical resistance equivalent to ���
�� �� Effective projected surface area of loudspeaker diaphragm

� ) Voltage at the loudspeaker terminals

�� ) No-load voltage of a real voltage source

� � ) Induce voltage inverse

��� � Equivalent volume of air of a loudspeaker compliance
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V� � Net internal volume of the enclosure

*�� �� Acoustic radiation reactance

 � Loudspeaker input impedance

�� �� Acoustic impedance of the box

�� �� Acoustic radiation impedance

	 �� 	�� Characteristic acoustic impedance (�c)

�� �� Mechanical impedance corresponding to the mechanical and

electrical parts of the loudspeaker

��� � Input impedance modifications in modulus

�� �� Mechanical impedance corresponding to ��

 � Compliance ratio

� � Compliance factor

. ��� Excitations difference of phase

& ��� Angle to piston centre

3 � Wavelength

3� ��� Reflection angle at the diffracting edge element �

/� ��� Observation angle at the diffracting edge element �

� ���� Air mass density

� ����	 Angular frequency (2�� )

� $�" Enclosure half wedge angle
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Acronyms and abbreviations

AD/DA Analog Digital / Digital Analog

AES Audio Engineering Society

DAGA Deutsche Arbeitsgemeinshaft für Akustik

DC Direct Current

EPFL Ecole Polythechnique Fédérale de Lausanne

Swiss federal Institute of Technology Lausanne

ETH Eidgenössische Technische Hochschule Zürich

Swiss federal Institute of Technology Zurich

GEA Groupement Electroacoustique de la SFA

Electro acoustics group of SFA

GTD Geometric Theory of Diffraction

IEC International Electrotechnical Commission

JAES Journal of the Audio Engineering Society

JASA Journal of the Acoustical Society of America

JSV Journal of Sound and Vibration

LEMA Laboratoire d’Electromagnétisme et d’Acoustique

Laboratory of Electromagnetics and Acoustics

LCCCN Library of Congress Catalog Card Number

LSP Loudspeaker

NDT Independent Nondestructive Testing

PPUR Presses Polytechniques et Universitaires Romandes

RMS Root Mean Square

SFA Société Française d’Acoustique

French Acoustical Society
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SSA Société Suisse d’Acoustique

Swiss Acoustical Society

TFE Matlab Transfer Function Estimate

TS Thiele and Small

UTD Uniform Theory of Diffraction

XCORR Matlab Cross-correlation function estimates
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