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Abstract

A push-pull electret loudspeaker is a flat type loudspeaker, and it is made with
the thin and light electret material. The absence of low frequency response is a
defect of the push-pull electret loudspeaker. Therefore, the subwoofer system is
adopted to recover the low frequency response. The combination of the push-pull
electret loudspeaker and the subwoofer can provide a complete audio system.

Via the electrical impedance measurement, the curve fitting and added mass
method, the T-S parameters of the subwoofer can be identified. The conventional
lumped parameter model of the subwoofer can be established using the EMA
analogous circuit and T-S parameters. Next, the conventional lumped parameter
model is employed to the simulation of vented-box system. The constrained
optimization technology was also employed to find the design that can enhance the
low frequency response of the vented-box system.

The push-pull electret loudspeaker is also analyzed in this thesis. A fully
experimental modeling technique and a design optimization procedure are presented
for push-pull electret loudspeakers.  Conventional electrical impedance-based
parameter identification methods are not completely applicable to electret speakers

due to the extremely weak electromechanical coupling.  This prompts the



development of a new experimental technique for identifying the electroacoustic
parameters of the electret speakers. Mechanical parameters are identified from the
membrane velocity measured using a laser vibrometer.  The voltage-force
conversion factor and the motional impedance are estimated, with the aid of a test-box
method. This experimentally identified model serves as the simulation platform for
predicting the response of the electret loudspeaker and optimizing the design.
Optimal parameters are calculated by using the simulated annealing (SA) algorithm to
fulfill various design goals and constraints. Either the comprehensive search for
various parameters or the simple search for the optimal gap distance can be conducted
by this SA procedure. The results reveal that the optimized design has effectively

enhanced the performance of the electret loudspeaker.
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1. Introduction

Loudspeakers are key components for many 4C (Computer, Communication,
Consumer electronics, Cars) products. In this thesis, the subwoofer and push-pull
electret loudspeaker will be discussed. The loudspeaker based on the electret
technology is a flat type loudspeaker. The loudspeaker is made of thin and light
electret material, which lends itself very well to space-concerned applications.
However the absence of low frequency response is the defect of the electret
loudspeaker.  Therefore the subwoofer system is adopted to recover the low
frequency response. The combination of the electret loudspeaker and the subwoofer
can provide a complete audio system.

The subwoofer discussed in this thesis is primarily dynamic moving-coil type.
The electroacoustic model of dynamic subwoofer involves electrical, mechanical, and
acoustical domains. At the low-frequency regime, a loudspeaker can be modeled
with electro-mechano-acoustical (EMA) analogous circuits and lumped parameters
[1]-[4]. For dynamic loudspeakers, vented-box design has traditionally been used as
a means for bass enhancement. Thiele [5], [6] and Small [7]-[10] have laid the
theoretical foundation for vented-box design in a series of classical papers. Bai and
Liao [11] applied the vented-box idea for designing acoustical enclosures of miniature
loudspeakers for mobile phones. Along the same line, this thesis extends the
previous idea to visualize the problem of interactions between the loudspeaker and the
acoustical enclosure with a cavity and a port from a more universal and systematic
perspective. The port and duct system is modeled as either a lumped mass or a
transmission line.

Electret loudspeakers are the electrostatic loudspeakers with pre-charged

membranes. Electret loudspeakers offer advantages of compactness, light weight,



excellent mid and high frequency reproduction, high electroacoustic efficiency,
waiver of externally bias circuit, etc.[12] Due to these characteristics, the
loudspeakers have promise in the application to consumer electronics.

Electret materials have been studied by several researchers. Lekkala and
Paajanen [13] introduced a new electret material, ElectroMechanical Film (EMFi), at
the turn of the century. Not before long, EMFi was applied to microphones,
actuators and even loudspeaker panels.[14] Cao et al. [15] discussed the relationship
between the microstructures and the properties of the electret material, where the
electret properties of the porous PTFE (polytetrafluoroethylene) were studied. It is
found that the porous dielectrics can be good electret materials. Recently, Chiang et
al. [16] proposed the nanoporous Telflon-FEP film that allows for higher charge
density stored in the film with improved stability. The nanoporous electret material
was applied to flexible electrostatic loudspeakers.[17] Their electret diaphragms are
made of fluoro-polymer with nano-meso-micro pores precharged by the corona
method.

It was not until recently that Mellow and Karrdinen conducted a rigorous
theoretical analysis of electret loudspeakers.[18]-[19] Transducers with single-ended
and push-pull constructions are investigated in terms of the static force acting on the
diaphragm and the stored charge density. Bai et al. suggested a hybrid modeling
approach combining experimental measurement and finite-element-analysis (FEA) for
a single-ended electret loudspeaker.[20] Experimental verification reported in the
work revealed that the single-ended loudspeaker suffered from high nonlinear
distortion problems.

This section aims at three purposes. First, electret loudspeakers in push-pull
construction are proposed in order to reduce the nonlinear distortions encountered in

the single-ended device. Second, a more accurate fully experimental modeling
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technique is suggested to estimate the lumped parameters of the equivalent circuits
without resorting to FEA. Because the coupling between the electrical and
mechanical systems is extremely weak, the parameters of the mechanical system are
unidentifiable using the electrical impedance measurement.[1]-[3] To overcome the
difficulty, a test-box approach in conjunction with laser measurement is taken in this
paper. Third, on the basis of the preceding simulation model, an optimization
procedure using simulated annealing (SA) algorithm [21]-[23] is developed, aiming at
optimizing design parameters of electret loudspeakers to maximize the SPL output

and the bandwidth as well.



2. Theory and Method

A loudspeaker is an electroacoustic transducer that converts the electrical signal
to sound signal. The processes of the transduction are complex. These cover the
electrical, mechanical, and acoustical transduction. In order to model the process of
the transduction, the EMA analogous circuit can be used to simulate the dynamic
behavior of the loudspeaker. The circuit is overall and decomposed to electrical,
mechanical, and acoustic part. A loudspeaker is characterized by a mixed of

electrical, mechanical, and acoustical parameters.

2.1 Electrical-mechanical-acoustical analogous circuit

The concept of the electric circuit often applied to analyze transducers in the
electrical and mechanical system. The technique analysis of the electric circuit can
be adopted to analyze the transduction of the mechanical and acoustical system. The
simple diagram of EMA analogous circuit is shown in Fig. 1. The subject of EMA
analogous circuit is the application of electrical circuit theory to solve the coupling of
the electrical, mechanical and acoustical system. The EMA analogous circuit is
formulated by the differential equations of the electrical, mechanical, and acoustical
system and the differential equations can be model by the circuit diagram. The rules
of analytic methods are follows. For the electromagnetic loudspeaker, the
diaphragm is driven by the voice coil. The voice coil has inductance and resistance
which are defined R; and L.. The term R. and L. are the most common
description of a loudspeaker’s electrical impedance. In order to model the
nonlinearity of inductance, a resistance R{ can be parallel connected to inductance.
Thus, the electrical impedance of loudspeaker is formulated as:

Z =R +(jolg /IRL) (1)



When the current (i) is passed through the voice coil, the force ( ) is produced
and that drives the diaphragm to radiate sound. The voltage (e) induced in the voice
coil when it movies with the mechanical velocity (u). The basic electromechanical
equations that relate the transduction of the electrical and mechanical system are
listed.

f =Bl )
e=Blu 3

Here, electro-mechanical transduction can be modeled by a gyrator. So, the

loudspeaker impedance is formulated as:

2
7-8_7 . B
i Zy, +Zya

(4)
where Z,, is the mechanical impedance and Z,, is the acoustical impedance
reflecting in mechanical system as shown in Fig. 1 (b).

A simple driver model is shown in Fig. 2. This simple driver model can be
used to describe the mechanical dynamics of the electromagnetic loudspeaker. Force
( ) is produced according to the Egs. (2). Vibration of the diaphragm of the
loudspeaker displaces air volume at the interface. The primary parameters of the
simple driver are the mass, compliance (compliance is the reciprocal of stiffness) and
damping in the mechanical impedance. The acoustical impedance is induced by the
radiation impedance, enclosure effect and perforation of the enclosure.  f; is the
force that air exerts on the structure. The coupled mechanical and acoustical systems

can be simplified as :

MypX = f_CL_RMsX_fs ®)

MS

where M,,, is the mass of diaphragm and voice coil, f is the force in newtons,
fs is the force that air exert on the structure, C, is the mechanical compliance,

Rys 1S the mechanical resistance and x is the displacement.



M o (S)(j@)*X(s) = f(s) - é(s)

Mo (5) jou(s) = f (s) - ,—Z,(cs) CRyU(s) - .

MS

—Rys Jox(s) - f, (6)

f=(2Zy +2Z,)u(s) ()

where Z,, = joM,,, + Rys +-

is the mechanical impedance and Z, is the
MS

acoustical impedance.
f,=2,u (8)

The acoustical impedance primarily includes radiation impedance, enclosure
impedance, and perforation of the enclosure. The acoustical impedance can be
formulated as:

Ly=Lp+ Ly ©)

The general acoustic circuit is shown in Fig. 3 (). The Z,. means the
impedance in the front of diaphragm and Z,, means that in the back side. In
general, the circuit would turn to Fig. 3 (b) the general form in the electronics. The
following discussion will use this kind of circuit.

The two basic variables in acoustical analogous circuit are pressure p and
volume velocity U . Because of using impedance analogy, the voltage becomes
pressure p and current becomes volume velocity U . Therefore, the ground of
this circuit showing in Fig. 3 means the pressure of the free air. Thus, it also can
employ the concept about the mechanical system and the acoustical system can be
coupled by the below two equations.

fo=S,p (10)
U=S,u (11)

The equation f, =S p represents the acoustic force on the diaphragm

generated by the difference in pressure between its front and back side, where S, is

the effective diaphragm area and p is the difference in acoustic pressure across the
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diaphragm. The volume velocity source U =S u represents the volume velocity
emitted by the diaphragm. From the Egs. (10), the pressure difference between the
front and rear of the diaphragm is given by

P=U(Zy +Z4) (12)

Using Egs. (10) and (11), force field can be transformed to pressure field.

2.2 The method of parameter identification

Almost all of the useful loudspeaker parameters had been defined by other
researchers before Thiele and Small. However, Thiele and Small made these
parameters in a complete design approach and shown how they could be easily
determined from impedance data.

The added mass method (Delta mass method) and curve fitting method are
chosen to calculate the Thiele and Small parameters. Modifying the mass of the
diaphragm will induce the alteration of the resonant frequency. The curve fitting
employs the impedance of system to calculate the parameters of Thiele and Small

precisely. Both methods are explained in the following section.

2.2.1 Curve fitting method

The curve fitting method is used to calculate Q. and the result is more

accurate. The procedure of the curve fitting method is explained as follows.
(@) Choose the ( ! ) to be become the basic element that it fit a

JoM +R+——
JaC

peak of the impedance curve. Because the purpose of the method is to fit the
mechanical part, the electrical part can be obtained previously.
(b) Choose the fitting range in the impedance curve. If the range of the

impedance curve is chosen broadly, result of the fitting is poor. Therefore, the
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range that starts and ends both sides of peak enclosures the peak, and it can be
chosen. Then, the peak will fit better and it is obtained second order system
transfer function.

(c) We compare the coefficient between the second order transfer function and

1
s’ + 28w, + o,

~ , then the parameters @, and Qs are solved.

o, =21 f
1
QMS - E (13)
RE
QES - QMS (R_) (14)

ES

2.2.2 Added mass method
The resonance frequencies of the subwoofer diaphragm without and with the

added mass can be written as

@, = (15)

‘M, Tam,)C, | (19)

where AM, denotes the added mass expressed in the acoustical domain, M, and

C, denote acoustical mass and compliance, respectively. Solving Egs. (15) and (16)

simultaneously for M, and C, yields

1 1 1
C,= —_— 17
A AMA(a)n2 a)fJ (17
1
M, = 18
A=, (18)

This corresponds to the mechanical mass and compliance

M, =M,S? (19)
C
Cus :S_Qv (20)
D



where S, is the effective area of the loudspeaker diaphragm (approximately 60% of

the nominal area). Finally, the motor constant (Bl) and the mechanical resistance

(Rys ) can be estimated as follows:

Bl= | e (21)
@5CysQgs
Rus :% (22)
Ms

And the lossy voice-coil inductance can be calculated, using the following method:

Ze(jo) = (jo)" Le

R, = {#} o, L. = {#} o™ (23)
cos(nrz/2) cos(nrz/2)

(n=1:inductor; n=0:resistor)
The parameters n and L, can be determined from one measurement of Z,. at a

frequency well above f, , where the motional impedance can be neglected

ZE:ZVC_RE
In|Z,|-In|z z
1o L[ M@ | _Injza -z Jz] (24)
90 Re(Zg) | Inaoy-Ine "

The method to calculate lossy voice-coil inductance is described [20].

2.3 Modeling acoustical systems

Electroacoustics is using the analogous circuit to model the acoustical behavior
including acoustic mass, acoustic resistance and acoustic compliance.  The
impedance type of analogy is the preferred analogy for acoustical circuits. The
sound pressure is analogous to voltage in electrical circuits. The volume velocity is

analogous to current.



2.3.1 Acoustic impedance
Acoustic resistance is associated with dissipative losses that occur when there is
a viscous flow of air through a fine mesh screen or through a capillary tube. Fig. 4(a)
illustrates a fine mesh screen with a volume velocity U flowing through it. The
pressure difference across the screen is given by p=p,—p, , wherep, is the
pressure on the side that U enters and p, is the pressure on the side that U exits.
The pressure difference is related to the volume velocity through the screen by
p=p-p,=RU (25)
where R, is the acoustic resistance of the screen.  The circuit is shown in Fig. 4(b).
Theoretical formulas for acoustic resistance are generally not available. The
values are usually determined by experiments. Table 1 gives the acoustic resistance
of typical screens as a function of the area S of the screen, the number of wires in the

screen, and the diameter of the wires.

2.3.2 Acoustic compliance

Acoustic compliance is a parameter that is associated with any volume of air that
is compressed by an applied force without an acceleration of its center of gravity.
To illustrated an acoustic compliance, consider an enclosed volume of air as
illustrated in Fig. 5(a). A piston of area S is shown in one wall of the enclosure.
When a force f is applied to the piston, it moves and compresses the air. Denote the
piston displacement by x and its velocity by u . When the air is compressed, a
restoring force is generated which can be written f =k, x, where k,, is the spring
constant. (This assumes that the displacement is not too large or the process cannot be
modeled with linear equation.) The mechanical compliance is defined as the

reciprocal of the spring constant. Thus we can write

10



X 1
f=k,x=—=—udt 26
=g CMI (26)

This equation involves the mechanical variables f and u. We convert it to

one that involves acoustic variables p and U by writing f =pS and u=U/S

to obtain

1 1
= Udt =— |Udt 27
p sszf c | 27)

This equation defines the acoustic compliance C, of the air in the volume. It is
given by
C,=S%C, (28)
An integration in the time domain corresponds to a division by jo for phasor

variable. It follows from Egs. (27). That the phasor pressure is related to the phasor

volume velocity by p= Thus the acoustic impedance of the compliance is

_bp 1

ATU jwC,

(29)

The impedance which varies inversely with j@ is a capacitor. The analogous
circuit is shown in Fig. 5(b). The figure shows one side of the capacitor connected
to ground. This is because the pressure in a volume of air is measured with respect to
zero pressure. One node of an acoustic compliance always connects to the ground
node. The acoustic compliance of the volume of air is given by the expression

derived for the plane wave tube. It is

\%

Ch=—s
A pC2

(30)

2.3.3 Acoustic mass

Any volume of air that is accelerated without being compressed acts as an
acoustic mass. Consider the cylindrical tube of air illustrated in Fig. 6 (a) having a
length | and cross-section S. The mss of the air in the tube is M, = p,SI. If

11



the air moved with velocity u, the force required is given by f =M,, d%t' The
volume velocity of the air through the tube is U =Su and the pressure difference
between the two endsis p=p,—p, = % It follows from these relations that the

pressure difference p can be related to the volume velocity U as follows:

M, du_M,du_ . du

=p —-p, = = = 31
PR T TS At (1)

where M, is the acoustic mass of the air in the volume that is given by
My _ sl (32)

ATsr s
A differentiation in the time domain corresponds to a multiplication by jeo for

sinusoidal phasor variable. If follows from Egs. (31) that the phasor pressure is

related to the phasor volume velocity by p=joM,U . Thus the acoustic

impedance of the mass is

Z, =P =]
a== JoM, (33)
U

An electrical impedance which is proportional to jo is an inductor. The
analogous circuit is shown in Fig. 6(b). For a tube of air to act as a pure acoustic
mass, each particle of air in the tube must move with the same velocity. This is
strictly true only if the frequency is low enough. Otherwise, the motion of the air

particles must be modeled by a wave equation. An often used criterion that the air in

the tube act as a pure acoustic mass is that its length must satisfy | < % , Where A

is the wavelength.

2.3.4 Radiation impedance of a baffled rigid piston
Radiation impedance can be easily explained by an example of the diaphragm
vibration. When the diaphragm is vibrating, the medium reacts against the motion of

the diaphragm. The phenomenon of this can be described as there is impedance
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between the diaphragm and the medium. The impedance is called the radiation
impedance.

The detail of the theory of radiation impedance is clearly described by Bernek.
The analogous circuit of the radiation impedance for the piston mounted in an infinite
baffle is shown in Fig. 7. The acoustical radiation impedance for a piston in an
infinite baffle can be approximately over the whole frequency range by the analogous

circuit. The parameters of the analogous values are given by

M = 387z,020a (34)
R - O.4i]{.§poc (35)
Ru =255 (36)
Cou= 5:‘(‘:?3 (37)

where p, is the density of air, ¢ is the sound speed in the air, a is the radius of

the circuit piston.

2.3.5 Radiation impedance on a piston in a tube

The flat circuit piston in an infinite baffle that is analyzed in the preceding
section is commonly used to model the diaphragm of a direct-radiator loudspeaker
when the enclosure is installed in a wall or against a wall. If a loudspeaker is
operated away from a wall, the acoustic impedance on its diaphragm changes. It is
not possible to exactly model the acoustic radiation impedance of this case. An
approximate model that is often used is the flat circuit piston in a tube.

The analogous circuit for the piston in a long tube is the same from as that for the
piston in an infinite baffle; only the element values are different. The analogous

circuit is given in Fig. 7. The parameters of the analogous values are given by
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M= (39)
- 0.522§pc )
R =2 (40)
cu- 20T (@)

2.3.6 Other acoustic elements
A. Perforated sheets

Perforated sheets are often used as an acoustic resistance in application where an
acoustic mass in series with the resistance is acceptable. Fig. 8 (a) illustrates the
geometry. If the holes in the sheet have centers tat are spaced more than on diameter

apart and the radius a of the holes satisfies the inequality 0-%<a<1% ,

where f isthe frequency and a is in m, the acoustic impedance of the sheet is

given by

z, =A2{x/2a)u [hz(l— ”fz H+ ja{t+1.7(1—iﬂ} (42)
Nrza a b b

where N is the number of holes. The parameters , is the kinematic coefficient of

viscosity. For air at 20°C and 0.76 mHg, u~156x10"° m%. This parameter

value approximately as T% , where T is the Kelvin temperature and P, is the
0

atmospheric pressure.
A tube having a very small diameter is another example of an acoustic element
which exhibits both a resistance and a mass. If the tube radius a in meters satisfies

the inequality a< 0-0% , the acoustic impedance is given by
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8nl . 4pl'
Z, =T 4 jpP 43
A ra : 3ra’ (43)

where | is the actual length of the tube and I|' is the length including end

corrections. The parameter 7 is the viscosity coefficient. For air,

n=1.86x10°N %

, at 20C and 0.76 mHg . This parameter varies with
temperature as T°', where T is the Kelvin temperature. If the radius of the tube
satisfies the inequality 0-% <a <1% , the acoustic impedance is given by
Z, =2 2eu G+2j+ ja)% (44)
T

za

For a tube with a radius such that 0-0% <a< O-% , interpolation must be

used between the two equations.
A narrow slit also exhibits both acoustic resistance and mass. Fig. 8 (b) shows
the geometry of such a slit. If the height t of the slit in meters satisfies the

inequality t < 0-0% , the acoustic impedance of the slit, neglecting end corrections

for the mass term, is given by

29 . pl
Z,=—"+ jo 45
e ] 5wt (45)

B. Vented-box system

The general diagram of a vented-box system is shown in Fig. 9. The system
primarily consists of an enclosure of volume Vag and a port with a cross-sectional area
Sp with radius ap and length Lp.  The mechanism of low-frequency enhancement lies
in the Helmholtz resonator comprised of the acoustic mass in the vent and the
acoustic compliance in the enclosure. More precisely, the vent can be modeled as an
acoustic mass and an acoustic resistance. The acoustic resistance, acoustic mass of

the port and acoustic compliance of the enclosure are given by [9]
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L
Rugp = %w [2eo1 {—P + 2} (46)

al a,
M pgp = % Ly (47)
P
V
C g = 28 48
0 48)

The mechanical impedance obtained using FEA mentioned above is changed into
a lumped-parameter model. Therefore, the overall EMA analogous circuit of
vented-box is shown in Fig. 10.
C. Transmission line model of a duct

The vent also can be modeled as a transmission line model. Consider a length
of duct, the equivalent-circuit model for the transmission line is the T-circuit shown in

Fig. 11. These equations of T-circuit are in transfer matrix form as follows [22],

[40].
144 z{mij
B E
u, 1 Z, |Y.J
I 1+—2
Zb Zb
where
2, = iz, tan(2) (50)
ZO
- 51
® jsinkL, 1)
_ PC
= 52
0=’ (52)

where k is wave number, L, is length of vent.

2.4 Simulated annealing (SA) algorithm
The SA algorithm is a generic probabilistic meta-algorithm for the global

optimization problem, namely, locating a good approximation to the global optimum

16



of a given function in a large search space. The major advantage of the SA is the
ability of avoid becoming trapped in the local minima. In the SA method, each state
in the search space is analogous to the thermal state of the material annealing process.
The objective function G is analogous to the energy of the system in that state. The
purpose of the search is to bring the system from the initial state to a randomly
generated state with the minimum objective function. An improve state is accepted
in two conditions. If the objective function is decreased, the new state is always
accepted. If the objective function is increased and the following inequality holds,

the new state will be accepted: [23]
P=exp(- )7, (59

where P is the acceptance probability function, AG is the difference of objective
function between the current and the previous states, T is the current system
temperature, and y is a random number which is generated in the interval (0,1). In
the high temperature T, there is high probability P to accept a new state that is
“worse” than the present one. This mechanism prevents the search from being
trapped in a local minimum. As the annealing process goes on and T decreases, the

probability P becomes increasingly small until the system converges to a stable

solution. The annealing process begins at the initial temperature T. and proceeds

|
with temperature that is decreased in steps according to
Tea=al,, (54)
where O0<a <1 is a annealing coefficient. The SA algorithm is terminated at the

preset final temperature T,. In the electret loudspeaker optimization, we choose

T.=1000, T, =1x10°, and «=0.95. Next, two design optimization problems

will be examined. The first problem concentrates on only optimizing the gap

distance d between the membrane and the electrode plate, whereas the second

17



problem attempts to optimize four design parameters: the gap distance d, the

compliance Cj,,the mass M,,, and the resistance R,,.
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3. Modeling of Subwoofer

3.1 EMA analogous circuit of subwoofer

A sample of moving-coil subwoofer with a 12 cm diameter is shown in Fig. 12.
The front and rear view of the subwoofer are shown in Figs. 12 (a) and (b),
respectively. The EMA analogous circuit of this subwoofer can be established in Fig.
3. The coupling of the electrical domain and the mechanical domain is modeled by a
gyrator, whereas the coupling of the mechanical domain and the acoustical domain is
modeled by a transformer [3]. The T-S parameters can be identified via electrical
impedance measurement [3], as summarized in Table 2. The dynamic response of
the subwoofer can be simulated on the platform of this model.

Thus, the Loop equations can be written as follows:

z. Bl 0o[i] [e
Bl Z, S, |lu,l|=

ms

0 S.Z, -1|P

9

0, (55)
0

where i is the current, u, is the mean velocity of the diaphragm, S, is the effective
area of the diaphragm, e, is the driving voltage, s= jo is the Laplace variable,

and

Z: =Re +(Re || Ls) (56)

1
ZAF=[C | RA1+RAZJ|| M s (57)

Al

The symbol “||” denotes parallel connection of circuit. The loop equations can
be solved for the current and velocity of the diaphragm for each frequency. From the
current and velocity, the electrical impedance and the on-axis SPL responses of the

subwoofer can be simulated.
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3.2 Simulation and measurement of frequency responses

Simulations and experiments are undertaken in this thesis to validate the
aforementioned integrated subwoofer model. The frequency response from 3 Hz to
20 kHz of the subwoofer is measured using a 2.83 VVrms sweep sine input.  Figure 13
(@) shows the experimental arrangement for measuring voice-coil impedance (with

symbols defined in the figure):

z -—% R (58)

vC
e, —€,

Figure 13 (b) shows the experimental arrangement for measuring the on-axis
SPL response by using a microphone positioned at 10 cm away from the subwoofer.

Using Egs. (59) and (60), the voice-coil impedance and SPL can be simulated.
Figures 14 (a) and (b) compare the voice-coil impedance and the on-axis SPL
obtained from the simulation and the experiment, respectively. It can be observed
that response predicted by conventional lumped parameter model is in good

agreement with the measurement.

2y =" (59)

ves
|

— jkr

SPL (dB) = 20*log( jwpSyU,

o) +94 (60)

3.3 Optimal design of the vented-box system

As mention in section 2.3.6 previously, the vented-box design can be adopted to
reach the goal of bass enhancement. The design variables are selected to be the port
radius (a, ), the duct length (L,) and the volume of cavity (V,;). The Helmholtz
frequency of the vented box system is selected to be 30Hz. To initiate the SQP
constrained optimization procedure, the lower resonance frequency of the coupled
speaker-enclosure system is also selected to be 30 Hz. The design variables are

selected to be the port radius, the duct length and the volume of cavity. The acoustic
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mass modeling the vent can be modeled as a transmission line model. The cost
function is chosen as the maximum sound pressure level at the frequency 30Hz.

This can be written in terms of the following optimization formalism:

5x10° <a, <5x107
1x107" <L, <15
5x107° <V,, <9x107°
1x10° <M, <1x10™
1x10* <R, <2x10°
1x10°<C, <2x10™
f, =30
A(r,)=0

max SPL(a,, L,,V,z) st. (61)

where Ma , Ra are Ca are obtained from acoustic system resistance. The circuit of the

impedance Z,; is shown in Fig. 15. Thus, the impedance Z,; in Fig. 3 can be

obtained. The loop equations can be written as follows:

Bl 0 0 Z. 0]
Z. 0 0 -Bl S, || Up C
u 0
SpZ A _ L 0 0o -1j*
JaoC 5 u, |=| 0
So(Rugp +Z,+2,) —Rpypp—2,-Z,- 1 A 0 0 e 0
D ABP a b ABP a b ijAB b _PD | I O |
i -S,2Z, Z, Z,+Z,+Z; 0 0|
(62)

The results obtained using constrained optimization are also summarized in Table 3.

3.4 Simulation and measurement of vented-box design

A mockup was made for validating the vented-box design obtained previously
using constrained optimization. The frequency response from 3 Hz to 20 kHz of the
subwoofer is measured using a 2.83 Vrms sweep sine input. Fig 16 (a) and (b) the
voice-coil impedance and the on-axis SPL with the vent open are compared,

respectively. The solid line is the result of simulation. The dot is the result of
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experiment. The result of SPL response reveals that the resonance frequency of
couple speaker-enclosure system is at 20 Hz which is lower than initial design. The

SPL at 20Hz is about 92 dB.  The goal of bass enhancement can be achieved.
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4. Modeling of Push-Pull Electret Loudspeakers

4.1 Operating principles

A sample of a 493 mm x 129 mm electret loudspeaker is shown in Fig. 17(a).
In its push-pull construction, the loudspeaker comprises a charged flexible membrane
and two perforated rigid back plates with 52.1% perforation ratio. The membrane is
made of fluoro-polymer which contains nano-pores to enhance the charge stability
and density.[17] The membrane is placed at the center between two electrode plates
spaced by 2.4 mm, as shown in Fig. 17(b). The construction is also referred to as the
push-pull configuration with a fully-floating membrane by Mellow et al.[19] The
membrane is divided into six equal partitions (242 mm x 37 mm) by stainless steel
spacers.

Due to high input impedance of the electret loudspeaker, a transformer with

turn-ratio 125 is used for impedance matching and e_, is the output voltage of the

spk

transformer. The net force f acting on the membrane can be estimated by [19]

g.e.nSo, &.e,n’Sc?

rerl reri

= ey +
2(s,d +5,h)? ™ 2g (£,d +&,h)°

where ¢, and ¢, are the relative permittivities of the membrane and the medium at

S=ge, +x3, (63)

spk

the gap, respectively, &, is the vacuum permittivity, h is one half of the thickness of
the membrane, Sp is the area of membrane, o, is the surface charge density of the
membrane, d is the gap between the membrane and the electrode plate, and ¢ is the
displacement of the membrane. The first term of Eq. (63) is due to the input voltage,
whereas the second term is due to the negative stiffness resulting from the membrane
attractions. The voltage-force conversion factor ¢ and the negative stiffness «
can be written as [19]

K, &4

d>-- (64)

:—2’
d &,

¢
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_&4hSo,

with K, =—%—" and
2¢,
K, &4h
K=—2, d>-1- 65
: . (65)
2 2
with K, = £ 5%
26,8,

4.2 Analogous circuits

The electret loudspeaker can be modeled with the analogous circuit, as shown in
Fig. 18(a). In the electrical domain, the circuit is modeled with the Thévenin
equivalent circuit, where ¢, is the voltage source of the transformer input, i is the
current, R. and L. are the electric resistance and inductance of the transformer.
C. is the static capacitance when the membrane is blocked. In the mechanical
domain, Z,, represents the open-circuit mechanical impedance and u is the
membrane velocity. In the acoustical domain, Z, represents the acoustical
impedance.

Figure 18(b) shows the combined circuit as the mechanical and acoustical

systems are reflected to the electrical system, where the motional impedanceZ,, is
defined as
2
Z — st + SDZA , (66)
mot ¢2
Z..=(] Ceys yA 67
ms — (Ja)?) + M ! ( )

where Z_. is the short-circuit mechanical impedance and @ is the angular
frequency. To measure the electrical impedance, we need an experimental

arrangement, as shown in Fig. 19(a). The input voltage from the signal generator

e, is 1.5 V and the current-sampling resistor R is 100 ohm. The electrical

impedance of the loudspeaker is given by
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e GG, —-e
Zspk:MR, (68)

eR
where G, and G, denote the effective gains of the amplifier and the transformer,
respectively, and e, is the voltage drop across the resistor R.  The thus measured

electrical impedance of Fig. 19(b) resembles that of a capacitance due to weak

electro-mechanical coupling®
|Ze| = (oC) . (69)
It follows that only the static capacitance C. can be extracted from the electrical

impedance measurement
Ce = (0|Ze])™ (70)

For the sample in Fig. 17, the C. was found to be 1.86 nF.

4.3 Parameters identification

In Fig. 18(b), as the inductance L. of the transformer output end is connected to
the electret loudspeaker which behaves like a capacitance due to the aforementioned
weak coupling, the combined electrical system becomes a 2nd order low-pass system.
Figure 20 shows the frequency response of the unloaded transformer, which is nearly
constant throughout the range of 20-20k Hz. As the electret loudspeaker is
connected to the transformer, the frequency response becomes a low-pass function

with cutoff frequency ., =8736.4 Hz:

1 1
L+ Rs1n®= 5 1
ELE ENE (7)24_

€k (s)=H (s)ein (s)=

where H(s) is the transfer function between e, and e,, Qg is the quality factor

and s= jw is the Laplace variable. The effective inductance and resistance at the

output end of the transformer can be calculated by
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Le = (0£,Ce) ", (72)

Re = (Qe@:,Ce) ™. (73)
At the resonance frequency, the real part of the transfer function in Eq. (71) is zero.

It follows that the quality factor can be calculated by
IH (j@g0)| =|-1Qc| = Qe - (74)

For the sample in Fig. 17, the quality factor Q. = 0.6845, the inductance L. =

0.178 H and the resistance R. = 14.3k ohm, respectively. In Fig. 20, the

measurement (solid line) and the simulation (dash-dot line) of e, are in good

agreement.

As mentioned previously, the mechanical parameters are unidentifiable with the
electrical impedance measurement. We need to devise a method based on direct
mechanical measurement. To this end, the electrical and acoustical systems are
reflected to the mechanical system, as shown in Fig. 21(a). For simplicity, we
approximate the combined acoustical impedance and the mechanical impedance to be

a 2"-order system. The lumped parameters R,, M, and C, denote the

resistance, the mass and the compliance, respectively, of the combined impedance.

Due to weak coupling (¢~0), R.¢’ and L.#> can be neglected, leading to

the simplified circuit of Fig. 21(b). Solving the circuit yields the expression of the

membrane velocity u

sy
C,s 1 @,
"M Cos MR Cosi1”n R s Qulos P (75)
M MS + M MS+ M (7)24_7(7)4_1

@, Q, @

where the compliance C,, is the series combination of C;, and the negative

compliance —C./¢°, w, is the fundamental resonance frequency, and Q, is the
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quality factor. The membrane velocity can be measured by a laser vibrometer, as
shown in Fig. 22(a). In the following, we concentrate on only the fundamental mode
and ignore higher-order modes. From the velocity measurement, the fundamental

resonance frequency , can be located and the quality factor corresponding to the

fundamental resonance can be estimated:

Q=—2_, (76)

w, — @,

wherethe @, and @, are-3dB points in the velocity response.
Given the @, =1/ M,,C,, , itis impossible to determine the respective values of

the compliance C,, and the mass M,, based on one measurement. To overcome
the difficulty, a test box method with volume 5.51 L is employed to obtain another
velocity measurement. The result of the membrane velocity measurement is shown
in Fig. 22(b). The fundamental resonance frequency is increased from 315 Hz to
500 Hz due to the acoustical compliance of the test box. Based on these two

membrane velocity measurements, the mechanical parameters can be determined:

C, =[(%2)?-1jAC,,, (77)
W,
M M = (a)OZCM )71 ' (78)
Ry = (a)OQuCM )71 ' (79)
Cy (Z;)
Cp=—"2—, (80)
Cu +C—§
Y

where @, is the fundamental resonance frequency of the velocity response when
loaded with the test box and AC,, is the additive mechanical compliance due to the
test box. Finally, the voltage-force conversion factor ¢ can be determined by

letting @ =, inEq. (75):
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¢: RMu(a)O) ’ (81)

ein
where u(w,) is the peak magnitude of the membrane velocity response at the

fundamental resonance frequency. Using the formula, ¢ is found to be 1.88x10™

for the sample in Fig. 17.

4.4 Numerical and experimental investigations

Experiments were conducted to validate the preceding model of the electret
loudspeaker. The experimental arrangement for measuring the on-axis sound
pressure level (SPL) is shown in Fig. 23(a). According to the standard AES2-1984
(r2003) [24], a 2475 mm x 2025 mm baffle is used in the measurement. The
132.6 Vrms swept-sine signal is used to drive the loudspeaker in the frequency range
20-20k Hz. The microphone is positioned 1 m away from the loudspeaker.

Figure 23(b) compares the on-axis SPL responses obtained using the simulation
and the measurement. The simulated response (solid line) is in good agreement with
the measured response (dashed line), albeit discrepancies are seen at high frequencies
due to un-modeled flexural modes of membrane. It should be borne in mind that, in
the preceding model, only the fundamental mode is modeled in the analogous circuit
and high-order modes are neglected.

It can also be observed from Fig. 23(b) that the SPL response starts to roll off at
approximately 8k Hz due to the inductance of the transformer as predicted.
Furthermore, in Fig. 19(b), the motional impedance obtained using the model is much
greater than the electrical impedance, rendering the former an open circuit in Fig.
18(b). This is the evidence of weak coupling.

For assessing the nonlinear distortion of the electret loudspeaker, THD is

calculated from the measured on-axis SPL response [25]. In Fig. 24, the measured
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THD of the electret loudspeaker in push-pull construction is compared with that of the
single-ended construction which was investigated by Bai et al.[20] The average THD
of the push-pull configuration is below 6% in the range of 140-20k Hz, while the
THD of the single-ended configuration can reach as high as 17%. Evidently, the
push-pull configuration has effectively addressed the nonlinearity problem of the

single-ended configuration.

4.5 Parameter optimization of electret loudspeakers

The preceding model of electret loudspeaker serves as a useful simulation
platform for optimizing the loudspeaker parameters. In the following, a procedure
based on the simulated annealing (SA) algorithm [21]-[23] is exploited for the design

optimization.

4.5.1 Optimizing the gap distance

In the section, only the gap distance that is easiest to alter in making a mockup
will be optimized. If all other conditions remain unchanged, the net attraction force
acting on the membrane and hence the SPL output will increase as the gap is
decreased. However, the gap can not be decreased indefinitely, or else, stick-up
condition of the membrane and the electrode plates can occur. Another issue is that
the upper roll-off frequency will also become lower (because of the increased static
capacitance) as the gap is decreased.

As we keep decreasing the gap to increase the attraction force until the
displacement of the membrane equals the gap distance, we call this distance the
critical gap distance. Only dynamic distance need to be concerned since, at the
quiescent state, the static attraction forces due to resident charges in the membrane are

balanced with the push-pull construction. Membrane displacement can be can be
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obtained by integrating the velocity expression in Eq. (75)

u K, 1 e
U S (82)
s RyQua, (i)z +i(i)+1 d’
Wy Q @

where ¢=K,/d* in Eq. (64) has been invoked. The collision condition occurs

when the peak value of the displacement |5| _ is equal to the gap distance d.  This

gives the critical gap distance

d" = (83)

1/3

{ K, Q; |em|} .
RuQus JQ7—025

In the experiment, the driving signal is a 132.6 VVrms swept sine. That corresponds
to a critical gap distance 0.19 mm, which also represents an upper bound of
displacement for the following optimization. Figure 25(a) compares the SPL
responses for various gap distances (including the critical gap). Clearly, the SPL is
increased if the gap distance is decreased. However, this comes at the expense of
decreased bandwidth due to increased static capacitance.

In order to find a compromise solution between the original design and the
design with the critical gap, the SA algorithm is employed alongside the preceding
simulation model for finding the optimal gap distance. Two goals are set up for the
design optimization. It is hoped that the SPL in the range of 800-5k Hz is

maximized while maximizing the upper roll-off frequency, i.e.,

G, = \/ﬁi(sm_new ())?, f(n)e[800 Hz,5k Hz], n=1...,N, (84)

G2 = fuc’ (85)
where SPL ., is the current SPL response, n is the frequency index in the range of
800-5k Hz, and f, is the upper -3dB cutoff frequency of SPL . The compound

objective function G,; can be written as

30



G = wx— (86)

1 GZ

where w is a weighting constant (w = 0.23 in the simulation). In addition, the
design variable (gap distance) and the associated constraints are given in the
following inequalities:

{0.4 (mm) <d <3.6 (mm) (87)

6] . (mm)<d (mm)
With the SA procedure, the optimal gap distance is found to be 0.86 mm, which

enhances the average SPL by approximately 5 dB, as shown in Fig. 25(a).

4.5.2 Optimizing multi-parameters

In the section, we shall extend the preceding one-parameter optimization to more
comprehensive optimization for four parameters: the gap distance, the resistance R,,,
the mass M,,, and the compliance C;,. Apart from the level and the upper

cutoff design goals, a third goal of the lower cut-off is added to the objective function:

G, =f (88)

Ic

where f,. denotes the lower -3dB cutoff frequency of SPL . The compound

objective function G,,, reads
1 1
Gy =W, x—+W, x—+G;, (89)
Gl 2

where the weights w, = 2400 and w,= 150000 in the simulation. The design

variables and the associated constraints are given in the following inequalities:
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0.608 (NS <R, <69.8 (V-5
m m
1.4x107° (kg) <M, <1.43x107 (kg)
1.95x10° (%) <C,, <1.95x10™ (%) (90)

0.12 (mm) <d <12 (mm)
6] . (mm)<d (mm)

The results of optimization using the SA algorithm are summarized in Table 4. The
design with optimized parameters is simulated in Fig. 25(b). The lower cutoff
frequency of the optimal design (circled mark) has been decreased from 315 Hz of the
original design to 150 Hz as the mechanical compliance is increased by 528 %. The

average SPL is enhanced by about 12 dB as the gap is decreased to 0.55 mm.
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5. Conclusion

A push-pull electret loudspeaker is a thin, light and flat loudspeaker and it is very
suitable to using in space-concerned applications. However, the absence of low
frequency response is a defect of the push-pull electret loudspeaker. Therefore, the
subwoofer system is adopted to recover the low frequency response. The
combination of the push-pull electret loudspeaker and the subwoofer can provide a
complete audio system.

The EMA analogous circuit is employed to establish a conventional lumped
parameter model of the subwoofer. Via the electrical impedance measurement, the
curve fitting and added mass method, the T-S parameters of the subwoofer can be
identified. Using the platform, the electrical impedance and the on-axis SPL
responses of the subwoofer can be simulated. The response predicted by
conventional lumped parameter model is in good agreement with the measurement.
Next, the conventional lumped parameter model is employed to the simulation of
vented-box system. The constrained optimization technology was also employed to
find the design that can enhance the low frequency response of the vented-box
system.

The push-pull electret loudspeaker is also analyzed in this thesis. A fully
experimental modeling technique and an optimization procedure have been developed
for push-pull electret loudspeakers. The experimental modeling technique relies on
not only the electrical impedance measurement but also the membrane velocity
measured by using a laser vibrometer. With the aid of a test box, the voltage-force
conversion factor and characteristics of motional impedance can be identified from
the membrane velocity. The experimentally identified model serves as the

simulation platform for optimizing the design parameters of the electret loudspeaker.
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The SA algorithm was exploited to find the parameters that yield optimal
level-bandwidth performance. Either only the gap distance or the comprehensive
search for various parameters can be optimized by using the SA procedure. The
results reveal that the optimized design has effectively enhanced the performance of

the electret loudspeaker, as compared to the original design.
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Table 1. Acoustic resistance of a screen of area S

Number Wire Acoustic
of wires | diameter | Resistance
per inch incm N.s/m’
30 0.033 5.67/S
50 0.022 5.88/S
100 0.0115 9.10/S
120 0.0092 13.5/S
200 0.0057 24.6/S
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Table 2. Experimentally identified lumped-parameters of a subwoofer

Parameters Value Parameters Value

a 6 cm BI 84T.m

fo 59.8 Hz Chs 9.89356e-008 m°/N
Re 7.4 ohm M 4 70.3371 kg/m*
Res 85.0716 ohm Ras 10160.8 N.s/m°
Qus 2.62415 Cues 8.13714e-005 F
Qes 0.245356 Lees 0.0855195 H
Qrs 0.224377 Rar 7.07e6 N.s/m’
Vs 0.0107 L Ryt 15.198 N.s/m’
Chs 6.0678e-4 mm/N Mo 0.00160116 kg
M s 0.0117 kg L, 1.0000e-003 H
Rus 1.7545 N.s/m R. 110 m?
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Table 3. Resulting obtained using the constrained optimization of vented-box system

parameters Value
Duct radius (m) 0.05
\Volume (m"3) 0.088
Duct length (m) 0.23
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Table 4. Parameters of the optimized design versus the original non-optimized design.

. Gap
Rm(N*s/m) Cy (M/N) Mw (kg)
distance(mm)
Original (1) 3.465 1.95x107° 1.16x107? 1.2
Optimal (2) 4.0 1.03x10™* 1.1x1072 0.55
(2)/(1) % 115.44 528.21 94.83 45.83
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Figure 1. (a) Electro-mechano-acoustical analogous circuit of loudspeaker (b) Same

circuit with acoustical impedance reflecting to mechanical system
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Figure 2. The mechanical system of loudspeaker (M is diaphragm and voice coil mass,

k is stiffness of suspension, C is damping factor)
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Figure 5. (a) Closed volume of air that acts as acoustic compliance (b) Analogous
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Figure 6. (a) Cylindrical tube of air which behaves as acoustic mass (b) Analogous

circuit
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Figure 7. Analogous circuit for radiation impedance on one side of circuit piston in

infinite baffle
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Figure 12. (a) Front view of subwoofer (b)Back view of subwoofer
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Figure 13. The experimental arrangement for (a)measuring voice-coil impedance

(b)measuring the on-axis SPL response
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Figure 14. Simulated and measured frequency responses of the subwoofer. (a) the

voice-coil impedance and (b) on-axis SPL response
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Figure 17. The push-pull electret loudspeaker. (a) Photo. (b) The configuration of the

push-pull electret loudspeaker.
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Figure 18. The electroacoustic analogous circuits of the push-pull electret loudspeaker.
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Figure 19. The electrical impedance measurement of the push-pull electret
loudspeaker. (a) Experimental arrangement. (b) The electrical impedance versus the

motional impedance.
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Figure 21. The electroacoustic analogous circuits of the push-pull electret loudspeaker.

(a) Combined circuit referred to the mechanical system. (b) The weakly coupled

approximation.
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Figure 22. The membrane velocity measurement of the push-pull electret loudspeaker.
(a) Experimental arrangement. (b) The comparison of the velocity responses of the

loudspeaker, with and without the test box.
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Figure 23. The on-axis SPL measurement of the push-pull electret loudspeaker. (a)
Experimental arrangement. (b) The comparison of the measured and the simulated

on-axis SPL responses.
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Figure 24. The comparison of the measured THD of the electret loudspeaker between

the push-pull and the single-ended configurations.
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Figure 25. The comparison of the on-axis SPL responses between the original and the
optimal designs. (a) Results of optimizing only the gap distance. (b) Results of
optimizing four parameters including the gap distance, the resistance, the mass, and
the compliance.
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