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Abstract

The telecommunication industry is growing rapidly. The demand of sound
quality is important in these telecommunication products like mobile phone or PDA.
Loudspeakers applied in these- products are: called: miniature speaker. Miniature
speakers consist of a diaphragm; voice-coil-and-frame whose shape, size and material
properties dominate the acoustic characteristics of them.

In the paper, miniature speakers are analyzed by the experiment and simulation
results. Electro-mechano-acoustic (EMA) analogous circuit is used to simulate the
dynamic response of miniature speakers placed in mobile phone. Delta compliance
and curve fitting method is adopted to calculate the parameters of the EMA analogous
circuits.

In theory of electroacoustics, duct is modeled by acoustic mass, but the natural
resonance frequency of duct is never considered. In this paper, the lumped
parameter oscillator model is used to model the natural resonance frequency of duct.
And another method to model the resonance of duct is mentioned.

The method of vented-box and passive radiator design is applied to design the

well enclosure for mobile phone and enhance the bass response.
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List of Parameters

Bl = electro-mechanical transformation ratio, being product of magnetic flux

density and voice-coil conductor length in air gap of loudspeaker driver

Ca = acoustic compliance of volume V
Cy -_ . . C,

= mechanical equivalent of
CMS

= mechanical compliance of loudspeaker suspension system

C,s = acoustic compliance of the air in the enclosure

C, = acoustic compliance of passive radiator suspension

s =resonance frequency of foudspeaker driver

= voice-coil inductance

Qs = electrical quality factor of loudspeaker
Qus = mechanical quality factor of loudspeaker

Q,s =total Q of loudspeaker

Mo = mechanical mass of diaphragm

Muys = mechanical mass of diaphragm and air-load

M ,, =acoustic mass of the air in the port or acoustic mass of passive radiator
diaphragm
R. = dc impedance of the loudspeaker

Ree = acoustical equivalent of R:



Rus = mechanical resistance of loudspeaker

R, = acoustic resistance of leak in box

R, = acoustic resistance of passive radiator

S, = effective area of diaphragm

Z, =acoustic impedance

Z,, =acoustic impedance in the rear of diaphragm

Z,- =acoustic impedance in the front of diaphragm

Z,. = motional impedance



0. Introduction

Loudspeakers are important devices that are widely applied in many fields. The
analysis technique of loudspeakers is well established. The history of loudspeaker is
reviewed [1]. In this paper, Thiele and Small parameters will be used as the basis to
analyze loudspeakers applied in mobile phone.

Recently, consumer electronic products are rapidly developed. For the products
of mobile phones and PDA, loudspeakers play an important role in these products.
The loudspeakers applied in the product are usually called miniature speaker. These
miniature speakers are widely used in many telecommunication products. The
motivation for research of miniature speakers is that miniature speakers can have best
sound quality when they are applied in mobile phone.

[2], [3], [4] and [5] have well researchin miniature speakers. These papers
mainly focus on analysis of miniature speakers. - In“this paper, we not only analyze
the miniature speakers but also*discuss the-enclosure design for miniature speakers.
The analysis of method is Electro-mechane-acoustical (EMA) analogous circuit and
lumped-parameter method.

When the dimension of the system is smaller than the wavelength, the properties
of loudspeaker such as mass and stiffness can be lumped to electrical elements such as
inductance and capacitance. When miniature speakers are placed in mobile phones,
the structure of mobile phone is complex and complex structure of mobile phone can
be lumped to electrical elements. By the circuit analysis, the dynamic response of
miniature speaker can easily be determined.

For the mobile phone and PDA, their dimension is small. Thus the dynamic
response for miniature speaker placed in mobile phone can be analyzed by

lumped-parameter method. When miniature speakers were placed in mobile phone,



the structure of mobile phone may be influence the dynamic behavior of miniature
speaker. The structure of mobile phone can be viewed as the acoustical impedance
that causes some effects on the performance of miniature speaker. The acoustical
impedance of structure can be lumped to acoustic mass, acoustic compliance and
acoustic resistance. In the theory of electroacoustics, acoustic mass, acoustic
compliance and acoustic resistance can be represented by inductance, capacitance and
resistance. Thus we could mainly focus on acoustical system in EMA circuit and
lump the acoustical impedance of structure to electrical elements. By using the
circuit analysis, the dynamic response of miniature speaker placed in mobile phone is
easily simulated.

For enhancing the bass response of loudspeakers, the vented-box and passive
radiator methods are the most popular metheds and widely used in multimedia
application. From the concept-of.vented-box-and. passive radiator method, this paper
will use two methods to develop the suitable.enclosure for the miniature speaker

applied in mobile phone.



1. 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 acoustical part. A loudspeaker is characterized by a mixed of

electrical, mechanical and acoustical parameters.

1.1 Electro-mechano-acoustical analogous circuit

The concept of the electric circuit often applied to analyze transducers in the
electrical and mechanical system: Thetechnigue ‘analysis of the electric circuit can
be adopted to analyze the transduction of the mechanical and acoustical system. The
simple diagram of the 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 overall behavior of the loudspeaker can be analyzed by the circuit diagram. The

rules of analytic methods are as follows

Electrical-mechanical-acoustical system
For the electromagnetic loudspeaker, the diaphragm is driven by the voice coil.
The voice coil has inductance and resistance which are defined R, andL.. The

term R. andL;. are the most common description of a loudspeaker’s electrical



impedance. Thus, the electrical impedance of loudspeaker is formulated as:
Z. =R+ jol, (1)

When the current (i) is passed through the voice coil, the force ( f ) 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
[ Z,+2Z,

(4)

where Z,, isthe mechanical impedance and_Z, " is the acoustical impedance.

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 f
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:

X
MMD& f_C—_RMs)&_ 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, R,

is the mechanical resistance and x is the displacement.

. x(s .
Mo (S)(J0)X() = 1(9)~ 2R, ok £, (9 ©
MS
: u(s)
Mo (8) jou(s) = f(s) —~ —Rysu(s) — f,(s)
JaCys
f=(Zy +Zyu(s), (7)
. 1
where Z,, = JoM ,p + Rys + = is the mechanical impedance and Z, is
JoC s
the acoustical impedance.
fs = ZALI (8)

The acoustical impedance primarily ‘includes -radiation impedance, enclosure
impedance, and perforation of the enclosure impedance. The acoustical impedance

can be formulated as

ZA:ZAF +ZAB’ )

where Z,g is the rear impedance of the speaker; Z,. is the front impedance of the

speaker.

The two basic variables in acoustical analogous circuits are pressure p and
velocity U. Thus, it also can employ the concept about the transformer to combine
the acoustical and mechanical part. The variables of the mechanical system and the

acoustical system can be coupled by the below two equations.

f,=Syp (10)

U=Su (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
diaphragm. The volume velocity source U =S_u represents the volume velocity

emitted by the diaphragm. From the Eqgs. (10), the pressure difference between the

front and rear of the diaphragm is given by
p :U(ZAF +ZAB) (12)

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

1.2 The method of parameter identification

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

There are at least four methods for'measuring Thiele and Small parameters from
driver impedance data. They are:

1. Closed box(Delta compliance method)

2. Added mass(Delta mass method)

3. Open box only

4. Open box/closed box

The first two procedures are the most popular. But for miniature speaks, the

closed box method is the best choice. The closed box method and curve fitting
method are adopted to calculate the Thiele and Small parameters. Placing the driver
in a closed box 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.

Curve fitting method
The curve fitting method is used to calculate the Qg and the result is more

accurate. The procedure of the curve fitting method is explained as follows.

(@) Choose the ( ! ) to 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 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

>, then the parameters o and Q,, are solved.

and
s° + 24w S +

o, =21 fS
1
QMS - Z (13)
Qu = Qs (L) (14)
ES — MS R

ES



Closed box method
1

Mﬁm

When the impedance of a mechanical system isZ,, = joM s + Ry +

the resonant frequency iswg = When a driver is placed in a closed box,

1
VMmCm.

its resonant frequency rises. This is because the inward cone motion is resisted not
only by the compliance of its own suspension, but also by the compression of the air
in box. The compliance of the driver suspension is reduced by the compliance of the
air spring. If the total compliance has decreased, the resonant frequency of the
driver will rise. The concept can be employed to calculate to the mechanical mass,
mechanical compliance and mechanical resistance of the system.
The closed box procedure for determining T/S parameters is given below:
1. Measure f; and Qg wusing the-curve fitting method
2. Mount the driver in the'test box. Make sure there are no air leaks around
the box and speaker. One point must be noticed is that the testing volume
for the case of miniature speaker.must be less than 0.015L, or you can’t
measure the realizable T/S parameters.

3. Measure the new in-box resonant frequency and electrical Q using the same

procedure as that used in step 1. Label these new values f. andQ...

4. Compute the V,g as follows:

Vi =V (Lﬁ—lj Where V; is the total volume of the tested box

fs ES

Therefore, the mechanical mass M,,, and mechanical compliance C,,; can be

solved as
\Y
C..=—" _ 15
MS poczsé ( )



1

M 2
@;Cys

Ms —

(16)
Myp =Mys —2M, (17)
where M, is the air-load impedance at low frequency.

On the other hand, the parameters, and the mechanic resistance (R,,s) and the motor
constant (BI) can be calculated, using the following formula:

o.M
RMS = % (18)
MS

Bl = Z—QS%MMS (19)
ES

And the lossy voice-Coil Inductance can be calculated, using the following method:

Ze(jo) = (jo) Le

L L
Rl — e n’ L — ) n-1 20
- [cos(n;r/Z)}w - [sin(nzz/Z)}o 0
(n=1:inductor; n = 0: resistor)

The parameters n and Le can be determined from one measurement of Zyc at a

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

Ze =2y —Re
- 21
neLgnt|MZ) | _InIZ,|-InZ,] | _1Z] (21)
90 Re(Z;) Inw, -Inw, "

The method to calculate lossy voice-Coil inductance is described [6].



1.3 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.

Acoustic Resistance

An acoustic resistance is associated with dissipative losses that occur when there
is viscous flow of air through a fine mesh screen or through a capillary tube. Fig.
3(a) is an example that 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,,
where p, isthe pressure on the side that U entersand p, is the pressure on the side
that U exits. The pressure difference’is-felated to the volume velocity through the

screen by
p=p-p,=R\U (22)
where R, is the acoustic resistance of the screen.

The analogous circuit is shown in Fig. 3(b)

Acoustic Compliance

A short closed-end tube or the cavity with volume of air inside has acoustic input
impedance that is modeled as 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 gravity. In other words, compression without acceleration

identifies an acoustic compliance.

10



According to Newton’s law, force is equaled to mass multiplied by acceleration.
When the acceleration of a volume of air is zero, an applied force causes the volume
to be compressed without a displacement of its center of gravity.

Figure 4(a) is an example that illustrates a piston of area S is shown in one wall
of the enclosure and an enclosed volume of air is distributed in the enclosure. We
consider the piston to have zero mass and assume that it slides with zero friction.
When a force f is applied to the piston, it moves and compresses the air. Denote the
displacement of the piston by x and its velocity by u. When the air is compressed, a
restoring force is generated against the piston, which can be written f =k, x, where
k,, is the spring constant. The mechanical compliance is defined as the reciprocal

of the spring constant. Thus we can write

X 1
f=——=—"|udt 23
. CMJ (23)

The equation is one that involves mechanical variables and next be converted to
one that involves the acoustic pressure.. p. and the volume velocityU . By Egs. (10),

(11) and Egs. (23) can be derived as

1 1
- Udt = —[Udt 24
P sszj (:AI @)

where C, is the acoustic compliance of the air in the volume which is given by
C,=S%C, (25)

Integration in the time domain corresponds to a division je for sinusoidal

phasor variable. It follows from Egs. p= 21 jUdtziIUdt that the phasor
S°C,, C,
pressure is related to the phasor volume velocity by p =Y joC, Thus the acoustic
A
impedance of the compliance is
1
Z,=P = 26
=% joC, (26)

11



Acoustical impedanceZ,, which varies inversely with jo is like a capacitor.
The analogous circuit is shown in Fig. 4(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 which is analogous to zero or ground voltage.
The acoustic compliance of the volume of air is given by the expression derived for

the plane wave tube. It is

C,=

(27)

pc’

Acoustic Mass
A short open-ended tube or a duct has impedance that can be modeled as an

acoustic mass.  All volume of air that is accelerated without being compressed acts

an acoustic mass. In other words, acceleration without compression identifies an

acoustic mass.

Fig. 5(a) is an example of the cylindrical-tube-of air having a length 1 and

cross-section S.  The mechanical mass of the-air in the tube isM,, = pS1 . If the air
is moved with a velocityu, a force f is required that 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 endsisp=p,—p, = % It follows from these relations

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

M, dU du
p pl p2 SZ dt A dt ( )
where M, is the acoustic mass of the air in the volume that is given by:
M, My Al (29)

52 S

12



A differentiation in the time domain corresponds to a multiplication by jo for

sinusoidal phasor variable. p=pl-p2= M, dU =M Ac(lj—li that the phasor

S* dt
pressure is related to the phasor volume velocity by p = joM U . Thus the acoustic

impedance of the mass is
Z,=> = joM
A== JoM, (30)
U
Acoustical impedance Z, , which is proportional to je is like an inductor.

The analogous circuit is shown in Fig. 5(b).

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
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 Beranek [7].
The analogous circuit of the radiation impedance for the piston mounted in an infinite
baffle is shown in Fig. 6. 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

8p
== 31
Al 372'23. ( )
0.4410 pc
RAl = 13l (32)
oC
Rp, = Tl (33)
5.943°
C.. =
T (34)

13



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

circular piston.

Radiation impedance on a piston in a tube

The flat circular 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 an 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 circular piston in a tube. The
geometry for this model is shown in Fig. 7.

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. 6.  The parameters.of-the analogous values are given by

0.6133
My = =P (35)
wa
0.5045pc
Ry = P (36)
pC
RAZ = E (37)
0.557%a°
C,y=————
M s (38)

Other Acoustic elements

Perforated sheets are often used in many applications. They can be viewed as
the acoustic resistance elements in the acoustical system. They are modeled as an
acoustic mass in series with the resistance. Fig. 8 is a simple diagram illustrates the

geometry of a perforated sheet. If the holes in the sheet have centers that are spaced

14



more than one diameter apart and the radius a of the holes satisfies the
inequality0.01/./f <a<10/f, f is frequency in Hz, the acoustic impedance of
the sheet is given by

1 .
Z, =W(RA + joM ) (39)

where N is the number of holes, R, and M, are given by:

t a’
R, = ﬂzz J2ou {?2(1—’;2 ﬂ (40)
M, :%{Hl.?a(l— zbfaﬂ (41)

The parameter 4 is the kinematic coefficient of viscosity. For air at 20° C and
0.76m Hg, 2 ; 1.56x10°m?*/s.

A narrow slit is another acoustic element which can be modeled as an acoustic
mass in series with the resistance. ..Fig. 9 is a-Simple-diagram illustrates the geometry

of such a slit. If the height.-1_.of _the -slit in meters satisfies the

inequalityt < 0.003/\/7, the acoustic impedance of the slit is given by

1271 +jw 601 (42)

Z,=R, + joM, =
A= Rat Jola t*w 5wt

The parameter 7 is the viscosity coefficient. For air, 7=1.86x10°Ng/m’® at

20° Cand 0.76m Hg.

Lumped Parameter Oscillator Model of a Duct

When sound propagates inside of a rigid duct, a resonance phenomenon occurs.
If the wavelength of the traveling wave is much larger than the diameter of the duct,
the resonance properties will be governed by the pipe length and end conditions.

When the wavelength becomes equal to, or smaller than the diameter of the pipe, two
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and three-dimensional standing waves can occur. By matching the impedance of the
loudspeaker and the duct at the end conditions, the resonant points can be calculated.
First, consider a duct that is rigidly terminated at one end and is excited by a flat
massless piston at the other. Fig. 10 shows a flat circular piston in one end of a
circular tube of cross-section S, lengthl , and internal volumeV =S] .

Assuming that the piston is used to drive only low frequency content so that it
produces a constant volume velocity, only plane waves will be produced. The
pressure will take the form:

p(x) = Ae ™ 4 Be* (43)
The velocity has

u(X):il:Ae’JkX_BeJerx} (44)
pC

At the load, the ratio of the pressure _p(1)7to.the volume velocity U (1) must be

equal to the acoustical impedance “Z, of the load. Thus we can write

_p@) _ pd) _ Ae M ¢ Bet!

AT u() Su(l) i[Ae—jkl_Beqkl]
pC

(45)

The acoustic impedance Z, seen by the ratio of the pressure p(0) at the
source to the volume velocity U (0) emitted by the source. The equation can be

wrote

PO _ p(O) (46)
A7 U(0)  su(0)

The impedance seen by the source is given by
e Z,. cos(kl)+ J(p/)sm(kl)
S (P C¢)cos(kl) + jZ,, sin(ki)

If the terminating impedance at z =1 is omitted so that the duct radiates into

Z, (47)

free air, it can be shown that approximation to the pressure at the end of the duct
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PO
ua)

ISp(1); o. The impedanceZ, = Thus the impedance seen by the source
IS given by

. pC - k
7. =LC A A)sm( 1): 2% tan(k1) (48)
S (p%)cos(kl)

Resonance will occur as

Im{Z,(0)}=0 = kL=nz, n=12,...

7c (49)
= 0w, =N—
L
We seek an approximation of the form Z,(0) = joM , +- = J(oM , - L ) at
A WL

the neighborhood of @, .

From Fig. 11, matching the resonance frequency and the slop of the two curves can do

this.

1 L*
MiCa= = i 0
A mzyl =M, -t ZoM (51)
d(() g =0, g a)rch "
From Egs. (50) and (51)
%‘)Csecz (kL)L = %Lsecz (nzr)=2M, (52)

c

> 2S 2 SL

C = =
ot pL nPr? p,c?

(53)

When n =1, the duct produces the first resonance

_ Pk 1 assinthe duct = 0.5 LY/
2

AT2s
Thus the acoustic mass of the first resonant frequency can be lumped as 0.5 times

acoustic mass of duct.

2 SL
2

C, =
Aot pye

>~ 0.2 compliance in the duct

The acoustic compliance of the first resonant frequency can be lumped as 0.2 times

acoustic compliance of duct.
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The analogous circuit of the oscillator model of a duct is shown in Fig. 12,

Transmission Line Model of a Duct

In this section, the theory of electromagnetic about transmission line is discussed.
The transmission line can be represented by a simple equivalent circuit which is
shown in Fig. 13.
where R, resistance per unit length, in Q/m; L, inductance per unit length, in H/m;
G, conductance per unit length, in S/m; C, capacitance per unit length, in F/m.

For solving the circuit diagram, the following ordinary differential equations for
phasors V(x) and 1(x) :
_av(x)

~ R+ jol)I (X) (54)
dx

“A) _ 6+ juc)v () (55)
dx

These two equations are time-harmonig transmission-line equation.

The two equation (54) and (55) above can be combined to solve for V(x) andI(x).

Two equations can be derived as:

VO v (56)

X

00210 57)
X

where y=a+ | = \/(R + joL)(G + jwC) is the propagation constant whose real

and imaginary parts, « and/, are the attenuation constant and phase constant of the
line.

The solutions of Egs. (56) and (57) are

V(X)=V, e +V,e” (58)

I(x)=1,e7 +1,e” (59)
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The ratio of the voltage and the current at any x-direction for an infinite line is

independent of x and is called the characteristic impedance of the line.

Z=R+ja)L= 7/ _ R+j_a)L (60)
y G+ joC G+ joC

For the case of the Lossless line (R=0, G=0), there are three special significance listed

below:

(a) Propagation constant:

y=a+jf=joJLC

a=0 (61)
f=w\LC
(b) Phase velocity:

0] 1

5~ (62)
(c) Characteristic impedance:
Z=R+jX = \E

C

L
R=.[— 63

c (63)
X =0
For acoustic system, phase velocity equals sound velocity.
Therefore
p=k="=wVlC (64)
y=a+ |f=]JjoJLC = jk (a=0) (65)
Thus Egs. (58) and (59) can be written as
V(x) =V, e 4V, el (66)
1(x) = 1je " +1,e™ (67)

According to Egs. (66) and (67), analysis is similar with Egs. (43) and (44).
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From the three special significance, L and C can be solved by the characteristic

impedance of the duct is'%c, and the phase velocity of the duct is c.

Thus, the two equations below can be combined to solve and the values of L and C

can be got.

C L
S\e o
¢ :%C (69)

where ¢ issound velocity; 1 is the length of the duct; S is the cross-section area.

The detail of the transmission line can be found [8].

Two-Port Model of a Duct

Two port networks are another type of model.which is widely used in analysis of
the circuit diagram. They are used to model transistors, transformers, and other
circuit blocks. In this section,-the duct-is-modeled-by a two-port network in which
voltage is analogous to pressure and current.is-analogous to volume velocity.

The geometry of the duct is shown in Fig. 10. Two equations can be formulated
as

p(x) = Ae ™ 4+ Be*

U(x) = Su(x) =—[ Ae ™ —Be" ™|
pC

From the above two equations, Eqs.46 and Eqs.47, the transmission matrix can

be formulated as

. pC .
0] cos(kl) j?sm(kl) 0,
U,| |.S U (70)
1 j—sin(kl) cos(kl) 2
oC

where Kk iswave number,k =2z/c; 1 isthe length of the duct; S isthe

cross-section area.
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For the convenience of the analysis of the circuit diagram, the impedance matrix
is adopted. And the two equations can be defined as
p,=7U,+2,U,
p,=2,U,+2,U,
Rewriting the two equations above in matrix form, we obtain
P=7ZU

where the matrix

le Z12 H - H
7= is called the impedance matrix.
Z21 Z22

From [9], the conversion between the transmission and the impedance matrix can be

easily solved.

After the transformation, the impedance matrix can. be formulated as:

. pC . pC
—j=cot(kl) j=—csc(KIl)

P, —j%ccsc(kl) j%ccot(kl) &

An equivalent circuit of a two-port model is shown in Fig. 14.
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2. Simulation and experiment of results

In this section, the experiment results will be used to analyze miniature speaker
and compared with the simulation results. Something that affects the performance of
miniature speaker can be clearly realized by experiment results. A real example of
mobile phone is presented and the structure of the mobile phone that causes some
effects on the miniature speaker will be discussed. The theory of electroacoustics is

used to simulate the conditions that the miniature speaker placed in mobile phone.

2.1 Parameter identification of miniature speakers

From the last section, Thiele and Small parameters of the loudspeaker can be got
by the procedures of measurement. In order to check these values are correct or not.
These values must be taken into electro-mechano-acoustical analogous circuit and the
simulation results will be compared with.the experiment results. The comparison
results are shown in Fig. 15. The testing-speaker is the products of Merry Company.
Its data number is DSH456. The type of ‘loudspeaker is the miniature speaker.
From the Fig. 15., the simulation results can approximately fit the experiment results.
Thus Thiele and Small parameters of the miniature speaker can be used to model its
dynamic response.

The simple diagram of miniature speaker is shown in Fig. 16. and the real object
of miniature speaker is shown in Fig. 17. The basic features can be observed from
the Fig. 18. and Fig.19. The voice coil is attached to the diaphragm. A frame is fixed
above the diaphragm. Ports in the rear side of the speaker provide ventilation to the
rear enclosure. Some damping materials are located on the ports. These features are
different from the conventional loudspeaker. What do they cause some effects on

the speaker? According to the experiment results, the obvious effects can be
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observed from the impedance and pressure frequency response.

In order to analysis these effects, three cases are split and the experiments will be

done individually. The three cases are listed below:

Case 1: the original speaker

Case 2: the speaker without the damping material

Case 3: the speaker without the damping material and the frame
Fig. 18. is the back of the miniature speaker and the view of case 1 and case 2. Fig.
19. is the front of the miniature speaker and the view of case 2 and case 3.

The impedance and sound pressure frequency response of the three cases are
shown in Fig. 20. and Fig. 21. From the impedance response comparison, the
amplitude of the first resonant frequency of the three cases is different with each other.
This phenomenon indicates that.the damping material and the frame affect the
amplitude of the first resonant-frequency. - And.the damping material causes more
effects than the frame. Why does the frame-affect the amplitude of the first resonant
frequency? There is the mesh material.that is located above the frame in the Fig. 19.
It is also the damping material. Frame attached to the diaphragm are important
factors that influence the radiated sound field. [5] presents numerical models of
miniature loudspeakers in various conditions of frame and presents an analysis of the
structure vibration of the diaphragm coupled with the radiated sound field. This
paper pointed out that if there are more holes in the frame, the frame will not cause
more effects on the sound pressure frequency response.

From the sound pressure frequency response in the Fig. 21., the amplitude of the
first resonant frequency of three cases is different. This can illustrates the damping
material could decrease the dB of the sound pressure level in the first resonant
frequency. In 13k Hz, the sound pressure level of the case 3 is lower than the other

two cases, because the mesh material in the frame affects the value of dB.
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A resonant peak is found in the about 6~7k Hz from Fig. 20. The resonance
happened in the 6~7 kHz is caused by the port embedded in the rear side of the
speaker and the small space of the cavity in the back of the diaphragm. Fig. 22. is
the experiment results that can prove the resonance caused by the port embedded in
the rear side of the speaker and the small space of the cavity in the rear of the
diaphragm. When the port embedded in the rear side of the speaker is closed, the
peak in 6~7k Hz disappeared. And the first resonance frequency is shifted to the
high frequency. The speaker is like to be mounted in the closed-box. Thus the
stiffness of the speaker is raised, the first resonance frequency rose.

From the concept of electroacoustics, the effects can be explained by this: the

port that can be modeled as the acoustic mass and the resistance and the small space
of the cavity can be modeled as the acoustic compliance, so the acoustic mass and the
acoustic compliance cause the resonance when the.imaginary impedance is zero.
The resonant frequency is also called:the-Helmholtz resonance frequency at which the
acoustic impedance is zero. In order to.prevent this effect, the dimension of the port
can be change large. Then the peak of the resonance will be shifted to more high
frequency.

From the discussions above, the damping material plays an important role in the
performance of miniature speakers. For the demand of application, the damping
material can be selected to change the dynamic response of the speakers that you
need.

Figure 23. (a), (b), (c), (d), (e), (f), (9), (h) are the directivity plot of the miniature
speaker. Its measuring range of frequency is from 500 Hz to 11k Hz. The speaker
is not mounted in the infinite baffle. From the polar plot of the directivity in Fig. 23.,

the directivity of the miniature is omnidirectiona.
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Using Thiele and Small parameters can roughly calculate sensitivity and

efficiency for miniature speakers.

The pressure sensitivity of loudspeakers is calculated by Egs. 72.

Po Bl
27 SyRM

v
psens -

(72)

The SPL sensitivity of SPLY and SPLY is calculated by Eqgs. 73 and Egs. 74.

sens

v P
.SPL =20log 5 dB (73)

ref

Sens

v R
SPL™ = 20log {pm—ﬁ}da (74)

ref

where SPLY . is SPL sensitivity of 1V rms. input voltage; SPL{

Sens

is SPL
sensitivity of /R¢ V rms. input voltage; _p,. =2x10° Pa.

The efficiency of loudspeakers is calculated by Egs. 75 and 76
PAR
_ R 75
=% (75)
where P, is the acoustic power; P. is the electrical power.
=P B*1°S2
277¢ ReM 2

(76)

For a example of merry speaker, its Thiele and Small parameters are listed below

Bl =0.3254 S, =0.0000785m’

R, =7.810 M, =0.021263g
2122

=20 B 50 _ 0 0104%
27C ReM 55

[ v
SPLY  =20log p—} dB = 63dB

ref

spLY

Sens
ref

Y R
— 20l0g pSL\/_E:IdB=72dB
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From above calculation of sensitivity and efficiency, miniature speaker has smaller
sensitivity and efficiency than conventional loudspeakers. The efficiency and
sensitivity can be increased by increasing the Bl , by increasing the diaphragm area,

by decreasing the voice-coil resistance, and by decreasing the total moving mass.

2.2 Modeling of the miniature speaker in mobile phones

In the preview section, the electro-mechano-acoustical analogous circuit and the
concept of electroacoustics are discussed. In acoustical system for loudspeaker,
something must be caredis Z,, andZ,.. The Z,, and Z,. model the acoustical
impedance on the front and rear of the diaphragm. The example of the mobile phone
is shown in Fig 24. The Z,, and Z,. are the complex-loading conditions. From
the Fig 24, the structure of the mobile phone can clearly been realized. The structure
in the rear and front of the speaker that causes seme effects on the sound field.
These structures of acoustical properties-will-be-lumped to the analogous circuit in the
acoustic system. These analogy Circuits are-composed of the acoustic components
like duct, slit, port or cavity, etc.

The front of the diaphragm is covered by a method perforated cover. The
acoustic impedance of the mesh screen can be modeled by a series of acoustic mass
and resistance. The value of the acoustic mass and resistance can be calculated by
the Egs. 39, 40 and 41. We can image that the volume velocity emitted by the
diaphragm flows through the mesh screen. When the speaker is placed in mobile
phone, there is a small space in the front of speaker. The acoustic impedance of the
small space can be model an acoustical compliance and it can be calculated by Egs.
27. So the volume velocity will compress the air in the small space, then flow through
the port that is placed on the side of small space. The port exhibits an acoustic

resistance and mass. The acoustic impedance of the port can be calculated by Eq 42.
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The volume velocity flows through the port and flows into the duct. In order to model
the duct, lumped parameter oscillator model and the transmission line model can be
used to model the dynamic response of the duct. But lumped parameter oscillator
model is used here to simulate. The analogous circuit of lumped parameter oscillator
model is shown in Fig. 13. In the export of the duct, something can be found that the
area of the export of the duct is less than the cross-sectional area of the duct. When
the volume velocity flows out the export of the duct, the air will be compressed in the
export of the duct.

Thus the dynamic behavior is like an acoustic compliance. After the volume
velocity flows out the export of the duct, it will flow through the port and radiates the
sound. The port exhibits an acoustic resistance and mass. The acoustic impedance of
the port can be calculated by Egs..42. Final, there:is the radiation impedance between
the export of the port and the medium. - The .analogous circuit of the radiation
impedance is shown in Fig 6. The radiation-impedance is the radiation impedance of
the piston in a tube. Its analogous parameters.can be calculated by Egs. 35, 36, 37
and 38.

The rear of the diaphragm is like a closed box and there are two ports embedded
in the rear of speaker. The closed box can be modeled by an acoustic compliance.
The parameters of the acoustic compliance can be calculated by Egs. 27. The port
can be modeled by a series of acoustic mass and resistance. The back volume
velocity emitted by the diaphragm compresses the air in the box and flows through the
port. The rear of the speaker is like a box that the acoustic impedance is modeled by
an acoustical compliance and its analogous parameters can be calculated by Eqgs. 27.

The analogous circuit of the electro-mechano-acoustical analogous circuit of
miniature speaker placed in mobile phone is shown in Fig. 25. The structure of the
front of the speaker is shown in Fig. 26. (a). The analogous circuit of Z,. is shown
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in Fig. 26. (b). The structure of the rear of the speaker is shown in Fig. 27 (a). The

analogous circuit of

defined below:

RAF and MAF

CAF

CFB1

RAP1 and MAP1

MAL1

MAL2 and CAL2

RAP2 and MAP2

CAL

M1, R1, R2 and C1:

RBP1 and MBP1

Z,; 1s shown in Fig. 27 (b). And the circuit elements are

: the acoustic impedance of the frame. We can approximately

compute the values by the Egs. (39), (40) and (41).

: the acoustic compliance between the frame and the diaphragm.

We can compute the value by the Egs. (27)

: the acoustic compliance in the front of the speaker. It is like a

box. We can compute the value by the Egs. (27)

: the acoustic impedance of the port around CFB1. We can

approximately compute thevalue by the Egs. (42)

: the acoustic mass-of-the-duct. We can compute the value by the

Egs. (29).

: Because of the natural resonance of the duct, we can model

that by Oscillator Model of a Duct, and compute the values by

Egs. (52) and (53).

: the acoustic impedance of the port in the exportation of the

duct. We can approximately compute the value by the Egs.

(42).

: the acoustic compliance in the exportation of the duct. We can

approximately compute the values by Egs. (29)
the element of the radiation impedance. We can approximately

compute the values by Egs. (35), (36), (37) and (38).

: the acoustic impedance of the port embedded in the rear of the
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speaker. We can approximately compute the value by the Egs.
(42)
CBB1 : the acoustic compliance of the cavity in the rear of the
diaphragm.
We can approximately compute the values by Egs. (27)
CBB2 : the acoustic compliance of the cavity in the rear of the speaker.
We can approximately compute the values by Egs. (27)
RBP2 and MBP2: the acoustic impedance of the port embedded in the cavity. We can

approximately compute the value by the Egs. (42).

Fig. 28. is the impedance response comparison of speaker and speaker placed in
mobile phone and the impedance response is the experiment results. The first
resonant frequency of the speaker placed in mabile phone is lower than speaker that is
not placed in mobile phone. This is-because. the acoustic mass of Z,. and Z,g
reflected to the electrical system cause.the total mass increasingly. Thus the first
resonance frequency is shifted to low frequency. This effect can be realize from the

below equation.
1

Wy = —F7—
°JIMC

if MorC T,m,

From the Fig 28, there is a resonance at about 3.5k Hz. The resonance is
caused by the compliance of the small space in the front of the speaker and the mass
of the duct and the port. The resonance at about 6.5 kHz is caused by the
compliance of box in the rear of the diaphragm and the mass of the port.

Figure 29 is the frequency response comparison of speaker and speaker placed in
mobile phone. The resonance at about 17k Hz is caused by the natural resonance of

the duct.

29



The Pspice is used to construct the electro-mechano-acoustical analogous circuit
according to the analysis of the Z,, and Z,. by using the theory of the
electroacoustics and do the simulation of impedance and frequency response.

Figure 30 and 31 are the simulation results of the impedance and sound pressure
frequency response. The simulation results can approximately fit the experiment

results.

Ear-coupling Simulation

In this section, the B&K products of Wideband Ear Simulator for
Telephonometry Type 4195 is taken to analyze realistic telephone receive response
measurements. The two grades of well-defined leakage make it possible to simulate
late the average real loss for telephone handsets.which are held either comfortably
tight (low-leak pinna) or lossely-(high leak pinna) against the human ear.

This product provides the-equivalent-circuit to model low-leak and high-leak
conditions. The equivalent circuit‘can.be used in the frequency range 100 Hz to 8k
Hz. The equivalent circuit diagram is shown in Fig. 32. The acoustic impedance
simulation results are shown in Fig. 33.. The mobile phone coupled with low-leak

and high-leak Pinna simulation results are shown in Fig. 34..
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3. Bass-enhanced design for the miniature

speakers

In this section, the theories of vented-box and passive-radiator design method are
reviewed. Using the concept of the theory, the enclosure of the speaker can be

designed to enhance the bass response of the speaker.

3.1 The vented-box design

Figure 35 is a simple diagram of vented-box design. There is a tube with a
circular cross section installed in the front of the enclosure. The air in the vent is
modeled as an acoustic mass. The acoustic mass and the acoustic compliance of the
air in the enclosure form a Helmholtz'resenator:which can improve the bass response
of the system. The EMA analogous circuit of. the. vented-box in low-frequency is
shown in Fig. 36. In the acoustic circuit; the resistance R, models air-leak losses
in the enclosure. The mass M ;5 .models the air1n the port which is a tube with a

cross-section area S, and a lengthl . The tube is flanged at one end and unflanged

at the other. The acoustic mass of the air in the port is modeled by

Mo =Sﬁ[1 +1.462 S—Pj (77)

p T
The Helmholtz frequency is given by
0 =27f =1 __ (78)
APCAB

where C,; isthe compliance of the air in the enclosure modeled by

\Y
Ce = LBZ
pC

where V,; is the effective acoustic compliance of the air in the enclosure

(79)

For the convenience of getting the volume velocity, the EMA analogous circuit is
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transformed to acoustical analogous circuit. The acoustical analogous circuit is
shown in Fig. 37. (whereM ,. is the sum of M,, andM,; ;M ,, is the acoustical

equivalent ofM,,;). From the acoustical analogous circuit, the volume velocity

transfer function can be derived as

Ble s’y
= 4 3 2 (80)
SoReM (S/C‘)o) +a3(s/a)0) +a2(3/a)0) +a1(3/a)0)+1
where a L Vh —a+l+h+ L a, = 1 +ﬁ

o % 2T h Mol o @

- h=—-=_E o, =27f, = 0.0
CAB VAB S ’ ’ TP
Ra C
= =w,R, C,., =R A8
QL O)BMAP B" ‘AL~ AB AL MAP

The on-axis pressure can be calculated by the: equation pzzisu. After some
zr

simplification, the expression for the'on-axis pressure-can be formulated as

=2%ﬁe(s> (81)

where G(s) is the vented-box on-axis pressure transfer function that can be
s/ @,

(s/wy)* +a,(s/@,)° +a,(s/@,)* +8,(S/w,) +1

The pressure transfer function is a fourth-order, high-pass filter function. At low

formulatedas  G(s) =

frequency, the bode magnitude plot exhibits an asymptotic slope of +80 dB per
decade.

The coefficients ofa,, a, and a, can be decided to design the shape of the Bode
plot. The numerical value of these coefficients defines the vented-box system
alignment. In this paper, these alignments will not be discussed. And the detail of

the vented-box system alignment is clearly discussed by Small [10].
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3.2 The passive-radiator design

A passive radiator design of the loudspeaker which is the concept of the
vented-box design extends. The method is to replace the vent in the vented-box with
a passive driver that is no voice coil. The simple diagram is shown in Fig. 38. The
low frequency Norton form of the acoustical analogous circuit is shown in Fig. 39.
The acoustical analogous circuit is the simplification of the EMA analogous circuit.
For the convenience of the analysis, the acoustical system is adopted. There is some
difference between the analogous circuit of vented-box and passive radiator. In the
acoustical analogous circuit of the vented-box, the port mass is replaced by a series
mass M ., , resistance R,,, compliance C,, representing the acoustical analogous
circuit of the passive radiator. From the acoustical analogous circuit of the passive

radiator, the output volume velocity-can be derived.as:

U= S Rae  CueS_ Sp€ RagCisS

- = (82)
Bl 2,+1/2,, Z,, BL1+Z,Z,
where ZM:MASS+RAE+RAS+L (83)
CusS
1 1
Z,, =CgS+——+ (84)
Ra MAPS+RAP+%APS
The impedance Z,, can be formulated as
(s/@,)? +( %TS)(S/a)S) +1
Z,. =
Al CASS
where a)—; Q __ R, =R, +R
S m TS a)s RAT CAS AT AE AS
Andthe Z,, can be written
2
e 1|/ + (X s/ws)| oy
Az M s " 2
- o8| (/0,0 +( 1 )(5/) 1
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1 1

where Oy = ——— Q=77+ Q. =w;R, C
b M.C.. P R oC oo L BNaL™ B
5:% 0y = WpN1+ 68
C
AB

For the simplification of the transfer function of the volume velocity, the box losses

are neglected. So R, —o and Q — o aredefined. The transfer function of
the on-axis pressure can be calculated.

p - P sy =£&G(s) (85)
2rr 27 SpReM

(S/wo )2 |:(S/a)o )2 + (wp/a)o)z}

" (/@) + (5] y)° + 2, (5] @,) + 8y (/) +1

agfenie! o]
T (/) 0, (/) + 85/ @,) + (/) +1

G(s)

where

a’o:a)s/\/ﬁ(1+a+5)1/4 B=w,|o, a=C,s/Cp

___WoNB il I lia
al_(1+a+5)3/4QTS a2_1/(1+a+5) [(1+5)ﬂ+ B }

1
%= 1+ +6)V*[BQ,

Asd — oo, the transfer function of on-axis pressure of the passive radiator
approaches that of the vented-box. The major difference between the vented-box

and passive radiator is that two of these zeros of the numerator of the passive radiator.

If Ryp,=0 andw=w,, the transfer function is zero. And the system

response exhibits a notch ato=w,. For design the passive radiator, the notch

frequency should be well below the system cutoff frequency. The effect of the notch

generally is to sharpen the corner of the frequency response characteristic and to give
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a steeper initial cutoff slope compared to the equivalent vented-box system.
The alignment of the passive radiator will not be discussed in this paper. And the

detail of the passive radiator system alignment is clearly discussed by Small [11].

3.3 Simulation results

When the loudspeaker is placed in the closed box, the stiffness of the closed-box
system will increase. And the first resonance frequency of the closed-box system
will rise to the high frequency. Fig. 40. is the frequency response comparison of the
infinite baffle and closed-box. From the Fig. 40., the performance of the closed-box
system in low frequency is bad than the infinite baffle for a small volume of box.

Figure 41 is a simple simulation of the impedance response of the vented-box
system. The null in the impedance plot is at the Helmholtz resonance frequency that
is caused by the acoustic compliance of the volume of air and the acoustic mass of the
vent. Fig 42 is the simulation of the frequency response of the vented-box. The
volume velocity emitted by the diaphragm exhibits a null at the Helmholtz frequency
and the volume velocity emitted by port is maximum. The total volume velocity is
the sum of the volume velocity emitted by the diaphragm and the port.

Figure 43 is the frequency response comparison of infinite baffle and the
vented-box system. The bass response of the vented-box is great than that of infinite
baffle.

Figure 44 is the simulation frequency response of the passive radiator system.
The notch at the total frequency response is the resonant frequency of the passive
diaphragm. The notch frequency should be below the cut-off frequency for the passive
radiator design. From Fig 44, the notch frequency is below the cut-off frequency, so
it is a well design.

Figure 45 is the frequency response comparison of infinite baffle and
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passive-radiator system. The bass response of the passive radiator is great than that
of infinite baffle.

The alignments are not adopted to design the passive radiator and the
vented-box system. Because the miniature speaker has higher Q,s than the
conventional loudspeaker, the miniature speaker is not suitable to design according to
the alignments of the vented-box and the passive-radiator.

From the discussion above, the simple models of the vented-box and the passive
radiator have been constructed. Next, the miniature speaker will be taken to design
the sample of the vented-box and the passive radiator, and the design of the sample
can be used to realize in mobile phone.

Figure 46 is the 3-D diagram of the vented-box design. The parameters of the
vented-box design are limited to realization in‘mobile phone. The dimension of the
vented-box is the main reason. . The simulation. results of frequency response for
infinite baffle and vented-box design.are-shown in Fig. 47. From the Fig. 47., the
bass response of the vented-box design.is_great than the infinite baffle. Fig. 48. is
the frequency response comparison of vented box for vent open and vent close. The
vent close is like the closed-box system. The bass response of the vented-box design
is great than the closed-box system.

Figure 49 is the 3-D diagram of the passive radiator design. The parameters of
the passive radiator design are limited to realization in mobile phone. But the
compliance of the passive diaphragm is not easily determined. The value of the
compliance just can be determined by measurement. Fig. 50. is the frequency
response comparison for infinite baffle and passive radiator design. The frequency
response of the passive radiator performs well as the infinite baffle. Fig. 51. is the
frequency response comparison of passive radiator design and the passive radiator

without passive diaphragm. The passive radiator design without passive diaphragm
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is like the closed-box system. The bass response of the passive radiator design is
great than the closed-box system.

For the simulation of vented-box and passive radiator design, there is big peak
in 15 kHz. That is caused by the acoustic compliance of the small space in the front
of the speaker and the acoustic mass of the port around the small space. By placing
the damping material in the export of the port, the amplitude of the peak will

decrease.
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4. Conclusions

There are many different features between miniature speakers and convention
loudspeakers. The analysis of miniature speakers is discussed in this paper. These
features that cause effects on the performance of miniature speaker are proven from
the experiment results.  In connection with different applications, these features can
dominate the performance of miniature speakers to arrive the demands of user.
Thiele and Small parameters are important indexes. These parameters can make us
to realize the difference between miniature speakers and convention loudspeakers.
The inductance of voice-coil is an example. For convention loudspeakers, the high
frequency inductance effect is very great. This phenomenon can not be represented
by a linear inductance. However, the inductance of voice-coil for miniature speaker
is very small. Thus the high Jfrequency inductance effect can be approximately
modeled by a linear inductance. The sensitivity and efficiency for miniature
speakers are very smaller than. convention-loudspeakers. The efficiency and
sensitivity can be increased by increasing the Bl , by increasing the diaphragm area,
by decreasing the voice-coil resistance, and by decreasing the total moving mass.
However, increasing Bl is the best method for miniature speaker.

The EMA analogous circuit is established to analyze the dynamic response of the
loudspeaker. When the loudspeaker is placed in the complex enclosure, we can
focus on the acoustical system and use lumped parameter method to model the
acoustical impedance of the structure of the enclosure. The acoustical impedance is
lumped to the electrical element. The overall dynamic response of the loudspeaker
can be easily solved by the circuit analysis.

For mobile phone, ear-coupling condition is an important index. The low-leak

and high-leak conditions are simulated to analyze the dynamic response of mobile
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phone in different ear-coupled conditions.

For enhancing the bass response of miniature speakers placed in mobile phone,
the concept of the vented-box and passive radiator methods is reviewed in this paper.
From the theory analysis and simulation results, the vented-box and passive radiator
methods can efficiently improve the bass response of the loudspeaker. However, the
dimension of the mobile phone is limited. Thus the best performance of the bass
response for the vented-box and passive radiator design can not be developed well.
However, the bass response is still enhanced. For the passive radiator design, one
thing must be noticed is that the passive diaphragm can be choosing to reach the best
performance of the bass response

The vented-box and passive radiator design for the mobile phone conferred
above is just in the process of simulation. In the.future, we will realize this concept
to develop a real enclosure and-prove that the:vented-box and passive radiator design

can really enhance the bass response iof the loudspeaker from the experiment results.
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Appendix
In this section, Pspice is used to simulate the impedance of the entrance of duct
by the transmission line and two-port model. A simple diagram of the duct and testing

circuit is show below

RIn : 1 > ) ROut

Al. A simple diagram of the duct

:

V s, Rous

Out

A2. Atesting circuit of the duct
And the impedance is Z :\T/
For the duct whose exit is open, the ROut is small. We will simulate the
impedance of the entrance of duct by using two models.
Ex. For atube that has length 1cm and radius 3.1mm
From Egs. 68 and 69, then L and C can be computed. In Pspice, there is a
component that can model the transmission line. You just indicate the value of L, C

and Length. This component is called T2Coupled.
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Another model is two-port model. This equivalent circuit is complex and needs
an analogous dynamic component called ELaplace. It can perform the Laplace

transform. A complete circuit is shown below:

0 -|I}7-

5 ]
E
Ei &
iyl
P
e |=:]
Do,
T T
o 0
1
0

A3. Arealistic circuit of two-port model

The architecture of the equivalent circuit is to realize the equivalent circuit of

two-port model that is shown in Fig 14.

The impedance response comparison of two models is shown below:
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A4. The impedance response comparison of transmission line and

two-part model (length: 1 cm)

For the export of duct is open. The.impedance-is

- pC Ll
,_re A A)Sm( b 2% tan(k1)
S (p%)cos(kl)

Im{Z,(0)}=0 = kL=nz, n=12,...

c
f =n— (L: length of duct
= f=n>r ( g )

For length of duct is 1cm, it resonant frequency is 17150Hz. From A4, the
impedance has minimum at 17k Hz. Because the impedance has minimum, the
volume velocity in this frequency will have maximum. A4. shows that the two models
can fit approximately.

Ab5 is the impedance response simulation of duct that has 2cm length.
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200 T T T
— Transmission Line
=== Two-Part

180

160

120

100

BD L L MR T | L L L PR T T I3 L L L PR BT |
10 10 10
Freguency (Hz)

A5. The impedance response comparison of transmission line and

two-part model (length: 2 cm)

For length of duct is 12cm, “it.resenant frequency is 8575Hz and 17150Hz.
From A5, the impedance has minimum at:8k ‘and 17k Hz and the two models can fit
approximately.

If you want to model the impedance response of duct that export is closed. The

R

out must be set greatly to infinity.
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Fig. 1. Electro-mechano-acoustical analogous circuit of loudspeaker.
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Fig. 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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pl p2

() (b)

Fig. 3. (a) An acoustic resistance consisting of a fine mesh screen
(b) Analogous circuit of-acoustic resistance

— U
A e + O
\%
- =
— U

(@) (b)

Fig. 4. (a) Closed volume of air that acts as an acoustic compliance
(b) Analogous circuit of acoustic compliance
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A
A

() (b)

Fig. 5. (a) Cylindrical tube of air that behaves as an acoustic mass.
(b) Analogous circuit of acoustic mass

Fig. 6. Analogous circuit for the radiation impedance on one side of a
circular piston in an infinite baffle
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/ /
Tube Piston

Fig. 7. Geometry of the circular piston vibrating in a tube

b !

Fig. 8. Perforated sheet of thickness t having holes a of radius spaced
a distance b on centers.
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Fig. 9. Geometryrofithe narrow slit
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Fig. 10. Geometry of the duct (left side is entrance; right side is exit).
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Im(Z,)

Fig. 11. The curves of the tan(k1) and the lumped method. (Solid line

istan(kl); Dash line is lumped method)
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Fig. 12. Analogous circuit of lumped parameter oscillator model of a

duct.
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1(X + AX, )
O——= = Si's
¥ ¥
V (x,t) : 1 Vixxy
’ GAX CAX
O O
< AX >

Fig. 13. Equivalent circuit of a differential length Ax of a two-conductor
transmission line.
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Fig. 14. Equivalent analog circuit of a two-port model
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Fig. 15. Impedance response comparison of simulation and experiment
results for miniature speakers.

55



Voice Coil Diaphragm

Frame
Suspension /
Rear-side Magnet
ventilation

Fig. 16. The 5|mple dla@amof :i“-“r"jffgniature speaker.

|

Fig. 17. The real example of miniature speaker.
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Fig. 18. The back side.of miniature speaker.

Fig. 19. The front side of miniature speaker.
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1wl o Case 3
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Frequency (Hz)

Fig. 20. The impedance response comparison of the three cases
(Case 1: original speaker; Case 2: speaker without the damping
material; Case 3: speaker without the damping material and the

frame).
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Fig. 21. The frequency response comparison of the three cases
(Case 1: original speaker; Case 2: speaker without the damping
material; Case 3: speaker without the damping material and the

frame).
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20 T T T
— Speaker
=== Speaker-Closed Port

74

Fig. 22. The impedance response comparison of speaker and speaker with
closed-port (closed-port means rear-side ventilation of speak is close).
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Fig. 23. The directivity of the Merry speaker (a) 500 Hz (b) 1k Hz (c) 2k
Hz (d) 5k Hz (e) 7k Hz (f) 9k Hz (g) 10k Hz (h) 11k Hz.
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Fig. 25.The analogous circuit of miniature speaker in mobile phone.
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Fig. 26 (a) The structure of the front side of speaker (b) The analogous

circuit of acoustic impedancez,,. .
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Fig. 27 (a) The structure of the rear of the speaker (b) The analogous

circuit of acoustic impedancez,, .
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Fig. 28. The impedance response:cemparison of speaker and speaker in
mobile phone:
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Fig. 29. The frequency response comparison of speaker and speaker in
mobile phone.
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Fig. 30. The impedance respense:comparison of experiment and
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Fig. 31. The frequency response comparison of experiment and
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simulation results.
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Fig. 32. Electrical equivalent circuit diagram of low-leak of high-leak

pinna simulator and IEC 711 Coupler. (Solid line: low-leak of high-leak
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Fig. 33

pinna simulator; Dash line: 711 Coupler)
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p——— L L

Frequency (H2)

10

3

. Simulation acoustic impedance for type 4195 Low-leak ear

simulator compared to High-leak ear simulator.
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Fig. 34. Simulation pressure frequency response for mobile phone
coupled with low-leak and high leak Pinna.
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Tube

Fig. 35. The simple diagram of the vented-box design.
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Fig. 36. Low-frequency Model: EMA analogous circuit of vented-box
system.
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Fig. 37. Low-frequency model: Acoustical analogous circuit of the
vented-box system.
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Speaker

Passive diaphragm

Fig. 38. The simple diagram of the passive radiator design.
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Fig. 39. Low-frequency model: Acoustical analogous circuit of the
passive radiator system.
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Fig. 40. The frequency response camparison of Infinite Baffle and
Closed-Box.
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Fig. 41. The simulation of impedance response of speaker and vented-box
system.
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Fig. 42. The simulation of the frequency,response of vented-box system.
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Fig. 43. The frequency response comparison of Infinite Baffle and
vented-box system.
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Fig. 44. The simulation of the frequency response of Passive radiator
system.
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Fig. 45. The frequency response comparison of Infinite Baffle and
passive radiator system.
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Fig. 46. The3-D diagram of the vented-box design for mobile phone.
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Fig. 47. The frequency response camparison of Infinite Baffle and
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Fig. 48. The frequency response comparison of Vented-Box: Vent open
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and Vent close.
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Passive diaphragm

Fig. 49. The 3-D diagram of the passive radiator design for the mobile
phone.

82



1o — T
—— Passive Radiator

100 F --- Infinite Baffle =
90 - 7 J

80

70

60

SPL(dB)

a0

40

30

20

10 T R N N B B A | 1 T T N N B B | 1 T R B N B B |
10 10 1’

Frequency (H2)

Fig. 50. The frequency response comparison of Infinite Baffle and
Passive Radiator design.
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Fig. 51. The frequency response comparison of Closed-Box and
Passive Radiator design (Closed-Box means that passive diaphragm
of passive radiator design is replaced and closed).
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