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Abstract

With the advent of the mobile phone, Digital Multimedia Broadcasting (DMB) service for multimedia data communication will soon
be realized. With regard to the acoustic aspects of this service, a smaller and lighter microspeaker also soon will be implemented in MP3
song players and speakerphones. The sound quality of such microspeakers, as evaluated with reference to total harmonic distortion
(THD) is becoming more important. THD is the proportion of the higher-order frequency output response to a sinusoidal input signal. It
is affected by uneven magnetic distribution and nonlinear responses of diaphragms. In this work, THD was analyzed in consideration of
the coupling effects between mechanical vibration and electromagnetic exciting forces. Simulated THD results were compared with the
experimental data. The THD in the lower frequency range increased due to the increased displacement of the voice coil and the elevated

high-order component response of the sound pressure.
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1. Introduction

With the ever-increasing interest in microspeaker sound
quality, research on total harmonic distortion (THD) has pro-
ceeded apace. THD is a phenomenon corresponding to the
linearity of AC signals in electric and electronic circuits, and
represents the proportion of high-order components generated
when a sinusoidal signal is inputted. It is represented, in mi-
crospeakers, as a function of sound pressure. In the previous
research, the uneven magnetic field has been analyzed along
the voice coil, and the magnetic distortion has been found with
reference to the spectra of the flux linkage [1, 2].

However, this approach predicts the tendency of THD only
by evaluating the degree of unevenness, without considering
the coupling effects of the electromagnetic and mechanical
systems. Therefore, it cannot predict quantifitd THD or
changes dependent on frequency characteristics. To find an
exact solution, the coupling effects of magnetic distribution and
mechanical displacement need to be considered. Indeed, Many
coupling analyses have been conducted on electromagnetic
mechanical parts such as microspeakers and motors. [3]

In the typical coupling analyses of microspeakers, changes in
the magnetic flux density according to the voice coil position
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have not been considered, and the electric current, magnetic
force and vibration displacement have been assumed as sinu-
soidal. [4] Also, in voltage equations, the back electromotive
force and electric current waveform have been calculated only
by considering the amplitude, without taking into account the
phase. Moreover, mechanical analyses have not considered the
distributed forces of the diaphragm surface caused by the back
volume of a microspeaker, thus the effects of the amplitude and
shape of the back volume were not taken into consideration.
This approach cannot be regarded as a complete coupling anal-
ysis of a microspeaker, as high-order components cannot be
obtained by this means. A past study on motors presented a
method to analyze the coupling effects between electromag-
netic and mechanical systems. [5] This method obtained the
electric current solution by converting the parameters related to
the voltage equation to the functions for position, and the
torque ripple was obtained using the electric current solution.
When the electric current solution was obtained by the voltage
equation, however, the motor rotation speed was supposed to
be constant. This protocol, however, cannot predict exact me-
chanical response results. In the case of a motor, it vibrates
while rotating in a specific direction and therefore there is no
such problem even when the angular velocity is constant.

But the same cannot be said for microspeakers. Accordingly,
it is necessary to conduct a more detailed coupling analysis in
order to examine the THD of microspeakers. This paper pre-
sents a new coupling analysis method to resolve the above-
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Fig. 1. Microspeaker operating principle.

comparison

e}
&

Ll i 2y .x_,m":‘

Magnetic FEM

Blz) 1z} K o 2)

Mechanical FEM

+Acoustic BEM
2o\ () o, L)

Fig. 2. Flow chart of coupling analysis.

listed problems. The method was verified through experiments,
and the experimental data was compared with simulated THD
results.

2. Finite element analysis

2.1 Operating principle

Fig. 1 is a schematic of the microspeaker’s operating princi-
ple. In general, the microspeaker structure as it relates specifi-
cally to the electromagnetic and mechanical systems, is simi-
lar to that of loud speakers. When electric current flows in the
voice coil, electromagnetic force is generated by Fleming’s
left hand rule. This force excites the voice coil on the dia-
phragm, which causes the diaphragm to vibrate, which in turn
produces the sound.

2.2 Outline of coupling analysis

Fig. 2 shows a flow chart of the coupling analysis treated in
this paper. Preparatorily, electromagnetic and mechanical
analyses are performed. In the electromagnetic analysis, the
magnetic flux density, inductance and speedance are ex-
pressed, using FEM, as voice coil displacement functions. In
the mechanical analysis, the response displacement of the
voice coil and the sound pressure response at the detection
position, for a voluntary exciting force of 0.1N, are expressed
as frequency functions. Coupling analyses are conducted for
each frequency. First, the initial displacement waveform is

Table 1. Material properties of magnetic circuit.

Air Permeability 411 x 107 [h/m]
Permanent mag- |  Residual flux density 1.3[T]
net Coercive force 1000 [kA/m]
Yoke
Permeability See Fig. 4
Top plate
Permeability 41 x 107 [h/m)]
Voice coil Resistance 7.5 [ohm]
Turns 40

Fig. 3. Boundary condition of magnetic analysis.

assumed using the displacement obtained in the mechanical
analysis. Once the displacement waveform is assumed, the
magnetic flux density, inductance and speedance obtained
through the electromagnetic analysis can be converted into
time functions. Accordingly, the electric current solution can
be obtained using the voltage equation, and using this electric
current solution, the electromagnetic force can be determined.
To obtain the displacement response of the voice coil for this
electromagnetic force, the electromagnetic force waveform is,
by FFT, decomposed into frequency components. In this way,
the displacement response is obtained and compared with the
initially assumed displacement. When these displacements do
not converge, the electric current waveform and electromag-
netic force are obtained again using the newly produced dis-
placement, and the results are compared with a newly ob-
tained displacement waveform. When the displacements con-
verge, the exciting force at that time is regarded as the final
exciting force and the sound pressure waveform at the sound-
receiving point is produced for the exciting force.

2.3 Analysis of electromagnetic system

To obtain the magnetic flux density, inductance and speed-
ance, an electromagnetic analysis was carried out using FEM.
Fig. 3 shows the boundary conditions and modeling shape of
the magnetic circuit. Since the magnetic circuit was round, 2-
dimensional modeling was conducted for the given axis-
direction conditions. As for the remaining boundary condi-
tions excepting the central axis, the magnetic vector potential
was set at zero. Table 1 shows the material properties of the
magnetic circuit. The yoke and top plate have a non-linear
investment curve, and therefore a non-linear analysis using the
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Fig. 6. Flux density for voice coil displacement.

B-H curve was performed. Fig. 5 graphically depicts the mag-
netic flux lines obtained through the analysis. The magnetic
circuit of a microspeaker is thin, and therefore, when the voice
coil moves up and down, the magnetic flux density interlink-
ing with the voice coil varies. This average magnetic flux
density can be obtained by

5 - [Bav
v

M

where B, and V are the radial flux density and the volume of
the voice coil, respectively. Fig. 6 plots the average magnetic
flux density as a function of the voice coil displacement.
When represented in the form of a quadratic function for the
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Fig. 7. Inductance along the displacement of coil.
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Fig. 8. Inductance along displacement of coil.
purposes of a coupling analyasis, the average magnetic flux
density is

B, (2)=02+0.2z+022" 2

where z is the voice coil displacement. According to Fara-
day’s law, the variance in the magnetic field with time gener-
ates an electric field. And as the flux linkage in the voice coil
changes with time, a back electromotive force is generated in
the voice coil, which can be summarized as

dA dAdl dAddz

P &)
dt dl dt dz dt

The variance of the flux linkage with the electric currents is
called inductance, and the variance with the coil position
change is called speedance.

Using the flux linkage within the coil, which can be ob-
tained by

A=n[B.dV ()

the inductance and speedance according to the coil position
can be analytically obtained. The results, plotted in Figs. 7 and
8, can also be represented as quadratic functions, as shown in
expressions (5) and (6) below.
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Table 2. Material properties of mechanical system.
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Density 1260 [kg/m']
Diaphragm Young’s modulus 6 [GPa]
Thickness 25 [n m]
. . Density 5910 [kg/M']
Voice coil
Young’s modulus 110 [GPa]
. Density 1.21 [kg/m®]
Air
Sound velocity 341 [m/s]
4 )
L 20, (), Po, ()
U Bracket
lce Jig
10cm
Detecting
position

Diaphragm

Cloil

\_ Exciting force (.1N on coil y,
Fig. 9. Modeling of mechanical analysis.
L(z)=0.2+0.2z+0.22> Q)
K,(2) =0.2+0.2z+0.2z2’ ©6)

2.4 Analysis of mechanical system

In ans analysis of the mechanical vibration system, the dis-
placement and sound pressure of the voice coil were obtained
for the exciting force of 0.1N. The commercial software Sys-
noise was used in the analysis. Sysnoise has a function that
can couple and solve structural FEM and acoustic BEM at the
same time.

A structure consisting of the diaphragm and voice coil for
FEM problem and a wall surface composed of a jig and a
frame for acoustic BEM problem was modeled. Fig. 9 shows
the modeling used in the analysis. In consideration of the
measuring conditions, a lcc jig and a U bracket to fix the jig
were modeled. An exciting force 0.IN was applied to the
voice coil, and a harmonic analysis was performed for each
frequency. Table 2 lists the material properties used in the
analysis. Fig. 10 plots the amplitude and phase of the voice
coil displacement as functions of frequency. The phase repre-
sents the phase difference of the displacement for the exciting
force. The resonance point is about 1.5 kHz, at which time the
phase changes abruptly. Fig. 11 indicates the size and phase
of the sound pressure at the sound-receiving point 10 cm from
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Fig. 11. Sound pressure at detection position.

the jig. The phase continues to change, owing to the fact that
the arrival distance of 10 incurs a phase delay.

2.5 Coupling analysis

A coupling analysis for each frequency was carried out as
based on the previous analysis results. Once the frequency is
determined, the initial vibration displacement can be assumed
using the results of the vibration analysis, as shown in expres-
sion (7) below.

2(1) = zy(f)cos 27 fi + e (1)} ™

Here, the displacement amplitude and phase difference are
determined by the frequency. Using the supposed displace-
ment, the magnetic flux density, inductance and speedance
obtained in the electromagnetic system analysis can be con-
verted to time functions. Then current waveforms can be ob-
tained using the voltage equation.

a
dt

dz(t)

V(t)=RI(t)+ L(t) i

+K.(0) ®)

And, using the Lorentz force law, the sinusoidal exciting
force generated in the voice coil can be obtained by expression
(9) below.

F.(®)=B,0I1(0] ©)
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Fig. 13. Harmonic component of magnetic force at 200 Hz.

Fig. 12 plots the exciting force according to time at 200 Hz.
When the exciting force is analyzed with FFT to obtain the
displacement response it, the outcome can be expressed as in
Fig. 13. It is found that an electromagnetic force that includes
a harmonic component is generated for the input of the sinu-
soidal voltage signal. This is due to the change in the magnetic
flux density with the movement of the voice coil. It is due also
to the fact that electric current values, which are not linear to
the input voltage, are generated as the speedance and induc-
tance change. The amplitude of the displacement for the excit-
ing force component with decomposed frequency can be rep-
resented by

£,
0.1

2=z, + Y. z,(f,)cos2xf,t + &, (f,)+ B} (10)

A new displacement obtained by this expression is com-
pared with the previously assumed displacement, and the error
is derived. When the error deviates from the defined range, a
new displacement is assumed as the initial displacement, and
the electric current and electromagnetic forces are obtained.
Then the actual new displacement is obtained. When the error
falls within the defined range, the exciting force at that time is
regarded as the final solution and the sound pressure at the
sound-receiving point for the exciting force is obtained as
shown in the following expression.

PO = p () heos 2+ 7,(£)+ ) (i

Sound Pressure [Pa]

- T T T - T T T T
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Fig. 14. Sound pressure at 200 Hz.
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Fig. 15. Harmonic component of sound pressure at 200 Hz.

Fig. 14 shows the waveform of the sound pressure at the
sound-receiving point. It can be seen that the waveform of the
sound pressure for the sine wave is distorted significantly. The
amplitude of the frequency component for this waveform is
shown in Fig. 15. The high-order components of the sound
pressure are more amplified than the those of the exciting
force of the actual electromagnetic force. This is because the
sound pressure responses of 400 Hz and 600 Hz, the high-
order components of 200 Hz, are high.

In other words, higher-order sound pressure responses can
appear at low frequencies even when there are only small
electromagnetic force distortion components. The SPL and
THD can be obtained for the above frequencies as follows.

P

SPL = 20log(——"— 12
Og(zoxlofﬁ) (12)
>p’

THD = Y"=2 (13)
D

At 200Hz, the SPL has a value of 53 dB and the THD has a
value of 15%. In this way, the SPL and THD can be obtained
for each frequency, as shown in Fig. 16. Overall, the THD is
high in the low-frequency range because, as mentioned before,
small high-order components can have the sound pressure
responses of higher order components in the low-frequency
band. Also, the magnetic system distortion is significant be-
cause the vibration displacement is relatively large.
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Fig. 16. SPL and THD for each frequency.

Fig. 17. Experimental setup.

2.6 Confirmatory experimentation

Fig. 17 shows the experimental setup for measurement of
the sound pressure of a microspeaker. The B&K Pulse System
(3560C), equipment exclusively used as an audio analyzer,
was employed in the measurement. The signals of the audible
area were regenerated into sweep noises in the pulse system
and, subsequently, were amplified in the power amplifier.

The amplified signals were then regenerated in the mi-
crospeaker installed in the lcc jig. As shown in Fig. 17, the
input was received in a microphone positioned 10cm away,
and was analyzed by FFT in the pulse system before being
plotted as SPL and THD graphs. Fig. 18 shows a comparison
between the simulated results and the experimental data. As is
apparnet, the simulated results are in good agreement with the
experimental data. As already mentioned, the SPL was low
prior to the resonance point and, due to this, the THD was
high. Overall, the THD in the low-frequency range was higher
than that in the high-frequency range because the displace-
ment in the low-frequency range was relatively large, and thus
the electromagnetic distortion was large. Moreover, the THD
was higher also because the high-order components were lo-
cated near the resonance frequency, the sound response there-
fore having been large compared with the basic frequency. In
the graph, there are some errors in the simulated versus ex-
perimental data as plotted. Above all, there is a difference in
the sound pressure near the high-frequency range, which can
be seen as the amplitude of the error for the amplitude of the
factors when the FEM and BEM are used. Also, the THD
shows some differences in the low-frequency range, which
can be attributed to the fact that the present work examined

10 80

—— Simulated
— = Experimental

THD [%]

SPL [dB]

Frequency [Hz]

Fig. 18. Comparison between simulated results and experimental data.

the extent to which high-order components generated in the
magnetic fields are influenced (or amplified or decreased) by
the linearity of the vibration sound system: thus, the nonlinear
characteristics of the vibration sound system were not consid-
ered.

3. Conclusions

Total harmonic distortion (THD) is a design factor central
to high sound quality. In the present work, THD was analyzed
in consideration of the magnetic and mechanical coupling
effects. Simulated THD results were compared with the ex-
perimental data obtained. The results show that the THD in
the lower frequency range was increased due to the displace-
ment of the voice coil and the elevated mechanical responses
of the high-order frequencies. It can be concluded therefore
that low frequency THD in microspeakers can effectively by
predicted using analytical approach here derived.
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