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ABSTRACT

In this paper, we describe the acoustic design used for mobile phones. Today's mobile phones provide a variety
of audio capabilities, such as telephone communication, television, music, and movies. These capabilities are
achieved by using acoustic devices such as receivers, speakers, and headphones. The most important of these
devices are the speakers, which are used for almost all the audio functions of the mobile phone. However, today's
mobile phones are much slimmer and more stylish than their predecessors, while maintaining a very high
performance. The speakers used for these phones must be thin and small, but provide high-quality sound. Until
now, the speakers used in mobile phones have had the problem of being too thick and difficult to mount. In this
study, we analyzed the correlation between the acoustic structure of mobile phones and their acoustic properties
and formulated design guidelines for achieving high-quality sound in slim mobile phones, which we also describe
here.

INTRODUCTION

Today's mobile phones provide a variety of audio
capabilities, such as telephone communication,
television, music, and movies. These capabilities are
achieved by using acoustic devices such as receivers,
speakers, and headphones. The most important of
these devices are the speakers, which are used for
almost all the audio functions of the mobile phone.
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Figurel Acoustic devicesused in mobile phones
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To achieve high-quality sound, mobile phone
speakers must have a flat frequency response,
adequate loudness, wide surround, and adequate
directivity.

The design of the speakers must also suit today's
more stylish maobile phones. Figure 2 shows the
recent increase in demand for slim mobile phones.
As can be seen in this figure, the thickness of mobile
phones has been decreasing steadily over the past
several years without affecting the performance.

These slim mobile phones require thin and small
speakers that are easy to mount. To solve the
problem of speaker thickness, we developed a 0.9-
mm-thick piezoelectric speaker that consisted of a
high-power bimorph transducer and an elastic
support structure, and successfully used this ultra-
thin speaker in a dlim mobile phone. However, the
problem of mounting the speaker still remained. We
therefore decided to establish a methodology for
designing the speakers used in slim mobile phones.



23-27 August 2010, Sydney, Australia

The Slim Sized Mobile Phones
are required on the Market
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Figure2 Increasein demand for dim 3G mobile
phones

In this study, we analyzed the correlation between
the acoustic structure of mobile phones and their
acoustic properties in order to formulate design
guidelines for achieving high-quality sound. For our
experiment, we used mobile phones with 0.9-mm-
thick piezoelectric speakers.

First, to clarify the route taken by the sound
waves as they spread from the speaker to the LCD of

the phone, we analyzed the directivity of the speaker.

We were thereby able to formulate guidelines for
designing the sound hole in the best position to
maximize the sound pressure level at the LCD.

We then anadyzed the effect of phone case
vibration on the sound pressure level. By examining
how phone case vibration caused the sound pressure
level to decrease, we were able to formulate
guidelines on damping phone case vibration.

Finally, we analyzed the correlation between the
sound cavity (front cavity and back cavity) and the
acoustic properties to understand how the acoustic

structure of the phone affected its acoustic properties.

We also optimized the method of calculating the
sound characteristics by using equivalent circuit
simulation to calculate the relationship between an
estimated sound cavity and the acoustic propertiesin
order to clarify our design guidelines.

EXPERIMENT

Speaker

We used the ultra-thin piezoelectric speaker shown
in Figure 3 for this study. This ultra-thin
piezoelectric speaker consisted of single-layer
piezoceramics and shim materials and an elastic
polymer and frame. Lead zirconate titanate (PZT)
ceramics with a thickness of 40 pm were used as the
piezoceramics Both principal surfaces of the
ceramics were covered by a silver electrode.
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A phosphorate with a thickness of 0.5 pm was used
as the shim material, and both principal surfaces of
the phosphorate plate were covered by the
piezoceramics. This was then used to construct a
bimorph transducer.

An elastic polymer film was placed between the

0.9-mm-thick frame and shim, and the bimorph
transducer was then attached to the frame. A 30-um-
thick polymer film was used as the elastic
supporting material. All of the materials were
connected by an adhesive and aranged in a
concentric circle to create an ultra-thin speaker with
athickness of 0.9 mm.
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Figure3 Structureof ultra-thin speaker

We made two kinds of speakers, one for a mobile
phone with a front sound hole and one for a mobile
phone with a side sound hole, and installed them in
two mobile phones. The speakers are shown in
Figure 4.

Side sound hole type
<Thickness:1.8mm>

Front sound hole type
<Thickness:0.9mm>

Figure4 Prototype speakers

In the speaker for the mobile phone with a side
sound hole, a cover was placed on the speaker
vibration side. With this configuration, the sound
reverberates off the cover and radiates out from the
side of the speaker. The thickness of the speaker for
the mobile with a front sound hole was 0.9 mm and
the thickness of the speaker for the mobile phone
with a side sound hole was 1.8 mm. Both of these
speakers were thinner than an average
electrodynamic speaker, which is about 3 mm thick .
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Mobile phone

The two kinds of mobile phones used—one with a
front sound hole and one with a side sound hole—
are shown in Figures 5 and 6. We used these mobile
phones to evaluate the acoustic properties of the
speakers.

Piezoelectric Speakers
<Thickness:0.9mm=>

Figure5 Mobile phonewith front sound hole
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Side sound hole type = R
=Thickness: 1.8mm:=

Figure6 M obile phonewith side sound hole

Measurements
Electrical properties

The electric properties of the speakers, such as the
resonant frequency and electrostatic capacity (Cp),
were measured by using a Hewlett-Packard
impedance analyzer (4194A).

The values of Qn and the equivalent circuit
constants for the transducers were measured at alow
vibration level by measuring the impedance-
frequency responses by using a Hewlett-Packard
impedance analyzer (4194A). The Q. of the
transducers was defined by equation (1) below [15].

Fs
Qm @)

Where fs represents the resonant frequency and f;
and f, represent the quadrantal frequencies.

Acoustic properties

The acoustic properties of the speakers were
measured by using an audio analyzer. The distance
between the centre of the sound hole in the mobile
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phone and the microphone of the audio analyzer was
10 cm. A driving voltage of 5 Vrms was input to the
speakers. The frequency bandwidth was 100 Hz to
20 kHz. The acoustic properties were measured in
an anechoic room.

Speaker

e ae4)) )

Microphone

Cell-Phone |

Figure 7 Method used to measure the acoustic
properties of the speakers

The directivity characteristics were measured by
using a rotating table in an anechoic room. We
centered the mobile phone on the table and rotated the
table 360 degrees, measuring the acoustic properties at
ten-degree intervals (36 measurements).

Vibration properties

We measured the vibration of the mobile phone by
using a vibrometer. The distance between the mobile
phone and the scan-head was 30 cm. A driving
voltage of 5 Vrms was input to the speakers and the
frequency bandwidth was 100 Hz to 20 kHz.

RESULTS AND DISCUSSION

Location of sound hole

We examined the effect of the mobile phone's
sound hole position on the acoustic properties by
using the two kinds of mobile phones—one with a
front sound hole and one with a side sound hole—
shown in Figures 5 and 6.

To eliminate the effect of phone case vibration, we
placed damping materials on the surface of the
phone cases of the mobile phones. We then
evaluated the directivity of the sound in the mobile
phones.

Front sound hole Type Side sound hole Type

i A

g
Damping rateriais

N

\
Diarmping materials

Figure8 Mobile phoneswith damping materials
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We analyzed the direction in which the sound
waves from the speakers in the two kinds of mobile
phones dispersed. The distance between the center of
the phone case and the microphone was 10 cm. We
rotated the phone case 360 degrees, measuring the
directivity characteristics from the center of the
phone every ten degrees. Figure 9 shows the
position of the mobile phones in the directivity
anaysis.

LCD Side LCD Side
. Sound $eERy,
i ole S
XL S sound
Back Side Back Side "0
Side sound Front sound
hole type hole type

Figure9 Position of mobile phonesin directivity
analysis

Figure 10 shows the directivity characteristics at
each frequency. We set up the mobile phones to play
back a movie and evaluated the difference in the
sound pressure level between the speaker location
and the LCD of the phone. Specifically, we analyzed
the attenuation of the sound pressure level when the
sound wave moved from the sound hole to the LCD.

S500Hz

LCD side

1
Pl e L
320 BT e

Side sound hole : -3.02 dB
Front sound hole: -3.58 dB

SPL in LCD front side(0 degres)

—=ide zound hola type

Back side =—fruat aeund el typs

1000Hz

LCD side

Side sound hole : -3.11 dB
Front sound hole: -328 dB

SPL in LCD front side(0 degres)
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2000Hz

LCD side

SPL in LCD front side(0 degree)
Side sound hole : -2.48 dB
Front sound hole: -2.98 dB

7500Hz

SPL in LCD front side(0 degree)
Side sound hole :-11.36 dB
Front sound hole: -14.66 dB

Back side

Figure 10 Directivity analysis of mobile phones

In a low-frequency bandwidth of 2000 Hz or less,
the attenuation of the sound pressure level at the
LCD was 5 dB or less in both mobile phones. On the
other hand, the attenuation of the sound pressure
level at the LCD was 10 dB or more at 7500 Hz. We
assumed that this was because the sound waves were
muffled by the phone case. We therefore proposed
moving the sound hole closer to the LCD to enable
support for applications in the high-frequency band
with strong directivity.

Next, we compared the directivity characteristics of
the two mobile phones. In a low-frequency
bandwidth of 2000 Hz or less, the attenuation of
sound pressure level in the mobile phone with the
front sound hole was similar to that in the phone
with a side sound hole (3 dB or more).

However, the directivity characteristics of the
phone with a side sound hole had a slightly distorted
shape compared with those of the phone with a front
sound hole. In the phone with a side sound hole in
particular, the attenuation of the sound pressure level
in the area opposite to the sound hole was larger,
due, we assumed, to the muffling of the sound
waves by the phone case.

Next, we examined the acoustic properties of the
phone with a front sound hole in detail by using a
sound simulator. The effect of the sound hole
position was analyzed by using the analytical model
shown in Figure 11.
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Effect of phone case vibration

We analyzed the effect of phone case vibration on
Boundary Condition the sound pressure level by measuring the acoustic
V=1m/S properties of the two kinds of mobile phones with
and without damping materials. The damping
materials were placed on the surface of the phone
case in both phones. Tables 1 and 2 show the results
of measuring the sound pressure level (SPL) at the
Right side Center sound hole and at the LCD.

_ Tablel SPL changeat sound hole
Front sound hole type

Side sound hele type Frent sound hole fype
Figure 11 Simulation model used in directivity G | oot R il o
analysis 600Hz 649 8 |88 dB | 35 dB |604 dB |6a1 o8 |77 dB
1000H: |816 0B |656 dB |97 o8 |670 dB |767 dB |95 B
We moved the sound hole position in the mobile 2000Hz |800 dB (798 dB | 04 dB |853 dB |925 dR |+22 dB
phone with a front sound hole right and left and T600Hz 856 dB 844 dB | A2 dB | 977 dB | 1026 dB | +49 dB
Compafed the attenuation Of the SOUﬂd preSSJre |e\/e| Ameount of attenuation = SPL (Damping material) - SPL {none)
at the LCD. Figure 12 shows the results. The sound
hole that was closest to the LCD had the least sound Table2 SPL changeat LCD
pressure level attenuation. Moreover, the sound
pressure level in decibels attenuated significantly at
7500 Hz, which corresponds to the results of the Side sound hole type Front sound hole type
experiment above. W E e B e
600Hz 599 d8 |649 dB | 60 4B |526 dB [632 4B |-106 4B

=]

1000Hz 807 dB 786 dB 21 B 698 dB | 736 dB 48 dB

132 143

|| @ Right side 2000Hz 799 dB (769 dB |+30 dB |748 dB |770 dB |22 B

.

O Center T500Hz 807 dB 815 dB 08 dB (812 dB |92 dB |02 dB

[p<]

Amount of attenuation = SPL {Damplng material) - SPL {none)

L=13

§
6 > 64. | In both the mobile phones, phone case vibration
i N caused the sound pressure level to attenuate
significantly at Fy or less. The resonant frequency is
z ] about 500 to 1000 Hz because a material that
0 ! includesresin is used for the phone case.
500Hz 1000Hz 2000Hz 7500Hz
We decided that it was possible that a sound wave
. generated by phone case vibration caused by driving
Z;'?:qu?ati](;i Sound - pressure level  (SPL) the speaker was interfering with the sound wave
from the speaker. Because the phone case vibrates
considerably at the resonant frequency of the case,
the generated sound wave is large. We assumed that
We then analyzed the route taken by the sound the sound wave from the phone case and the sound
waves as they spread from the speaker to the LCD. wave from the speaker interfered at opposite phases,
In the low-frequency bandwidth, the pressure of the canceling each other out and causing the sound
sound from the speaker attenuated by about 3 to 5 pressure level to attenuate.

dB. However in the high-frequency bandwidth with
high directivity, the attenuation was 10 dB or more.
We assume that this was because the sound waves
were muffled by the phone case. Through this
analysis, we could see that the dispersion of the
sound waves changes considerably depending on
where the sound hole is located. We were therefore
able to clarify that the muffling of the sound waves
by the phone case meant that it was important to
consider the position of the sound hole when
designing the mobile phone.

At 2000 Hz or more, the sound pressure level
increased and decreased according to the sound hole
position and the direction of measurement. The
phone case generated a distributed vibration mode in
a high-frequency bandwidth. We assumed that the
sound waves repeatedly interfered and canceled each
other out due to phase changes in a limited part of
the phone case.
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Next, we analyzed the effect of phone case
vibration on sound pressure level attenuation in
detail. Figure 13 shows these resullts.

Sound wave from Sound wave from
*| Phone case vibration Phone case vibration
{Reverse phase)

Figure 13 Analysis of sound pressure
distribution and vibration mode

Here, we analyzed the sound pressure distribution
and vibration mode of the phone case. We could
thereby clarify the generation of the sound wave
caused by phone case vibration. We could also
clarify that the phase of the sound wave from the
speaker and the phase of the sound wave from the
phone case were reversed, and that these sound
waves canceled each other out.

Using this analysis, we could show that phone case
vibration had a large effect on sound pressure level
attenuation. The attenuation of the sound pressure
level was particularly large in the low-frequency
bandwidth near the resonant frequency of the phone
case. The sound wave from the speaker was

canceled out by the sound wave from the phone case.

It is therefore clear that measures to reduce the
vibration of the phone case are necessary to achieve
high-quality sound.

Effect of acoustic cavity

We analyzed how different speaker installations
affected the acoustic properties of the mobile phone
by evaluating the correlation between the acoustic
properties, the sound hole location, and the acoustic
cavity (front cavity and back cavity). We analyzed
the conductance frequency response by using the
mobile phone with a front sound hole. We measured
the change in the fundamental resonant frequency
and the change in the sound pressure level. The
analyzed samples are shown in Figure 14.

Phone case
Front cover

Figure 14 Analyzed samples

Speaker

Mobile phone

6

Proceedings of 20th International Congress on Acoustics, ICA 2010

We measured the speaker unit and the front cover
in which the speaker was installed. The size of the
front cavity was 0.5 cc and the size of the back
cavity was 0.1 cc. We measured the speaker unit by
itself, the speaker unit installed in the front cover
with a sound hole and a back cavity, and the speaker
unit installed in a mobile phone with a sound hole
and a front and back cavity. We estimated the
proportion of the current value and the sound
particle velocity, and roughly estimated the
attenuation of the sound pressure level caused by the
change in conductance. Tables 3 and 4 show the
results of thisanalysis.

Table 3 Effect of acoustic cavity in maobile phone
with side sound hole

500Hz FO 2000Hz | 7500Hz
Speaker - 946Hz - |

Frontcover | -29dB 916Hz 34dB | +0.1dB | -D2dB

Mobile phone | 5.8dB 896Hz -7.3dB i+0.2dB +0.3dB

Amount of attenuation = SPL - SPL (speaker)
FO: Fundamental resonant frequency

Table 4 Effect of acoustic cavity in mobile phone
with front sound hole

500Hz FO 2000Hz | 7600Hz

Speaker - 995Hz -

Front cover 27dB 945Hz -25dB -28dB 0.9dB

Mobile phone | 8.4dB 896Hz “11.2dB | -7.6dB -1.9dB

Amount of attenuation = SPL - SPL (speaker)
FO: Fundamental resonant frequency

The fundamental resonant frequency of the speaker
unit decreased due to the sound hole, the front cavity,
and the back cavity. The mechanical quality factor
(Qm) also tended to decrease. When there was a
back cavity, the mechanical quality factor (Qm)
decreased remarkably. The sound pressure level also
tended to decrease as the fundamental resonant
frequency and quality factor (Qm) decreased.

We assumed that this was due to an increase in
acoustic inertia and the effect of pressure loss. We
also assumed that the effect of the back cavity was
large because the volume of air was particularly
small.

On the other hand, it seems that the change in the
sound pressure level is smaller, and the effect of
acoustic inertia and pressure loss is less in a high-
frequency bandwidth.

Next, we developed a method to optimize the
sound characteristics by using equivalent circuit
simulation to examine the correlation between
design factors and acoustic properties so that we
could formulate guidelines for designing the
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acoustic cavity (front cavity and back cavity). Figure
15 shows the equivalent circuit model that we used.

glectrical mechanical acoustic
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Figure 15 Equivalent circuit simulation model

Table 5 Calculation of acoustic properties by
changing size of back cavity

Back cavity FalHz) SPLISGOHz) |SPLIFa)  |SPLI{2kHz)
[{ole}] dB dB dB

410 3154 556 1113 A4 .3

{425 247 595 1474 925

450 22 631 1428 1427

375 1670 647 997 996

1) 1420 66.7 975 955

2 {0 1324 69.4 96.7 921

340 12710 i1.2 965 911

4 ) 1260 iz 6.4 3.5

PR 1244 i2 .6 96.2 9.3

150 1214 732 955 34 {4

140 1160 7349 352 597

FO: Fundamental resonant frequency

As the size of the back cavity decreases, the
fundamental resonant frequency increases, and the
sound pressure level decreases. In the low-frequency
bandwidth in particular, the attenuation of the sound
pressure level is large. For example, when the size
of the cavity is reduced to 0.5cc or less, the sound
pressure level is about 10 dB lower than the level
when the cavity is 10 cc at 500 Hz. It is therefore
likely that the sound pressure level will decrease
considerably in a thin mobile phone with small back
cavity. The acoustic cavity is therefore an important
design factor in achieving high-quality sound in the
dlim mobile phones to be developed from now.

SUMMARY

As mobile phones become thinner, greater
restrictions are place on how the speakers are
mounted. It is also necessary to improve the phone's
acoustic capahilities to achieve the high sound
quality required by today's mobile phones.
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The aim of this study was to formulate design
guidelines to help achieve high sound quality in slim
mobile phones.

To achieve this, we studied the route the sound
waves took as they dispersed from the speaker and
the effect of phone case vibration on sound pressure
level attenuation. We also looked at the correlation
between the sound cavity and the acoustic properties.

CONCLUSION

In terms of the sound wave dispersion route, the
sound pressure level attenuation at the LCD in
the front was larger in the high-frequency
bandwidth. Moreover, the directivity properties
changed according to the sound position. We
determined that this was due to the muffling of
the sound waves by the phone case. It is
therefore necessary to design the sound hole
position taking the phone case structure into
account.

Phone case vibration had a large effect on sound
pressure level attenuation. Attenuation was
especially large in the low-frequency bandwidth.
We determined that the sound waves from the
phone case canceled out the sound waves from
the speaker. It is therefore important to take
steps to control phone case vibration in a slim
mobile phone.

Concerning the correlation between the acoustic
cavity and the acoustic properties, we found that
the sound pressure level attenuated as the
acoustic cavity become smaller. This was
especidly true in mobile phones with a small
cavity. In a slim mobile phone, therefore, it is
important to design the sound cavity carefully.

Using these results, we were able to understand the
correlation between the design factors and the
acoustical properties in slim mobile phones and
formulate appropriate acoustic design guidelines.
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