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Panel speakers are investigated in terms of structural vibration and acoustic radiation. A panel
speaker primarily consists of a panel and an inertia exciter. Contrary to conventional speakers,
flexural resonance is encouraged such that the panel vibrates as randomly as possible. Simulation
tools are developed to facilitate system integration of panel speakers. In particular,
electro-mechanical analogy, finite element analysis, and fast Fourier transform are employed to
predict panel vibration and the acoustic radiation. Design procedures are also summarized. In order
to compare the panel speakers with the conventional speakers, experimental investigations were
undertaken to evaluate frequency response, directional response, sensitivity, efficiency, and
harmonic distortion of both speakers. The results revealed that the panel speakers suffered from a
problem of sensitivity and efficiency. To alleviate the problem, a woofer using electronic
compensation based on, Fhodel matching principle is utilized to supplement the bass response. As
indicated in the result, significant improvement over the panel speaker alone was achieved by using
the combined panel-woofer system. ZD0O1 Acoustical Society of America.
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I. INTRODUCTION room conditions, bi-polar radiation, good linearity, and so
forth (Azima, 1998. Of particular interest is that the DML
For decades, the design concept of conventional loudhas a less pronounced beaming problem at high frequencies
speaker has been centered at the principle of rigid pistorthan conventional loudspeakers, which bypass the need for
The common practice is to make the diaphragm of the loudcrossover circuits and multi-way high frequency speakers.
speaker as light and stiff as possible such that the loudbML began to find applications in multimedia, notebook
speaker behaves as a rigid piston. Furthermore, the surfacedsmputers, mobile phones, high-fidelity audio systems, pub-
generally made conical to further increase rigidity as well agic addressing systems, projection screens, pictures, and
on-axis sensitivity at low frequency. Although the technol-decorationgAzima, 1998.
ogy is well established, conventional loudspeakers suffer  Although commercial panel speakers may have been
from a problem: the sound generated by conventional loudaround for more than a decade, only recently has this concept
speakers becomes increasingly directional for high frequempeen subjected to scientific analysis devoted to electroacous-
cies. This “beaming” effect results in the drop of sound tics design. In this paper, the operating principles of DML
power at the high frequency region. Consequently an audigre investigated in terms of structural vibration and acoustic
system generally requires crossover circuits and multi-wayadiation. Simulation tools are developed prior to integration
loudspeakers to cover the audible frequency range, whichf 3 DML system. Specifically, electro-mechanical analogy
makes the entire system unnecessarily large. is employed for modeling the panel-exciter system. Finite
Panel speakers are based on a philosophy contradictinglement analysis is used in the determination of aspect ratios
conventional desigfAzima, 1998. A panel loudspeaker pri- of the panel and calculation of panel vibration. Two-
marily consists of a panel and an inertia excif€ig. 1). The  gimensional fast Fourier transfortfFT) is utilized to pre-
exciter is essentially a voice-coil driver with the coil attachedjct the acoustic radiation. In order to compare DML with
to the panel. The magnet serves as a proof mass to produggnyentional loudspeakers, experiments were undertaken to
inertia force. In lieu of a rigid diaphragm as used in conven-gya|yate frequency response, directional response, sensitiv-
tional loudspeakers, flexible panels are employed as the prity efficiency, and harmonic distortion of both speakers.
mary sound radiators. Resonance _of flexural motion is en-" |t was found in the comparison that the DML produced
couraged such that the panel vibrates as randomly &gesirable omni-directional response, even at high frequency.
possible. The sound field produced by this typelistributed  Neyertheless, the DML suffered from the problem of poor
mode loudspeakeiDML ) is very diffuse at high frequency. sensitivity and efficiency. This price that DML have to pay is
As claimed by the supporters of panel speakers, DML promainly due to thénydrodynamic short circuiof flexible pan-
vide advantages over the conventional counterpart such agg vibrating below coincidenceCremer and Heckl, 1988
compactness, linear on-axis, attenuation, insensitivity tor, gvercome the physical constraint, a woofer using elec-

tronic compensation based on thg Model matching prin-
dElectronic mail: msbai@cc.nctu.edu.tw ciple is used to supplement the bass response. Electronic
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Exciter Panel where

N/ p=4/u?u/D @

is called the free bending wave numbaer,is angular fre-
guency, andC;, C,, C;, andC, are constants to be deter-
mined by boundary conditions. Note that the first two terms
in Eq. (3) correspond to traveling components and the last
two terms are evanescent components.

On the other hand, the sound pressure generated by the
(a) vibrating panel satisfies the linear wave equation
Suspension 2
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wherep is sound pressure aralis sound speed. For time-
harmonic field, this reduces to the Helmholtz equation

V2p+k?p=0, (6)

wherek= w/c is the wave number of sound wave.

The fundamental difference between a DML and a con-
ventional loudspeaker lies in that the mechanical impedance
of a point-excited infinite panel is a frequency-independent
real constantfMorse and Ingard, 1986

B N

b

Exciter

~
~

FIG. 1. Schematic of a DML(a) The panel loudspeaker consisting of a
panel and an excitefh) details of the intertia exciter.

compensation was realized by a digital signal processor zm=8\/m. (7
(DSP. Experimental investigation showed that significant
improvement of the combined system over the panel loud
speaker was achieved.

This property enables us to derive a constant driving-point
velocity v, from a constant forcé,, which is approximately
true for an electro-magnetic exciter driven by a constant cur-
rent. In addition, it can be shown that the sound powgrof

Il. RATIONALES OF PANEL LOUDSPEAKERS a randomly vibrating panel is proportional to the time and
space averaged square velocfty?) which is also propor-

Th ti inciple of DML is based tic > - ; .
© operating principie o IS based on acous IC_‘uonaI to the driving-point velocityv, (Morse and Ingard,

radiation of modal bending waves. In contrast to conven .
tional loudspeaker design, resonance of flexural motion i§‘986' As a consequence, the panel would radlate.constant
encouraged such that the panel will vibrate as randomly agound power when driven by a constant force, iWg
possible. When excited, the flexible panel of a DML devel-%conStant' . . .

ops complex and dense vibration modes uniformly distrib- . However, this is not the case for a conveptloqal moving-
uted over its entire surface and operating frequency rangé“.OII Iou_dsp_eaker. At the mass-gontrolled region, its cone ac-
The beaming effect of DML is generally not as pronouncedceleratlon is ne_arl_y <_:onstant with res_pect to frequency, i.e.,
as the coherent field of a rigid piston because the sound fielﬁ1e E‘fne velomty Is inversely proportional to freque_nc_y (
radiated by a DML is very diffuse at high frequency. The ~o 7). In the high frequency rang&é>1), the radiation

. . resistanceRy of a rigid piston is nearly constarfiBeranek,
panel of a DML can be modeled as a thin plate described b¥L996 Thu: the so?mdp power radiat)éd by amconventional

2,
w loudspeaker has the frequency dependence as
dV4W+MW =0, (1) p q Y p
Wgr=3Rg|v¢|?~ 0’0 ?=w"2. 8
wherew is the normal displacemeny, is mass per unit sur- The radiation power drops as frequency increase0 dB/
face area,

decad@ even though the on-axis sound pressure remains

W [P )2 constant. The main contributing factor to this power drop is

= WWL Tyz the beaming effect resulting from the coherent phase motion
. _ _ of a rigid piston. In the case of a DML, the beaming effect
is the bi-harmonic operator, and would not be as pronounced because the sound field gener-
Eh3 ated by the random panel vibration is “quasi-diffuse.”
D= 121-17) 2 On the basis of panel velocity, the radiated sound pres-

sure from the planar source can be calculated using the Ray-
is the bending stiffness per unit width of the pléks v, and  leigh’s integral(Kinsler et al., 1982:

h are Young’s modulus, Poisson ratio, and thickness, respec- W e AkR

tively). If there exists only a time-harmonic bending wave — ny y 7)= —J'kpocf f e—V(Xo,yo)dXOdyo, (9)
traveling inx-direction, Eq.(1) admits the general solution —»J-» R

W(X,t)=(C,E kX4 C,elko*+ Cae™ ko + C k) el 1, where pg is the density of air(x,y,2 and (X,,Y,,0) are the
(3) field point and the source point, respectively, afd

2752 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001 M. R. Bai and T. Huang: Panel loudspeaker 2752



A? P(x, y,2) I k(k, k. k) =cosk,X) (expressed as a standing wave due to boundary
: effect9 corresponds to the velocity spectra in wave number
space and the radiation patterns shown in Fig. 3. Even
though ideal hydrodynamic short circuit no longer exists in
such case, the acoustic radiation at low frequency remains
y k, not as efficient as rigid pistons because of cancellations of
> - volume velocity on the surface. In addition, it was pointed
é é out by the reviewer that the presence of boundaries will
. k cause only evanescent waves. The boundary effects are not
considered in the above arguments in that the differences in
(a) (b) the subsonic portion of the wave number spectra of the finite
and infinite plate responses have no effect on the far-field
radiation(Junger and Feit, 1986

FIG. 2. Coordinate system for sound radiation analysisSpatial domain;
(b) wave number domain.

lll. SYSTEM MODELING AND SIMULATION

=\(X—Xg)?+ (Y—VYo)°+ (z—20)?. In the far field, this inte-

gral can be rewritten a@viorse and Ingard, 1986 Simulation tools were developed to facilitate the design
and integration of DML. These tools encompass two aspects:

(10) electro-mechanical modeling and acoustic radiation predic-
tion.

jkr
P(X.y,2)~~ jkpoC ——V(ky ky),

where k,=ksindcos¢, k,=ksindsing, k,=kcosd, r A. Electro-mechanical modeling

= x?+y?+7% r, 9, and ¢ are spherical coordinate§ig.

2), andV/(ky k,) is the spatial Fourier transform ax,y): Electro-mechanical equivalent circuit technique is em-

ployed for modeling the panel-exciter system of a DML. The
[ (7 (kg kyy) equivalent circuit(mobility analogy of a DML system is
V(kx,ky)—Jin%v(x,y)e 7 dxdy. 11) shown in Fig. 4a). Although the equivalent circuit in Fig.

i o ) . 4(a) is in the form of graphic language, it is entirely based on

Equation (10) implies that the far-field directivity of the Newton's second law, Lorentz force, and Kirchhoff's circuit

source depends on the velocity spectrum on the wave nunjas The details of how this circuit is derived are tedious

ber space. Cz)nlyzthe propagating modes inside the radiatiog; standard in literature, e.g., text by Berar@96 and
circle (kx-i.- kjy<k*) contribute to the 'far-fleld radiation. are thus omitted for brevity. In this figur&,=R.+ X, is
Classical theory of plate radiation has suggestdt/a (hq glectrical impedance of voice coBl is the motor con-
drodynamic short circuitphenomenon: a flexible infinite  giant of the voice coilC, and R, are the compliance and
panel has no acoustic output at frequencies belowcdie- damping, respectively, between the magnet and the panel.

cidence frequencyCremer and Heckl, 1998 M, is the mass of the magnet assemt¥, is the mass of
“w the voice coil.Z,, is the mechanical impedance of an infinite
w=C? D (12 panel at the driving pointM; is the mass of the frame&,

andR;, are the compliance and damping of the suspension
at which the speed of sound matches the speed of bending:tween the panel and frame. Note that the constant real
wave in a panel. However, this is not true for a “finite” driving point impedance of Eq(7) for an infinite plate is
panel and it is possible to have sound radiation below coinused and radiation loading is neglected in the modeling. It
cidence due to the aperture effect. A finite panel can be denas been pointed out by the reviewer that the force on the
scribed by an aperture function plate should be dependent on the impedance predicted by the
finite element model. The “coupled” electrical-mechanical-
a(x,y)=[ ) . (13)  acoustical systems should be solved simultaneously. For the
0, (x,y) outside aperture present, this is somewhat impractical from the engineering

By decomposing the flexural standing waves into travelingstandpoint. In this work, we are merely content with the
waves, the velocity distribution of the finite panel(x,y) frequency-independent impedance of an infinite plate. This is
can be approximated in terms of the velocity distribution ofa reasonable simplification because only far-field radiation is

1, (x,y) inside aperture

an infinite paneb/(x,y), of interest(so that evanescent waves due to boundary effects
, are negligible and also the panel is much heavier than the
vixy)=vixy)axy). (14 giaphragms of cone speakés® that acoustic loading is neg-
In wave number space, this amounts to ligible).

, B . The equivalent circuit can be simplified into a Thevenin

V' (ki ky) = V(K ky) " Ak ky ), (19 circuit of Fig. 4b), whereVy is the voltage source is the
where “*” denotes convolution. Hence the aperture effectsource impedance reflected to the mechanical sideZarnsl
results in leakage of the wave number spectrum such that thbe mechanical impedance of the load including the panel
panel could have nonzero acoustic output into the far fieldand the exciter assembly. The force is determined with the
below coincidencéPanzer and Harris, 1998d&or example, attached driver assembly taken into account. In terms of the
a one-dimensional surface velocity distributiom(x) Laplace transform,
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FIG. 3. Sound radiation of a vibrating panel with an aperture 0.2 m. The figures in the upper part are the velocity spectra in wave number domain, while the
figures in the lower part are the polar radiation pattefasBelow coincidencef=8 kHz, k,=180 nT%, k=148 n'%); (b) above coincidencéf =18 kHz,
ky=294 !, k=368 nY).

Z. i f
N1(s) — > L
V(s)= 1 LM,
S( S) D l( s) 1 ( 6) | Mf
L
where v %Hé u % §
1Zom
N,(s)=BIl-C.-Eg-M,s T M LD
and
Be:1 C. R, R, C,
Di(s)=CM mMcX033+(CsM mM R+ CsM [ ReX, (a)
+C M RX.)s2+ (BI2CM +BI2C M, Il___f._o_
+CoM yRsR:+ CMRsR+ M1 X+ M X,)s +
+ (M +Me)Rc,
V
PNLIC 4 CP v
S)= ,
s Da(s)
where B
Ny(S) =CM XS+ (CeM R+ X+ CeRX) S (b)
+ (B|2C5+ CSRSRC)3+ R. FIG. 4. Electro-mechanical analogy of a DM(a) Equivalent circuit(mo-
bility analogy); (b) simplified circuit. The symbol$ and u in the figures
and denote, respectively, the force and the velocity of the panel.
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TABLE |. Parameters of the panel and the exciter. Harmonic
force load

Parameters

Panel Bending stiffnes®=1.672 Nm
Area densityu=0.492 kg/m
Dimensior=0.2 mx0.112 m<0.002 m \
Poisson ratiov=0.33
Mass of frameM;=0.06 kg
Panel mobilityZ,,,=7.255 Ns/m
Damping of panel suspensid,=0 N-s/m
Compliance of panel suspensi@jp= 900X 10" m/N

Suspension

Exciter Impedance of voice coll,;=4+jw-32x106Q
Motor constanBl=1.54 Wb/m

Compliance of coil suspensiagb=170x 10~° m/N < 200 mm >
Damping of panel suspensid,=0.257 Ns/m
Mass of magneM,,=37x10 3kg 1
Mass of coilM,=0.35x 10" % kg ') 020 .
6]
3mm -
— 3 87
DZ(S)_S[CSMCM mxcS +(CSM m'vI cRc+CsM mRsXc 112 mm 1 i
O 6]
+CMRX.)s?+ (BI2C,M,+ BI?’CM, 0 mm
o + 29 mm
+C M RR+ CMRR+ M X+ McX,)s i 3
(M +MoR;, o
. (18)
Z,(s)= FIG. 6. Panel configuration for finite element analy&.Panel driven by a
L Zmp( s)’ harmonic concentrated force input. The panel is flexibly suspended with free

) . boundariesib) dimensions of the panel and locations of the driving point
Thus the power delivered to the lodgd(=R_+jX,) can be (solid) and the suspensiorsollow).

calculated as

2 B. Prediction of acoustic radiation
|Vs| RL

Wi (19

After the exciter force outputis determined, the surface
velocity of the panel is calculated by the finite element
rmethod. A 200 mnx 112 mm rectangular polyurethaieU)
foam panel is examined. The locations of exciter and suspen-
sions are shown in Fig. 6. From the finite element analysis, a
sample surface velocity’ (x,y) of the panel is shown in Fig.

T (ReFRDZF (Xt X2

In the work, a DML intended for multi-media applica-

listed in Table I. The simulation result of the exciter foifce
with a sinusoidal input of 1 Vrms is shown in Fig. 5.

7(a).
1 ' Having obtained surface velocity, one shall proceed with
= 08 the calculation of far-field sound pressyréx,y,z) through
S) the use of Eq.10). In this step, two-dimensional FFT is
= 06/ ] employed to obtain the surface velocity spectidhk, ki)
T 04 /\\\ ] in the wave number domaiffig. 7(b)]. In this step, zero-
§ / \ padding(indicated in the figureis used to improve resolu-
§ 0'2/ ] tion in the wave number space. The frequency response of
= 9 - ‘ v the vibrating panel between the force input and sound pres-
10 10° 10 sure output at 1 m distance is calculatéd. 8). Combining
Frequency(Hz) the frequency response functions in Figs. 5 and 8 leads to the
200 ; overall frequency response from the voltage input to the
N sound pressure output & m distanceFig. 9). In addition,
@ 100 ] o .
o | \ directional response can a!sq be calculla(t‘eg. 1p). In some
k> Of o | cases, the rms pressure within a band is required. This can be
@ T done by a straightforward integration:
3]
£-100 | f, 112
{ Prms= f |p(f)|2'Gxxdf , (20)
-200 ' : » f1
107 10° 10 wheref; andf, are the lower and the upper frequency limits,

respectively,p(f) is the frequency response between the
voltage input and the sound pressure output, @pgis the
FIG. 5. Predicted force response of the exciter with 1 V rms electrical inputpower spectrum density of the input voltage.

Frequency(Hz)

2755 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001 M. R. Bai and T. Huang: Panel loudspeaker 2755



0.3

0.25

{ell!

viml 2

=

0.05F

L] 0.1 0.2 0.3 0.4 0.

ximl
(a)

(]

0.6

FIG. 7. Surface velocity of the panel exciteyd & 1 N
harmonic (4 kHz) concentrated force(a) Spatial do-
main; (b) wave number domain. Interior of the marked
rectangle is the panel area; exterior of the marked rect-

300 - ;
250 b2
kim)
zno |-

1 SR AN
1oo|

S0

angle is padded with zeros for improving resolution in
the wave number space.

o 100 200 300 400

On the other hand, if sound power is of interest, the
following formula can be utilized to calculate the power fre-

guency responséCremer and Heckl, 1988

pockfk fk IV’ (ky ky)|?
8w J -k —k\/kz—kxz_kyz

W(f)= dk,dky, (21

which entails again the surface velocity spectrum. A sample
result of sound power is shown in Fig. 11. The total power
within a band can be obtained from the following integra-

tion:

f2
WtotaI: ,ff W(f )Gxxdf (22)
1

IV. DESIGN PROCEDURE AND PERFORMANCE
EVALUATION

A. Design procedures

The design procedures of DML are outlined as follows:

(1) Choose the are&d of panel according to the specific

application. In theory, a large area is preferable if effi-
ciency is the major concern. In practice, however, the

2756 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001

choice relies largely on packaging or artistic consider-
ation for the application of interest. In our casa,
=0.0224 3, which is typical for multimedia or note-
book applications.

ChooseD/u ratio to achieve the fundamental frequency
fo that is sufficiently low to produce reasonable low fre-
quency response. The fundamental frequency of an iso-
tropic vibrating plate can be approximated Qyeissa,
1993

T |D
fo~ 4 \/g 23

In our case,D/u=3.3984Nm’kg, fo=258Hz, w,
=64 177 rad/s. SmalD, or small «, should be selected
for a small panel.

Minimize the panel mechanical impedancg, to
achieve acceptable efficiency by choosing appropriate
densityp and Young’'s modulug&. Note that

Z.=8Du= 16% \/3(1—1?) %. (24)

For good acoustical efficiency, the chosen panel should
be stiff (largeE) and light(small p), e.g., composite and

M. R. Bai and T. Huang: Panel loudspeaker 2756
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FIG. 8. Predicted frequency response of the vibrating panel between the
force input and sound pressure outptiian on-axis distance.

honeycomb materials. Note thais more critical tharE

in thatZ,,, is inversely proportional ta/E/p°.

Choose the aspect ratio of the panel. As mentioned pre-
viously, flexural resonance is encouraged to excite as
many as possible complex vibration modes in a panel.
To this end, the vibration modes of panel are approxi-(5)
mated by the product of two sets of “beam” modes
along each side of the pan@Harris and Hawksford,
1997. For an Euler beam of lengih material constants

D, u, free at both ends, the resonance frequencies are

(6)

s

@ 120 : : :

[L]

o 100}

=3

=) T —

E 80r T ]

] 60/

kY

3 40;

T

§ 20 L I il
10° 10° 10°
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S 0

[ /
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£-1001
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-200 \ . .
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FIG. 10. Predicted directional response of the DML at 250, 1000, 4000, and
16 000 kHz for 1 W input.

\D
w=\—, =123,
M

with
)\i:((ZI D
2l
Complex vibration modes of a DML can be achieved by
selecting an aspect ratio such that the beam modes along
each side are best interleaved.
Choose the driving point and suspension points of the
panel. This can be done by a finite element based modal
analysis. The driving point should be chosen at where
the least nodal lines are, while the suspension points
should be chosen at where the most nodal lines cross.
Choose an exciter that matches the panel. A common
practice is to choose a lardggl constant for ensuring
sufficient output level. This is preferably achieved by
using strong magnet rather than increasing the length of
coil because the latter approach has an adverse effect of
increasing resistance and inductance. Next, choose a

(25

, 1,2,3--.

a
o

~
o

[0}
o

501 /

Power response(dB re 1x107'? W)

s
o

10°
Frequency(Hz)

10 10

FIG. 9. Predicted overall frequency response of the DML between the voltFIG. 11. Predicted sound power frequency response of the DML for 1

age input and sound pressure outpul an on-axis distance.
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V rms electrical input.
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large magnet maskl,,, and a small coil masM . be- 120

————— conventional
cause the bandwidth is dependent of the rafig/M, s Moy Bﬁ:::z?;{;? 1
(Panzer and Harris, 1998b i 100 [ 1
(7) Calculate the response by the aforementioned simulatiorg e ]
procedures. From the simulation, one can get an idea o0& & W‘ ey Mw«m\\ T |
. . . 3 ‘,‘ N AL W W“V‘f\
the performance of a DML before it is practically imple- o 4+ wf fibgg lk |
mented. 2 ‘ | W W‘M Mﬁ’j f}
Q |
g w0 o
B. Performance evaluation 2 4f } |
o
To compare the DML with the conventional loud- 2 w0 ]

speaker, experimental investigations were undertaken. A 20

0.5 1 15 2 25
conventional multimedia loudspeak@), 2 W, 6 cm diam- Frequency(Hz) x1d
etep for a desktop computer was used in the comparison. (a)

The area ratio between the DML and the conventional 120 A—
speaker is approximately 8 to 1. Both speakers are embedde g 40y Bﬁ{;ﬁ'&?‘;{;? ]

in a 1.5mx2.0m baffle. The enclosure of the multimedia £ 40 f
speaker has been removed. The use of baffle is to meet th ®
requirement of far-field calculation using Fourier transform,
where rigid baffled planar sources are assumed. The perfor
mance indices to be measured are summarized as follow
(Borwick, 1994.

1. Frequency response

Magnitude(dB re 20 ¢ Pa

The on-axis pressure responses at-Whtondition from ‘ ‘
the conventional speaker and the DML were measured in ¢ 600 800 1000 1200 1400 1600
semi-anechoic room such that the effect of room response Frequency(Hz)
can be minimized. Random noise band-limited to 16 kHz (b)
was used as the input. From the result of sound pressure .

tral Ievels{Fi 12, a significant ap(maximum 15 dB FIG. 12. The sound pressure spectral levels of the conventional speaker and
spec 9. ) g g the DML. The measurements are under 1Whcondition. (a) Bandwidth
re: 20 uPa at 1 mW) can be seen between the response- 5 6 kHz; (b) bandwidth- 1.6 kHz.
levels.

2. Directional response measured efficiencies of the DML and the conventional

. . . o speaker are 0.039% and 0.089%, respectively. The result in-
The microphone is positioned along a semi-circle at

. . . dicates the DML has a problem of sensitivity and efficienc
angles from 0° to 180° with 10° increments. Figure 13 show: P y y

h d directional f the DML hsln comparison with the conventional speaker. Poor radiation
the measured directional response of the Versus t gfficiency below coincidence frequency is a physical con-

conventional speaker. Only data in half space are shown be;__. ;

cause both speakers are embedded in the baffle. The res%ftramt of flexible panels.
indicates that DML yields an omni-directional response,
even at high frequencyl6 kHz). The conventional speaker 250Hz
does not show the kind of high frequency beaming because i 9
is very small. If a larger DML were compared with a larger

cone speaker, the contrast would be more apparent.

3. Sensitivity

The sensitivity of a speaker is defined as the free-field
sound pressure level producegd bW electrical input, mea-
sured at the on-axis distance 1 m. In our case, a random nois
input of 2 Vrms(band-limited to 16 kHzand nominal im-
pedance of @ in the coil was used. The measured sensitivi-

4. Efficiency

The efficiency of a speaker is defined as the ratio of the

radiated acoustic power to the electrical powgr input. In th%IG. 13. Directional responses of the DML and the conventional speaker at
work, |'SO 3745 was em'ployed for measuring the soundsg, 1000, 4000, and 16 000 kHz, respectively. The radial scales are in dB
power in the semi-anechoic rooff80 standard, 1937The  with a full scale 100 dBe: 20 uPa.
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TABLE II. Harmonic distortion of panel loudspeaker in comparison with

, S
conventional loudspeaker. é) 100 . . :
250 Hz 1 kHz 4 kHz & 80 ]
=3
Conventional 1.96% 0.91% 1.02% & 6o \\’
speaker Qo
@ 40
Panel 3.25% 10.6% 12.6% T
speaker E 20
c
g o0 \ : s . ! .
o . = 0 100 200 300 400 500 600 700 800
5. Harmonic distortion Frequency(Hz)
Harmonic distortion represents the ratio of the rms dis- 0 : : :
tortion to the rms total signal. It can be calculated by mea- Ra\
suring the rms total signal, using the same setup as for fre- '©-200 —
guency response measurements and also that obtained when ‘;-; T
the driving frequency is filtered out. The harmonic distor- %—400‘ \
tions of the DML and the conventional loudspeaker mea- % § |
sured wih a 2 Vrms and 1 Welectrical input at three fre- & -600- ]
guencies are summarized in Table Il. The DML appears to |
. . . . . _800 L L L Il L 1
have higher harmonic distortion than the conventional 0 100 200 300 400 500 600 700 800

speaker does. A possible explanation is that the DML relies
on resonant modes of the panel, where nonlinearity may
arise due to an exceedingly large amplitude of motion at FIG. 15. Frequency response function of the desired model.
resonance.

Frequency(Hz)

the plantT, is the woofer, and) is the feedforward control-
ler. In general, a low-pass filter with linear phase character-

The foregoing comparison between the DML and theistics is selected as the modgl, which is essentially similar
conventional speaker reveals that the DML suffers from theo the low frequency crossover in conventional woofer de-
problem of poor sensitivity and efficiency. In this work, a sign. The design problem is to find a proper and stétie
practical solution is adopted in an attempt to alleviate thenoted asRH”) transfer functionQ such that the following
problem. Such approach involves the use of an electronicallgost function is minimized
compensated woofer to supplement the low frequency re-
sponse.

The system consists of a woofer cascaded with a feed-
forward controller. The complete DML-woofer system is Where 11
shown in Fig. 14a). The design of the controller is based on 1 (n _ 1/2
a H, model matching idea. The system block diagram is ||G(z)||2é(2—f |G(eJ”)|2d¢9) , (27
shown in Fig. 14b), whereT is the desired response model, T

wherez and 6 arez-transform variable and digital frequency,
Subwoofer respectively. It can be shown that the optimal solution of this
=~ { problem is(Doyle et al., 1992

Q=Tom(T52Ty)s, (28)

Panel whereT,,, is the minimum phase part &f,, T, is an all
pass function and the subscrptenotes the “stable part.”
, In the paper, a ninth-order low-pass filter with cutoff
@® frequency 600 Hz is chosen as the modiel(Fig. 15. The
Model frequency response of the plant is shown in Fig. 16. The
plant model was found byvATLAB command invfreqz
L (Grace and Laub, 1992nd regenerated in the same plot. By
using H, modal matching, the optimal controller is calcu-
+ & lated, as shown in the frequency response of Fig. 17. The
% Q T controller was then implemented on the platform of a
- floating-point DSP, TMS320C31, with a sampling rate of 2
Controller Plant kHz. Figure 18 compares the sound pressure frequency re-
() sponses of the DML alone, the DML with woofer, and the
FIG. 14. The DML system enhanced by electronic compensat#rinte- DML with bass-enh_anf:gd Wgofer. The experimental result
grated system of the DML and a wooféh) block diagram of the model ~ demonstrated the significant improvement of overall perfor-
matching method. mance by using the woofer and electronic compensation.

V. SYSTEM ENHANCEMENT

J= min IT,—T,5, (26)
QeRH~

,” denotes the 2-norm defined as

CD - player

="k
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Frequency response of plant

100 !
———  measured

90 ————  regenerated | 120 T T " oML
80 {\ | 100 DML with woofer
" ( \\d‘x, . o\ 2 wevevereee.. DML with enhanced woofer -
MV [ NG \ PYASY Ve
70 r \/\/\/\VV [ \J \\ e

| v
M

40(

Magnitude(dBre 20y Pa @ 1 m W)

Magnitude(dB re 20 u Pa @ 1V)

20 Il L L L L 1 &
30 0 100 200 300 400 500 600 700 800
20 ] Frequency(Hz)
10 1000 e .

— DML with woofer
0 i . . L \ 1 i ,a 4 .. DML with enhanced woofer
0 100 200 300 400 500 600 700 800 o 0
Frequency(Hz) . ’“M«»m\ﬂkﬁ
©-1000 B i

FIG. 16. Frequency response function of the plant. Solid line denotes the @
measured response and dash line the response regenerated from the curve fit £-2000
model.

0 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

VI. CONCLUSIONS
Frequency(Hz)
In the paper, panel speakers were analyzed in terms oFfIG 8 E function of the DML svster bef At
H H . s . . . . Frequency response function o e system belore and arter
structural vibration anq_ acoustic raQ|at|on. .Slmulanon toolsenhancemem: DMitsolid line), DML with woofer (dash fine, DML with
were developed to facilitate system integration of DML. Theenhanced woofefdotted ling. The measurements are under Iwhcondi-
driving point impedance for an infinite plate is used andtion.

radiation loading is neglected in the modeling. Although this

may be sufficient for the present study, a more sophisticated . tion based the #odel matchi .
modeling approach dealing with the frequency dependenttr_OnIC compensation based on thg kodel matching prin-
ple was developed. The experimental result demonstrated

mechanical impedance and the associated radiation Ioadit ) tof | perf b ing th ;

of a flexible finite plate should be developed in the future to € Improvement of overall performance by using the wooter

improve the accuracy of response prediction and electronic compensation. Alongside with the other ad-
' | vantages of DML, the enhanced efficiency should improve

In order to compare the DML with the conventiona it dcality | licati h hiah audi lity i
speaker, an objective evaluation regarding frequency res> practicality in applications where high audio quality 1

sponse, directional response, sensitivity, efficiency, and hagemzlr:ged. h th ted ¢ diob
monic distortion was undertaken. Experimental results re- ough the compensated WooTer proved 10 be a prac-

vealed that the DML suffered from an inherent problem of:'ﬁalbs?llu“qn o ft?he |mpr(?vemf$ nttof the Ovﬁ r?ltlhefflme?[cy, f
sensitivity and efficiency. To alleviate the problem, elec- € Du'ky size of the wooter OTISELs somewnat the merits o

DML. Furthermore, it should be noted that the efficiency
problem of the DML alone has not been fundamentally

40 ‘ ‘ changed in the present approach due to the physical con-
%20 ] straint of flexible panels imposed by the sub-coincidence
o O_WNAJLW\ | phenomenon. To further improve the efficiency of panel
= f N speakers, planar radiators without resort to the mechanism of
S -20 i flexural waves should be sought in the future. To summarize,
%_40' ] the major limitations of the present work are: the use of
= impedance of infinite plate, the neglect of acoustic loading in

'500 260 4(‘)0 500 8(‘)0 10‘00 c_ircuit modeling, and the_ bass compensation by a conven-

Frequency(Hz) tional woofe_r. _Re_search is currently on the way to circum-

10 ‘ vent these limitations.

M P\\WR
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