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ABSTRACT

Loudspeaker panels, such as distributed mode loudspeakers (DML), are a promising alternative approach in
loudspeaker design. DML have many advantages compared to pistonic loudspeakers. However, the frequency
response is mostly associated with higher deviations. The position of the excitation is one parameter to optimize
the frequency response. An electro-mechanical-acoustical model is presented that enables the optimization of the
exciter location, based on the response of the radiated sound power. A simulation model is presented for different
surface areas and aspect ratios of the panel. The appropriated positioning and its excitation are discussed based on
a single criterion and finally compared with the State of the Art method.

1 Introduction

Distributed mode loudspeakers (DML) are a
promising alternative approach in loudspeaker
design. The sound is generated by the excitation of
plate bending waves, which travel across the surface
of the panel. The radiated sound is diffuse in nature.
Numerical simulation methods, such as finite element
analysis (FEA) and the boundary element method
(BEM), can be used to analyze the complex acoustic
field, which is generated by panel loudspeakers.
Several studies [1-3] showed that simulations tools
are needed to improve the acoustic quality of DML.
The radiated sound power response of a DML is
typically not flat, and equalization of the input signal
is required [4, 5]. The frequency response of a DML
is associated with higher deviation compared to
loudspeakers with piston behavior. Especially at low
frequencies, where the number of modes is small. The
positioning of the excitation is one parameter to
optimize the frequency response. For an infinite
panel, the location of the drive point is meaningless,
but not so for a finite panel. There are various
approaches to place an exciter on the panel.

Bank describes an approach, where the exciter is
positioned at a point that couples to all panel modes
[6]. Generally, the exciter should not be placed at a
nodal line, where modal displacements are at a
minimum. Bank recommended overlaying the first 20
sets of modes to find suitable candidates as drive
points. Anderson focused on structures driven by an
array of exciters. Individual filtering of every exciter
results in a more even response across the defined
frequency band [7].

Because the radiation pattern of DML panels strongly
depends on frequency, it is not possible to
characterize the acoustic behavior of a DML with a
small number of measurement points [8]. Azima
describes the power response as the acoustic criterion
that correlates best with subjective performance [2].
This paper employs optimization of the overall
radiated sound power as fitness criterion for the
subjective acoustic performance. The linearity of the
power transfer function is calculated with a single
value. This quality index is called ACF (amplifier
correction factor). The ACF represents the mean
correction in dB, which is needed to get a flat power
response.
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Compared to other approaches this simulation model
is based on a certain frequency range and not by the
number of modes [9]. A frequency range from 100 Hz
to 1000 Hz was chosen because it represents a range
with high deviation as a result of lower modal density.
This paper presents a simulation model for computing
the radiated sound power of different sized panels
with varying aspect ratios, excited by a two-
dimensional driver array of 100 drivers applied to the
panel. The model is based on the commercial FEA
and BEM software tool wave6 [10].

A short summary of the plate mechanics, which
describe the most important relationships of material
properties, is presented. This chapter emphasizes the
limitations of current methods. Furthermore, the
ACF is introduced, and the whole workflow of the
simulation is presented. Three different sized panels
are compared in order to demonstrate various designs
as well as improvements, which cannot be identified
with traditional design methods.

This approach will help loudspeaker designers to get
a better understanding of the influence of exciter
placement depending on the surface area and aspect
ratio of the panel.

2 Modal behavior of plates

This section is a summary of plate mechanics and its
relevance for this paper. A more detailed description
can be found in Fahy and Gardonio [11].

2.1 Modal behavior of plates

There are several approaches to describe the vibration
behavior of plates. The most important plate
mechanics for this simulation model are presented
below. It is important to differentiate modal density
and lowest natural frequency. The modal density is
the number of modes per frequency, and the lowest
natural frequency is the frequency value of the mode
with indices (1, 1).

An empirical formula for the modal density is given
by Fahy and Gardonio [11]

= (3)(3)

where D is the ‘bending stiffness’ and p, ‘density per
unit area’ of the plate. The modal density depends on
the area 4 and material parameters. The modal
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density is defined as the number of modes per
frequency band with a linear frequency spacing.
Compared to the human perception of a logarithmic
frequency spacing, it will result in a lack of modes at
low frequencies and a high modal overlap at high
frequencies.

The aspect ratio does not affect the modal density and
affects the lowest natural frequency. The aspect ratio
R is defined by the plate dimensions L, and L,,

Ly
Mitchell and Hazell [12] provided an equation to
describe the natural frequency w of a plate with fully
clamped edges for each mode, characterized by mode
indices m and n. This approach is also used by

Anderson to describe a DML simulation model [13]
with

2 _ [20] | (meam)? | (n+an)? i
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where
Am=—2 and An=—1
e T . o

An overview of all natural frequencies up to 400 Hz
for three different surface areas is shown in Fig. 1. It
indirectly presents the lowest natural frequency and
the modal density. This modal analysis is performed
with the FE-solver of the software tool wave6. Larger
surface areas will result in a lower natural frequency
and higher modal density.

mA=0.1m>R=125 eA=03m?R=125 AA=0.5m?R=1.25
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Fig. 1: All natural frequencies until 400Hz for three
different surface areas with an aspect ratio of 1.25.

AES 146th Convention, Dublin, Ireland, 2019 March 20-23
Page 2 of 9



Zenker et al.

Optimized Exciter Positioning

2.2 Modal overlap and its influence for the
positioning

The behavior of DML is based on a set of modes.
Driven by a point force, a combination of these modal
shapes are excited and can be written as a
superposition of individual modes shown in Fig. 2. If
there are modes with a large frequency spacing, then
the response is dominated by individual modes or
distinct resonances.

--------- Superposition Mode 1 Mode 2
Mode 5

Mode 3 Mode 4

Velocity [dB ref 1m/s]

10 100 1000
Frequency in Hz

Fig. 2: Magnitude of velocity transfer function of
the first five modes simulated as single modes and as
a superposition of all modes.

As frequency spacing between modes decreases and
damping increases, it becomes more difficult to
identify modes which dominate the response. This is
the result of a modal overlay, which is demonstrated
in Fig. 3. For high damping values, no distinct
resonances for mode 3 to mode 5 can be identified.

It is conceivable to describe a frequency, where the
response is no longer dominated by distinct
resonances, and it is not important to drive every
single mode.

—1% damping ——10% damping

10 100 1000

Frequency in Hz

Fig. 3: Magnitude of velocity transfer function with
1% damping compared to 10% damping. Higher
damping values enhance the modal overlap, and

distinct modes are not visible.

2.3 Point force driver locations based on
State of the Art methods

The DML technology represents an interference and
destructive interference between incident waves and
reflected waves. The results are standing wave
patterns that produce locations with strong out-of-
plane motion and locations with no out-of-plane
motion. The nodes are locations with no out-of-plane
motion and represent a high impedance. Therefore,
they are not suitable as excitation location for a
transducer. In a two-dimensional system, the node
points collectively form nodal lines. Good exciter
positions were defined by Bank as drive points [6].
These are exciter locations, which are not located on
any nodal lines. It is still State of the Art to analyze
the panel for nodal lines [14].

To visualize this idea with modern FE-Software a
superposition of individual modes is presented. All
modes are normalized, based on their maximum
displacement X4, to a maximum value of 1 and a
minimum value of 0. The normalized displacement is
defined with xpy,y, - Furthermore, all values are
calculated as an absolute value to avoid the phase
influence of every mode shape. To emphasize regions
with less displacement, the value of Xpyopm 1S
calculated with the potential of 0.3.

0.3
|xModal(nMode:Lx.y)|) 5)

[*maxl

xNorm(nMode!Lx,y) = (

Fig. 4 represents the normalization process of mode
number 50 and the weighting of nodal lines. To
visualize nodal lines, the following Fig. 5 shows a
superposition of the first nine modes of a plate with
fixed boundary conditions and a ratio of R = 1.25.

Normal mode displacement Absolute value with nodal weighting
Fig. 4: Comparison of normal mode displacement
and the absolute value plot with nodal weighting for
mode number 50 of the FE-solver.
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The advantage of taking the full FE model, compared
to the nodal lines, becomes evident by taking a closer
look at the center lines and the border. These center
lines and borders are areas with nearly no out-of-
plane motion.

Fig. 5: Superposition of nine mode shapes of a plate
with fixed boundary conditions to visualize the
nodal lines and areas of a possible good excitation.

For a panel with fixed boundary conditions, the
strongest displacement is located around the center
and decreases to zero at the edges. At the center lines,
it is a result of the symmetric shape of nearly all
modes, due to the fixed boundary conditions.

In [6] it is recommended to initially consider the first
20 modes, in order to find suitable drive point
locations. A number of possible drive point locations
are presented in Table 1.

Name of location L, Ly
Exciter 1 45% 40 %
Exciter 2 15% 20 %

Table 1. Chosen points for following comparison of
optimal drive points.

To visualize the idea of superpositioning, the
following Fig. 6 shows the superposition of the first
20 modes.

It is shown that good candidates are out of the center
lines and at least 15 % away from the edges. As a
result of simulating homogeneous materials with
symmetric shape, all modes are symmetric with
respect to the central location [50 %, 50 %]. A
homogeneous material has the same material and
thickness properties in the entire subsystem. For this
reason, it is sufficient to focus on one-quarter of the
panel in the following steps.

20% 30% 40% 50% 60% 70% 80% 90% 100%

0%

10%
20%
30%
40%
50%
60%
70%
80%
90%

100%!

Fig. 6: Superposition of the first 20 modes of a plate
with an aspect ratio of 1.25. Chosen Exciter 1 and
Exciter 2 are marked for further comparisons.

3 Simulations

This part introduces the concept of the simulation
model and its evaluation based on a singular criterion
named ACF (amplifier correction factor).

3.1 Simulation properties

The simulation is based on an acrylic panel with a
thickness of 3 mm. The material properties were
determined with modal analysis by a model fitting
from measurements and FE simulations and applied
to every model.

The resulting properties are D = 22.6 Nm and
ps = 474 kg/m?. An experimentally measured
damping loss factor of 3 % is additionally applied to
the panel and 1 % as damping loss factor in the BEM
subsystem. All modes are calculated up to 1100 Hz to
get their influence on the frequency response. The
model employs the finite element method (FEM) to
represent the structural domain, and the boundary
element method (BEM) to represent the acoustic
domain. Full coupling between the structural and
acoustic domains is taken into account. The mesh
size for the FEM-subsystem is based on six elements
per bending wavelength meshed with CQUADS
mesh. The worst case is a small surface area with high
aspect ratio. For such cases, the number of elements
is locally increased, such that there is a separate node
for each excitation location.
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The exciter force is calculated based on an
electromechanical model shown in Fig. 7. The chosen
exciter is the Visaton EX60S.

Re2
RC Le T’ V’ Rms Kms Mms
. F\_(0 z3\(v —
il e 00
———"""0o0

Fig. 7: An electromechanical model of an exciter
with a fixed magnet.

All parameters of the electromechanical model have
been measured with the Klippel distortion analyzer
and are listed in Table 2.
Parameter Values

Description of parameters

fs,mag 58.3 Hz Magnet resonance frequency

Re 7.54 Ohm  Electrical VC resistance at DC
Frequency independent part of

Le 0.141 mH the VC

Re2 0.94 Ohm Electrical resistance due to
eddy current losses

Le2 0.226 mH Para-inductance of voice coil

Bl 5.016 N/A  Force factor

Kms 15.54 N/mm Mechan}cal stiffness of driver
suspension

Rms 5.648 kgs Mechanical resistance of total-

driver losses

Mms,plate 14.112 g Mechanical mass of Plate

Table 2. Measured electromechanical parameters of
Visaton EX60S

The exciter is driven by a voltage amplitude of 1V. In
contrast to a full two-dimensional vibration system,
the point force represents a single degree of freedom.
It can’t represent the full exciter, because of the
missing degree of freedom for the moving mass.
Therefore, this model corresponds to an exciter with
a clamped magnet. The risk of failure is low, because
of the low resonance frequency compared to the
considered frequency range.

3.2 Definition of a singular evaluation
criterion

It is required to reduce the power transfer functions to
a single value to consider all power transfer functions.
This quality index is called ACF (amplifier correction
factor). This value represents a mean correction in

dB, which is required to get a flat power transfer
response.

These corrections can be done, e.g., with a DSP
amplifier. As the ACF becomes smaller, less
correction is needed to get a flat power transfer
response. It represents the flatness of the power
transfer function. One might think that this value is
just the standard deviation of its power transfer
function, but the ACF references the average
maximum power value of each surface area with a
certain aspect ratio. It rates exciter positions with less
average power values worse, compared to positions
with higher power values. This maximum power
value Ly pq, is calculated with the following
equation:

1 fn
Ly max = max (;Z}Eh LW,f(P)> (6)

Ly max represents the maximum power value of all
positions P for a certain area 4 with a certain aspect
ratio R. The calculation of ACF is based on the
standard deviation of every single power transfer
function to a flat response of Ly 4, [15]. The
standard deviation gives the advantage to evaluate
stronger dips and peaks higher in comparison to
smaller deviations.

1 fh 2
ACF = Z Lys—L 7
\/nf 1 f=f1( w.f W,Max) ( )

ACF is calculated in the frequency range between the
lowest frequency f; and the highest frequency fj,, and
is defined in dB. A value of 0 dB represents an ideal
flat sound power response. A power transfer function
is shown in Fig. 8, which has an ACF of 2.7 dB.

--Lw,max —Acoustic Power - Lw,max+ACF ---Lw,max-ACF

3
S

%
S
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Power [dB ref: 1.0e-12W]
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50 250 1250
Frequency in Hz

Fig. 8: Radiated sound power presented with the
calculated ACF values of a single exciter on a plate.
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3.3  Workflow of the Simulation

The full simulation model is scripted with python in
wave6. Fig. 9 shows the whole workflow up to the
ACF calculation.

‘ ACF calculation ’

I

‘ FE & BEM Solver ‘

I

‘ 10x10 Forces Grid ‘

ng+1
‘ R=Ratio| ... 10 ’4—

I

ng+1
‘ A= Area 0.1m? ... 1.0m? }47

| Start loop ‘

Fig. 9: Workflow of the simulation model.

The simulation is performed for ten different surface
areas and ten different aspect ratios. A list of all areas
and ratio can be found in Table 3.

Name Values

Aread,m? 0.1,0.2,0.3,04,0.5,0.6,0.7,0.8,0.9, 1.0

RatioR  1.0,1.25,1.5,2.0,2.5,3.0,3.5,4.0,5.0,10.0

Table 3. List of areas and ratios simulated in this
model.

The plate is driven with an exciter, abstracted as point
force. The forces are automatically placed on a 10x10
grid in the 2nd square of the DML panel shown in Fig.
10. With these steps a subdivision of 5 % is possible,
and the placement on the symmetric lines are
included.
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Fig. 10: Simulation model with a 2D grid of 100
point forces and the marked center lines.

In order to reduce the simulation time, all exciters are
placed in one quadrant, because of:

e The symmetrical shape of the plate,
e Symmetrical boundary conditions,
e Force of one exciter and

e Homogeneous material.

In contrast to Anderson [9] the simulation is based on
a frequency range and not on the number of modes.
The chosen frequency range is from 100 Hz to
1000 Hz. The frequency range is arbitrarily
expandable to lower or higher frequencies but
represents the part of the transfer function with most
deviations, a consequence of the modal density.

4 Results

This chapter presents three examples to compare the
chosen drive-points with the best available positions
for different surface areas. Furthermore, the best
positions of aspect ratio 1.25 are compared with the
best values of all aspect ratios.

4.1 Detailed evaluation

All simulations are based on the acrylic panel. The
following areas are chosen to visualize the influence
of the surface area on the drive point location:

e Example 1 has a surface area of 0.1 m?, which
results in less modal density and distinct modes
in the frequency range,

e Example 2 has a surface area of 0.5 m? and
results in a 5 x higher modal density and larger
modal overlap,

e Example 3 has a surface area of 1.0 m? and
results in a 2 x higher modal density compared
to 0.5 m?.

The simulated ACF values for the chosen surface
areas and the selected transfer functions are shown in
Fig. 11 - Fig. 13. The ACF enables the comparison of
different surface areas and aspect ratios. There is no
single position, which is the best position for all areas.
For a smaller surface, the panel is divided into good
and bad excitation areas showing in Fig. 11.

AES 146th Convention, Dublin, Ireland, 2019 March 20-23
Page 6 of 9



Zenker et al. Optimized Exciter Positioning

Ly
5% 10% 15% 20% 25% 30% 35% 40% 45% 50% - . .
_ -+ Lw,max —Best position ---Exciter 1 --Exciter 2
5% 39.2 [ 34.4 [ 303 [ 287 [27.8 [272 [ 256 [ 24.5 [ 244
10% [43.0 | 28.8 | 24.4 [ 20.6 | 19.1 [ 182 [ 17.8 [ 162 | 153 | 152 T 7
15% | 36.7 | 23.5 | 19.5 | 16.0 | 146 | 13.8 | 134 | 119 [ 11.1 | 11.0 580 /
20% (330 [ 202 §16.45132 119112108 | 95 | 88 | 88 = 3 =
25% 305 | 18.0 | 144 [ 113 | 100 | 93 | 88 | 80 | 73 | 72 {f: =7
Ly 30% 289 [ 166 [13.0 | 99 [ 87 [ 7.8 | 7.0 | 66 [ 64 | 64 & 2 ”
35% (279|156 (122 | 92 | 79 | 7.0 |58 [54°| 58 | 62 3,
40% (272151 |18 90 | 78 [ 68 | 56 | 52 ] 58] 6.6 g 50
45% 269|150 | 118 | 91 | 7.9 [ 7.0 | 57 638 £
50% (268 | 15.1[12.0 | 93 [ 8.0 [ 7.0 [[58 6.6 40
T N 50 250 1250
Quarter 3 | Quactec Frequency in Hz
(a) (b)

Fig. 11: (a) ACF values for the area of 0.1 m? with an aspect ratio of 1.25. The chosen positions for Exciter 1,

Exciter 2 and the best position are marked. These marked values are representing transfer functions, which are

plotted in (b). The transfer function of the radiated sound power is plotted for the two chosen Exciter positions
and the best available position (L,=40%, L,=40%).

Ly
5% 10% 15% 20% 25% 30% 35% 40% 45%  50% B ) )
5% 1081172 | 162 | 158 | 154 | 151 | 146 | 141 ] 140 -+ Lw,max —Best position ---Exciter I ---Exciter 2
10% [19.0 | 12.0 | 96 | 88 | 86 | 85 | 84 | 79 | 74 | 712 %
15% [ 147 ] 82 | 6.0 [ 51 [ 48 [ 48] 53| 50 [ 4a5]4s g 80
20% [ 135 | 71 {51 i 40 [34 |35 39 [ 3833|335 - P
25% 130 | 68 |45 | 35 |28 [29 |33 | 33 |28 | 27| 2 2 70
Ly s0%[130] 7.1 [ 49 [38 |39 [36 |33 [37[40[39]| 5 ]
35% 136 | 82 | 62 | 48 | 48 | 49 [ 46 [ 52 [ 65 [ 77 @ 60
40% [133 ] 7.8 [ 55 [ 45 | 44 [ 49 [ 56 [ 55 ) 66 ) 82 % so
45% [129] 72 [ 49 |44 | 47 [ 52 [ 66 | 62 | 54 | 51 §
50% 127 71 [48 [ 46 | 54 | 56 [ 69 [ 68 [ 52 ] 51 40
T
Quarter 3 é Quartec * Frequeznsc?r in Hz 0
(a) (b)

Fig. 12: (a) ACF values for the area of 0.5 m? with an aspect ratio of 1.25. The chosen positions for Exciter 1,

Exciter 2 and the best position are marked. These marked values are representing transfer functions, which are

plotted in (b). The transfer function of the radiated sound power is plotted for the two chosen positions and the
best available position (L,=50%, L,=25%).

Ly

5% 10% 15% 20% 25% 30% 35% 40% 45% 50%

5% m 24135 120 127 [ 126 | 102 | o5 o1 30 -+ Lw,max —Best position ---Exciter I -Exciter 2
10% [ 124 76 | 64 | 58 | 59 | 70 | 71 | 60 | 56 | 55 -
15% (100 60 | 45 | 44 | 46 [ 49 | 55| 47 | 43 | 43 5 80
20% | 96 | 53142335 |35 (384140 35]36 ~ 2
25% | 91 | 48 [[33 ] 40 133 [ 36 | 40 | 41 1300 B3 ;f : 70
Ly 30% [82 | 46 132 0290 +0 | +3 [2a2ed] 33 | 34| & £
35% | 78 | 44 | 36 [[327] 49 | 5.1 [ 34 20N 37 [ 44 3
40% | 79 | 45 | 38 |32 38 | 49 | 58 | 42 F33 4 32 g 50
45% | 76 | 41 |32 ] 38 | 39 | 44 | 62 | 40 [F297] 29 &
50% | 7.3 | 40 |30 44 [ 43 [ 43 [ 54 [ 49 [35] 36 40 " 250 1250
T
| Quarter 3 ; Quarter 4 Frequency in Hz
(a) (b)

Fig. 13: (a) ACF values for the area of 1.0 m? with an aspect ratio of 1.25. The chosen positions for Exciter 1,

Exciter 2 and the best position are marked. These marked values are representing transfer functions, which are

plotted in (b). The transfer function of the radiated sound power is plotted for the two chosen positions and the
best available position (L,=40%, L,=30%).
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The lowest ACF value of 5.2 dB represents a high
deviation, and a DSP correction is recommended. The
best exciter positions are close to the results of Exciter
1, calculated with the nodal lines. In general, the
exciter should not be placed in the center. 10 % off
center for both axes is nearly perfect. Furthermore, it
is important to keep a certain distance to the border.
The location of Exciter 2 is too close to the border,
and it is not possible to get enough energy into the
panel. A high average DSP correction of 16.4 dB is
needed.

The results for larger surface areas are shown in Fig.
12 and Fig. 13. Increasing the area results in smaller
average ACF values. The best ACF values are nearly
equal for surface area 0.5 m? and 1.0 m?. Surface area
1.0 m? has more positions with lower ACF values, but
they are arbitrarily located. The best positions cannot
be identified by the modes due to the large modal
overlap. In conclusion, it is not important to excite
every single mode to get a flat sound power response.

4.2 General evaluation

In addition to the results of 4.1, it is possible to search
for the best ACF values. Fig. 14 shows the area
dependent best ACF values for an aspect ratio of 1.25.
For small areas (< 0.3 m?) the best achievable values
are close to Exciter 1, based on nodal lines. For larger
surface areas (> 0.3 m?) the potential of a detailed
simulation is presented by the difference of the ACF
values for Exciter 1,2 and the best position.
Improvements of ca. 2 dB are possible to achieve
deviations of less than 3 dB.

Best position  ===-- Exciter I eeeees Exciter 2

ACF [dB ref: 1.0e-12W]

0 01 02 03 04 05 06 07 08 09 1 1.1
Area in m?

Fig. 14: Area dependent ACF values for an aspect
ratio of 1.25. Values for Exciter 1 and Exciter 2 are

compared to the best ACF values.

The best positions cannot be identified by a
superposition of the first modes due to the large
modal overlap. Despite precise positioning it is
recommended to use a DSP for small areas (< 0.3 m?),
to get closer to the flatness of a cone loudspeaker.

5 Conclusions

The exciter placement is one of the most important
parts of the design process of panel loudspeakers.
This paper has shown another idea to find the best
position by optimizing the radiated sound power
response. The acrylic panel DML is simulated for
nearly all possibilities of surface areas, aspect ratios
and driver positions. Instead of the traditional design
method by a superposition of the first eigenmodes a
full acoustic simulation model, based on the FEM and
BEM methods, was used for the analysis. The whole
simulation workflow is scripted in wave6 and
extendable to more complex topics like the following:
e Second exciter or even more,

e  Wider frequency range and

e Different materials (anisotropic).

The authors introduce a single comparison value
named ACF, which represents the deviation of the
radiated sound power response. The ACF has been
confirmed as a suitable criterion to differentiate all
transfer functions based on a single value. This allows
a comparison of the best design parameters for
different surface areas and aspect ratios.

For small areas with distinct modes, it is easier to find
the best positions. These best positions have still 5dB
deviation, and a DSP filtering of the input signal is
recommended.

For larger surface areas the average ACF decreases.
Values until 2.7 dB are possible. These positions are
more arbitrarily located, and simulation software is
needed to find these best positions. Potentials of 3 dB
are possible compared to standard positions.

This paper investigates the influence of the exciter
location on the acoustic performance of a DML, and
it helps to get a better understanding of DML speaker
design. Furthermore, this idea will find the best
positions for a flat radiated sound power response to
realize significant improvements of the acoustic
performance compared to designs using traditional
design methods.
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