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Vibration Characteristics of Various Surfaces Using
an LDV for Long-Range Voice Acquisition

Rui Li, Tao Wang, Student Member, IEEE, Zhigang Zhu, Senior Member, IEEE, and Wen Xiao

Abstract—Laser Doppler vibrometers (LDVs) as non-contact vi-
bration sensors have an ability of remote voice acquisition. With
the assistance of a visual sensor (camera), various targets in the en-
vironment, where an audio event takes place, can be selected as re-
flecting surfaces for collecting acoustic signals by an LDV. The per-
formance of the LDV greatly depends on the vibration character-
istics of the selected targets (surfaces) in the scene, on which a laser
beam strikes and from which it returns. In this paper, the relations
of a target's material and structural properties with its vibration
characteristics are studied, and a vibration amplitude model is es-
tablished. Then the vibration characteristics of several typical sur-
faces with different materials and structures are explored through
both simulations and real-sensor experiments. Based on their re-
sponses to the frequencies in the range of human voice, the targets
are classified into three categories by the number of fluctuations
(zero, one, or two) in their vibration returns in the range of speech.
Some short- and long-range experimental results are presented for
the speech acquisition from surfaces of these three categories, and
their feasibilities in speech acquisition are also evaluated.

Index Terms—Laser Doppler vibrometer (LDV), long-range
voice acquisition, multimodal sensors, vibration characteristics.

1. INTRODUCTION

ULTIMODAL sensory systems are attracting more at-
M tention for large area surveillance, perimeter protection,
search and rescue, and structural health monitoring. In the last
few years, a few systems [1], [2] have been reported to integrate
visual and acoustic sensors. This multimodal capability would
greatly increase the acquired information through both watching
and listening of the targets that are presenting in a scene. While
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visual and thermal sensors have long-range capabilities, in these
systems, the acoustic sensors have to be close to the subjects in
monitoring. For long-range applications, remote voice acquisi-
tion (hearing) is one of the key problems to be solved. A com-
mercial Laser Doppler vibrometer (LDV), for example the one
by Polytec, has been used to capture audio signals in long dis-
tances, for multimodal long range surveillance [3]. The voice
signals could be acquired by capturing the vibrations of target
surfaces that are caused by the speech of a person next to the
targets.

In the previous work, for both indoor and outdoor experi-
ments, the audio signals have been obtained from both short
distances and long distances [3]. It has been shown that the per-
formance of the LDV acoustic detection strongly depends on
both the reflectance and the vibration properties of the targets
surfaces that are selected for the laser beam to be directed to, as
well as the distance between the targets and the sensor. In order
to improve the detection performance, different aspects of the
problems have been studied and corresponding solution have
been proposed. Li [4] proposed a speech processing technique,
which is a combination of several typical signal processing tech-
niques (bandpass filtering, Wiener filtering, and volume adap-
tation), to enhance the audio signals. Although this technique
can be used to improve the intelligibility of many of the ob-
tained signals from different targets surfaces, it does not study
the causes of the problems that affect the quality of the acquired
signal: the reflectance and the vibration properties of the targets
surfaces. Hence, in some cases, particularly for long-distance
voice detection, this signal processing approach does not work
very well because of the poor reflection of the LDV laser beam
due to the surface characterization and the poor vibration of the
targets due to their mass. In another work, Qu [5] proposed a
target surface selection and automatic laser focusing method to
improve the LDV's performance for the long-range detection.
The authors designed a vision-aided system to the LDV, con-
sisting of a pan-tilt-zoom camera and a mirror on a pan—tilt
platform. The reflection properties of surfaces in the camera’s
field of view are compared by analyzing their reflected laser
intensities. The target surface with the highest reflected inten-
sity is chosen and the laser beam is directed and focused on to
it. The high reflected intensity leads to a high signal-to-noise
ratio (SNR) for the acquired signal, and thus, the improved per-
formance. However, this target surface selection method only
considers the surface reflectance, which is not the only factor
to determine the LDV’s performance. The vibration character-
istics of the targets are another key impact factor for LDV voice
acquisition, which have not been studied. As one important as-
pect of the study of scene phenomenology for long-range voice
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Fig. 1. Interaction between acoustical signal and plate.

acquisition system, the focus of this paper is on the analysis of
the vibration characteristics of different targets and their influ-
ences on LDV remote voice acquisition, which could give some
valuable suggestions on performance improvement through the
selection of targets with good vibration characteristics.

This paper is organized as follows. Section II describes the
vibration characteristics of target surfaces through modeling and
simulations. In Section III, the frequency responses of different
targets are analyzed, and the real speech signals acquired from
them using an LDV are presented, by adopting several sets of
experiments. Finally, we conclude our work and discuss some
future research directions in Section IV.

II. MODELING VIBRATION OF TARGET SURFACES

In the previous work on the acoustic sensing by detecting
the target vibration caused by the acoustical signals, most of
them focus on signal processing and system design issues. The
inherent characteristic of target surface vibration as acquired by
a vibration sensor has not been well studied. This will be the
focus of this paper. Hence, in this section, a model of the target
surface vibrations caused by acoustical signals is established by
using the physical principle of the structural acoustic insulation.
Then a theoretical analysis for understanding the affect of the
vibration for the LDV voice acquisition is presented.

A. Target Surface Vibration Model

For the remote voice acquisition by an LDV, vibration mea-
surements are made at the point where the laser beam strikes
the target under the vibration caused by a voice source. Usually,
the stricken targets have the structure of plates. Such targets in-
clude walls, doors, metal boxes, traffic signs, building pillars,
containers, and so on [3]. The interaction between acoustical
signals and a plate is illustrated in Fig. 1. The structure of the
plate is assumed to be a single plate, which is a layer of elastic
solid medium bounded by two layers of acoustic flat fluid media
(such as air) [6].

The acoustic signal, considered to be a sinusoidal harmonic
pressure load, impinges to the top surface of the plate. The in-
cident acoustic pressure potential on and above the top surface
can be represented as [6]

Qin = Aejko[m1 sin @1 —(z1—h) cos 01] )
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where A is the amplitude of the acoustic pressure potential, kg
is the wave number (which is 27 f /cg), f is the frequency of the
acoustical signal, ¢ is the acoustic velocity in air, z; and z; are
the coordinates of a point in the air layer which is on or above
the top surface of the plate, A is the thickness of the plate, and
6, is the incident angle of the acoustical signal. The acoustic
signal on the top surface of the plate is divided into two parts:
one is reflected, and the other one is transmitted through the
bottom surface. For acquiring voice signals using an LDV off
the top surface of a target, we are interested in understanding
the vibration properties of the top surface.

If the reflection rate and transmission rate are denoted as V'
and D, then the acoustic pressure potential on or above the top
surface, which is composed by two parts (incident acoustic pres-
sure potential and reflected acoustic pressure potential), can be
expressed as
D= Pin + Pre = Aejko [ sinf; —(z—h) cos 01]

+AVejko[xsin€1+(th)cosGl] )

where ¢, is the reflected acoustic pressure potential. The trans-
mitted acoustic pressure potential on and below the bottom sur-
face is modeled as
Qiran = ADejko [z2 sin 03 —z2 cos O3] (3)
where 63 is the emergence angle of the transmitted acoustical
signal on the bottom of the plate, x5 and z» are the coordinates
of a point in the air layer which is on or below the bottom surface
of the plate.
The relationship between the acoustic pressure potential ¢
and the vibration amplitude « along the z axis can be calculated

by [6]

1 do
U=——— @
jw dz
where w = 2 f is angular frequency. Hence, the vibration am-
plitude of the top surface (where z; = h) can be derived as

Acos b pcos by

(1-V)=

1-V 5
co 27Tfpoco( ) ®

Utop = —
where p is the sound pressure of the acoustical signal, and pg
is the density of the air. For acquiring voice signals using an
LDV from the surface of a target, we are more interested in ob-
taining the vibration magnitude of the top surface of the target.
However, it is very hard to calculate the reflection rate V' due
to its complicated expression as shown in [6]. Fortunately, a lot
of research has been performed [7]-[10] in the so-called sound
transmission loss (STL) of a single plate, which is expressed as

R = —20log,, D. (6)
Meanwhile, based on the law of energy conservation, we have
V24 Dr=1. (7

Hence, we can make use of (6) and (7) to simplify the problem
by having the key parameter V' going through some transforma-
tions. Obviously, R is the key parameter for this transformation.
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Fig. 2. STL curve of 10-cm-thick concrete.

B. Acoustic Insulation Model

In this part, a Sewell-Sharp—Cremer (SSC) model, which
was used by Callister [9] to evaluate the sound transmission
loss of a single-layer panel, was adopted into our model to cal-
culate the sound transmission loss R. In the SSC model, the
whole frequency range is divided into three parts: f < fo./2,
f < fa/2 € for,and f > for, where fo, is the coincidence
frequency [7] and is expressed as

_ oy [12p(1 —v?)
Jor = 2“/ — (®)

where ;1 = ph is the mass per unit area of the plate, p is the
density of mass, v is the Poisson ratio of the panel, F is Young's
modulus, and A is the plate thickness. We will discuss each of
the three parts in the following paragraph.

1) f < fer/2: Inthis part, the sound transmission loss of the
plate can be calculated by the Law of Theoretic Mass [7], as

In(kv'S) +0.16 — U(A) + 5=
[(25)(1 = £)P2

where k1 = 27 f/[3 is the acoustic wave number in mass, 3 is
the speed of the transverse wave, S is the area of the plate, A is
the ratio of length and width of the plate (L/W), and U(A) is a
shape factor correction for non-square plates. A useful empirical
expression for U(A) adapted from Sewell [9] is

R = —10logq, ©)

U(A) = —0.0000311A° + 0.000941A* — 0.0107A3

+0.0526A2 — 0.0407A — 0.00534. (10)

2) f > fero In this part, the sound transmission loss of the
plate can be calculated by the following model [9]:

R = 20logy, <ﬂf) +101logy, (i?—f> —5

PoCo cr

Y

where 7) is the damping loss factor of the panel.

3) f < fa/2 < feor In this part, a linear interpolation
scheme is used between the mass law STL shown by (9) at
one-half of the coincidence frequency and the STL shown by
(11) at the coincidence frequency [9].

Fig. 2 shows an STL curve of a 10-cm-thick concrete wall
using the above model. Combing the STL estimations within
different frequency ranges, the vibration amplitude of the plate’s
top surface can be calculated. The simulation result for the con-
crete wall is shown in Fig. 3. In the whole frequency range, the
vibration amplitude decreases very quickly with the increase of
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Fig. 3. Vibration amplitude of top surface of a plate.

-160 _
a L fcr—concrete 2 A"\“A.\_fg—glass .\D |
< 200 o s ta_faPvg
2 [ {_1240Hz OB ]
é -240¢ ctl)ncrete ~
= r|—o— glass
S 9280} |-.a- PVC human speech
§ L| ® fer-material frequency range

.320101 1‘02 300 1'03 3000 10

Frequency (Hz)

Fig. 4. Vibration amplitudes on the top layers of concrete, glass and PVC.

TABLE I
CHARACTERISTIC PARAMETERS OF MATERIALS

W Concrete Glass PVC
Parameters

E (Gpa) 29 72 3.7

v 0.15 0.22 0.4

p (x10°kg/m*) 2.5 2.5 1.44

n 0.006 0.004 0.04

B (m/s) 2250 3436 1200

h (cm) 10 0.7 0.5

S (m*xm) 5x%3 0.4x0.4 2x1.5

the frequency. Around the coincidence frequency f.., however,
there is a obvious peak in the amplitude with the maximum ob-
tained at the coincidence frequency.

C. Simulation Analysis of Different Materials

As reported in [7] and [8], the coincidence frequency and
sound transmission loss will change with different plate mate-
rials. Fig. 4 shows the vibration amplitudes on the top surfaces
of three plates of different materials: concrete, glass and PVC.
The characteristic parameters of these three materials are cited
from [7], [8], and [10] and are listed in Table I.

In Fig. 4, the horizontal axis is the frequency (in Hertz) and
the vertical axis is the amplitude (in decibels) in order to high-
light the fluctuation. The curves of vibration amplitudes on the
top surfaces of different panels are shown in different styles.
And their coincidence frequencies are indicated in dots, and
marked as f.,-[material], for example fc;_concrete- A rectan-
gular box is plotted to indicate the main frequency range of
human speech, from 300 to 3000 Hz. From Fig. 4, we have the
following observations.

First, only the coincidence frequency of the glass plate is in
the range of speech. The coincidence frequency of the concrete
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Fig. 5. Vibration amplitudes of glass panels in different thicknesses.

plate is smaller than the lower end of speech frequency (300 Hz);
and the coincidence frequency of the PVC plate is larger than the
upper end (3000 Hz). Hence, only the glass plate has an ampli-
tude fluctuation in the speech frequency range. The amplitudes
of both concrete and PVC plates just decrease monotonically
with the increase of frequency in the speech range.

Second, in the frequency range of speech, the amplitudes of
the concrete plate are the smallest. It means that the LDV sensor
will have the lowest signal magnitudes of speech if a concrete
wall is chosen to be the reflecting target. Furthermore, the slope
of its amplitudes (the solid line) is the largest, indicating worse
sensitivity at higher frequency.

Third, the PVC plate has larger vibration amplitudes than
the glass plate below 1250 Hz in the speech frequency range.
It means that the acquired signals by the LDV off a PVC sur-
face has stronger signal magnitude levels in the lower frequency
components. However, the acquired signals will have low reso-
lution because of the attenuation in the higher frequency com-
ponents. In the range from 1250 to 3000 Hz, the vibration am-
plitudes of the glass are larger than the PVCs because of the
coincidence effect. This means that the acquired voice signals
from the glass plate will have a better performance on the reso-
lution and intelligibility.

D. Simulation Analysis of Different Thicknesses

For the structural property of the target, only the thickness
is considered in this paper. Fig. 5 gives the vibration ampli-
tudes on the top surface of the glass plate of different thickness.
The coincidence frequencies of the glass plates with different
thicknesses decrease with their thicknesses (and therefore mass)
as predicted in (8). In the frequency ranges below 300 Hz and
above 3000 Hz, the vibration amplitudes curves are parallel to
each other. This is because their sound transmission losses de-
crease 6 dB for each reduction in mass by half [9]. Meanwhile,
in the speech range from 300 to 3000 Hz, there is a fluctuation
for each curve. And the parts of the fluctuation curves are also
approximately parallel. Hence, we can conclude that the ampli-
tude curves of different thicknesses have the same shape, which
is determined only by the material of the panels, and the only
difference is the overall levels of magnitudes. In this paper, we
will use this material invariance as the key property to targets
classification.

III. EXPERIMENTAL RESULTS AND TARGETS CLASSIFICATION

In the previous section, the theoretical analysis using both
modeling and simulation shows that within the frequency range
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of speech, there are three types of characteristic curves of vi-
brations caused by speech (Fig. 4). They correspond to mate-
rials when the coincidence frequencies are below, within and
above the frequency range of speech. For the surfaces with the
same material, the vibration characteristic curves have the same
shape. Guided by these observations, some experiments will be
carried out in this section. Based on these experimental results,
the surfaces we test in our experiments will be classified. This
classification is useful for target selection for speech acquisi-
tion.

A. Experimental Setup

The setup of our remote voice acquisition sensor system
(together with the system test component) is shown in Fig. 6.
The LDV voice acquisition system consists of an LDV sensor,
a pan-tilt unit (PTU) and a personal computer (PC). The LDV
from Polytec includes a controller OFV-5000 with a digital
velocity decode card VD-6 and a sensor head OFV-505. The
sensor head of the LDV uses a He—Ne red laser with a wave-
length of 632.8 nm and is equipped with a super-long-range
lens. It sends the interferometry signals to the controller. The
controller box processes signals received from the sensor head
of the LDV, and then output signals to computer using S/P-DIF
output [3]. Meanwhile, as the test component for the LDV
system, a speaker and a reference microphone are used. The
speaker controlled by the PC is used to generate acoustic source
signals. The driving signals produced by the PC are a series of
sinusoidal harmonic signals whose frequencies range from 300
to 3000 Hz, with an interval step of 100 Hz. In order to correct
the nonlinear effect of the speaker (whose frequency response
is not uniform in the speech range), the reference microphone
is used to calibrate the speaker.

In our experiments, the vibration targets selected include the
following objects that could be found in our laboratory (and
any typical indoor environments). They are concrete wall, door,
glass plate, white board, metal plate, metal box, and paper box.
Similar kinds of materials can also be easily found in an outdoor
environment. Of course, the quality of the return signals from a
surface of each object depends on both the reflectance and the
vibration of the surface. Since this paper mainly study the vibra-
tion properties of the surfaces, we put a small piece of retro-re-
flective tape on the surface of each target, on which the laser
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Fig. 7. Vibration targets and acquired signals.

beam will be projected. (The affect of this retro-reflective tape
on the vibration of the target will be discussed below.) Fig. 7
shows the images of these objects and the laser spots, the spec-
trograms of the received signals by the LDV. The ladder-like
slashes indicates the responses of the LDV to voice signals at
different frequency levels of 100-Hz intervals. The brightness
values of the spectrograms represent signal levels, i.e., the vi-
bration amplitudes of the target surfaces caused by the source
signals.

B. Analysis of Experimental Results

In our experimental setup, a retro-reflective tape is attached
on each target surface to increase the signal levels. In this part,
the affect of the retro-reflective tape on the vibration of a target
is estimated at first. Then, the vibration characteristics of dif-
ferent targets are analyzed. The experimental results are com-
pared with the simulated results generated from the theoretical
model to validate the characteristic curves of vibration ampli-
tudes (captured by the LDV) with various targets materials.

1) The Affect of the Retro-Reflective Tape on the Target Vi-
bration: For wall acoustic insulation measurement, the sensors
are usually attached on a wall surface. As long as the weight of
the sensor is much smaller than the weight of the wall, its affect
on the acoustic insulation measurements can be neglected [6].
For our experiment, the self weight of the retro-reflective tape is
light. Furthermore, the projected laser point on the target surface
has been focused. Its diameter is so small that we can design the
size of the retro-reflective tape to make its weight much smaller
than the weight of the chosen target. Hence, its affect on the vi-
bration characteristic of the target also can be neglected. In order
to experimentally validate this analysis, we take the white board
as the target. The laser directs to the same place on the surface,
with and without retro-reflective tape, respectively. The vibra-
tions are measured by the LDV and compensated by the refer-
ence microphone (the compensation method will be introduced
below). The results are shown in Fig. 8. We have found that the
two vibration curves almost identical, which indicates that the
attached retro-reflective tape on the white board surface has little
affect on its vibration characteristic.

In the above experiment, when the target surface was not
treated with the retro-reflective tape, we observed that the ac-
quired signals with a decreased reflected light intensity and an
increased noise level compared to the results obtained with the
retro-reflective tape. However, for our analysis, we are only con-
cerned with the vibration responses of the target to different fre-
quencies of our test audio source. Hence, even the noise level in-
creases, as long as the amplitudes of the vibration responses are
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Fig. 9. Simulated and experimental results of the wall.

higher than the amplitudes of the noise, we will obtain the cor-
rect results. And almost the same vibration characteristic curves
are obtained, as validated in Fig. 8.

As described and analyzed above, since the retro-reflective
tape does not affect the vibration characteristics of the target sur-
face and helps to improve the effective responses, which makes
our analysis correct, in our following experiments, the retro-re-
flective tape is adopted to simplify the analysis.

2) Wall, Door and White Board: A part of the simula-
tion result of the 10-cm wall (Fig. 3) in the speech range
(300-3000 Hz) is redrawn with a thick line in Fig. 9 (indicated
as “simulated result” in the figure). Meanwhile, the curve of
experimental data is shown as a thin line. The dotted—dashed
line is the compensated result by the reference microphone
(labeled as “compensation”). It is obvious that both frequency
and amplitude shifts exist between the compensated result and
the simulated result; this fact was also reported in [9]. Based on
the analysis in [9] and [10], the differences could be caused by
the neglect of the plate boundary in the STL models discussed
in Section II. As the compensated result parallel shifted to the
dashed line (labeled as “parallel shift”), it can be clearly seen
that the shifted compensated result is remarkably close to the
simulated result.

With the same approach, the experimental data of the door
and the white board are processed and shown in Fig. 10. It is
concluded that their vibration characteristic curves have very
similar shapes as the wall within the speech range, whose ampli-
tudes decrease monotonically with the increase of frequency in
the speech range. Hence, these three kinds of materials (targets)
are classified into the same category, and their characteristic
curves of frequency responses can be expressed by the model of
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Fig. 12. Experimental results of metal plate, metal box, and paper box.

the wall described in Section II, whose coincidence frequency
is smaller than 300 Hz.

3) Glass Plate: Fig. 11 shows the simulated, experimental,
and compensated results of the glass plate, which has a thick-
ness of 4 mm. Its theoretical coincidence frequency is 1.65 kHz,
which is within the speech range. Hence, there is a fluctuation
around coincidence frequency. Using the fluctuation as a signa-
ture, the coincidence frequency in the real data captured by the
LDV can be identified to be 2.2 kHz. There are also coincidence
frequency difference and amplitude difference, as also reported
in [8].

4) Metal Box, Metal Plate, and Paper Box: Fig. 12 shows the
compensated results of the metal box, the metal plate, and the
paper box. In order to show the vibration characteristic curves
more clearly, the unit of vertical axis is in decibels. Different
from the above results, the three curves have two fluctuations,
as marked in the figure (with short vertical lines). As described
in [8], they are caused by the structure of these boxes, which
is the plate of multi-laminated panels: mass—air—mass. For this
kind of structure, the model reported in [8] describes that there
are two fluctuations in its insulation curve. One is caused by the
mass—air-mass resonance, and the other one is caused by the
coincidence effect [8]. Correspondingly, there will be two fluc-
tuations in the vibration characteristic curves of the top layer.

IEEE SENSORS JOURNAL, VOL. 11, NO. 6, JUNE 2011

Original
signal

Glass
plate

Paper J§
box |

Fig. 13. Acquired speech signals and their spectrograms at a short distance.

This is validated by our experimental results. Since the metal
box and the metal plate (the cover of the metal box) have the
same material, they share the same coincidence frequency, as
described in [8]. Although the structure of the metal plate is dif-
ferent from the metal box and the paper box, they still have very
similar frequency responses. It may be caused by the chamber
formed by the metal plate and its supporting backboard.

In conclusion, based on the experimental data and analysis,
these targets are divided into three categories by the number of
the fluctuations in their vibration characteristics curves to fre-
quencies within the speech range. For the targets in the first cat-
egory (including wall, door, and whiteboard), there is no fluc-
tuation in their response curves. Hence, they have a very strong
response to the low-frequency part. Then, the response strengths
decrease very quickly with the frequency increases. In this case,
if these targets are chosen for the speech acquisition by the LDV,
the low-frequency components of the acquired signal will be
so strong that the other frequency components (especially the
high frequency components) will be submerged, which could
make the signals having a strong background but less details for
human hearing and understanding. For the targets in the second
(glass plate) and the third (metal and paper) categories, there
are one fluctuation and two fluctuations in their response curves,
respectively. Because of the coincidence effect, their responses
to the frequencies around the coincidence frequency are rein-
forced. Hence, the acquired signals from these targets not only
have a strong background, but also have more details, which will
improve the signal’s intelligibility. They are recommended for
LDV listening.

C. Experiments on Speech Acquisition

In this section, we use the characteristic curves and the con-
clusions described above as guidance to choose targets for LDV
speech acquisition. Several experiments on speech acquisition
by different targets are carried out, both at a short distance
(about 5 m) and a long distance (about 140 m). The original test
signal, “Good evening” (in Chinese), is captured from a sample
of China Central Television (CCTV) News Report. The targets
hit by the laser beam are the representations of above three
categories, including the wall, the glass plate, and the paper
box. Acquired signals at a short distance of about 5 m and their
spectrograms are shown in Fig. 13. All the signals are highly
intelligible, as shown in both time and frequency domains.

In the original signal, it is obvious that there are plenty of low-
and high-frequency components by examining its spectrogram.
Hence, the waveform in the time domain is quite sharp. There
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Fig. 14. Frequency responses of glass and paper box.

Fig. 15. Acquired speech signals and their spectrograms at a long distance.

are many peaks when the speech happens. In the LDV signal
acquired from the concrete wall, the low-frequency components
captured are much better than the high-frequency components.
This verified that both our theoretical analysis and real-sensor
experiments are correct. Correspondingly, the waveform in the
time domain is much more flat and has fewer peaks. Note that
these peaks in time domain correspond to the high-frequency
components in the frequency domain.

In order to compare the signals acquired from the glass
plate and the paper box more clearly, their frequency response
signals are shown in Fig. 14. We can easily see that the paper
box, compared against the glass plate, has larger responses
at a frequency around 900 Hz and smaller responses at the
frequency around 2.2 kHz. A similar conclusion can also be
obtained from Fig. 13. As shown by the high-frequency compo-
nents highlighted in the dashed rectangular box, the glass plate
has much better responses in the high-frequency components.
Correspondingly, the waveform of the glass plate has more
peaks and is sharper than the waveform of the paper box in the
time domain, which means that higher intelligibility and more
detailed information can be obtained by the glass plate.

For the long-range voice acquisition, since signals from the
wall is obviously worse than the ones from the glass plate and
paper box, only the acquired signals from the glass plate and
the paper box, which are intelligible, are focused on here. In
fact, the vibration characteristic curves can guide us to select
the right surfaces for long-range voice detection. (In this exper-
iment, we selected the glass plate or even the paper box instead
of the concrete wall.) Their spectrograms are shown in Fig. 15.
As shown by the high-frequency components highlighted in the
dashed rectangular box, the glass plate also has a much better
response in the high-frequency components, which is as same as
the results at a short distance. Meanwhile, the noise levels (the
bright spots on the background of the spectrogram) in Fig. 15
are higher than the noise levels in the Fig. 13, because of the
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decreases of the reflected light intensity in the long-range ex-
periment. However, we still obtain the same observations as the
one from the short-range experiment. It verifies again that, as
long as the intensities of the captured reflected signals by the
LDV are strong enough to maintain the noise level lower than
the signal level, our conclusions on the vibration characteristics
of the targets can still be used as guidance for the targets selec-
tion at a large distance.

The analysis of experimental speech acquisition signals at
both the short and long distances further verifies the observa-
tions we obtained in Sections II and III-B, showing the model
of the vibration characteristics of various targets can be applied
to real sensor data. Furthermore, for speech acquisition by the
LDV, we found that targets like wall are not good choices be-
cause of their poor response to the high-frequency components.
However, our analysis showed that we can hear voices from a
concrete wall if no other choices are available. Comparing the
other two kinds of targets, like the paper box and the glass plate,
a better signal can be obtained by a glass plate because of its
higher responses to high-frequency components. These obser-
vations could be good guidance for actual target selection for
LDV listening.

IV. CONCLUSIONS AND DISCUSSIONS

For LDV voice acquisition, particularly the acoustic events
occur from a large distance to the sensor, finding the right vi-
bration surfaces close to the acoustic sources (humans, vehicles,
etc.) is very important. In this work, the vibrations of target sur-
faces caused by speech signal are studied through both theoret-
ical modeling/simulation and real-sensor experimental analysis.
Based on the vibration responses of various targets of different
materials and structures to different frequencies in the speech
range, the targets in our experiments are classified into three cat-
egories. The potentials of these three kinds of targets selected for
LDV listening are discussed by comparing their characteristic
curves. Both short- and long-range LDV voice detection exper-
iments with these three kinds of targets are also carried out. Ex-
perimental results verified our conclusion that the acquired sig-
nals from the targets in the second and the third categories, like
glass plate and paper box, give better performances and are rec-
ommended for LDV listening. Especially for glass plate, it has
a better response to high-frequency components, which means
a higher intelligibility in speech signals.

In addition, the characteristic curves of frequency responses
of these targets, can not only be used to make a better selection
of appropriate targets for LDV voice detection, but also have the
potential to be utilized for both signal enhancement and signal
interpretation for the signals captured by the LDV off these tar-
gets. The algorithm of signal interpretation and speech enhance-
ment adopting the characteristic curves of targets will be devel-
oped in the future. We will also look into the vibration charac-
teristics of the bottom surfaces of plates of various materials for
applications like through-wall hearing.
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