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Abstract. The method of buried landmine detection based on using
elastic waves in the ground and a laser Doppler vibrometer �LDV� as a
vibration sensor has shown excellent performance in field tests. To in-
crease the speed of measurements, a multi-beam laser Doppler vibro-
meter �MB-LDV� was developed. The system is based on a heterodyne
interferometer and is capable of simultaneously measuring the vibration
of the ground at 16 points over a span of 1 m with a velocity resolution of
less than 1 �m/s. Both digital in-phase and quadrature �I&Q� and analog
phase-locked loop �PLL� demodulation have been used for signal pro-
cessing. The MB-LDV can create a velocity image of the ground surface
either in “stop-and-stare” mode or in a continuously scanning mode. The
continuously scanning operation results in an increased velocity noise
floor due to speckle noise. The speckle noise floor increases with the
increase of the speed of the laser beam and can degrade the velocity
image of a mine. To overcome the effects of speckle noise, the excitation
source must provide a ground vibration velocity higher than the velocity
noise floor of the vibrometer. The MB-LDV has been tested at landmine
test lanes and shows the ability to detect buried landmine within a one-
square-meter area in a time of less than 20 s. © 2006 Society of Photo-Optical
Instrumentation Engineers. �DOI: 10.1117/1.2358975�

Subject terms: landmine detection; laser-acoustic sensing; seismic; acoustic; la-
ser Doppler vibrometer �LDV�.
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1 Introduction

Techniques using low-frequency elastic waves in the
ground have been successfully used for detecting buried
landmines.1–10 The method consists of excitation of the
ground with elastic waves in the frequency range from
about 50 Hz to 1000 Hz and using a vibration sensor to
obtain a vibrational velocity map of the ground surface.
The interaction of a buried landmine with the elastic waves
causes the landmine to vibrate. The mine has a compliance
higher than the compliance of soil and natural objects like
rocks and roots, because it is a complex mechanical struc-
ture with moving parts such as a pressure plate, a trigger
assembly, etc. Because of their complex structure, mines
exhibit a resonance, while natural clutter objects do not.
Due to the mechanical resonances of the mine and the
higher mechanical compliance of the mine compared to the
neighboring soil, the vibration amplitude of the ground sur-
face above a mine is higher than the vibration amplitude of
the surrounding area. A vibrometer measures the vibration
of the ground in many points to create a vibrational map of
the ground surface. A buried landmine can be detected by
higher vibration amplitude of the surface area above the
mine. Airborne sound created by loudspeakers, or seismic
0091-3286/2006/$22.00 © 2006 SPIE d
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aves created by mechanical shakers, can be used to excite
he ground vibration. A general schematic illustrating the
rinciple of the method is shown in Fig. 1.

Using airborne sound to excite vibrations in the ground
s based on the acoustic-to-seismic coupling phenomena.1–4

ig. 1 Schematic illustrating the principle of acoustic landmine

etection.
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Airborne sound waves are incident onto the ground surface.
When the sound waves penetrate the ground surface, they
excite seismic motion. If a buried mine is present in the
insonified area, the interaction of transmitted waves with
the mine will change the ground vibration. The acoustic-to-
seismic coupling-based technique was successfully used for
detection of antitank and antipersonnel mines in field
tests.1–4,9,10 A single-beam scanning laser Doppler vibrome-
ter �LDV� was used as a vibration sensor to create a veloc-
ity image of the ground surface. Field tests show that the
acoustic-to-seismic coupling-based detection technique is
able to detect mines with the probability of detection 95%
or better and false alarm rate as low as 0.03 m−2.

Elastic waves in the ground can also be excited with a
surface-contacting seismic source.5–8 The seismic source
based on an electrodynamic transducer was designed to
preferentially excite Rayleigh surface waves. The Rayleigh
waves are an appropriate interrogation signal for the detec-
tion of buried landmines because they do not interrogate
soil deeper than their wavelength and have relatively large
surface displacement. The Rayleigh elastic wave propa-
gates through the area of interest and causes surface dis-
placement that can be measured with a noncontact vibration
sensor. Waves interact with a mine, causing scattered waves
and resonant oscillations of the mine and soil system. That
results in an enhanced motion of the soil above the mine
due to the compliance of the mine. Experiments show that
both technique using airborne sound and technique using a
surface-contacting seismic source can clearly differentiate
mines from clutter such as roots, rocks, and sticks.3,7,8,10

Different sensors have been used for the vibration mea-
surement of the ground surface.11 The ground velocity can
be sensed with contact sensors such as geophones and ac-
celerometers, and with noncontact sensors such as micro-
wave Doppler radar,12 ultrasonic Doppler vibrometer,12–15

Electronic Speckle-Pattern Interferometer,11,16 and laser
Doppler vibrometers.1–4,9 LDVs have several advantages
over other sensors, including high sensitivity, very good
spatial resolution, and long working distances. In previous
field experiments with buried antitank landmines,3,10 LDV-
based acoustic landmine detection has demonstrated a high
probability of detection with very low false alarm rates.

The critical remaining issue in landmine detection is the
speed of the measurement. The reliable detection of buried
landmines requires a velocity image with relatively high
spatial resolution. For example, the velocity image of an
antitank mine typically contains from 16�16 to 22�22
points over a one-square-meter area,3 and a velocity image
of an antipersonnel mine might require 32�32 points.4

Moreover, recent research has shown that higher spatial
resolution can improve the detection of some antitank
mines by obtaining velocity images of higher spatial vibra-
tion modes.17,18 Vibration sensors currently used in land-
mine detection create the vibrational image of the target by
sequential point-by-point measurements, which results in
long measurement time. For example, using a single-beam
scanning LDV, scanning a one-square-meter area with the
required spatial resolution can take from 3 to 50 min. To
reduce the measurement time, a continuously scanning
single-beam LDV has been used.19 Also a moving cart car-
rying 16 single-beam LDVs has been developed to reduce

20
the measurement time of acoustic landmine detection. w
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This paper describes a 16-beam Multi-Beam LDV �MB-
DV� recently developed for landmine detection, which
rovides parallel measurement of vibration in 16 points si-
ultaneously. MB-LDV was successfully tested at US
rmy landmine test lanes,21,22 and has shown a consider-

ble reduction in the measurement time. The principles of
peration of the MB-LDV, its operation in a continuously
canning mode, and experimental results of its application
n the detection of buried landmines in field conditions are
resented and discussed in the paper.

Schematics and Principles of Operation
of the Multi-Beam Laser Doppler
Vibrometer

schematic of the MB-LDV is shown in Fig. 2. The sys-
em uses a single-mode, solid-state, continuous-wave,
requency-doubled �green� Nd:YAG laser with a wave-
ength of 532 nm and an output power of 200 mW. The
ptical configuration is based on a Mach-Zehnder interfer-
meter with polarization separation of the beams. The po-
arizing beam splitting �PBS1� cube is used to divide the
inearly polarized laser beam into an object beam and a
eference beam. The s-polarized component of laser light is
eflected by the beam splitter PBS1 to form an object beam,
nd the p-polarized component of the laser light passes
hrough PBS1 and forms a reference beam. The relative
atio between the object and the reference beams can be
djusted with the half-wave plate HWP1 after the laser. The
bject beam passes through the half-wave plate HWP2,
hich changes its polarization from s to p. Then the object
eam is directed to a diffractive optical element �DOE1�,

ig. 2 Schematic of the scanning MB-LDV system. HWP1, 2, 3:
alf-wave plate; PBS1, 2: polarizing beamsplitter; AOM 1, 2:
cousto-optical modulator; M1–M6: fold mirror; M 7: scanning mir-
or; DOE1, 2: diffractive optical element; QWP: quarter-wave plate;
E1, 2: beam expander; L1, 2: lens; BC: beam combiner; PD: fiber-
oupled 16-photodiode array.
hich divides it into 16 beams over an angle of 22 deg �for
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simplicity, only three beams are shown in the figure�. The
beams pass through the polarizing beamsplitter �PBS2� and
a quarter-wave plate �QWP� and are directed onto the target
by using a fold mirror �M6� and a rotating mirror �M7�. The
quarter-wave plate changes the polarization of the object
beam from linear to circular. The 16 beams illuminate a
length of 1 m, with 63 mm separation between the beams.
The scanning mirror allows the 16 beams to be scanned in
the transverse direction. The light scattered from the target
passes back through the quarter-wave plate, which now
changes its polarization from circular to linear
s-polarization, leading to a reflection at the polarizing
beamsplitter PBS2. A collection lens �L1� then collimates
the light from each of the 16 object beams. However, since
the 16 object beams travel through the center of the collec-
tion lens, their path is unaltered and they retain the same
angle originally imposed by the DOE.

The reference beam is frequency shifted by means of
two acousto-optic modulators �AOMs�. The two AOMs op-
erate at 80.1 and 80.0 MHz, respectively, to produce a net
frequency shift of 100 kHz. This frequency shift is obtained
by using the +1-order diffracted beam from AOM1 as the
input beam for AOM2; the −1-order diffracted beam of
AOM2 has a 100-kHz frequency shift relative to the initial
frequency of the laser radiation. The reference beam then
passes through the half-wave plate HWP3, which changes
its polarization from p to s, and is directed to another dif-
fractive optical element �DOE2�. DOE2 is identical to
DOE1 and divides the reference beam into 16 beams with
the same angular separation as the object beam. The 16
object beams and the 16 reference beams are spatially over-
lapped at the beam combiner �BC�. A final lens �L2�, placed
one focal distance away from the collection lens makes the
16 object-reference beam pairs parallel and focuses them
onto 16 individual fiber-coupled pin photodiodes, produc-
ing 16 heterodyne signals with a carrier frequency of
100 kHz.

The Doppler signal iD at the output of each photodetec-
tor can be written:

iD = kJ cos���R + �D�t + �� , �1�

where J=2k�PRPS�1/2 is the amplitude of the Doppler sig-
nal k=e� /h� is the sensitivity of the photodetector; PR and
PS are the optical power of the reference beam and the
scattered object light at the photodetector, respectively; e is
the electron charge; � is the quantum yield; h� is the pho-
ton energy; �R is the frequency shift of the reference light;
�D is the Doppler shift of the scattered light due to vibra-
tion of the object; �=�R−�S is the phase of the Doppler
signal; and �R and �S are the phase of the reference light
and the scattered object light, respectively. The frequency
shift of the reference light fD=100 kHz defines the carrier
frequency of the Doppler signal. The Doppler shift of the
scattered light is related to the target velocity by;

�D�t� =
4�

�
V�t� cos 	 , �2�

where V is the vibration velocity of the target, �=532 nm is
the wavelength of the laser light, and 	 is the angle be-

tween the laser beam direction and the vibration velocity e
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ector. The angle 	 varies from 0 deg to 11 deg for differ-
nt beams of the MB-LDV, which results in slightly differ-
nt velocity sensitivity for the different channels. These dif-
erences are compensated during the signal processing.

The MB-LDV system used for landmine detection has
he following basic specifications:

• Vibration velocity range: 1 �m/s to 5 mm/s
• Vibration frequency range: DC to 20 kHz
• Velocity resolution: 0.2 �m/s

patial resolution �beam separation�: 63 mm

Doppler Signal Processing
he MB-LDV can use either an analog phase-locked loop

PLL� frequency demodulator or a digital in-phase and
uadrature �I&Q� demodulator based on direct carrier sam-
ling to obtain the vibration velocity information from the
oppler signal.
Figure 3 shows a functional layout of the digital I&Q

emodulator. The system captures the reference and signal
aveforms and uses these to calculate baseband I&Q sig-
als, which can be processed to provide the target displace-
ent or velocity. A pin diode photodetector at the output of

ach optical fiber converts each optical signal to an electric
ignal. The reference clock signal is obtained by sending
he drive signals for the 80.0- and 80.1-MHz AOMs to a
ixer. This produces outputs at the sum and difference fre-

uencies; only the difference frequency is kept after pass-
ng through a 100-kHz bandpass filter. The reference clock
nd 16 FM signals �all with a carrier frequency of 100 kHz�
re then simultaneously sampled with a 12-bit data acqui-
ition board at sampling rates up to 600 kHz. After apply-
ng digital bandpass filters around 100 kHz, the reference
lock is phase shifted by 90 deg in software. Then the ref-
rence and the phase-shifted reference clock are each mul-
iplied with each beam signal, producing standard I �in-
hase� and Q �quadrature� signals after lowpass filtering.
rom the I&Q waveforms, the displacement and velocity at
ach of the 16 beams can be calculated in software by using

ig. 3 Functional layout of the digital I&Q �in-phase and quadrature�
emodulator.
xpressions:
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X�t� =
�

4�
tan−1�Q�t�

I�t� � , �3�

V�t� =
�

4�
� I�t� · Q��t� − Q�t� · I��t�

I2�t� + Q2�t� � , �4�

where X�t� and V�t� are the vibration displacement and the
vibration velocity, respectively, and I��t� and Q��t� are the
time derivatives of in-phase I and quadrature Q components
of the signal, respectively.

The functional layout of the analog PLL signal process-
ing system is shown in Fig. 4. Signals from the 16 fiber
coupled pin-photodiodes with a 100-kHz carrier frequency
are amplified in the frequency band from 80 kHz to
120 kHz and then go to a 16-channel analog PLL frequency
demodulator. The output of the PLL demodulator is propor-
tional to the vibration velocity of the target. The PLL de-
modulator has a frequency range from DC to 4000 Hz.
Each PLL output signal is then digitized with a 16-channel
A-D card in a computer, and the velocity spectrum of each
beam is calculated in software.

A two-dimensional velocity image of a target can be
obtained by using either a “stop-and-stare” mode or a con-
tinuously scanning mode. In the stop-and-stare mode, the
beams are moved a specified angle and stopped, the data
are collected, and the beams are moved to the next location.
In the continuously scanning mode, the beams are continu-
ously scanned across the target at a specified speed, and the
data are taken continuously during the scan. Figure 5 illus-
trates the signal processing for obtaining a velocity image
of a target in the continuously scanning mode. In order to
produce a velocity image, the time-domain velocity data for
each beam is divided into time segments, typically of
length from 0.1 s to 1 s.

Figure 5�a� shows an example of a 1-s time segment of
the time-domain velocity signal for one of the beams pass-
ing over a mine. This time segment corresponds to the po-
sition of a scanning beam over a buried landmine. Over
each time segment, the velocity versus time is Fourier ana-
lyzed to generate the velocity versus frequency data over
each time segment for each beam. The frequency spectrum
of the time segment of Fig. 5�a� is shown in Fig. 5�b�. One
can see that the mine shows a broad frequency response
from about 100 Hz to 200 Hz.

When the velocity spectra over each time segment and
each beam has been computed, a velocity image over the
entire scanned area can be generated at any selected fre-

Fig. 4 Block diagram of the PLL-based signal processing.
quency band. The number of segments in the x direction l
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orresponds to the number of beams, while the number of
egments in the y direction is defined by the time segment
ength and the duration of the entire scan. In the example
hown in Fig. 5�c�, 16 laser beams scanned the target of
m�1 m from top to bottom �in the y direction� for a time

f 20 s. The length of each time segment is 1 s, which
orresponds to 5-cm spatial resolution. Therefore, the ve-
ocity image in this example contains 20�16 segments.

The modulus of the ground vibration velocity in each
egment can be represented in different view styles: color
ap, gray scale map, isolines, or 3D image. The velocity

mage of the mine shown in Fig. 5�d� was obtained by
pplying a data smoothing algorithm to the segmented im-
ge. The described procedure can also be applied to the
top-and-stare mode of measurement. In the stop-and-stare
ode, each time segment corresponds to a specific location

f beams, while each time segment in the continuous scan-
ing method is an average over a finite length.

Speckle Noise
canning a laser beam across a target introduces noise in

he vibrometer output due to dynamic speckles. The LDV
oise caused by dynamic speckles was first studied by
othberg et al.23 They showed that target motions such as

n-plane motion, rotation, and tilt could increase the veloc-
ty noise floor due to speckle fluctuations. Coherent light
cattering from an optically rough surface creates a speckle
eld. The statistical characteristics of laser speckles are
ell studied.24 The phase of speckles is uniformly distrib-
ted in the range from −� to �, and the intensity of speck-

ig. 5 Processing of the vibration velocity signals. �a� Time domain
ibration velocity signal on the PLL output obtained for the 1-s time
egment for one of the channels. �b� Frequency spectrum of that
ignal. �c� Segmented velocity image of the buried landmine in a
pecified frequency band �e.g., 140 to 145 Hz�. The arrow shows
he segment of the image whose velocity spectrum is shown in Fig.
�b�. �d� Smoothed velocity image of the buried landmine.
es has a negative exponential probability distribution.
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When the laser beam moves across the target, the intensity
and phase of speckles change in a random way. This results
in random fluctuations of the amplitude and phase of the
Doppler signal. Since the power PS and phase �S of scat-
tered light on the photodetector are the power and phase of
speckles, the Doppler signal expressed by Eq. �1� is a ran-
dom signal with random amplitude and phase. For a laser
beam stationary relative to the target, the amplitude and
phase of the Doppler signal do not change with time. In this
case, the Doppler signal is a space-random but not a time-
random value. Figure 6 shows a 100-kHz carrier Doppler
signal and a demodulated vibration velocity signal when
the laser beam is stationary. The vibration is a sinusoidal
signal with a frequency of 100 Hz. The amplitude of the
carrier signal is a random value and depends on the inten-
sity and phase of speckles on the photodetector area. The
amplitude of the carrier signal changes with the position of
the laser beam on the target but does not change with time.

When a beam moves across the target, the speckles at
the photodetector vary, resulting in random variation of the
Doppler signal amplitude and phase. The amplitude of the
Doppler signal varies randomly and can occasionally drop
down to a small value below the photodetector noise level.
In that case, because of insufficient signal, the PLL can lose
lock, which results in a spike in the PLL output. When the
Doppler signal reappears, the PLL locks in again. Figure
7�a� shows the 100-kHz carrier Doppler signal and the de-
modulated velocity signal when the laser beam moves
across the target. The demodulated velocity signal �PLL
output� contains spikes caused by the speckle dropouts.
Figure 7�b� shows an expanded view of the spike near
0.76 s and the corresponding drop in the carrier signal am-
plitude. The spikes in the demodulated signal have a broad-
band spectrum and increase the velocity noise floor of the
vibrometer.

The phase fluctuation of the Doppler signal due to the
motion of the laser beam is another effect that increases the
velocity noise floor. It has been shown23 that a change in
the speckle pattern on the photodetector results in random
fluctuations of the phase of the Doppler signal that in-

Fig. 6 Doppler signal and demodulated vibration velocity for a sta-
tionary beam.
creases the velocity noise floor of the vibrometer. The fre- t
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uency fC of the carrier Doppler signal at the LDV output
s given by the time derivative of the argument in the co-
ine function in Eq. �1�:

fC = fR + fD +
1

2�

d��t�
dt

, �5�

here fR and fD are the frequency shift of the reference
ight and the Doppler shift of the scattered light.

When the laser beam is stationary and a target exhibits
nly out-of-plane vibration, the speckles on the photodetec-
or do not change with time and d� /dt=0, making the
requency of the carrier Doppler signal equal to fC= fR
fD.
When the speckles change due to a target motion such as

otation, in-plane vibration, angular vibration, or a beam
oving across the target, the noise corresponding to the

requency content of d� /dt appears in the signal. It was
hown23,25 that when the speckle fluctuations are caused by
periodic motion of the target such as in-plane vibration,

ngular vibration, or rotation, the speckle motion is also
eriodic. As a result, the phase fluctuations of speckles will
e pseudo-random with the same fundamental frequency as
he frequency of the object vibration. In practice, the mea-
ured out-of-plane vibration has the same frequency as the
ngular and in-plane vibrations or is a multiple of the fre-
uency of rotation of the object. That makes the fundamen-

ig. 7 �a� Doppler signal and demodulated vibration velocity for a
oving beam. �b� Expanded view of the data between 0.72 and
.80 s, showing the velocity spike and the corresponding drop in
arrier signal amplitude.
al frequency of speckle fluctuations the same as the fre-
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quency of out-of-plane vibration. That signal content
induced by phase fluctuations of speckles is indistinguish-
able from the out-of-plane vibration signal and was de-
scribed as “pseudo-vibration.”23 Unlike pseudo-vibrations
caused by a periodic motion of speckles, the phase fluctua-
tions of speckles caused by a continuously scanning laser
beam are not periodic by nature. As a result, these fluctua-
tions produce random noise at the vibrometer output at a
continuously scanning beam.

We have investigated experimentally how the velocity
noise floor caused by a scanning laser beam depends on the
speed of the beam and have studied the contribution of
spikes and phase fluctuations of speckles into the speckle
noise. A single beam from an LDV was used to scan a
stationary target surface �white paper� at different speeds,
and the velocity noise floor was calculated for each speed.
In order to calculate the velocity noise floor caused by
spikes and phase fluctuations of speckles separately, the
demodulated signal was digitized and recorded. Then the
signal was divided into time segments with a length of
0.1 s. Some of the time segments contain spikes caused by
Doppler signal dropouts, while some of the segments are
free of spikes. Figure 8 shows the demodulated signal con-
taining time segments with spikes and without spikes. To
find the velocity noise floor caused only by phase fluctua-
tions of speckles, the average noise floor was calculated
over the time segments without spikes. This noise floor is
shown in Fig. 9 �solid line�. The velocity noise floor was
then calculated over all time segments, both with spikes
and without spikes. The dashed line in Fig. 9 shows that
noise floor. Figure 9 shows that both spikes and phase fluc-
tuations of speckles contribute to the speckle noise. The
noise caused only by the phase fluctuations of speckles and
the noise caused by two effects, phase fluctuations and
spikes, both increase with the speed of the scanning beams.
In our experiments, the speed of the beam was limited to
6 cm/s, since there were no time segments of length 0.1 s
without spikes at higher speeds. Figure 10 shows the de-
pendence of the overall velocity noise floor of the PLL
demodulated signal on the speed of the scanning beam
higher than speed in Fig. 8. The velocity noise floor in-

Fig. 8 Demodulated vibration velocity signal containing 0.1-s time
segments with spikes and without spikes.
creases with the increase in the speed of the scanning beam.
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Field Experiments
he MB-LDV has been successfully tested at US Army test

anes. The test was done in two different types of soil—
andy gravel and sandy clay. Real plastic and metal anti-
ank mines and mine simulants have been buried in the test
anes for more than five years. The real mines contain the
riginal explosive material, but the detonator has been re-
oved for safety purposes. The mine simulants were filled
ith nonexplosive material with dielectric properties simi-

ar to explosive material. The mines were buried at differ-
nt depths from 0 cm to 15 cm.

Both loudspeakers and mechanical shakers can be used
o excite the ground. Loudspeakers are noncontact devices
nd provide a homogeneous sound pressure level over the
round surface due to the large wavelength of sound in the
ir. Mechanical shakers are contact devices and the mecha-
ism of the vibration excitation of the ground is more com-
lex than that of speakers. Different coupling of the me-
hanical energy into the soil due to the soil properties and
he propagation of seismic waves through soil inhomoge-
eities result in unequal excitation of different parts of the
round area. Due to the different nature of the ground ex-
itation, the frequency response of the ground to shakers
nd loudspeakers is different. The shakers have a limited
requency bandwidth; they produce high excitation at low
requencies but exhibit a high-frequency roll-off.26 The
oudspeakers excite ground vibrations over a wide band-
idth up to 1000 Hz. The shakers have an advantage over

ig. 9 Velocity noise floor versus scanning speed of the beam. The
ashed line is the average noise floor over all time segments of

ength 0.1 s. The solid line is the average noise floor over time seg-
ents of 0.1 s without spikes.
Fig. 10 Velocity noise floor versus the speed of a scanning beam.
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the speakers in lower excitation of the vibrometer platform,
since shakers radiate less sound in the air. Due to that ad-
vantage, mechanical shakers were used for the vibration
excitation of the ground in the field experiments described
here.

The layout of the experimental setup is shown in Fig. 11.
The MB-LDV was mounted onto a moving platform at a
height of 2.1 m above the ground. The laser beams scanned
a 1 m�1 m area above a buried antitank mine. The laser
beams were positioned so that the mine was approximately
in the middle of the scan. Two mechanical shakers were
used to excite the vibration of the ground. The shakers were
placed at a distance of 1 m from the first laser beam.
Pseudo-random noise in the frequency range from 40 to
450 Hz was used as an excitation signal. The beams were
oriented in the down-track direction, and were scanned in
the across-track direction. The speed of beams on the
ground in the continuously scanning mode could be set
from 2 cm/s to 100 cm/s. The PLL demodulator was used
to take data continuously during the time the beams
scanned the ground. The PLL output signals were digitized
with a 16-channel A-D card in a computer, and the data file
was stored in the computer memory. The stored file was
then processed with a custom MATLAB program to obtain a
velocity image of the scanned area at a specified frequency
band. Detection of a mine is based on the difference in the
modulus of the vibration velocity between different areas of
the ground, as well as the size and the shape of the high
velocity area.3 Figure 12 shows an example of the spatial
profile of the velocity image of VS 1.6 antitank mine buried
15 cm deep in gravel soil. The detectability of the system
can be measured by using the signal-to-clutter ratio �S/C�
defined as the ratio of the velocity peak of the ground over
the mine to the average velocity of the background area.
The S/C ratio of the velocity image shown in Fig. 12 is
20.1. The speed of the scanning beams defines the spatial
and frequency resolution of the velocity image of a scanned
area. The speed of beamsVB is related to the spatial resolu-
tion S and the frequency resolution 
F through the follow-

27

Fig. 11 Schematic of the experimental setup.
ing expression : t
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B = S · 
F . �6�

In many cases, a mine could be detected using a spatial
esolution of 10 cm and a frequency resolution of 10 Hz.
his makes the minimum time to scan one-square meter
s, taking into account that the time-domain signal corre-

ponding to one-square-meter scan is divided into ten time
egments of 0.1-s length. Each time segment corresponds to
0-cm spatial resolution and 10-Hz frequency resolution.
ome mines require better spatial and frequency resolution

o be detected. To provide better detection conditions, we
canned each area with a speed of 5 cm/s. The time of
canning a spot of one square meter was 20 s, which al-
owed us to obtain a velocity image with a spatial resolu-
ion of 5 cm along the scanning direction and a frequency
esolution of 1 Hz. Figure 13 shows some velocity images
nd velocity profiles of different types of antitank mines
uried at depths from 5 cm to 15 cm in sandy clay and
andy gravel obtained at the speed of beams 5 cm/s. The
elocity profiles were calculated along a vertical line pass-
ng through the center of a mine image. The S/C ratio var-
ed from 2 to more than 20 for antitank mines buried from

cm to 15 cm. The peak value of ground velocity over a
ine varied from about 40 �m/s to 500 �m/s, depending

n the type and the depth of the mine.
The tests performed show that the system was able to

etect landmines buried in both types of soil equally well.
bout 95% of landmines under test �52 of 55� were
etected.

Along with the restriction imposed by the required spa-

ig. 12 Velocity image �a� and its spatial profile �b� measured along
he dotted line of an antitank mine VS 1.6 buried 15 cm. deep in
ravel. S/C=20.1.
ial and frequency resolution, the speed of a scanning beam
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is also limited by speckle noise. In practice, the speckle
noise defines the velocity noise floor of a continuously
scanning LDV. The speckle noise increases with the in-
crease in the speed of a scanning beam, as shown in Fig.
10. Increasing the speckle noise higher than the ground
velocity of the background area lowers the S/C ratio of the
velocity image. Figure 14 shows the S/C ratio of the veloc-
ity image of a buried antitank mine versus the speed of
beams. The increase in the speed of beams from 2.5 cm/s
to 5 cm/s �points �a� and �b� in the graph� results in an
increase in the speckle noise but does not change the S/C
ratio because the velocity of the background area remains
higher than the velocity noise floor. When the speed of the
beam increases to 10 cm/s �point �c� in the graph�, the
velocity noise floor becomes higher than the velocity of the
background area, and the S/C ratio drops dramatically. Fur-

Fig. 13 Velocity images and velocity profiles of antitank mines bur-
ied in sandy clay ��a� to �d�� and in sandy gravel ��e� to �h��. �a�
Plastic VS2.2 mine at 7.5 cm, S/C=7.2. �b� Plastic VS1.6 mine at
15 cm, S/C=20.1. �c� Plastic TM62P mine at 5 cm, S/C=9.8. �d�
Metal TM62M at 10 cm, S/C=5.3. �e� Plastic M15 mine at 7.5 cm,
S/C=6.4. �f� Plastic M15 mine at 15 cm, S/C=3.2. �g� Plastic VS2.2
mine at 7.5 cm, S/C=2.6. �h� Plastic TM62P mine at 7.5 cm, S/C
=4.0.

Fig. 14 Signal-to-clutter ratio of the velocity image of a buried anti-

ttank mine versus the speed of beams.
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her increases in the speed of the beam result in a further
ncrease in the velocity noise floor and a smooth decrease
f the S/C ratio.

To resolve the ground vibration velocity, the excitation
evel must provide a ground velocity higher than the veloc-
ty noise floor of the vibrometer. If the excitation is high
nough for the velocity of the background area to stay
igher than the velocity noise floor of the vibrometer, the
/C ratio does not change with the excitation level �assum-

ng a linear response of the buried landmine and the
round�. Figure 15 shows two velocity profiles of an anti-
ank mine buried 2.5 cm deep obtained at different excita-
ion levels. Curve �a� corresponds to the vibration excita-
ion of the ground at which the ground vibration of the
ackground area is higher than the velocity noise floor
hown by curve �c�. The S/C ratio at this excitation level is
.2. Curve �b� shows the velocity profile of the mine at a
5-dB lower excitation level. At this excitation level, the
round velocity of the background area is lower than the
elocity noise floor, so the measured velocity of the back-
round area is actually the velocity noise caused by dy-
amic speckles. The S/C ratio of the velocity profile at the
ower excitation level is only 3.5, in comparison to the 8.2
/C ratio of curve �a�.

Conclusions
he 16-beam multi-beam laser Doppler vibrometer �MB-
DV� for landmine detection can measure the vibration of

he ground at 16 points simultaneously. It can measure
round vibration in both “stop-and-stare” mode and con-
inuously scanning mode. Operation in a continuously scan-
ing mode results in an increased velocity noise floor due
o the amplitude and phase fluctuations of speckles. The
elocity noise floor in a continuously scanning mode is
ffected by the speckle noise and increases with an increase
n the speed of beams. Operation at higher scanning speed
equires a higher excitation level to obtain a vibration ve-
ocity of the ground higher than the velocity noise floor of
he vibrometer.

The MB-LDV has been successfully tested in field con-
itions. The velocity image of one square meter area of the
round can be obtained in a time from 1 s to 20 s, depend-
ng on the required spatial and frequency resolution. Field

ig. 15 Spatial profiles of the velocity image of an antitank mine
uried 2.5 cm deep at different excitation levels. �a� Excitation level

s 0 dB, S/C=8.2; �b� excitation level is −15 dB, S/C=3.5; �c� aver-
ge velocity noise floor of the vibrometer.
ests show that using the MB-LDV in a continuously scan-
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ning mode with mechanical shakers for vibration excita-
tion, a buried landmine can be reliably detected in a time of
20 s or less.
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