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A recently developed apparatus permits the detection of buried objects, such as landmines, by
remotely sensing the variations of ground vibration that occur over the buried object with a laser
Doppler vibrometer~LDV !, when the ground is insonified by means of acoustic-to-seismic
coupling. As it is currently implemented, the LDV scans individual points on the ground. The
technique shows much promise, but it is slow when compared to some other techniques. This work
demonstrates that mines can be detected as the LDV beam moves continuously across the ground,
by using an optimal time-frequency representation of the LDV signals. This improvement has the
potential to significantly increase scanning speeds. The vibrometer output signal is analyzed by
means of time-frequency representations, which exhibit characteristic acoustic ‘‘signatures’’ when
scanning over buried objects. The most efficient representation appears to be the smoothed
spectrogram weighted by the time-frequency coherence function. It detects the searched signal
energy enhancements while filtering out most features due to speckle noise. Detection is then
efficiently achieved by searching simultaneous extrema of the marginals and moments of this
representation. Experiments show that scanning speeds up to 3.6 km/h can be achieved for
successful detection of buried landmines in outdoor ground. ©2004 Acoustical Society of
America. @DOI: 10.1121/1.1806824#

PACS numbers: 43.60.Qv, 43.60.Gk, 43.60.Rw@JCB# Pages: 2984–2995

I. INTRODUCTION

Over the last few years, a new acoustic technique to
detect buried objects has been developed.1 Its first applica-
tion is the detection of landmines,2–4 as landmines have pro-
liferated in many of the world’s conflicts. Current conven-
tional detectors rely on detecting the metallic parts of
landmines, causing many manufacturers to focus their efforts
in building nonmetallic landmines. Therefore, there is a need
for new techniques aimed at detecting nonmetallic objects.
Among those, this new acoustic technique appears to be very
successful in terms of detection probability and false alarm
rate.5

This technique relies on theacoustic-to-seismic~A/S!
coupling phenomenon. The physics of airborne sound pen-
etrating into the ground has been well described.6–10Outdoor
ground is a particulate material containing air-filled pores. It
permits the coupling of energy from an airborne acoustic
wave into waves propagating through both its frame and
through the fluid contained in its pores. A buried object
~sometimes referred to as ‘‘target’’ in this study! presents a
different acoustic impedance to waves traveling through the
ground because it lacks porosity. Recently, Donskoy11 has

shown that the acoustic compliance of a mine is much
greater than that of the soil media. As a result, the buried
object scatters the incident acoustic energy. This yields a
local enhancement of the A/S coupled motion in the soil over
a buried object that can be detected by measuring the ground
surface vibration.

The first successful experiments using a laser Doppler
vibrometer~LDV ! to detect A/S coupled ground motion12 led
to the development of the actual landmine detector proto-
type, which has been proven efficient over the past several
years.2–4 Additionally, modeling13–17 has shown the influ-
ence of buried objects on the A/S coupled surface vibration.
In its current configuration, the landmine detection technique
consists of first insonifying the ground by means of A/S cou-
pling. A LDV remotely measures the ground vibration at
discrete points along a virtual grid projected on the ground,
with the laser beam going from one point to the next one. A
map of ground vibration is constructed from the LDV mea-
surements made over this grid and makes possible the detec-
tion of local variations of the vibration induced by buried
objects. Because outdoor measurements are often conducted
under hostile experimental conditions and because the rough-
ness of natural ground causes the LDV signals to be cor-
rupted with speckle noise, time averages have to be per-
formed for each LDV measurement. Consequently, the time
required for data acquisition can be incompatible with real
applications.

To overcome this problem, the present study proposes to
assess the feasibility of detecting buried objects by sweeping
the laser beam across the ground. Spatial variations of
ground vibrations along a straight line are then detected by
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means of a single continuously scanning LDV measurement
similar to the method used by Khanet al.18 The first advan-
tage of this technique is an important decrease in scan-time
since the laser beam does not have to stop at each grid point.
Moreover, the landmine detector can be mounted on a mov-
ing vehicle, for use in road demining missions. A system that
scans continuously is better suited for such applications.

Performing suitable and efficient processing of the LDV
signal is then compulsory, and the main contribution of this
paper concerns this problem. The signal to be analyzed is a
superposition of sine waves with time-varying amplitudes
and phases, corrupted by many optical noise artifacts. Its
representation in the time-frequency plane exhibits character-
istic features accounting for energy increases when scanning
above a target, referred to in the following as a ‘‘mine sig-
nature.’’ A mine signature can thus be detected by using
time-frequency representations.19 Time-frequency is a ‘‘natu-
ral’’ approach to this problem as the time variable is imme-
diately interpretable as a spatial position and frequency con-
tains the clues for target presence. Adaptations of the
classical spectrograms20 are then achieved in order to detect
the typical changes of signal spectral content that are associ-
ated with the presence of a target. In the case of high scan-
ning speed, the rarely used notion of time-frequency coher-
ence appears to be of great practical interest to filter out
nonacoustic contributions in this application.

Section II presents the acoustic detection technique. The
proposed sweeping LDV scanning is then described in Sec.
III. Section IV discusses the signal processing tools needed
to process the LDV signals; it starts from the well-known
spectrogram and presents how an efficient tool can be devel-
oped from it, given the physical phenomena that must be
detected. Section V is a synthesis of the results and system
performances achieved in this study in terms of scanning
speed, target depth, and ground nature.

II. ACOUSTIC DETECTION OF BURIED OBJECTS

A. Physical background

When airborne sound is present on the surface of a soil,
air contained within the connected pores in the soil is caused
to oscillate in and out of the pores. In this way, the energy
from the vibrating air above the soil surface couples with the
air in the soil pores. This process is both dependent on the
frequency of the sound waves and on the properties of the
soil. Hence, the penetration of the sound waves is strong if
the air permeability is high; conversely, low air permeability
leads to weak coupling between vibrations of air above the
surface and air in the pores.8 Through momentum transfer at
the air–soil boundary and viscous friction at the pore walls,
some energy is also transferred to the soil frame. This trans-
fer of energy can be successfully described by Biot’s
model.7,9

The Biot equations of motion include two compressional
wave solutions that propagate simultaneously in both fluid
and solid and have different propagation constants.6 The
waves are referred to as the waves of the first and second
kind, or simply as ‘‘fast’’ and ‘‘slow’’ waves. The fast wave
is relatively unattenuated, nondispersive, and most of the

wave’s energy is contained in the matrix displacement. Con-
versely, the slow wave is highly attenuated with depth and
very dispersive and most of the energy is in the fluid. The
key aspect of the physics of air-filled solids as used in the
acoustic technology for mine detection is that air-borne
sound is preferentially coupled into the soil through the slow
wave, as was shown experimentally in Ref. 10. Although
most of the energy of the slow wave is contained in the fluid
displacement, it can be observed by sensing the matrix dis-
placement or velocity. This can be achieved, for example, by
measuring the vibrational velocity of the surface.

The speed of this slow wave is much slower than the
sound speed in air, so the slow wave is refracted towards the
normal. It seems then highly plausible that it scatters from
targets buried in soils~or even from inhomogeneities of soil
properties! and reflects back to the surface, which locally
increases the vibrational velocity of the surface. Kargl21

modeled the scattering of the slow wave with sea mines bur-
ied in sediment. Recent works13,14aim at modeling the phys-
ics of scattering from buried objects in air-filled porous ma-
terials, but it is clearly observed experimentally by sensing
the surface velocity of a soil acoustically excited by A/S
coupling.1

B. Experimental setup

Soil is acoustically excited with two loudspeakers gen-
erating airborne sound waves directed towards the ground at
sound pressure levels of about 100 dB, C-weighted. The re-
sulting A/S-coupled vibration is remotely estimated by using
a LDV ~PSV 200 manufactured Polytec P I, Inc.!. The LDV
emits a laser beam onto the vibrating surface of the ground
area under test. The surface vibration causes a Doppler shift
of the reflected light, which is sensed by a photo detector.
The output of the photo detector is a frequency-modulated
signal whose modulating signal is the vibrating surface ve-
locity. After demodulation, the obtained signal is a voltage
proportional to the instantaneous velocity of the point where
the laser beam strikes the ground.

A set of LDV measurements is carried out at discrete
points of a virtual grid projected onto the surface. Typically,
the grid contains 16316 points, evenly spaced over a square
meter. In such an arrangement, the spatial resolution is ap-
proximately 6 cm. This spatial resolution can be adjusted as
a function of the expected size of the buried object. In the
usual configuration, the excitation signal is a pseudo-random
noise covering a frequency range between 80 and 300 Hz.
Experience has shown that this band contains frequencies for
which buried objects present are most visible. The measured
vibrational velocity is collected, Fourier-transformed, and
averaged in the complex frequency domain. More details
about the detection and the associated processing may be
found in Ref. 1 or 3. An image is constructed showing the
mean ground velocity amplitude within a given frequency
band. The presence of a mine is indicated by an area of local
velocity enhancement in this frequency band. Figure 1, taken
from Ref. 2, shows an example: a VS 2.2 plastic mine is
buried at a depth of 7.5 cm. In Fig. 1~a! the color dots show
the 16316 LDV measurement locations with integrated ve-
locity values in the frequency band between 130 and 160 Hz
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~color scale is given!. In Fig. 1~b! a color map is derived
from Fig. 1~a! after interpolation and spatial filtering. The
presence of the buried mine is clearly visible in this example.
The grid covers an area of one square meter.

As mentioned in Sec. I, outdoor conditions and natural
ground roughness greatly increase the noise level. It is then
that the processing of LDV signals with bad signal-to-noise
ratios can be critical. A single-point measurement requires
the laser beam to be kept still as the signals are collected so
that averages can be computed and the velocity spectrum

estimated. The required time for the laser beam to be kept at
the same point strongly depends on experimental conditions
such as ground surface, wind, etc. After completion the laser
beam is moved to the next point. Scanning along a 1-m-long
line can take from about 20 s to more than a minute, and
scanning a whole square meter can take up to 20 min. This
procedure gives excellent results in terms of detection prob-
ability and false alarm rate,1 but its main drawback is that it
is time-consuming and the time required for data acquisition
is not compatible with real applications.

III. CONTINUOUSLY SCANNING LDV

A. Principle

In order to reduce the time required for detection, the
possibility of using a continuously scanning LDV has been
investigated. This is achieved by sweeping the laser beam
over the ground with a constant velocity. In other words, the
ground velocity variations are measured by means of a single
‘‘sweeping’’ measurement along a straight line parallel to an
axisxW , as plotted in Fig. 1~a!. For this last example~see Sec.
II !, the velocity map of a square meter can then be obtained
by sweeping the laser beam along 16 parallel lines instead of
16316 measurements with the grid method. This new pro-
cedure is a good candidate to be integrated in future configu-
rations, as the whole apparatus will be mounted on a vehicle
moving at a steady speed. Hence, the applicability of this
continuous LDV scan and the subsequent signal processing
are of great importance for the integration of this landmine
detection technique in real applications.

The experiment, which was performed in order to assess
the feasibility of such an approach, is sketched in Fig. 2. A
mirror, whose position is controlled with a function genera-
tor, drives the laser beam position. Hence, it is assumed that
the position of the impact of the laser beam on the ground is
proportional to the control signal. In this study, LDV scans
are carried out along 1-m-long lines. A buried object is lo-
cated under the trajectory of the beam. In order to repeat the
experience several times, the laser beam is swept back and
forth over the mine; the beam position is thus controlled by a

FIG. 1. Ground velocity measurement for a VS 2.2 plastic mine buried at
7-cm depth~from Ref. 1!. Velocity is integrated in the frequency band
@130,160# Hz. ~a! Color dots showing the LDV measurement locations
~color scale is provided!. ~b! Color map after interpolation and spatial fil-
tering.

FIG. 2. Sketch of the sweeping LDV
scan experiment.
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saw-tooth signal, whose frequency will be referred to as the
‘‘sweep rate.’’ This back-and-forth sweeping scan gives some
indication about the repeatability of the detection. The sweep
rate is proportional to the velocity of the laser beam position
on the ground: as the swept distance in one period is usually
2 m, a sweep rate of 0.1 Hz corresponds to a laser beam
speed~or ‘‘scanning speed’’! of 0.2 m/s, or 720 m/h.

The airborne acoustic waves which couple into the
ground are generated by loud speakers: the sound pressure
level is 100 dBC in the vicinity of the scanned area. The
acoustic excitation is a superposition of single frequency sine
waves, whose number is usually four in the presented results.
These frequencies are located in the low-frequency range
80–300 Hz, which is the range for which scattering of sound
waves by buried objects is most visible. Former experiments
showed that this frequency range is mostly dependent upon
the resonance of the target free air acoustical admittance~i.e.,
the ratio of the velocity of the target top plate over the inci-
dent acoustic pressure!. It seems to be independent of the
target size and mostly controlled by the mechanical proper-
ties that contribute to the target’s acoustical compliance.

Because of A/S coupling, the measured ground vibration
is a superimposition of the generated airborne sine waves.
Above a target, the measurement signal exhibits not only an
increase in amplitude at these frequencies, but also phase
changes. Therefore, changes in signal energy and phase at
these frequencies as the laser beam sweeps the ground indi-
cates the presence of a buried object. Some nonlinearities
such as those observed by Donskoy11 have also been ob-
served, but their levels are generally 40 dB below the linear
frequency components. Hence the nonlinear components lev-
els are much nearer to the velocity noise floor of current
LDV devices and are not expected to influence the measure-
ments presented in this study.

In all the experiments reported here, the buried object
was a cylindrical anti-tank~AT! mine with a diameter of
about 30 cm. Experiments to determine whether smaller ob-
jects can be detected with this technique, such as anti-
personal mines~with diameters smaller than 10 cm!, are
presently in progress. All experiments have been imple-
mented outdoors in dirt roads, gravel roads, and natural
ground ~i.e., a lane of natural loess soil!. All of the mines
were buried at least one year before these measurements
were made. The signal processing methods will be evaluated
for different situations, and the influence of the following
parameters is studied: most importantly the speed of the laser
beam, but also the type of ground and its surface, and the
object depth.

B. Measurement noise

In recent studies, spatially continuous LDV scans have
been used in different applications for analyzing vibrating
structures in order to detect damage18 or to measure vibra-
tional mode shapes.22 The detection of temporal changes in
signal characteristics was not of interest, as in this study.
Moreover, the context of the present study is very different
as measurements are performed outdoors on ‘‘real’’ grounds,

away from the well-controlled environment of a laboratory.
These uncompromising conditions imply that noise will be
an important limiting factor.

Indeed, the type of optical noise, known as ‘‘speckle
noise,’’23 is critical in this study. Light back-scattered from
the ground is composed of a population of wavelets with
random relative phases called ‘‘speckles.’’ When the ground
surface is rough the population of speckles contributing to
the reflected light changes with time, causing random phase
changes, or speckle noise, in the photo detector output.
Rougher ground corresponds to higher speckle noise levels.
The problems increase when the laser beam is swept over the
surface: when the speed of the beam over the ground in-
creases, the speckle population changes faster, and the
speckle noise level increases. Because of speckle noise, there
is a limit in the sweep rate~or scanning speed! above which
detection is impossible because the noise level is too high.
Other sources of noise are photo detector shot-noise and vi-
brations of the LDV platform~due to wind, for instance!.
Platform vibrations will result in an apparent velocity not
related to the ground motion, introducing spurious informa-
tion. However, these noise sources are likely to be minor
compared to speckle noise. In this study all noise sources are
assumed to be additive components of the photo detector
output ~i.e., the measured vibrational velocity!.

LDV measurement noise can be clearly observed by
considering Fig. 3. The laser beam has been swept back and
forth over a mine buried at 5-cm depth in the loess soil
which has been acoustically excited via A/S coupling. The
excitation frequencies were 105, 125, 170, and 205 Hz. The
resulting ground velocity amplitude at these frequencies is of
the order of a hundredmm/s, which is similar to other
measurements.2 The power density spectrum~PDS! of the
output velocity has been computed for sweep rates of 0.1,
0.2, and 0.4 Hz, and 200 estimates of the PDS have been
frequency averaged to achieve this measurement. The four
single frequencies are fairly visible for all sweep rates, but
the noise floor level increases substantially with the scanning

FIG. 3. Power density spectrum of the measured vibrational velocity over a
buried object~landmine! for different sweep rates: 0.1 Hz~plain line with
stars!, 0.2 Hz ~plain line with circles!, and 0.4 Hz~dotted line!. Excitation
frequencies are 105, 125, 170, and 205 Hz.
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speed, which characterizes speckle noise. For a sweep rate of
0.8 Hz, the single tones are not discernable anymore; the
output signal consists mainly of speckle noise.

An example of the temporal representation of an output
signal is represented in Fig. 4~a!, in which a laser beam is
scanned over a SIM30 type mine~diameter 30 cm! buried at
about 5-cm depth in a dirt road. The signal is plotted over
one return trip of the laser beam above the mine. The signal
driving the position of the laser is also plotted. The associ-
ated sweep rate is 0.1 Hz~scanning speed 0.2 m/s!; hence, a
1-m distance is scanned in 5 s. An increase of the vibration
amplitude is observed for each pass of the laser beam over
the mine~aboutt53 and 8.5 s!. Many bursts are also notice-
able and their presence is recurrent in collected data. These
bursts will be referred to in the following as burst noise.
They are the consequences of sudden occurrence of speckle
dropout.23

IV. DEVELOPMENT OF A TIME-FREQUENCY
REPRESENTATION

A. Need for time-frequency analysis

The acoustic excitation is a superposition of single-
frequency sine waves~see Sec. III A! whose frequencies are
noted asf i . Hence the instantaneous velocity of the ground
surface is a sum of four sine waves. In order to detect the
presence of a target, it is intended to estimate the variation of
the spectral density of this velocity along a straight line~axis
xW , see Fig. 1!. v(x,t) is the two-variable function describing
the ground velocity at positionx and timet:

v~x,t !5 (
q51

N

Aq~x!cos~2p f qt1wq~x!!. ~1!

Aq(x) andwq(x) are respectively the amplitude and phase of
the vibrational velocity at positionx and frequencyf q . The
spatial variationsAq(x) along thex-axis permit the detection
of the presence of buried objects. These functions can have
many forms, but it is generally observed that a buried object

induces a local maximum ofAq(x), which permits its
detection.1 The aim is to estimate the functionsAq(x) in a
single sweeping LDV measurement along the axisx. The
sweeping velocity in m/s of the laser is noted asl. At time t,
the laser beam is scanning the ground at velocityv(x
5lt,t). Hence, by sweeping the laser beam over the ground,
a signals(t) is obtained which is, after demodulation,

s~ t !5 (
q51

N

Aq~ t !cos~2p f qt1wq~ t !!1b~ t !,

with t5x/l. ~2!

Noise b(t) is an additive noise~see Sec. III B!. The
spatial velocity variationsAq(x) can be simply retrieved
from the amplitude modulations functionsAq(t) by the res-
caling operationx5lt.

ŝ(t) is now constructed from the real-valueds(t) and its
Hilbert transform20 as the imaginary part to obtain the so-
called analytic function. We assume thatAq (x5lt) is a
slowly varying function compared to cos(2pfqt1wq (x
5lt)), which is achieved, for objects of the size of AT mines,
for sweeping velocitiesl of less than 20 m/s. This corre-
sponds to a maximum sweep rate of 10 Hz. Under this con-
dition, the frequency content of the amplitude modulation
functionsAq(t) are located at sufficiently low frequencies so
as not to spill over the domain containing the frequenciesf q .
If this is achieved, the Hilbert transformH@s(t)# gives ex-
actly the imaginary part of the analytical signalŝ(t) of
s(t),24 which yields

ŝ~ t !5s~ t !1 jH @s~ t !#5 (
q51

N

Aq~ t !ej wq~ t !ej 2p f qt1b̂~ t !,

~3!

where b̂(t) represents the complex version of noiseb(t).
The termAq(t)ej wq(t) is the time-varying complex envelope
for the component at frequencyf q for the deterministic part
of signalŝ(t). Aq(t) is called the instantaneous amplitude of
the single tonef q component. It is exactly the amplitude of
the vibrational velocity component at frequencyf q and at
positionx5lt. The signalŝ(t) is strongly nonstationary due
to amplitude modulation and violent noise fluctuations, due
essentially to burst noise. Time-frequency analysis tech-
niques are signal-processing tools, which are widely used to
analyze nonstationary signals. Hence, in order to estimate the
‘‘time-varying’’ spectrum of the signalŝ(t), we wish to have
a complex time-frequency representationS(t, f ) which
would be ideally a

S~ t, f !5 (
q51

4

Aq~ t !ej wq~ t !d~ f 2 f q!1B~ t, f !, ~4!

with B(t, f ) being a time-frequency representation of the
noise measurementb(t). Ultimately, the idea is to retrieve,
for the excitation frequencyf q , the spatial variationsAq(x)
andwq(x) of the velocity amplitude and phase, respectively,
from the modulus and phase angle ofS(t, f q) in the exposed
time-frequency representations.

The next part deals with how to generate efficient time-
frequency representations for detecting the spatial variations

FIG. 4. LDV output signal for scanning over a SIM30 type mine buried in
a dirt road~5 cm depth! at scanning speed 0.2 m/s.~a! Temporal signal in
which 1 m wasscanned in 5 s.~b! Contour plot of smoothed spectrogram.
The mine signature appears aroundt53 and 8.5 s.
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Aq(x). The question of detecting and using optimally local
phase variationswq(t) is addressed in Secs. IV C and IV D.
Section IV E provides tools for a simple automation of the
detection from the signal time-frequency representation.

B. Use of smoothed spectrograms

The most popular estimator of ‘‘time-varying’’ spectrum
is the short-time Fourier transform~STFT!. Let us first define
the STFT of signals(t) in the discrete time domain20,25

STFTN
s ~ t i , f i !5

1

A2N11
(

t52N

N

ŝ~t!hN~t2t i !e
2 j 2p f it,

~5!

in which t i and f i are discrete time and frequency,t is a
discrete lag variable, andhN is the short-time window, whose
length is (2N11). This relation describes the discrete Fou-
rier transform of a portion of signalŝ, centered on instantt i .
The window length (2N11) has to be short enough so that
local properties of signalŝ(t) do not change ‘‘too much’’
within this duration. It means that the variations of the com-
plex envelopeAq(t)ej wq(t) have to remain stationary enough
along the window length. Meanwhile, the frequency spread
of each peak, linked to the time-frequency spread obtainable
with the STFT in terms of uncertainty,20 must remain small
enough so that each frequency peak stays distinct from the
other peaks in the time-frequency plane. The spectrogram is
defined as the squared modulus of the STFT:

SPN
s ~ t i , f i !5uSTFTN

s ~ t i , f i !u2. ~6!

For analyzing noisy signals, the spectrogram can give
high variance estimates of the time-varying spectrum. In or-
der to improve variance estimates, averages may be used.
For this purpose, (2M11) calculations of SPN

s (t i1h
3K, f i), taken at instants (t i1h3K) around instantt i , are
used to perform an averaged estimation of SPN

s (t i , f i). The
subsequent ‘‘locally averaged’’ version of the spectrogram is
called the smoothed spectrogram. The smoothed spectrogram
used in this study is adapted from the one proposed by Mar-
tin and Flandrin25 and can be written

SPN,M
s ~ t i , f i !5 (

h52`

`

gM~h!SPN
s ~ t i1h3K, f i !. ~7!

This estimator of the time-varying spectrum is used in
this study to get an estimation of the variation of the ground
surface velocity amplitude. As an example, a contour plot of
the smoothed spectrogram of the signal presented in Fig. 4~a!
~see Sec. III B, a SIM30 mine buried in a dirt road! is pre-
sented in Fig. 4~b!. Time is on the horizontal axis and fre-
quency is on the vertical axis. The ground is acoustically
excited at frequencies 95, 120, 145, and 170 Hz. The energy
at those frequencies is clearly enhanced when the scanning
beam passes above the mine, as the scattering of the acoustic
wave by the target locally leads to an increase of the ground
surface velocity. This set of horizontal features associated
with the passage of the laser beam over a mine is the ‘‘mine
signature’’ allowing its detection. It is also noticed that dur-
ing the second passage of the beam over the mine, some
vertical features appear. These features are the time-

frequency representations of burst noise: they are wide-band
and usually have a short duration. Burst noise is troublesome
because it can mask the mine signature or, for some longer
bursts, can be interpreted as an ambiguous signature. It is
also interesting to notice that the occurrence of burst noise is
not repeatable; the laser beam passes twice over the mine,
but burst noise occurs only once.

When using smoothed spectrograms, a proper adjusting
of the windowshN andgM and of the incrementK is neces-
sary and crucial. The windowhN is 4096 points long (N
54096), which, at a sampling frequency of 25 kHz, allows a
frequency resolution of 6 Hz. WindowgM smoothes the data
in the frequency domain. Both windowshN andgM are rect-
angular windows in the presented results. For calculating the
smoothed spectrogram at timet i , 20 averages are performed
~i.e., M520). The critical parameter is the incrementK,
which determines the amount of smoothing: it sets up the
time length over which the smoothing is achieved~i.e.,
2MK), a duration that will be referred as the smoothing
length in the following. Introducing the parameterK allows
for an adjustment of the smoothing length while keeping
constant the computational load~M constant!. An equivalent
spatial smoothing length is also defined, and is equal to
(2MKl/ f s), wherel is the speed of the scanning beam and
f s is the sampling frequency~25 kHz in this paper!.

Figure 5 illustrates the influence of the smoothing
length. A VS-1.6 mine~diameter 24 cm! is buried at 5-cm
depth in the loess soil. The soil is excited at frequencies of
105, 125, 170, and 205 Hz. The laser beam scans above the
mine about instantt56.2 s, and moves at scanning speed 0.4
m/s ~sweep rate 0.2 Hz!. The spatial smoothing length is set
to 1 cm ~top, K515), 16 cm~middle, K5250), and 64 cm
~bottom, K51000). On the right, the contour plots of the
smoothed spectrograms~the equivalent spatial scale is on the
top of the graphs! are depicted, and for a better visualization
of the smoothing effect, the corresponding three-dimensional
representation is plotted on the left. The mine signature ap-
pears about instantt56 s, and the equivalent size of the
signature is about 20 cm, which reasonably approaches the
mine size. An additional feature appears around instantt
57 s at the higher frequencies, and is supposedly due to
local variations of the soil acoustical properties. This kind of
event is referred as ‘‘clutter,’’ and can be mixed with a mine
signature, although here its apparent size~about 10 mm! is
much less than the size of the searched object.

It is noticed that a smoothing length of 16 cm~middle!
gives better results than a 1 cm length ~top!, as noise is
substantially filtered out. In more hostile cases~i.e., for
higher scanning speeds!, a smoothing length of the order of a
few cm does not allow the mine to be detected, while the
mine is detected for smoothing lengths between 15 and 25
cm. On the other hand, a smoothing length that is too large
~bottom! results in a loss of resolution power of the ground
velocity variations: here the effect is the loss of the mine
signature, as it mixes with clutter. Therefore, a tradeoff is
necessary between variance reduction and the detection of
refined velocity variations. Practically, a smoothing length
ranging from D/2 and D gives best results,D being the
equivalent diameter of the searched object.
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Let us emphasize here that in the results presented, the
spatial resolution has been set to about 2.5 cm. This spatial
resolution is set by the choice of the increment@ t i 112t i #
5D t and corresponds tolD t : it is the distance between two
consecutive estimation points. The resolution power for the
estimation of the spatial velocity variations is a function of
both the spatial resolution and the smoothing length.

C. Use of phase information: The time-frequency
coherence

As proposed in Eq.~4!, we wish to find a complex rep-
resentation of the signal, which would estimate both varia-
tions of amplitudeAq(x) and phasewq(x) of the ground
acoustic velocity. The estimation ofAq(x) was the concern
of the last section. For obtaining the phase, a reference signal
is required. In this study, the reference signalr (t) is the
excitation signal sent to the loudspeakers: this signal pro-
vides the phase reference, being the sum of single-tones with
constant amplitudes and phases. Conversely, the analyzed
signals(t) is a sum of single tones with time-varying ampli-
tudes and phases. In order to obtain the evolution of the
phasewq(t), one has to evaluate the complex cross-spectrum
betweenr (t) ands(t). In fact, due to the nonstationary na-
ture of s(t), this cross-spectrum is a time-varying cross-
spectrum. Hence, the following estimator is proposed to ob-
tain a time-frequency representation of this time-varying
cross-spectrum, notedCSPN,M

s,r (t i , f i):

CSPN,M
s,r ~ t i , f i !5 (

h52`

`

gM~h!STFTN
s ~ t i1h3K, f i !*

3STFTN
r ~ t i1h3K, f i !, ~8!

where* denotes the complex conjugate. This estimator is a
direct extension to the cross-spectrum of the estimator of the
smoothed spectrogram written in Eq.~7!. The phase varia-
tions wq(t i) at discrete timet i and acoustic excitation fre-

quencyf q are estimated directly from the phase of this time-
varying cross-spectrum estimator:

wq~ t i !5Arg@CSPN,M
s,r ~ t i , f q!], ~9!

where function Arg@...# denotes the phase angle of a complex
quantity. From Eq.~8!, it is also possible to propose an esti-
mator of the time-varying coherence~or ‘‘time-frequency co-
herence’’! that we may write as

CN,M
s,r ~ t i , f i !5

uCSPN,M
s,r ~ t i , f i !u2

SPN,M
s ~ t i , f i !SPN,M

r ~ t i , f i !
~10!

A theoretical approach to the notions of time-frequency
cross-spectrum and time-frequency coherence may be found
in Ref. 26. Although those quantities were mathematically
derived and justified, very few practical applications27 have
been carried out with the time-frequency coherence so far. In
practice the calculation of this coherence function requires
the simultaneous acquisition of both the input signal of the
sound sourcer (t) and the LDV output signals(t).

In order to estimate the spatial variations of the ground
velocity phase, the phase angle of the time-varying cross-
spectrum is calculated. It is then possible to observe, for a
given excitation frequencyf q , the temporal~or equivalently
spatial! evolution of the ground velocity phase as the beam
scans over a buried object. An example is shown in Fig. 6. It
considers the same signal as in Fig. 4 resulting from the
detection of a mine buried in a dirt road. At the lowest acous-
tic excitation frequencyf 1595 Hz, the squared amplitude
estimateA1(t)2 ~i.e., smoothed spectrogram at frequency
f 1), phase estimatew1(t) ~from the phase angle of the cross-
spectrum atf 1), and coherence time-variationsCN,M

s,r (t i , f 1)
are considered. They are respectively depicted in Figs. 6~a!–
~c!. In Fig. 6~a!, the two ‘‘bumps’’ of the velocity amplitude
around instant 3 and 8.5 s are the consequence of scanning
over the target. In Fig. 6~b!, we notice that those local en-
hancements of the velocity energyA1(t)2 coincide with a
local stabilization of the corresponding phasew1(t). In other

FIG. 5. Scan of a mine of diameter 24 cm buried at
5-cm depth in loess soil~scanning speed 0.4 m/s!.
Smoothed spectrograms are represented in three dimen-
sions ~left! and in contour plots~right!. For contour
plots, spatial position~m! is on the top horizontal scale
and time~s! on the bottom horizontal scale. Influence of
the smoothing length on the spectrogram: 1 cm~top!,
16 cm ~middle!, and 64 cm~bottom!.
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words, when the beam scans off-target locations, the esti-
mated velocity phase varies rapidly with time~or position!,
but this phase remains quite steady over the buried objects.
This phenomenon is very characteristic, and the spatial sta-
bility of phase is a good clue for detecting the presence of a
mine. Now, the coherence is a good indicator of the stability
in time of the phase of a single tone, and this justifies its use,
as demonstrated in Fig. 6~c!. Coherence at frequencyf 1 is
close to one when scanning over the mine and drops down
when scanning off-mine.

D. Coherence-weighted spectrogram

Another characteristic example can be found in Fig. 7. A
scan~sweep rate 0.1 Hz, scanning speed 0.2 m/s! is made
over a mine buried in the loess soil at 5 cm depth, and the
smoothed spectrogram is represented in Fig. 7~a!. Some
wide-band features appear also, for example, around instants
9.3 and 10.5 s, and are the consequence of burst noise. As in
Fig. 6, the quantitiesA3(t)2, w3(t), and CN,M

s,r (t i , f 3) are
plotted for frequencyf 35145 Hz in Figs. 7~b!, ~c!, and~d!,
respectively. In Fig. 7~b!, it can be seen that noise burst
enhances the estimated velocity more than the mine itself: a
burst of noise could then be mixed with a mine if considering
only the spectrogram at one frequency and not in the whole
time-frequency plane, where mine signature has a very char-
acteristic shape. Now, as noticed in the former example, the
mine locally stabilizes the velocity phase, as anywhere else,
and, especially when burst noise occurs, the phase varies
randomly @Fig. 7~c!#. This results in a very low coherence
when scanning outside of the mine vicinity@Fig. 7~d!#. As
burst noise results in bumps of the estimated velocity energy
but also in a low coherence, it is suggested that an efficient

time-frequency representation of the signal may be the
coherence-weighted spectrogram that may be defined as

CWSPN,M
s,r ~ t i , f i !5SPN,M

s ~ t i , f i !3CN,M
s,r ~ t i , f i !. ~11!

This coherence-weighted spectrogram is plotted in Fig. 7~e!.
As a result, the mine signature appears with an enhanced
contrast, but the artifacts due to burst noise are mostly re-
moved.

Another example may be found in Fig. 8. The same scan
as Fig. 4~dirt road! is repeated at a higher sweep rate of 0.3
Hz ~scanning speed around 2.2 km/h!. In 10 s, the laser beam
comes back and forth three times over the target. The
smoothed spectrogram, time-frequency coherence, and
coherence-weighted spectrogram are plotted respectively in
Figs. 8~a!–~c!. Mine signatures hardly appear in the spectro-
gram, as speckle noise causes a bad signal-to-noise ratio. The
time-frequency coherence does not show the mine signature,
because the contrast of coherence between off- and on-target
locations is weak. On the other hand, the coherence-
weighted spectrogram allows for detection each time the
beam passes over the mine, and appears as a successful tool
for analyzing the data. Interestingly, about time 2.3 s, the
mine signature occurs at the same time as a violent burst
noise, which results in masking the signature. One could
think that such portions of the signal, corresponding to vio-
lent burst noise, consist essentially in noise and do not carry
any acoustic information, but this is probably wrong as the
mine signature is reconstituted after coherence-weighting.
The coherence-weighting is basically a sort of filtering which
acts at all frequencies. It removes contributions that are of an
optical nature, more especially burst noise, and leaves in the
spectrogram most of the energy which is induced from
acoustic effect.

FIG. 6. Same scan as Fig. 4.~a!
Smoothed spectrogram represented at
frequencyf 1595 Hz. ~b! Angle phase
of the time varying cross-spectrum at
frequencyf 1 . ~c! Time-frequency co-
herence represented at frequencyf 1 .
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One can conclude that the spectrogram takes exclusively
into account variations of instantaneous amplitude of each
single tone. Time-frequency coherence is mostly governed
by phase stability but is less sensitive to an increase of en-
ergy; hence it does not appear as a representation with
enough contrast of the signal to deliver ‘‘good’’ mine signa-
tures. As for the coherence-weighted spectrogram, it com-
bines both advantages of spectrogram and coherence, as it
allows, in a single representation, to take into account both

local increase of velocity amplitude and local stability of
velocity phase. So far, the coherence-weighted spectrogram
is the time-frequency representation that reconstitutes the
mine signatures with the best quality in terms of shape and
contrast.

It can be seen that an event in the time-frequency plane
has to be considered under shape-based criteria to be vali-
dated as a mine signature. Now, in order to make an easier
automation of mine detection, one can consider the marginal
and moments of the representation: they provide one-
variable functions~time functions! that can be more manage-
able than the time-frequency representation itself.

E. Use of marginal and moments

Let Ds(t, f ) be a real and positive time-frequency repre-
sentation of the signals(t). The time marginal of this distri-
bution is obtained by integrating the distribution over fre-
quency for a given time:

P~ t !5E Ds~ t, f !2p d f . ~12!

The quantityP(t) provides an estimation of the instan-
taneous energy of the signal, i.e.,(q51

N Aq
2(t), although it

does not give an exact estimate if the distribution is a
spectogram.20 The instantaneous energy estimate is of great
practical interest as it provides, for positionx5lt, an esti-
mation of the amount of energy contained in the ground sur-
face velocity. This quantity should be at the maximum when
the beam scans over a buried object.

The local frequencŷ f & t is the average frequency of the
distribution for a given timet, or first conditional moment of
the distribution:

^ f & t5
1

P~ t ! E f Ds~ t, f !d f . ~13!

This quantity is often called instantaneous frequency
signal. In this case, as the signal is a sum of several single
tones components, this notion is not of straightforward
physical interpretation, but the first conditional moment is
used in the calculation of the function

s2~ t !5
1

P~ t ! E ~ f 2^ f & t!
2Ds~ t, f !d f . ~14!

This quantity provides an estimation of the instanta-
neous bandwidth: it represents the local spread in frequency
for a given timet, and it will be seen in the following that
this quantity, coupled with the instantaneous energy estimate,
provides a robust clue for detecting the presence of a buried
object. In this study, these two quantities are calculated from
the coherence-weighted spectrogram.

Figure 9 provides an example of the use of the estimates
of instantaneous energy and bandwidth. The same buried
mine as in Fig. 4 is scanned again, but at a sweep rate of 0.48
Hz ~about 3.6 km/h scanning speed!. The vertical bold solid
lines indicate the approximate instants for the passages of the
beam over the target~about every second!. The spectrogram
and coherence-weighted spectrograms are plotted in Figs.
9~a! and~b!. As expected, most of noncoherent signal struc-

FIG. 7. Scan of a mine buried at 5 cm depth in loess soil~scanning speed
0.2 m/s!. ~a! Contour plot of smoothed spectrogram.~b! Smoothed spectro-
gram represented at frequencyf 35145 Hz. ~c! Angle phase of the time
varying cross-spectrum at frequencyf 3 . ~d! Time-frequency coherence rep-
resented at frequencyf 3 . ~e! Contour plot of coherence-weighted spectro-
gram.

FIG. 8. Same scan as Fig. 5 but scanning speed 0.6 m/s~about 2.2 km/h!.
Contour plots of~a! smoothed spectrogram,~b! time-frequency coherence,
and ~c! Coherence-weighted spectrogram.
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tures are removed by coherence-weighting the spectrogram.
Although the mine signature appears clearly most of the
time, some signatures are somewhat ambiguous. The time
marginal~or instantaneous energy estimate! and first condi-
tional moment ~or instantaneous bandwidth estimate! are
plotted respectively in Figs. 9~c! and ~d!. The instantaneous
energy very clearly increases each time the laser beam passes
over the target, and successfully detects the local increase of
velocity energy above the target. It is also very noticeable
that those maxima of energy are associated with minima of
the instantaneous bandwidth. The instantaneous bandwidth is
difficult to interpret in the case of multi-component signals;
however, it is noticed most of the time that the surface ve-
locity bandwidth is lower on-target than off-target. This
might be explained by the fact that the energy is mostly
contained in the excitation frequency band when on-target,
as off-target the signal is a more wide-band because the part
of energy contained by wide-band noise is relatively more
important. Hence, the simultaneous occurrence of energy
maxima and bandwidth minima is able to validate the mine
signature as the ambiguous features aroundt510.5 s. An-
other example is the representation content in the time inter-
val ~7–9 s!, which is somewhat ‘‘messy.’’ The criteria based
on energy and bandwidth permits the validation of mine sig-
natures as the features around timet57.5 s andt58.5 s, and
an artifact aroundt58 s, which is locally more wide-band
~no bandwidth minimum!, that shall be rejected. On the other
hand, the frequency bandwidth minimum does not appear
clearly when the beam scans above the target aboutt52.5
and 4.5 s. The characteristic shape of the time-frequency
signature is then useful to identify a mine signature.

In conclusion, a simple method for automatic recogni-
tion of the mine signature is the detection of the simulta-

neous occurrence of time marginal maxima and first condi-
tional moment minima of the coherence-weighted
spectrogram. For ambiguous cases, a more complicated
shape-based criteria aiming at recognizing a signature in the
time-frequency plane may lead to a final decision about mine
presence.

V. PERFORMANCES AND LIMITATIONS OF THE
METHOD

In order to assess the performance of the sweeping scan
procedure for acoustic detection of landmines, measurements
have been carried out on different types of grounds: a dirt
road, a gravel road, and a lane of natural loess soil. Mines
were buried at 5-cm depth, except for a set of experiments
where the depth was 12.5 cm. The mine was always detected
with sweep rates of 0.2 Hz and lower, which corresponds to
a scanning speed of 1.4 km/h. Detection depends on the
ground nature, the mine depth, and the ground surface na-
ture.

Detection is easier in roads than in loess soil, as the
acoustical properties of the soil are more variable in natural
ground. Those variations can accompany zones of higher vi-
brational velocity, or so-called clutter, and can be interpreted
as a buried object when scanning the ground only in one
dimension~see Sec. IV B!. This clutter can be recognized by
constructing a two-dimensional image of the ground velocity,
which can be achieved by scanning the ground with several
parallel beams. When scanning grounds such as gravel or dirt
roads, mines were detected with sweep rates up to 0.4 Hz
~2.8 km/h! for mines buried at 5-cm depth. Detection can be
achieved at even higher speeds in more favorable conditions
~see Fig. 9 with a detection at 3.6 km/h scanning speed!. For
measurements over a deep mine~12.5 cm!, the detection was
not regularly achieved for speeds higher than 1.4 km/h. In-
deed, the scattering of acoustic waves by buried objects gets
weaker when the buried object is deeper. Hence, the contrast
of velocity amplitude between off and on-target locations is
weaker for deep mines than shallow mines. This is very
clearly shown in Fig. 10. Two mines of the same type~M19!

FIG. 9. Same scan as Fig. 4 but scanning speed about 1 m/s~3.6 km/h!.
Vertical bold lines show the approximate times for passages over buried
mine. ~a! Contour plot of smoothed spectrogram.~b! Contour plot of
coherence-weighted spectrogram.~c! Time marginal of the coherence-
weighted spectrogram.~d! First conditional moment of the coherence-
weighted spectrogram.

FIG. 10. Three-dimensional plots of the smoothed spectrogram for scan
over M19 mine buried in a gravel road. Influence of depth:~a! 5 cm and~b!
12.5 cm.
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were buried in the same gravel road, at depths of 5 and 12.5
cm. The laser beam moved back and forth over the location
of the mine, and the spectrogram of the signal is given for
the shallow~a! and deep~b! mines, for a scanning speed of
2.8 km/h. The peak energy is higher for the shallow mine
than for the deep mine, which confirms that the contrast be-
tween on- and off-target locations is diminished when the
depth is increased, making the detection more difficult.

The detection technique has been tested on various types
of surfaces, including gravel roads, dirt roads, and natural
soil. Even for a very rough surface such as a gravel road,
mines can be reliably detected. This is remarkable as rough
surfaces provide strong speckle noise at high scanning
speeds~see, for example, Fig. 10 showing a scanning over a
gravel road at 2.8 km/h scanning speed!. A set of measure-
ments investigating the influence of diverse elements on the
surface has been carried out over a mine~VS16 type! buried
at 5 cm depth in loess soil. Those elements were a thick and
a thin layer of loose grass; a patch of grass just above the
mine; and some pebbles or a big stone placed on the laser
path. Figure 11 represents the smoothed spectrograms of the
measured signals prior to coherence-filtering, in order to ob-
serve the effects of those objects placed on the laser beam
path. Figure 11~a! shows the mine’s acoustic signature at 2.8
km/h scanning speed. Figure 11~b! shows the spectrogram
obtained after a thick patch of grass~dimension are about a
fourth of the object size! was placed above the mine; the
components of the mine signature do not appear distinctly
because of a broadband speckle noise burst due to the grass.
In Fig. 11~c!, a thin layer of grass is scattered all along the
laser path. In Fig. 11~d!, a big stone~about 5 cm in diameter!

was placed about 10 cm beside the mine~aboutt51.6 s for
spectrogram!. The stone produced a burst of speckle noise in
the spectrogram. In all cases, after applying some coherence-
filtering to the spectrograms of Fig. 11, the mine signature is
reconstituted and most speckle artifacts are removed. In
these experiments, only a thick layer of loose grass was able
to prevent the detection.

VI. CONCLUSIONS

The study presented in this paper is concerned with the
processing of the signal coming from a recently developed
acoustic detector. This apparatus detects buried objects, such
as landmines, by remotely sensing the variations of ground
vibration that occur over a buried object with a LDV, when
the ground is insonified by means of acoustic-to-seismic cou-
pling. It is demonstrated in this paper that it is possible, with
suitable signal processing, to detect landmines buried out-
doors by using a continuous LDV scan. This step is vital in
the development of the detector, for future integration to a
moving vehicle, and for reaching scanning speeds compat-
ible with real applications.

Time-frequency representations of collected signals de-
liver the characteristic ‘‘signatures’’ that permit the detection
of temporal changes of energy and phase occurring when the
laser beam scans over a buried object. Indeed, the spectrum
temporal variations contain the clues for detection, and time
is directly interpretable in terms of spatial position. Energy
enhancements are detected using smoothed spectrograms
with adequate smoothing length. Experimental data show
that vibration phase is relatively stable over buried objects
and unsteady elsewhere. Thus time-frequency coherence ex-
hibits maxima when scanning over objects; it also filters out
efficiently most speckle noise contributions. Finally, the
coherence-weighted spectrogram appears to deliver the most
contrasted signature by fusing together the searched clues in
terms of energy and phase variations. Moreover, the time
marginal and first conditional moment of this representation
provides one-variable functions whose extrema indicate effi-
ciently the presence of a mine, and thus make possible a
quite simple automation of the detection process.

In the tests performed in this study, detection is system-
atically achieved in natural ground and roads for mines bur-
ied at 5-cm depth at 2.8 km/h scanning speeds. This speed
can reach 3.6 km/h in favorable conditions, and has to be
decreased to 1.4 km/h for deep mines~12.5 cm depth!.

At this time, a new detector is being developed consist-
ing of multiple parallel LDV beams that scan simultaneously.
A two-dimensional vibration map, similar to that in Fig. 1,
will then be constructed from a single sweeping measure-
ment, by using the signal processing method presented in
this paper.
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