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Time-reversal focusing is experimentally applied in an elastic medium in the presence of multiple
scattering objects on the order of a wavelength in size. The effectiveness of time-reversal is
compared to time-delayed focusing and uniform excitation of the transducer array for focusing
energy to a desired location within the medium. A filter is also designed to improve the bandwidth
of the excitation signal. Time-reversal focusing is investigated in the context of an elastic-wave
landmine detection system. Results are presented demonstrating the advantages and limitations of
time-reversal in excitation of a resonance in a TS-50 landmine buried in the medium. A special case
is presented for a landmine buried in shadow regions where uniform excitation fails to illuminate the
target while time-reversal focusing yields improved target illumination. © 2005 Acoustical Society
of America. �DOI: 10.1121/1.1945468�
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I. INTRODUCTION

A landmine detection system �Fig. 1� is under develop-
ment at the Georgia Institute of Technology that functions by
exciting elastic waves that propagate through the soil.1 A
feature of this system is a noncontact sensor that is used to
measure ground motion, making it possible to sense motion
directly above a landmine. While multiple wave types are
generated by the system’s excitation signal, the wave of pri-
mary importance in detecting landmines is the Rayleigh sur-
face wave. This wave propagates near the surface along the
boundary between the air and the soil and interacts with ob-
jects buried in the medium. For most objects, this interaction
is observed as scattering of the Rayleigh wave front off of
the object. When the buried object is a landmine, due to its
structure, and the depth at which it is usually buried, the
Rayleigh wave may excite a resonance in the layer of soil
between the surface and the flexible top of a landmine. This
resonance enhances the surface displacements and is the pri-
mary detection cue for buried landmines.1

Scattering off clutter objects in the medium causes the
Rayleigh wave to become disorganized. If a large number of
objects are present, the scattering can interfere with the Ray-
leigh wave to the point that it no longer effectively illumi-
nates the buried landmine. Any resonance that is excited will
be difficult to detect in the presence of the numerous scat-
tered waves reflecting off objects in the medium. By apply-
ing time-reversal focusing methods to seismic detection tech-
niques, energy can be focused to a specific location within
the medium, irrespective of the presence of clutter. This al-
lows one to focus energy to a certain spot in order to excite
a resonance in any target that may be present there.

The primary experimental and numerical investigations
of time-reversal focusing have been in the ultrasound fre-
quency range and in the far field.2–4 Time-reversal focusing
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has been investigated in both fluid and solid media, including
liquid-solid interfaces. In fluid media, homogeneous back-
grounds have been augmented with scattering objects to cre-
ate high order scattering of incident waves.5 In these sce-
narios, time-reversal focusing has been shown to be effective
in inhomogeneous media,6 even producing super-resolution
effects in some cases.5,7,8 In solid media, inhomogeneity
from microstructural defects has been examined. These ex-
perimental investigations form a solid foundation in the ex-
ploration of time-reversal focusing, but the experimental
cases that have been examined are still significantly different
from those encountered in the landmine or buried target de-
tection problem.

The research presented in this paper considers the effec-
tiveness of time-reversal in the significantly different prob-
lem of seismic buried object detection.9 In this detection
problem, sources are in the near field, only a few wave-
lengths from the targets and scattering objects. The number
of scattering objects per unit area is also significantly less
than in previously considered scenarios.6,10,11 The seismic
system differs significantly from ultrasound systems in that
energy is coupled directly into the soil, rather than through a
fluid. The coupling of the transducer motion into the soil
significantly alters the frequency response of the excited
wave.

This paper first presents the basic theory of time-reversal
focusing with respect to its application to elastic media. This
is followed by a description of the method used to implement
elastic wave time-reversal focusing in a laboratory at the
Georgia Institute of Technology. This description will in-
clude a discussion of the experimental facility and the mea-
surement techniques. The design of a filter used to improve
the bandwidth of the excitation signals is also presented. Re-
sults from several experiments are shown and analyzed. An
ensuing evaluation of the experimental results demonstrates
the effectiveness as well as the limitations of time-reversal

focusing in buried object detection.
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II. BASIC TIME-REVERSAL THEORY

The governing wave equation for elastic waves in solids
serves as the starting point for a basic analysis of time-
reversal,

�s
�2u

�t2 = �� + 2������ · u�� − ��� � �� � u�� , �1�

where u is displacement, � and � are the Lamé constants of
the medium and �s is the density.

This equation is valid for the case for which there are no
external forces �body forces� present on the medium. It also
assumes that the medium is lossless with respect to wave
propagation. The assumption of a lossless medium is not
physical, but if the losses are very small, the additional terms
in the equation have a negligible effect and can be ignored.

An examination of the wave equation shows that there
are only second-order time derivatives present. Because of
the lack of odd-order time derivatives, if there is a solution to
this equation u�r , t�, then u�r ,−t� must also be a solution to
this equation. Because experimentally it is necessary to work
with reverse time in a causal fashion, a finite time duration
must be selected over which the equation will be considered.
The formulation u�r ,T− t� over the interval �T ,0� satisfies
the causality requirement. If all energy in the spatial region
of interest is small outside of this time interval, then this
solution should be almost exactly equal to u�r ,−t�.

A time-reversal cavity is a three-dimensional �3D� sur-
face which is constructed around a location of interest, usu-
ally a source location. All waves impinging on this surface
are recorded, time-reversed, and re-transmitted. Classical
time-reversal focusing further simplifies this to a time-
reversal mirror �TRM� where only a portion of the time-
reversal cavity is realized. The TRM concept is well docu-
mented in the literature.6

In the case of elastic surface waves, the principle wave
mode of interest is the Rayleigh wave, a surface wave that
decays exponentially with depth. Though some energy is lost
from mode conversion and from scattering objects in the
soil, most of the Rayleigh wave’s energy remains near the
surface. Given that landmines are buried near the surface and
the energy in the Rayleigh wave is concentrated in that re-
gion, the landmine detection problem is approached here as a
quasi-two-dimensional problem.

To construct a TRM, receivers are realized as a simple

FIG. 1. Schematic of the elastic wave landmine detection system.
array. The array subtends some angle of the 3D surface that

736 J. Acoust. Soc. Am., Vol. 118, No. 2, August 2005 P. D.
would be necessary to surround the focus point. This array is
much more practical to implement than a time-reversal cav-
ity, but it is subject to the limitations of array techniques. The
number and spacing of the array elements will have effects
on grating lobes. The spot size of the focus point is also
limited by the TRM aperture and diffraction effects propor-
tional to wavelength.2 The TRM concept has been verified in
the ultrasound regime for fluid and elastic media.10,12

III. THE TIME-REVERSAL FOCUSING METHOD

A. Implementation

For the experimental implementation of time-reversal
focusing, elastic wave sources are located in an array
Sn= �xSn

,ySn
�n=1,2 , . . .N� �Fig. 2�. First, consider the effect

of time-reversal from a single source, Sn.
Step 1: Transmit an excitation signal, ��t�, from source

Sn.
Step 2: Receive a signal, fn�t�, at the desired focusing

location, R. Propagation through the medium is described by
a Greens function, G�Sn ,R , t� such that

fn�t� = ��t� � G�Sn,R,t� . �2�

Step 3: Time-reverse the received signal: f�t�⇒ f�−t�.
Step 4: Transmit the time-reversed signal, f�−t�, from Sn

and record at any location on the surface, r, such that the
signal recorded at r is

Un�r,t� = ���− t� � G�Sn,R,− t�� � G�Sn,r,t� . �3�

Recalling the associative property of convolution,
Un�r , t� then is the cross correlation of the two Greens func-
tions convolved with the time-reversed excitation function,
��−t�. In the special case when r=R, this becomes the auto-
correlation function. This yields a mathematical explanation
for the observed focusing of the signal that occurs at R.

This process can be extended to include additional trans-
mitters in the array such that

U�r,t� = �
n=1

N

���− t� � G�Sn,R,− t�� � G�Sn,r,t� . �4�

In the experimental implementation of this method,

FIG. 2. �Color online� Geometry of the implementation of time-reversal
focusing.
steps 1–3 are performed once for each transmitter Sn in the
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array. Step 4 is performed simultaneously for all transmitters
S1. . .N.

Traditional time-reversal focusing using a TRM requires
that either a source be located at the desired focus location
�R� or that an excitation be launched from the transducer
array. In the latter case, after the excitation is launched from
the transducer array, reflections off a target at the focal loca-
tion act as a passive source. These reflections are recorded at
the TRM, time-reversed, and retransmitted. In the landmine
or buried target detection problem, the signal reflected off a
target is not strong enough to be significantly above the noise
floor. This makes it impractical to use reflected signals as a
source for time-reversal focusing. Further, in the case of
landmine detection, it would be unwise to place a seismic
source at a location where a landmine is believed to be bur-
ied.

While the time-reversal focusing method used in the ex-
periments presented in this paper �Fig. 2� is similar to the
concept of a TRM, there is noteworthy difference. A TRM
relies on reciprocity of the propagation from the source to
the focus point, Gn�R ,Sn , t�=Gn�Sn ,R , t�. Applying reciproc-
ity to U�r , t� will yield the autocorrelation function for the
case of r=R. In the case of an anisotropic propagation me-
dium, reciprocity may not be valid, and traditional TRM
implementation could fail to yield the autocorrelation func-
tion for the special case of r=R.

B. Excitation methods

To investigate the relative effectiveness of time-reversal
focusing in elastic media, time-reversal excitation methods
will be compared to time-delay focusing methods. Uniform
excitation of the transducer array will also be used to serve
as a baseline measurement to demonstrate the improvement
of each focusing method over a non-focused excitation
method.

The results are presented with respect to a differentiated
Gaussian pulse excitation �Eqs. �5� and �6��, with center fre-
quency, �c, and time delay, td. For collection of the data, the
excitation signal is a chirp, ��t�, described by �Eq. �7�� where
A1, A2, Pa, P, tp, f1, and f2 are constants which define am-
plitude, amplitude change rate, frequency change rate, total
length of the chirp, and frequency range of the chirp, respec-
tively. For the excitation used in the experiments presented in
this paper, those values are: A1=1, A2=0.25, Pa=0.15, P
=0.75, tp=3.596 s, f1=30 Hz, and f2=2 kHz. The signal is
quiescent for 0.5 s for a total duration of 4.096 s.

A chirp signal is used since it is a more effective signal
for building up a sufficient signal to noise ratio.13 After col-
lecting the data, U�r , t�, the chirp signal is removed via de-
convolution and the data is convolved with a differentiated
Gaussian pulse yielding D�r , t�. This exchange of the chirp
signal for the differentiated Gaussian pulse is best described
mathematically in the frequency domain �Eq. �8��, where F
and F−1 are the standard Fourier and inverse Fourier trans-
forms, respectively.14 Care should be taken that the fre-

quency range of the Gaussian pulse is chosen to be within
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the frequency range of the initial chirp signal such that the
pulse contains useful information over the entire frequency
range of interest,

��t� = �t − td�exp� �t − td�2

�w
� , �5�

�w =
	2

�c
, �6�

��t� = 
A1 + ��A2 − A1�
t

tp
�Pa


�sin
t�2	�� f1 + � f2 − f1

p + 1
�� t

tp
�P�
 , �7�

D�r,t� = F−1
F�U�r,t��
F���t��

F���t��
 . �8�

Uniform excitation: All sources are excited with identi-
cal differentiated Gaussian pulses. This excitation method is
simple to create, and requires no a priori knowledge of the
physical characteristics of the medium. In the presence of
clutter, the wave front may be scattered, reducing the unifor-
mity of the excitation throughout the medium.

Time-delayed focusing: Here the pulses are time-delayed
such that all pulses arrive at a focus location at the same
time. Ideally, this method focuses energy to a specific point,
creating a larger excitation at the focal point, but this effect is
sensitive to variations in wave propagation speed. Calcula-
tion of the time-delays for each pulse requires knowledge of
the propagation speed throughout the entire medium. Propa-
gation speeds can be affected by the presence of inhomoge-
neity. When the Rayleigh wave speed is known, along with
the distance from source Sn to the target, the time delays can
be calculated such that all the pulses arrive at the same time.

Time-reversal focusing: Separate measurements are per-
formed in which a pulse is propagated from one of the
sources, recorded at the focal point and then time-reversed
�t⇒−t�. The time-reversed signals are then transmitted from
their corresponding source locations �Fig. 2�. Unlike time-
delayed focusing, time-reversal requires no knowledge of the
propagation speed in the medium.

IV. EXPERIMENTAL SETUP

The experimental results are obtained in a laboratory at
the Georgia Institute of Technology �Fig. 3�.1 A large con-
crete wedge-shaped tank is filled with approximately 50 tons
of damp compacted sand. Sand is chosen as the background
medium because its seismic properties are similar to many
types of soil, and because it is straightforward to recondition
disturbed sand. This allows for easy burial and removal of
scattering objects and targets in the tank.

The seismic waves are generated by an array of 12 elec-
trodynamic shakers. A short metal bar foot is attached to
each electrodynamic shaker. The shaker and metal foot are
placed in contact with the sand and the 12.5 cm�1.27 cm
�2.54 cm aluminum bar foot couples seismic energy into

the sand.
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Once the shakers are used to excite elastic waves in the
sand tank, a noncontact electromagnetic sensor �radar vibro-
meter� is used to record the displacement of the surface of
the ground. The vibrometer is scanned across the surface of
the sand using a computer controlled positioning system. The
surface is sampled at 2 cm increments �
x=
y=2 cm� over
a 1.2 m�0.8 m area. The radar has a spot size of approxi-
mately 2 cm�2 cm and records data at each location for
4.096 s at a sampling rate of 8 kHz. By making many mea-
surements, each at a different location on the surface, the
displacement of the entire scan region can be constructed
synthetically. After the entire scan has been completed, a
data array of displacement information is available,
D�xi ,yj , tk�, where

xi = i
x, i = 0,1, . . . ,
X cm


x

yj = j
y, j = 0,1, . . . ,
Y cm


y
, �9�

tk = k
t, k = 0,1, . . . ,
T


t

and where X and Y are the dimensions of the scan region and
T is the duration of time for which each measurement is
recorded.

The theoretical development of time-reversal focusing
using a TRM assumes that all sources and receivers are in-
finitesimally small points. In the physical experiment, the
sources are distributed due to their use of a foot to couple
energy into the ground. Similarly, the receivers are also dis-
tributed since the smallest resolvable area is limited by the
spot size of the radar. While these distributed elements rep-
resent a deviation from the theoretical development of time-
reversal using a TRM, the time-reversal method developed in
Sec. III is insensitive to this change. Empirical observations
demonstrate that the effectiveness of time-reversal focus-
ing is not impacted by the use of distributed sources and

FIG. 3. �Color online� The experimental facility. The seismic transducer
array and the antenna are positioned over the sand tank.
receivers.
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A total of 113 rocks are buried in the sand tank �Fig. 4�
in order to introduce inhomogeneities into the sand. The
rocks are randomly distributed throughout the tank both in
location on the surface and burial depth. The burial region
extends far beyond the scan region; rocks are buried to
within 0.5 m of the edges of the sand tank. The maximum
burial depth of the top of any rock is limited to approxi-
mately 20 cm. The size of the rocks varies from 10 cm in
diameter to approximately 35 cm in diameter �Fig. 5�.

V. WIENER FILTER

In order to effectively illuminate a buried target using
time-reversal focusing, the excitation pulse that reaches the
target should be both broadband and compact in time. In
addition to being useful for time-reversal focusing, a com-
pact pulse allows for better separation of incident pulses and
those reflected off a target. This separation is important for
affiliated detection techniques such as time-reversal
imaging.15,16

FIG. 4. �Color online� The layout of the rocks before being buried below the
surface.

FIG. 5. �Color online� The scan region has been excavated to show the final
buried rock distribution. The TS-50 landmine and the dollar bill are for

scale.
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In order to excite elastic waves in the ground, an exci-
tation signal is formed digitally, passed through a D/A con-
verter, a power amplifier, and into the electrodynamic shaker.
The shaker foot then couples the transducer motion into the
sand, and the excitation signal propagates through the sand
and interacts with objects buried in the tank �Fig. 6�. The
transfer function of the electrodynamic shaker and the cou-
pling of the shaker foot to the ground modify the excitation
signal from its original temporal shape and frequency con-
tent such that the signal that arrives at the target location in
the medium is significantly different from the electrical sig-
nal which is transmitted to the seismic transducer. The other
elements in the signal path �A/D, amplifier, etc.� have a neg-
ligible effect on modification of the signal. The most dra-
matic alteration of the original excitation signal is caused by
the coupling between the shaker and the ground. In the case
of time-reversal focusing, this effect is more pronounced be-
cause the signal passes through the system twice, doubling
the effect of the shaker-ground coupling.

To achieve the best results from time-reversal focusing,
it is important to ensure that the pulse that arrives at the
target is broadband and temporally compact. The practical
way to do this is to design an inverse filter to restore the
original response of the excitation signal. The propagating
wave in the sand contains several different wave types, but
the one of principal interest in the detection of buried targets
is the Rayleigh surface wave. In order to most effectively
design a filter that makes the Rayleigh wave temporally com-
pact and broadband, a signal processing technique17 is used
to extract the Rayleigh wave mode from the total propagat-
ing wave.

A Wiener filter is designed that conditions the observed
Rayleigh wave mode excitation signal resulting in a filtered
excitation signal that is very similar to the desired temporally
compact, broadband excitation pulse. A post-emphasis filter
implementation is chosen because of the slightly nonlinear
nature of the coupling between the shaker foot and the
ground. A pre-emphasis filter would excite large amplitude
displacements of the seismic transducer, which would drive
the sand into an undesired nonlinear response. The recorded
signal remains above the noise floor over the entire fre-
quency range of interest, thereby making the post-emphasis
filter an acceptable filter implementation scheme.

The filter coefficients are determined by recording signal
outputs in an uncluttered medium, and extracting the Ray-
leigh wave mode. This information is used to design the
Wiener filter using the Stieglitz-McBride method. The
Stieglitz-McBride method iteratively minimizes the differ-
ence between the desired and designed filter impulse re-

FIG. 6. �Color online� Flow graph showing the effect on the signal of its
propagation through the experimental system.
sponses for computation of the optimal least-mean-square
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filter coefficients.18 The frequency and time-domain re-
sponses of the unfiltered excitation signal, the desired signal,
and the Wiener-filtered signal are displayed in Fig. 7.

VI. EXPERIMENTAL RESULTS

Focusing results for all three excitation methods are first
presented for a focus location near the center of the scan
region. Subsequently, three additional focusing locations are
chosen. These particular locations are deliberately chosen in
order to examine the relative effectiveness of time-reversal
focusing when it is impeded by scattering, or very near or far
from the source array. Time-reversal focusing is also used to
illuminate a TS-50 landmine in two of these locations. The
results of this excitation are compared to the results when the
transducer array is uniformly excited.

The first results to be presented �Fig. 8� are time snap-
shot images comparing the effectiveness of the different fo-
cusing methods for a location near the center of the scan
region. These images are formed by considering the dis-
placement array, D�x ,y , t� �Eq. �9�� at a particular time. The
results are presented as pseudo-color graphs of the magni-

FIG. 7. Wiener filter design. �a� Frequency domain responses. �b� Time
domain responses.
tude of the vertical component of the particle displacement at
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the surface. The pseudo-color scale used in the viewgraphs is
a 40 dB logarithmic scale from white �0 dB� to black
�−40 dB�. The images are normalized such that the excita-
tion signals for each method have equal energy in the fre-
quency band of interest, 200 Hz� f �1 kHz.

The first case is uniform excitation of the transducer
array �Fig. 8�a��. An excitation pulse is launched from the
source array, located to the left of the scan region. As the
pulse propagates through the cluttered scan region, the wave

FIG. 8. �Color online� Time-snapshots for Focus Point 1. Images are on a
40 dB pseudo-color scale: 0 dB �white� to −40 dB �black�. �a� Uniform
excitation. �b� Time-delayed excitation. �c� Time-reversed excitation. �d�
Color-amplitude scale.
fronts are broken up by the scattering objects in the medium.
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An excitation pulse not modified by scattering would appear
as a set of parallel, straight wave fronts propagating away
from the sources. Observation of the provided time snapshot
for the uniform excitation case demonstrates that the wave
fronts are significantly altered by the scattering objects.

For the time-delayed excitation, an attempt is made to
focus to a point near the center of the scan region, indicated
by the label, Focus Point �Fig. 8�b��. The speed of the Ray-
leigh wave is estimated from the uniform excitation experi-
ment and used to calculate the appropriate time delays. In
this case, the time-delayed focusing attempt misses the de-
sired focus point. The most likely reason for this is the
propagation velocity gradient across the surface of the tank.
Due to the gradient in the direction normal to the propaga-
tion direction, the wave front moves faster on one side than
the other, causing asymmetrical arrival at the focus point. A
second factor is the proximity of the desired focal location to
a large rock. This rock also alters the propagation speed and
path of the pulses. The cumulative effect of these conditions
is that the components from each of the sources add coher-
ently, but in the wrong location.

An examination of an attempt to focus on the same lo-
cation using time-reversal focusing demonstrates significant
improvement over the time-delayed focusing case �Fig. 8�c��.
The time-reversal focusing method is relatively insensitive to
propagation velocity gradients and the presence of inhomo-
geneities in the medium. This indicates that time-reversal
offers a distinct advantage in focusing when the propagation
medium contains unknown variations in the propagation
speed, and un-catalogued scattering objects.

A second method of presenting the results from Fig. 8, is
shown in Fig. 9. This presentation of the data displays the
maximum displacement at each location over the entire time
record. This image is formed by creating and displaying the
array, M�x ,y� where

M�xi,yi� = max
k

�D�xi,yi,tk�� . �10�

The results are presented as pseudo-color graphs of the mag-
nitude of the vertical component of the particle displacement
at the surface. The pseudo-color scale used in the viewgraphs
is a 40 dB logarithmic scale from white �0 dB� to black
�−40 dB�.

The scattering effects of rocks and other objects are vis-
ible in the uniform excitation case �Fig. 9�a��. There are also
areas of the scan region that are not effectively excited by the
pulse, which will be referred to as shadow regions. An ex-
amination of the time-delayed excitation graph �Fig. 9�b��,
shows that it focuses energy to a small area near the desired
excitation point, but not on top of it. As discussed previously,
this is due to propagation velocity gradients in the medium,
and the presence of scattering objects. In a highly cluttered
and inhomogeneous environment, time-delayed focusing
fails to excite the focus point effectively. This makes time-
delayed focusing excitation only marginally useful for detec-
tion of near surface targets in the presence of large scale
clutter and inhomogeneity.

The time-reversal focusing result �Fig. 9�c�� is qualita-

tively similar to the time-delayed excitation focusing graph.
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A notable exception is that the maximum displacement oc-
curs at the desired focus point in the time-reversal case. The
reason for this improvement is that the time-reversal method
inherently incorporates the effects of scatterers and varia-
tions in propagation velocity when calculating the time-
reversed excitation pulse. It should also be noted that the
displacement at the focus point is much larger than the dis-

FIG. 9. �Color online� Maximum displacement for Focus Point 1. Images
are on a 40 dB pseudo-color scale: 0 dB �white� to −40 dB �black�. The
desired focusing location is indicated by a white cross. �a� Uniform excita-
tion. �b� Time-delayed excitation. �c� Time-reversed excitation. �d� Color-
amplitude scale.
placement throughout the rest of the medium. This means
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that the interaction of the excitation pulse with the scattering
objects has been significantly reduced in comparison to the
uniform excitation case.

In the above-presented results, it is clear that time-
reversal focusing yields significant advantages over the other
excitation methods in the presence of clutter and variations
in wave speed. To further investigate the effectiveness of
time-reversal focusing in other circumstances, the time-
reversal focusing method is applied to several new locations.
These locations are selected by examining the maximum dis-
placement graph for the uniform excitation experiment �Fig.
10�. Two locations are chosen that are in shadow regions,
where very little energy arrives. A third point is chosen that
is far from the source, with a relatively high level of excita-
tion. By examining this location, it is possible to study the
improvement afforded by time-reversal when signal levels
are already high at the desired focus point.

It has already been demonstrated �Figs. 8 and 9� that
time reversal can be an effective method of excitation in
regions that are poorly illuminated by traditional excitation
methods. The first point chosen �Fig. 11�a�� attempts to focus
energy on top of a large rock. Time-reversal increases the

FIG. 10. �Color online� Focusing locations. �a� Uniform excitation — maxi-
mum displacement. Locations chosen for focusing are indicated by white
crosses. The image is presented on a 20 dB pseudo-color scale: 0 dB �white�
to −20 dB �black�. �b� Color-amplitude scale. �c� Layout of rocks in experi-
mental setup. Locations chosen for focusing are indicated by white crosses.
excitation level at the desired point, but appears to focus in
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front of the rock. In the second shadow-region focus loca-
tion, similar results are observed �Fig. 11�b��. The primary
difference in this case is that the actual focus location is
closer to the desired one, and the excitation level is higher.

The results presented in Fig. 8�a� measure a snapshot of
displacement at a particular time. These images do not take
into account the varying impedance of the materials present
in the sand tank. In the case of Fig. 8�a�, time-reversal ap-
pears to miss the focus point and focus in front of the desired
location. If this image were a measure of energy, one would
be able to account for the greatly increased stiffness of the
rock present at the desired focus point and demonstrate that
the time-reversal signal does in fact focus significant energy

FIG. 11. �Color online� Time-reversal excitation. The desired focus point is
indicated in each image. Images are on a 40 dB pseudo-color scale: 0 dB
�white� to −40 dB �black�. �a� Shadow region: focus point 1. �b� Shadow
region: focus point 2. �c� Normal excitation region focus point.
to the desired location.
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The explanation above accounts for the absence of sig-
nificant displacements at the focus point. The observation of
a large apparent focus between the source array and the de-
sired focus point can be described using a simple model. For
the coordinate system assumed in these experiments, con-
sider a rock of an arbitrary thickness in X, but of infinite
extent in Y and Z �Fig. 12�. As the wave propagating from
each of the sources arrives at the medium interface, the ma-
jority of the energy in the Rayleigh wave will be reflected off
the interface between the rock and the sand. This creates a
pseudo-focal point, R�, in front of the rock-soil interface. In
this simple case, R� will be the same distance ��� away from
the interface as the desired focus, R.

In the actual, less simplistic case, as the extent of the
rock becomes finite, a larger portion of the incident wave is
unaffected by the abrupt change in material properties. Com-
bining this with inhomogeneities in the medium causes
variation in the strength, size, and location of the pseudo-
focal point. These effects are apparent when comparing Figs.
11�a� and 11�b�. In the former, where the scattering rock is
larger in the Y dimension �Fig. 10�, a more distinct pseudo-
focus point is apparent. This indicates that more of the inci-
dent waves are partially reflected and refocus in front of the
desired focus location. This effect is diminished for Fig.
11�b�, where the scattering rock is significantly smaller.

In the final case �Fig. 11�c��, time-reversal focuses al-
most exactly at the desired location and some improvement
in the excitation level is observed in comparison to the uni-
form excitation case. The small offset of the actual focus
point from the desired focus point can be attributed to the
phenomenon discussed above and described in Fig. 12.

The motivation for pursuing high excitation levels at a
specified location is to excite greater resonances in a land-
mine buried at the focus location. To that end, the effect of
time-reversal on resonance excitation in a landmine is pre-
sented. Two locations are chosen, one of which is in a
shadow region.

For each point, the maximum displacement level over
time is used as a basis for performance comparison. For the
focus location in a shadow region �Fig. 13�, time-reversal
focusing provides an approximately 18 dB improvement
over the uniform excitation case. In addition to raising the

FIG. 12. �Color online� The pseudo-focus point �R�� created by an infinite
half-space rock.
relative amplitude of the displacement at the location of the

Norville and W. R. Scott, Jr.: Time-reversal of elastic surface waves



mine, the relative signal levels over the majority of the scan
region are reduced significantly, providing better contrast be-
tween the landmine and its background.

In the second position �Fig. 14�, the displacement levels
are high enough in the uniform excitation case to excite a
substantial resonance in the landmine. While time-reversal
focusing does focus energy to the location of the landmine
and drop the relative displacement in the background, the
increase in the displacement at the location of the resonating
landmine is somewhat less, at approximately 12 dB.

VII. CONCLUSIONS

Time-reversal behavior in an elastic medium has been
examined with particular interest in its application to the
problem of seismic landmine detection. In the context of the

FIG. 13. �Color online� A comparison of the maximum displacement at the
location of a buried TS-50 for time-reversal and uniform excitation cases.

FIG. 14. �Color online� A comparison of the maximum displacement at the

location of a buried TS-50 for time-reversal and uniform excitation cases.
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detection system, an implementation of time-reversal focus-
ing and a method for ensuring broadband excitation signals
were developed and implemented.

Attempts were made to focus energy into various re-
gions of interest including shadow regions and regions where
signal levels were already high. An explanation was offered
for the reason time-reversal focusing appears to miss its tar-
get focal point in some of these cases. The excitation of a
resonance in a TS-50 landmine was compared for time re-
versal and uniform excitation methods.

The experimental results for time-reversal in an inhomo-
geneous medium at the frequency range of interest are con-
sistent with the theoretically predicted behavior. Time-
reversal has been demonstrated to be a superior excitation
under certain conditions, but it has also been observed that
there are situations in which time-reversal may not yield the
expected result in a complex environment �Fig. 11�. The con-
ditions under which time-reversal shows the most dramatic
improvement over other focusing methods are when a strong
wave speed gradient is present in the medium, normal to the
direction of propagation. The specific advantage of time-
reversal over other methods is that time-reversal requires no
a priori knowledge of the characteristics of the background
medium.

The potential and limitations of time-reversal should
continue to be investigated in future work. Super-resolution
effects were not apparent in these experiments. Further stud-
ies might look to classify more specifically what the effect is
of various types, configurations, and sizes of scattering ob-
jects on the effectiveness of time-reversal focusing, and un-
der what conditions super-resolution effects can be expected
to occur.
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