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NUMERICAL SIMULATION OF ACOUSTIC TIME
REVERSAL MIRRORS*

CHOKRI BEN AMAR', NABIL GMATI', CHRISTOPHE HAZARD?!, AND
KARIM RAMDANTS

Abstract. We study the time reversal phenomenon in a homogeneous and nondissipative
medium containing sound-hard obstacles. We propose two mathematical models of time reversal
mirrors in the frequency domain. The first one takes into account the interactions between the mir-
ror and the obstacles. The second one provides an approximation of these interactions. We prove, in
both cases, that the time reversal operator T is self-adjoint and compact. The DORT method (French
acronym for decomposition of the time reversal operator) is explored numerically. In particular, we
show that selective focusing, which is known to occur for small and distant enough scatterers, holds
when the wavelength and the size of these scatterers are of the same order of magnitude (medium
frequency situation). Moreover, we present the behavior of the eigenvalues of T according to the
frequency, and we show their oscillations due to the interactions between the mirror and the obstacles
and between the obstacles themselves.
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1. Introduction. During the last decade, time reversal techniques have been
extensively studied, in particular for detection, localization, and identification of scat-
terers in propagative media. In the present paper, we are concerned with one of these
techniques, usually referred to as the DORT method (French acronym for decompo-
sition of the time reversal operator). This method was first developed by Prada and
Fink [17] in the context of ultrasonics (see [18] for an overview). It consists in de-
termining the invariants of a time reversal process which can be described as follows.
A time reversal mirror (TRM), composed of an array of transducers, first emits an
incident wave corresponding to a given distribution of signals sent to the transducers.
This wave is then scattered by the presence of obstacles in the propagative medium.
In a second step, the TRM measures the scattered field and time-reverses the measure,
which furnishes a new distribution of signals used to reemit a new incident wave. In
short, one cycle of the process corresponds to the succession of steps: emission, scat-
tering, measure, time reversal. The so-called time reversal operator T is obtained by
iterating this cycle twice. The DORT method deals with the eigenvalues of T" and the
associated eigenvectors for a fixed frequency, that is, when time-harmonic waves are
considered. In this case, time reversal simply amounts to a phase conjugation. It was
shown [17, 19] and confirmed by experiments that for ideally resolved or pointlike and
distant enough scatterers with different reflectivities, each eigenvector corresponding
to a nonzero eigenvalue of T provides the signals to be sent to the transducers in
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order to focus on one scatterer. A mathematical justification of these selective focus-
ing properties is given in [8] for a far field approach, i.e., for an ideal TRM which
reverses the asymptotic behavior at large distance of the wave scattered by the obsta-
cles (in this case, the time reversal operator is related with the far field operator [13]
well known in scattering theory). Other applications of the DORT method, which
concern this question of focusing on a selected target, have been developed: acoustic
waveguides [10, 15], electromagnetic scattering [22, 14], or propagation in random
media [4].

The focusing properties of the eigenvectors of the time reversal operator are known
to occur for small enough scatterers, i.e., when the diameters of the scatterers are
small compared to the wavelength. Such a situation corresponds to a low frequency
case. The object of the present paper is to explore the medium frequency case by a
numerical approach, i.e., when the diameters and the wavelength have the same order
of magnitude. The model considered here differs from commonly used models in the
fact that the TRM is intrusive: instead of an array of pointlike transducers, the TRM
consists of a volumic and nonpenetrable object which perturbs the acoustic field. For
the sake of simplicity, we consider the usual simplified model of linear electroacoustic
transducers (see, e.g., [16]): the inner behavior of the TRM is modeled by a Robin
condition on its boundary.

The paper is organized as follows. In section 2, we present a mathematical model
of a nonpenetrable intrusive TRM, which is closely related to the active sonar problem
dealt with, for instance, in [20]. In this first model, the interactions between the
scatterers and the TRM are taken into account, so that we can deal with the case
where they are close to each other. Instead of the symmetric matrix obtained for a
finite number of pointlike transducers, the time reversal operator then appears, like in
the far field approach [8], as an operator acting in an L? space representing the finite
energy space of possible excitations. The basic properties of this operator, namely
self-adjointness and compactness, are proved in section 3. They essentially tell us
that its spectrum is that of a symmetric matrix completed by an infinite number
of nonsignificant eigenvalues. In section 4, we propose a nonpenetrable intrusive
model of a TRM in which the interactions between the obstacles and the TRM are
approximated. We briefly show how to adapt the proofs of section 3. Finally, we
present some numerical results in section 5. We show that the expected selective
focusing properties hold in the medium frequency case. Moreover, we point out the
modulations of the eigenvalues of T with respect to the frequency. These oscillations
are due to the interactions between the scatterers and the TRM, and between the
scatterers themselves.

The main result of this paper, namely the properties of the time reversal operator
(Theorem 2.1), holds in many other situations which can be dealt with by similar
integral techniques. For instance, here we consider sound-hard obstacles, but we
could have chosen a Dirichlet or Robin boundary condition on 9O instead of the
Neumann condition. Penetrable scatterers, i.e., inhomogeneities of the medium, can
also be considered.

2. A model of nonpenetrable intrusive mirror. We consider a homogeneous
medium filling the space R” (n = 2 or 3) and containing a nonpenetrable mirror M
and some nonpenetrable obstacles O.

We study the case of an impedance condition on the boundary OM of the mirror
and a Neumann condition on the boundary O of the obstacles (sound-hard obstacles).
Let Qy = R"\M, Qo = R"\O, and Q.0 = R"\(M U O). We suppose that the
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boundary of the mirror is excited by a signal g (proportional to the current which
flows through each transducer). So, in the presence of the obstacles, we observe the

total field ¢ satisfying the problem

Apr +kpr =0 in Qu o0,

0
ZPL | wpr =g on M,
on
(2.1) 5
ger _ 0 on 00,
on
RC at oo,

where n denotes the unit normal vector directed into the interior of the domain Q7,0.
The wave number k is defined by k¥ = w/e¢, where w is the frequency and ¢ is the
speed of sound in the homogeneous medium, p is a real parameter which represents
the inverse of the open-circuit acoustic impedance of the TRM [16], and RC is the
outgoing Sommerfeld “radiation condition” which, for ¢, is

22) i 7% (922 0) — ikor(a) ) 0. =l

where dpr/0r denotes the radial derivative of .
In the absence of obstacles, we should observe an incident field ¢ solution to

A(p[+k250]:0 in Qy,
0
(2.3) Hr ppr =g on OM,

on
RC at .

The perturbation due to the presence of the obstacles is the diffracted field pp =
o1 — pr satisfying the problem

AQDD + k2g0D =0 in QM,O,
0
ﬂ—i—,u(p[):() on OM,
on
(2.4) 5
XD _poon 00,
on
RC at oo,

where h = —Jp;/0n.

We suppose that the signal measured by the mirror is equal to ¢p ,,,, the value
of the diffracted field on OM. The measured signal is then conjugated and used to
generate the incident and the total fields in the next iteration.

Time reversal operator. Let R denote the operator describing the response of
the medium, that is, the three successive steps: emission, diffraction, measure. It is
defined by

Rg = PD o
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The time reversal operator is obtained by iterating the time reversal process (emission,
diffraction, measure, conjugation) twice. Therefore, T' is given by

Tg= RRg, thatis, T = RR,
where the operator R is defined by
Rg = R7y.

THEOREM 2.1. T is a self-adjoint positive and compact operator in L?(OM).
These properties are proved below by an integral approach based on the use of
several Green’s functions.

3. Proof of Theorem 2.1. This section is devoted to the proof of the following
result, from which Theorem 2.1 derives.

PROPOSITION 3.1. For every g € L?(OM), the response Rg € L*(OM) of the
medium is given by

(3.1) (Rg)(z) = [  Gr(z,y)g(y)do(y),
oM
where Gg € L>(OM x OM) is symmetric, i.e., Gr(z,y) = Gr(y, x).
This proposition shows that R is a Hilbert-Schmidt operator in L?(0M) such
that R* = R since

(R7g)(x) = | Gr(y.z)g(y)do(y) and (Rg)(x)= | Gr(z,y)9(y)do(y).
oM oM
Hence T = R*R is self-adjoint positive and compact in L2(OM). It is actually a
Hilbert-Schmidt operator in L?(OM) whose kernel G € L?(OM x OM) is given by

G(z,y) = - Gr(z 2)GR(z,y)do(z).

The spectral properties of T follow. On one hand, the eigenvalues of T form a de-
creasing sequence of positive numbers (A, )nen- such that ) . A2 is finite. On the
other hand, one can choose an orthonormal basis of L?(0M) composed of eigenvectors
of T, and T becomes diagonal in this basis.

Integral representations. To prove Proposition 3.1, first recall that problems
(2.1), (2.3), and (2.4) are well-posed [6] in a proper functional framework which is
made precise later. Consider then the operators

),
),
)

as well as the Green’s functions G, Gy, and Gp, which are, respectively, outgoing
solutions (in the sense that they satisfy the outgoing radiation condition (2.2)) to

Sr : g +— r solution to (2.1
Sr : g +— @r solution to (2.3
2.4

Sp : h +— p solution to (

AGT(@‘,.) +k‘2GT($,.) =6, in QM7(9,
(3.2) OrGr(z,.))=0 on IM,
O©0Gr(x,.)=0 on 00,
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53) AG(x,.) + k*Gr(x,.) = 6, in Qu,
' OuGr(z,.)=0 on dM,
AGp(z,.) +k*Gp(z,.) =0 in Quro0,
(3.4) OrGp(x,.)=0 on OM,

OoGp(z,.) = —OpG(x,.) on 00,

where 6, stands for the Dirac measure at point x, Oy = (9/0n + ) jonr, and Op =
(0/0n) a0 By construction, we have G = G1 + Gp.

These functions can be expressed by means of the usual Green’s function Gg
of the Helmholtz operator in the free space, i.e., the outgoing solution in R" to
AGo(z,.) + k*Go(x,.) = 6, which is given by

eiklw_y‘
R p— if n =3,

Go(z,y) = . Tl =l
gHél)(lﬂx —y|) ifn=2.

Indeed, we have

Gi(z,.) = Go(z,.) + Gr(z,.), where Gy(z,.) = —S510Go(x,.),

(3.5)
GD(Q?, ) = —SD(")@G](.’E, )

LEMMA 3.2. Let Q; stand for Qp if i =1, and for Qpo if i =T or D. Then
or = Stg, p1 = S19, and pp = —SpOopr are given by

(3.6) pi(x) = - Gi(z,y)g(y)do(y) Vo ey, i €{T,I,D},

where the kernels G; are symmetric: Gi(z,y) = G;i(y,x).
Proof. Formulas (3.6) are classical. For the sake of clarity, we recall briefly how
to derive them from the usual integral representation [5]

0Gy

B0 et = [ { GG - Gianet) o) v e,

We use the fact that if two functions ¢ and 1 satisfy the Helmholtz equation either
inside a bounded domain A, or outside A together with the radiation condition (2.2),
then we have the reciprocity relation [5]

9o Oy _

where the normal derivative can obviously be replaced by (9/0n + ).

For o7, we replace Gy in (3.7) by Gy — G 1, which yields two similar integral terms
on M. Thanks to (3.8), the term involving G vanishes. The other one reduces to
the single layer potential (3.6) by virtue of the boundary conditions satisfied by ¢
and Gy(z,.) (see (2.3) and (3.3)).

For o7, the same idea applies. The integral terms are now set on OM U 90.
The term which involves Gr = Gr — Gy again vanishes by (3.8). Split the other
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one, which involves G, into two integrals, respectively, on M and 90O. Thanks to
the boundary conditions in (2.1) and (3.2), the former simplifies as above to (3.6),
whereas the latter vanishes.
Finally, subtracting the previous representations yields (3.6) for ¢p = o1 — 7.
The symmetry of Gt is easily deduced from that of Gy by proving that the
perturbation term Gy is also symmetric. The integral representation (3.7) of Gy(z,.)
reads

Crtes) = [ {@uGo(n2)Gu(w.2) = Gal 20w Gi.2)  do2)

where the operator ©); is understood with respect to z. The boundary conditions
satisfied by Gy(z,.) and Gy(y,.) then yield

Gr(z,y) = 7/ OMGi(y, 2)G(x, z)do(2) +/ Go(y, 2)OnGo(x, z)do(2).
oM oM
Thanks to the reciprocity relation (3.8) applied in 2y for the first integral, and in M
for the second one, we see that both integrals are symmetric for (z,y) € Qu x Qar,
and hence so is G I
The symmetry of Gp is proved similarly, and that of G follows. O

Functional details. It is now clear that (3.1) follows from the integral repre-
sentation (3.6) of ¢p simply by taking its restriction on 9M:

Gr(z,y) = Gp(z,y) for (z,y) € OM x OM.

Hence Proposition 3.1 will be proved if we are able to justify that this double restric-
tion actually yields a function of L2(0M x OM). We thus have to make precise the
function spaces in which the kernels G; are defined: the appropriate tool to do so is
the notion of tensor product of Hilbert spaces [1].

All the domains considered are assumed to have Lipschitz boundaries (for in-
stance, dM and 0O may be piecewise smooth). For a bounded domain A C R"™, we
denote

H(A) = {¢ € H'(A); Ap e L*(A)}.

Recall that, on one hand, the trace operator yaap = ¢,9a is continuous from
H(A) to H'?(9A), and, on the other hand, the normal derivative (9¢/0n) pa is
continuous from H(A) to H~'/2(9A). Moreover, for all bounded sets Ay C Q7 and
Ao C Qu,0, the operators Sy and Sp are continuous from H-Y2(0M) to H(Ay)
and from H~/2(90) to H(Ap) (see [6]).

LEMMA 3.3. Let Ay C Qu and Ao C Qa0 be two bounded sets such that
OM C OAyr, OO0 C OAp, and Ay N Ap = 0. Then

Gr € H(Ay)®H(Ao) and Gp € H(Ay)@H(Ay).

Proof. Formulas (3.5), which involve operators acting on the second variable y,
can be rewritten in terms of tensor products of operators as

Gr =Gy — (Id@SI@M)GO,
Gp = —(Id@SD(“)o) Gr.
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Let us first deal with G;. Thanks to its symmetry, the announced property amounts
to showing that G; € H(Ao)®H(A ). This clearly holds for Gy since it is infinitely
differentiable outside the diagonal x = y. Moreover, the above-mentioned properties
of St and traces show that S;©); is continuous from H(As) to H(Aas). As a conse-
quence [1], Id ® S0y is continuous from H(Ap)®H(Ays) to itself. The conclusion
follows.

For Gp, we use the previous result and the fact that Id ® SpOp is continuous
from H(A ) RH(Ap) to H(Ay)@H(Ay). O

We finally have to notice that since ysy is continuous from H(A ) to L?(OM) D
H'2(OM), the “double trace” vaas & yaar is continuous from H(AM)®H(AM) to
L2(OM)®L?(OM) = L*(OM x dM). Hence the above lemma yields

Gr = (Yorm ® vorr)Gp € L*(OM x OM),

which is obviously symmetric. This completes the proof of Proposition 3.1 and thus
of Theorem 2.1.

4. An approximate model. The model we consider in this section is an ap-
proximation of the model introduced in section 2. Although more intricate in its
presentation, it leads to a reduction of the computational cost of the time reversal
operator, for it separates the respective roles of the TRM and the scatterers. It can be
seen as the first step of an iterative method used in the context of multiple scattering
problems (see, e.g., 7, 21] and [3, 2] for a rigorous justification of the method and
[12] for an overview). The coupled problem of section 2 is solved by considering the
successive reflections between the TRM and the scatterers. Here only specular waves,
i.e., the first reflections, are taken into account. Comparing this model with that of
section 2 will help us in section 5 to understand the influence of multiple scatter-
ing between the obstacles and the TRM upon the eigenelements of the time reversal
operator.

Considering the same incident wave ¢; = S;g as in section 2, the diffracted field is
now approximated near the TRM by a superposition of two waves: pp = @g) + gag).
The first one gog) represents the result of the diffraction of ¢ by the scatterers alone,
i.e., the outgoing solution to

(4.1) A(pg) + k:2<pg) =0 in Qp,
. @ogog) = —Bpp; on 0.

The second one is the result of the diffraction of the latter by the TRM alone,
i.e., the outgoing solution to

(4.2) Agpg) + k2¢(D2) =0 in Qar,
2
@Mgog) = —GMQO%) on OM.

We assume again that the TRM measures the trace of ¢p on OM. Hence the
response of the medium is now described by the operator

(1) (2)

Rg=¢p,5, = (¢p’ +¥p")j0Mm-

Theorem 2.1 holds in this case: the time reversal operator T = RR is positive,
self-adjoint, and compact in L?(9OM).
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The proof is similar to that of section 3. We simply have to replace the Green’s
function Gp by Gp = Gg) —&—Gg)7 where Gg) and Gg) are, respectively, the outgoing
solutions to

ACY (z,) + kG (z,) =0 in Qo,
00GW(z,.) = —0pG/(z,.) on O
and
AGD (2,) + K2GD(z,) =0 in Q.
OGP (z,.) = -0y GY)(z,.) on M.

LEMMA 4.1. The following integral representation holds:

Vo€ Quo, eplz) = /aM Gp(z,y)g(y)do(y),

where Gp is symmetric in Q0 X Q0.
Proof. Contrary to Lemma 3.2, we are not able to give an intrinsic definition of
the total field ¢; 4+ ¢ p by means of a problem such as (2.1), which would depend only

on the incident field. We thus give a direct proof of the above integral representation,
starting from the classical formula (3.7) applied to gog) in Q.

Using (3.5) and (3.8) applied to Gy (z,.) and @S) in Q7,0, formula (3.7) becomes

voe o, oY@ = [ { 0. )el 1)+ Gile.n)Ou) )]} doty)
OMUOO

where O, stands for ©); or . Thanks to the boundary conditions satisfied by
Gr(z,.) and <p(D2), the contribution on @M is nothing but S]@M(pg) = —<p(D2) by
Lemma 3.2, and so the contribution on 9O is exactly ¢p(x). We thus have

@3 eo@)= [ {00GH @6l 1) - Grle.n)opi(w) } doly)
=/ {GS)(x,y)G)o@%)(y) - G)oGz(%y)cm(y)}do(y)
o0
= [ {60 @0opiy) + 006 . )er) } doty)
00

~ [ {69 @)0urer(y) - 031G @ 0)or) } doty).
oM

The first and third equalities result from the boundary conditions satisfied by
Gg)(m, .) and wg). The second one derives from the reciprocity relation (3.8) applied,
on one hand, to Gg)(ax, .) and wg) in Qo and, on the other hand, to Gy(z,.) and ¢
in 0. The last one again results from (3.8) applied to Gg)(x, .) and @5 in Q0.
Noticing finally that (9MG$§)(307 )= —@MG(Dl)(LU, .), we have

OuGY) (z,y)or(y)do(y) = — [ G9(2,9)Omer(y)do(y),
oM oM
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thanks to (3.8) applied to Gg)(:c, .) and @5 in Qps. Since g = O 7, the integral
representation of ¢p follows.

The symmetry of Gp(z,.) is proved by the same argument as in Lemma 3.2. Since
Gg)(x, .) and Gg)(a:, .) play the same role as ‘PS) and apg)7 we obtain for Gp(z,y) a
formula similar to (4.3):

Gole) = [ {00GH 4.2)65 w.2) - Gr0.00Gi . 2) o).

where both terms are symmetric by (3.8). d

5. Two-dimensional numerical simulation. To solve numerically problems
(2.3), (2.4), (4.1), and (4.2), we formulate them in bounded domains to apply a finite
element method. We use the so-called coupling method between integral representa-
tion and finite elements, which is a nonsingular alternative to the well-known integral
equation techniques. This method has been introduced by Jami and Lenoir [9] in
hydrodynamics and then extended to many other wave propagation problems.

5.1. Bounded domain formulation. We describe the method only for prob-
lem (4.1), but the same technique is also applied for the other ones. We consider
a bounded domain ' surrounding O and included in Qo (see Figure 5.1), and we
introduce the following problem set in the domain €'

A + k2" =0 in Q,
oy’
(5.1) 5 = h on 00,
oy’ G,
’ o /
Ox¢’ = Ox /80 {GO("y)an (y) any (y)e (y)} do(y) on X,

where ¥ = 9Q'\0O and Oy, = (0/In + (), B being an arbitrary complex parameter.
It is clear that if <p(D1) is a solution of (4.1), then ¢’ = @S)Q, is a solution of
problem (5.1). Similarly, provided Im(3) # 0, every solution ¢’ of (5.1) can be

uniquely extended to a solution gog) of (4.1) by the integral representation formula
on 00:

(5.2) Vo e Qo, @B (z) = /80 {Go(w‘, Y) %f; (y) — 8%0(% y)w'(y)} do(y).

The variational formulation of the problem (5.1) is the following:
Find ¢’ € H'(Q') such that Vi) € H'(€), we have

5 w'.sz)—k?/W w’@—ﬂ/ﬁ)w@

SN [0 [ e (4 8) e pastuyinte)

ony

[ i+ [5@ [ ( o+ ﬁ) Go(, y)dor(y)do(a).

Finally, we discretize problem (5.3) to obtain a linear system that we solve numerically.
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FiG. 5.1. Bounded domain €.

D

-

Fic. 5.2. Geometry of the problem.

*
|
|
|
|
|
|
|
|
|
|
|
1]

5.2. Numerical results. All the numerical results are obtained by the code
MELINA [11]. We consider an oblong mirror of width 8 and height 1 and two half-
disk obstacles of diameters 4 and 2 (see Figure 5.2). We denote by D the distance
between the mirror and the obstacles. The distance between the scatterers is § = 2.
We investigate two cases: D =3 and D = 8. We consider here a Neumann condition
on the boundary of the mirror OM (u = 0, that is, the case of a large acoustic
impedance of the transducers).

Figure 5.3 (respectively, Figure 5.4) shows the amplitude of the total field corre-
sponding to the emission of the first (respectively, second) eigenvector associated with
A1 =0.0499if D = 8 and Ay = 0.2211 if D = 3 (respectively, Ao = 0.0191 if D = 8 and
A2 = 0.0534 if D = 3) in the case of the first model presented in section 2 and where
k = 3.14 (the wavelength [, = 27 /k = 2 is then equal to the distance between the
obstacles ). We observe that the wave is focused on the biggest obstacle (respectively,
the smallest). When emitting the third eigenvector associated with A3 = 0.0002 if
D =8 and A3 = 0.0085 if D = 3, we see in Figure 5.5 that the wave again focuses on
the biggest scatterer, although it seems less concentrated in its vicinity than for the
first eigenvector. These results essentially show that selective focusing, which is known
to occur for small and distant enough scatterers [8], is achieved even though the size of
the obstacles, the distance between them, and the wavelength are of the same order.

Figure 5.10 shows the first four eigenvalues of the time reversal operator T ac-
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Amplitude of the tetal feld Amplitude of the total field

B <D

Fic. 5.3. Emission of the first eigenvector for k = 3.14 (left: D = 8, right: D = 3).

B = F 8 * 8 & =%

Amplitude of the tetal feld Amplitude of the total fiold
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F1G. 5.4. Emission of the second eigenvector for k = 3.14 (left: D = 8, right: D = 3).

Amplitude of the tetal feld

Amplitude of the wal field

L Al

F1G. 5.5. Emission of the third eigenvector for k = 3.14 (left: D = 8, right: D = 3).

cording to the wave number k in the case of the first model presented in section 2,
where the interactions between the mirror and the obstacles are taken into account
and where the distance D between them is, respectively, 8 or 3. Figure 5.11 shows
the same results in the case of the second model, where these interactions are approx-
imated by only the first reflections.

We can first notice in these figures that there is only one significant eigenvalue
A1 at low frequencies, which follows from the fact that the wavelength [, is large
compared to the distance 6 between the two obstacles, so that the mirror cannot dis-
tinguish between them and see them as only one. For k = 0.325 (that is, [,, ~ 19),
this is illustrated by Figure 5.6 (respectively, Figure 5.7), which shows the amplitude
of the total field corresponding to the emission of the first (respectively, second) eigen-
vector associated with A\; = 0.6994 if D = 8 and A; = 3.2717 if D = 3 (respectively,
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Fic. 5.12. The first two eigenvalues for the two models.

A2 = 0.0006 if D = 8 and Ay = 0.0265 if D = 3) in the case of the first model
presented in section 2.

When k increases, Figures 5.10 and 5.11 show that there are two significant eigen-
values: the gap with the third eigenvalue is pronounced when D = 8 and becomes
smaller when D = 3. This confirms a well-known effect: this gap increases when the
angular aperture under which the TRM is seen from the obstacles decreases.

We note the presence of oscillations of the first two eigenvalues of T in the case of
the first model (Figure 5.10) contrary to the case of the second model (Figure 5.11).
To understand this, we show in Figure 5.12 the first two eigenvalues of the two models
where, respectively, D = 3 and D = 8. We remark that the eigenvalues for the first
model oscillate around the corresponding eigenvalues for the second model. This can
be explained by the fact that the interactions between the mirror and the obstacles
can be constructive or destructive according to the distance between the mirror and
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D=3 (second model)

F1c. 5.13. Analysis of the interactions between obstacles.

the obstacles. For the greatest eigenvalue, we note the dependence of the period of
oscillations on the distance between the mirror and the obstacles: Ak ~ 7/D. More
precisely, the interactions between the mirror and the obstacles are constructive for
the wave numbers k,, ~ nw/D, n € N* (which correspond to local maxima of A;), and
destructive for k, ~ ((n —1/2)7)/D, n € N*. This can be explained by the fact that
the wave numbers nm/D, n € N*, represent the eigenvalues of the operator —A with
Neumann conditions on the boundaries in the one-dimensional domain [0, D], and the
corresponding eigenfunctions are ¢, (y) = cos(k,y), y € [0, D].

To study the interactions between the obstacles, we now show in Figure 5.13
the first and second eigenvalues of T' for the approximate model and for D = 3,
together with the first eigenvalue of T' for the same model but with a new geometrical
configuration in which only the biggest or the smallest obstacle is present. We observe
that, at medium frequencies, there is a good coincidence between the first eigenvalue
of T corresponding to the case where the two obstacles are present and the one where
there is only the biggest obstacle, which explains that the interactions due to the
smallest obstacle are negligible. Meanwhile, the second eigenvalue of T' corresponding
to the case where the two obstacles are present oscillates smoothly around the first
eigenvalue where there is only the smallest obstacle, which proves that the interactions
due to the biggest obstacle are important.

Figure 5.10 shows that the two greatest eigenvalues become very close near par-
ticular values of k. When the time reversal operator has a double eigenvalue, which
occurs, for instance, in the case of two identical targets, one generally requires addi-
tional information to identify the selective focusing fields within the two-dimensional
eigenspace. Here the slight distance between both eigenvalues seems sufficient to
identify these fields. Consider, for example, the case D = 3 and k = 0.875, where
A1 = 0.1760 and Ay = 0.1637. The associated eigenvectors generate the fields rep-
resented in Figures 5.8 and 5.9 (right). Although both targets are separated by less
than one-third of a wavelength, the TRM clearly distinguishes them, contrary to the
low frequency situation of Figure 5.6. This effect results from the proximity of the
TRM which acts in the near field. Indeed, if the TRM is moved away to D = 8 with
the same wave number (Figures 5.8 and 5.9 (left)), both targets are seen as a single
one, as in the above-mentioned low frequency case.

REFERENCES

[1] J. P. AUBIN, Analyse Fonctionnelle Appliquée, Tome II, Presses Universitaires de France, Paris
Cedex, France, 1987.



ACOUSTIC TIME REVERSAL MIRRORS 791

M. BALABANE, Boundary decomposition for Helmholtz and Mazwell equations 1: Disjoint sub-

scatterers, Asymptot. Anal., 38 (2004), pp. 1-10.

M. BALABANE AND V. TIREL, Décomposition de domaine pour un calcul hybride de I’équation

L.

D
R.

=

> Q

aQa a a » Z o A

de Helmholtz, C. R. Acad. Sci. Paris Sér. I Math., 324 (1997), pp. 281-286.
BORCEA, G. PApaNICOLAOU, C. TSOGKA, AND J. BERRYMAN, Imaging and time reversal in
random media, Inverse Problems, 18 (2002), pp. 1247-1279.

. CoLTON AND R. KRESS, Inverse Acoustic and Electromagnetic Scattering Theory, Springer-

Verlag, Berlin, 1993.
DAUTRAY AND J. L. LIONS, Analyse Mathématique et Calcul Numérique pour les Sciences
et les Techniques, Tome I, Masson, Paris, 1985.

. DoMANY AND O. ENTIN-WOHLMAN, Application of multiple scattering theory to subsurface

defects, J. Appl. Phys., 56 (1984), pp. 137-142.

. HAZARD AND K. RAMDANI, Selective acoustic focusing using time-harmonic reversal mirrors,

SIAM J. Appl. Math., 64 (2004), pp. 1057-1076.

. JAMI AND M. LENOIR, A variational formulation for exterior problems in linear hydrody-

namics, Comput. Methods Appl. Mech. Engrg., 16 (1978), pp. 341-359.

. F. LingeEviTCH, H. C. SONG, AND W. A. KUPERMAN, Time reversed reverberation focusing

in a waveguide, J. Acoust. Soc. Am., 111 (2002), pp. 2609-2614.

. MARTIN, Documentation MELINA, http://www.maths.univ-rennesl.fr/~dmartin/melina/

www/homepage.html (2006).

. A. MARTIN, Multiple Scattering: Interaction of Time-Harmonic Waves with N Obstacles,

Cambridge University Press, Cambridge, UK, 2006.

. D. MasT, A. I. NACHMAN, AND R. C. WAAG, Focusing and imaging using eigenfunctions

of the scattering operator, J. Acoust. Soc. Am., 102 (1997), pp. 715-725.

. MicoLAU AND M. SAILLARD, D.O.R.T method as applied to electromagnetic subsurface

sensing, Radio Sci., 38 (2003), pp. 1038-1049.

. MORDANT, C. PRADA, AND M. FINK, Highly resolved detection and selective focusing in a

waveguide using the D.O.R.T method, J. Acoust. Soc. Am., 105 (1999), pp. 2634-2642.

. D. PIERCE, Acoustics, An Introduction to Its Physical Principle and Applications, McGraw—

Hill, New York, 1981.

. PraDA AND M. FINK, FEigenmodes of the time reversal operator: A solution to selective

focusing in multiple-target media, Wave Motion, 20 (1994), pp. 151-163.

. PrADA, E. KERBRAT, D. CASSEREAU, AND M. FINK, Time reversal techniques in ultrasonic

nondestructive testing of scattering media, Inverse Problems, 18 (2002), pp. 1761-1773.

. PRADA, S. MANNEVILLE, D. SPOLIANSKY, AND M. FINK, Decomposition of the time reversal

operator: Detection and selective focusing on two scatterers, J. Acoust. Soc. Am., 99
(1996), pp. 2067-2076.

. A. SCHENCK, Helmholtz integral formulation of the sonar equations, J. Acoust. Soc. Am.,

79 (1986), pp. 1423-1433.

G. T. SCHUSTER, A hybrid BIE + Born series modeling scheme: Generalized Born series, J.

Acoust. Soc. Am., 77 (1985), pp. 865-879.

. TORTEL, G. MICOLAU, AND M. SAILLARD, Decomposition of the time reversal operator for

electromagnetic scattering, J. Electromagn. Waves Appl., 13 (1999), pp. 687-719.



