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TIME-REVERSAL APERTURE ENHANCEMENT*
J.-P. FOUQUE! AND K. SOLNA?

Abstract. Time-reversal refocusing for waves propagating in inhomogeneous media have re-
cently been observed and studied experimentally in various contexts (ultrasound, underwater acous-
tics, ... ); see, for instance, [M. Fink, Scientific American, November (1999), pp. 63-97]. Important
potential applications have been proposed in various fields, for instance in imaging or communica-
tion. However, the full mathematical analysis, meaning both modeling of the physical problem and
derivation of the time-reversal effect, is a deep and complex problem. Two cases that have been
considered in depth recently correspond to one-dimensional media and the parabolic approximation
regime where the backscattering is negligible. In this paper we give a complete analysis of time-
reversal of waves emanating from a point source and propagating in a randomly layered medium.
The wave transmitted through the random medium is recorded on a small time-reversal mirror and
sent back into the medium, time-reversed. Our analysis enables us to contrast the refocusing proper-
ties of a homogeneous medium and a random medium. We show that random medium fluctuations
actually enhance the spatial refocusing around the initial source position. We consider a regime
where the correlation length of the medium is much smaller than the pulse width, which itself is
much smaller than the distance of propagation. We derive asymptotic formulas for the refocused
pulse which we interpret in terms of an enhanced effective aperture. This interpretation is, in fact,
comparable to the superresolution effect obtained in the other extreme regime corresponding to the
parabolic approximation. However, as we discuss, the mechanism that generates the superresolution
is very different in these two extreme situations.

Key words. wave propagation, random media, superresolution, time-reversal, diffusion approx-
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1. Introduction. In this paper we present a mathematical analysis of time-
reversal in the case with waves propagating through randomly layered media. The
one-dimensional case where incoherent waves are time-reversed and sent back into
the medium is well understood in the regime of separation of scales; we refer to
[10, 12, 13, 14, 18, 22]. In this paper we discuss the layered case where waves prop-
agate from a point source in three spatial dimensions. In section 1.2 we describe
in detail the physical problem that we will study, the time-reversal experiment for
acoustic waves in randomly layered media. We summarize the important separation
of scales assumptions that we make in section 1.3 following [1]. In section 2 we derive
an integral representation for the transmitted wave in terms of the transmission coef-
ficients associated with the different wave modes. We briefly review in section 3 the
description of the transmitted coherent field, known as the O’Doherty—Anstey theory
[20], studied in [8, 9, 16, 17, 19, 23]. Next, we describe the time-reversed and reflected
wave and derive the superresolution effect that enhances the refocusing obtained in a
homogeneous medium which is constrained by the diffraction limit. Our precise anal-
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ysis enables us to explain the mechanism which produces this enhanced aperture and
how it differs from the one studied in the parabolic approximation regime in [3, 5, 21].
We discuss the comparison between these mechanisms in section 5.

1.1. Acoustic waves. We consider linear acoustic waves propagating in a three-
dimensional medium.
The equations for the velocity u and pressure p are

ou

1 4+ Vp=

(L.1) pa TVP=0,
1 Op
T.A,E‘FV'U.—O,

with p being the density and K the bulk modulus. These two equations correspond,
respectively, to conservation of momentum and mass. In the model problem that we
consider, the medium parameters are heterogeneous in the slab 0 < z < L. We aim
at describing waves propagating in a strongly heterogeneous medium like they do in
the earth’s crust. The fluctuations in the medium are then very complicated and we
cannot expect to know them pointwise; however, we might be able to describe them
statistically. Thus, we model the fluctuations of the medium in terms of a centered
stochastic process v which satisfies some mixing conditions that are needed in the
asymptotic analysis and which are reviewed in, for instance, [1, 7]. The typical exam-
ple of such a process satisfying these mixing conditions will be an ergodic Markovian
process that decorrelates exponentially fast:

(1+v(%)) for z€(0,L],
for z € (—00,0) U (L, 00),

e

1 1
K(x,z) K(z)
p(x,z) =p forall (x,2z).

Below we show how the statistics of the propagating wave field derives from the
statistics of v. Observe that we model the medium as being layered or laminated;
it varies only in the “depth” direction z. The random medium fluctuations are not
small; they are O(1), and the fluctuations take place on the microscale, conveniently
denoted by €2, where ¢ is a small parameter. In a number of physical problems the
fluctuations in density are small compared to the fluctuations in the bulk modulus
and for simplicity we take here the density to be constant. The general situation with
fluctuations also in the density can be handled using a modification of the approach
presented below. A point source is located in the homogeneous halfspace z < 0; we
will give it explicitly in section 2.

We are interested in how the medium fluctuations v affect the propagating pulse.
Consider first the case with a very long wave length for the propagating pulse, that
is, a wave length on the order of the propagation distance of size L.

Effective medium theory as discussed in [1] shows that then, to leading order,
the wave propagates as if it were in an averaged or effective medium. The effective
medium corresponds to replacing the reciprocal of the bulk modulus by its average
value, 1/K, and also the density by its average value, which in this case is the constant
density p. Thus, we have centered the random medium fluctuations such that the pulse
impinging from the halfspace z < 0 propagates as in a homogeneous medium and it
is not affected by the random fluctuations v. The parameters of the homogeneous
halfspace matches those of the effective medium. However, if the wave length is short
compared to the traveling distance, then the random fluctuations v will strongly
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Fia. 1.1. Setup.

affect the wave; this is the regime we consider here. More precisely, we carry out our
asymptotic analysis in the regime where the characteristic wavelength is O(e), which
is long compared to 2, the spatial scale of the random medium fluctuations which
are short compared to the distance of propagation, L, that we take to be O(1).

1.2. Time-reversal model problem. We describe the time-reversal model
problem that we will analyze. The problem is illustrated in Figure 1.1 and involves
the following steps:

1. A point source is located in the halfspace z < 0 and generates an acoustic
pulse that is impinging on the heterogeneous slab 0 < z < L. The spatial
width of the wave front that emanates from the source is small and is O(g).
The wave field is subject to multiple scattering before it hits the time-reversal
mirror (TRM), where it is recorded within a specific time window. Note that
the TRM does not act as a usual mirror or strong reflector, but in a way that
we now explain. We choose a narrow time window, of width O(¢e), located
such that it records the wave front when it arrives at the TRM. We show
below that this arrival time in the random case is approximately given by the
arrival time in the effective medium. The spatial extent of the TRM in the
transverse coordinates x is also chosen to be O(e).

2. The pressure pulse that is captured in the given time window is reversed
in time before it is reemitted from the mirror and propagates toward the
original source point. This means that the part of the signal that arrives last
is reemitted first.

3. Finally, we observe the wave front when it arrives back at the hyperplane
z = 0 containing the original source point. The main issue we want to
address is the spatial support of this repropagated wave. If the TRM had
recorded the transmitted wave for a long time and on a large spatial segment,
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then the repropagated wave would be tightly focused at the original source
point. Here, we consider the case with a small window, a small aperture,
(e/L), and we examine whether and how the repropagated wave focuses at
the original source point. A key aspect in algorithms exploiting the time-
reversal technique is exactly such tight refocusing of the wave energy.

1.3. Summary of scales. Before we start the analysis of the problem we sum-
marize the important scaling assumptions, and we comment on the physical setup
and on the relation to the concept of mean-free path.

e The distance from the source point to the mirror is L = O(1).
e The magnitude of the random medium fluctuations is not small; it is O(1).
e The spatial scale at which the medium fluctuates is very small; it is O(g?).
e The central wave length of the signal is small; it is O(e). Note that this is a
scale in between the macroscale, O(L), and the microscale, O(g?).
e The TRM is supported on the scale O(e) in space and captures the wave front
in a short time interval of width O(g).
The concept of mean-free path is relevant in the regime of radiative transport. This is
a regime where the fluctuations in the medium are weak and the wave propagates over
long distances. The mean-free path length characterizes the importance of multiple
scattering and determines the energy envelope. In this paper we are in the regime
of localization since we consider strongly contrasted media with a special geometry,
namely the one-dimensional layered structure. The mean-free path is not relevant
here. This regime is characterized by strong multiple scattering, and coda waves are
not accurately described by the radiative transport theory. The important length
scale parameter is the frequency dependent localization length which is given by
o é
() (w/e)*  qw?’

with v defined in (3.6) below and ¢ = y/K/p. This length scale gives the exponential
rate of decay of the transmitted energy at the high frequency w/e, as can be seen
from (3.7). For more details on physical interpretations, and additional references, we
refer the reader to the review article [15]. We also refer the reader to [2] for recent
results on time-reversal in the regime of radiative transport and to [6] for applications
to imaging.

2. The transmitted signal.

2.1. Plane wave representation. The analysis of the wave propagation prob-
lem described above is greatly simplified by the fact that the medium varies only in
the depth z-direction. It means that we can decompose the wave field into plane wave
components and analyze the propagation of each of these separately. Consider first a
plane wave packet that is moving in the z-direction in the homogeneous or effective
medium with speed ¢ and a characteristic wave length O(¢); its pressure, denoted by
Phom, has the Fourier domain integral representation

phom(t7X7Z) _ f (t - Z/E> _ 1 /efiw(tfz/é)/ef(w)dw

B T om

1 . A . ~
— %/e—zwt/fsf(w)ezwz/(sc)dw7
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where the Fourier transform of the pulse shape is

fl) = [ e fs)as.

Consider next a plane wave that, relative to the spatial coordinates (z1,xo,2), is
moving in the direction of the unit vector:

(ck, V1 - K2¢2),
with the lateral slowness vector being
k = (K1, k2),
and we denote
(2.1) K* = ki + k3.

We assume below a directed point source such that there are no evanescent waves
propagating; see (2.12). In other words we deal only with real wave numbers. This
oblique plane wave packet, propagating in the homogeneous medium, has the repre-
sentation

1

- e*iw(tfk-x)/sf(w)eiwz/(sé(n))dw’
2

(2.2)

with the mode dependent speed in the z-direction being

c
V1 — k22

We now exploit the fact that the medium does not depend on the transversal space
variable x and decompose the problem into a family of problems involving such wave
modes. First we eliminate the horizontal components of the velocity from (1.1):

(2.3) &(k) =

_Ou  Op
1 8% 1/(0% 0% 0%u
(2:5) K@ o 5 (ax 8x2> T oz =

with u being the velocity component in the z-direction. It is convenient to take a
joint Fourier transform in time and the lateral spatial dimensions (1, z3). This joint
transform decomposes the waves into plane wave modes according to (2.2):

0 (w, k, 2) = ///ei%(t_k'x)u(t,x, z) dt dx,
P (w, k,2) = ///eif(t*k'x)p(t,x,z) dt dx.

The inverse transform then becomes, for instance, for the pressure

1 W
Pt x,2) = W///e_zg(t_k'x)ﬁe(w,k,z)w2dkdw.
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Observe the presence of the factor w? in this Fourier inverse due to our specific choice
of Fourier variables. From (2.4) we obtain

W _

op*
9z

w 1 K2 . 0
— - — P = =0
e \K(z) p 0z

after factoring out an iw in the second equation. Below, in (2.12), we assume that the
source is given such that we need only to consider nonevanescent modes corresponding
to lateral slownesses (defined in (2.1)) satisfying x < C' < 1/¢ for some constant C.
The speed of the modes are given by (2.3), and the travel time for mode k from the
origin to depth z depends only on the lateral slowness « = |k|; it is

T(2,k) = z/&(k).

Similarly, we define now the mode acoustic impedance by

~NE

0,

I(k) = pe(k).

With these definitions the equations for p¢ and 4° can be written in the form

w . op®
2.6 — € -0
(26) —P+ - =0,
iw 1 ér)? /2 . . ouf
i 1 pa £ = 0.
e pc(k)? ( T2 V(52)>p + 0z 0

This shows that mode by mode the problem is a one-dimensional wave propagation
problem. In fact, with k fixed, this corresponds to a one-dimensional wave propagation
problem with density p and with the random mode dependent bulk modulus given by

(2.7) o (1 + E(ELQ)QV (;)) .

pe(k)
This is seen by performing a Fourier transform in time of the one-dimensional version

of (1.1). We have therefore simplified the problem to a family of one-dimensional
wave propagation problems.

2.2. One-dimensional mode problems. We now generalize the decomposi-
tion into right and left going waves to the nonhomogeneous case. We decompose the
solution of (2.6) into right and left going wave components for each plane wave mode
by setting

I A _ L ~
(28) ]55 _ 2("{) (deezwz/ac(n) _ beefzwz/ec(m)> ,
1 . _ . . _
2.9 W = _ (aeezwz/sc(n) + bae—zwz/ac(n)) ,
(29) 2v/1(k)

where @ and b° are unknown functions of w, k, and z. Outside the random slab this
is an exact decomposition in the sense that these functions do not vary with z. We
shall retain this decomposition also in the slab z € (0, L) since it provides a centering
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with respect to the effective medium wave speed. We assume that a wave is impinging
on the random slab from the left, giving the following boundary condition at z = 0:

(2.10) @ (w, k,0) = £2h(w, k).

The multiplicative factor €2 derives from the fact that this is the particular scaling
of the source magnitude that makes our quantity of interest O(1). Since the problem
is linear this choice is, however, not important. We assume, moreover, that there is
no energy coming in from the homogeneous halfspace z > L, which gives the second
boundary condition at z = L:

(2.11) b*(w, k, L) = 0.

The first condition gives in the Fourier domain the waves coming in from the homoge-
neous left halfspace z < 0. The particular form of ¢ depends on the particular choice
of the physical source. For instance, if ¢ is given by a pointmass at the mode ko, then
the boundary condition corresponds to a time pulse oblique plane wave as above.
The problem then reduces to a single one-dimensional problem of the type (2.6). In
the following we consider more general functions ¢ which correspond to directed point
sources; however, the particular form of ¢ is not important in our analysis. We assume
that the support of ¢ satisfies

(2.12) d(w,k) =0 for k% = k> > cmin,
with

Cin < 2 (1 = max(|v).

Note that under this assumption there are no evanescent waves.
When we substitute the expressions (2.8) and (2.9) in (2.6) we get the following
equations for the centered and transformed waves:

d a iw 2 1 _6721'0.)2/56
(213) dz { b ] = 2ei(n) " (?) [ et2iwz/ec -1 ] [

where we defined

T Q¢

_ 2
z c(k z
~(3)- () (3)
€ c €
Since the problem that we consider is a two point boundary value problem, rather
than an initial value problem, we now introduce the propagators that satisfy

d . 1 z z -
(2.14) TP, 0(0.2) = “Hiw) (g’ ” (;2)) P: (0, 2),
?w,fi) (Oa 0) =L
Observe that the propagator depends on the mode k only through x = /k? + k3.

The matrix H depends on the fast variable z/e through the phases and on the even
faster variable z/¢? through the randomness v:

iw 1 _€—2icuz/6(m)
H(w,m) (Z; Vn) = myﬁ e+2iwz/é(5) 1
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From (2.14) it follows that we can express the propagator in the form

afu7}-g) (07 L) /8(&‘“)’,{) (07 L)
B (0.L) af, (0,L) |

Since the trace of H is zero it also follows that

P, .(0,L)= [

(215) |afw,n)|2 - Iﬁ(sw7n)|2 =1

The transmitted right going wave is defined in terms of the harmonic amplitude a
which solves

P (0,L) [ i(gﬁf“l;g)) ] _ { CVL(%Ok,L) } ;

therefore

; 29w, k)
(2.16) a(w,k, L) = o 0L

Y w,k)
Using (2.15) we derive the important energy conservation relation
(217) ja(w, k, L)|* + [b(w, k, 0)* = |e*d(w, k)%,

which in particular implies that the transmission coefficient 1/ afwﬁ) (0, L) is uniformly
bounded by one.

2.3. Integral representation for the transmitted wave. We now look at
the right propagating transmitted wave within a time window centered at time ¢¢ and
on the ¢ scale, that is, A(tg + e0,x, L). By Fourier inverse this quantity is given by

(2.18) A( tg +e0,%x,L)

/// —i¥ (tot+eo—kx—L/&(k)) a(w, k, L)w?dkdw.
27T6

The expression (2.16) for the transmitted front wave mode gives then the following
integral representation for the transmitted right-propagated wave component:

(2.19) to +e0,%x,L)

—i2 (to+eoc—k-x—L/e(r)) 24 w’k w2dkdw
—— - )(OL)( O, k)

Note that the corresponding expression for the pressure follows upon a scaling by
vV 1(K)/2, as can be easily seen from (2.8).

3. Review of O’Doherty—Anstey theory. Our objective is to understand
time-reversal of transmitted waves. It is therefore essential to have a precise descrip-
tion of the transmitted wave front. We review here the theory that describes this
front. The main result, the O’Doherty—Anstey formula, is presented in section 3.3.
Convergence of finite-dimensional distributions for the front wave is derived in section
3.1 using a moment argument as detailed in [9].
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3.1. Characterization of moments. From the integral expression (2.19) we
see that the transmission coefficients defined as 1/ afwyﬁ) (0, L) determine the trans-
mitted wave field. From the energy-conservation (2.17) it follows that the modulus
of this coefficient is bounded by one. It is important to note that the distribution of
the wave in time and space depends on the joint distribution of the transformed wave
over all frequencies w and lateral wave vectors k. We next illustrate that knowledge
of the joint moments of the transmitted wave for all finite combinations of different
frequencies and wave vectors is enough to characterize the distribution of the trans-
mitted wave in time and space. This follows from the fact that the expectations in
(3.1) have arguments that involve a finite number of frequencies and wave vectors. A
convenient way to characterize the finite-dimensional distributions of the scalar wave
is to compute the joint moments of order mq,... ,my,:

]E[A(tOJ +e01,X1, L)ml e A(toyn +E0n, Xn, L)m"],

which can be written in an integral form with respect to the variables wj;, k;;, 1 <
[<n, 1 <5< m:
)

—i S wsi (o
(3:-1) (M%Mﬂé (s lem@]

(wj,1:65,0)
X (EQm H @(wj’l, ij)) H w?,ldkj,ldwj»lv

where we defined

95,1
1>

n
m=_m,
=1
01 = 0(to, kji,x1) =toy — kju-x1 — L/e(kj0),

and the sum in the exponent and also the products are taken over all the distinct
frequencies and wave vectors, that is, over [ and 7, such that

1<i<n, 1<j<m.

Therefore, we are led to study the joint distribution of the transmission coefficients

1
€ 0.L = T(E“’j”ij)(o’ L)
a(wj,fij)( L)
for a finite number of frequencies and wave vectors. We now relabel these by w1, ... ,wp,
and ki, ..., ky,. First, consider the situation with the phase 6;; = 0. Then, if we can
characterize the limits
(3.2) B (75, ) (0.)+ TE, (0, 1)]

of all these finite-dimensional problems, we would have characterized all the finite-
dimensional distributions of the transmitted wave front in space and time. It is shown
in [9] for the one-dimensional case and in [8] for the layered case that the limit (3.2)
is

(3.3) E [ Tiwn e 0,0+ T e (0, 1)]
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where the coefficients T’s are solutions of the system of stochastic differential equa-
tions:

~ Ve
3.4 AT, .y = —w? J
( ) (“}J 7K’]) w] QE(HJ)2

T(wjv,{j)dz + 1w T(wj’,ij)dW(Z)

vV Yk;
E(Iﬁj)\/ﬁ
driven by a single standard Brownian motion W(z) and where the coefficient ~, is
given by

(3.5) o= [ Bl (s)lds = ((“))

C

and
(3.6) 'y:/o E[v(0)v(s)]ds.

Physically, this means that if we center the transmission coefficient with respect to
the random phase induced by the Brownian motion W, then the wave pulse is, to
leading order, deterministic. The technique for deriving this result entails writing an
expression for the multidimensional propagator that is associated with the frequencies
and wave vectors (wj, k;). It satisfies an equation that generalizes the one in (2.14) for
a single w, k. Using a diffusion approximation result one can show that this multidi-
mensional propagator converges in distribution to the solution of a multidimensional
linear stochastic differential equation. Using Ito calculus one then derives stochas-
tic differential equations that characterize the limiting transmission coefficients. One
then takes expectations of the products of such coefficients and deduces that the limit
is given by (3.3). Equation (3.4) admits the following explicit solution:

m _ w2 V&
Zmva ) 1),

as can be easily checked by applying Ito’s formula. Therefore, if we substitute 1/a°
for T in (2.19), we obtain a characterization of the distribution for the wave front.
This substitution leads to the correct asymptotic limit expression for the front also
in the case with a fast phase, that is, when 6, is nonzero. The small € limit for the
front is then obtained via a subsequent stationary phase argument [8, 23], which gives
the limit

(3.7) T(w’,i) (0,L) = exp (iw

(3.8) a(o,x,L) = (sp) 1im A(to +e0,x,L)

71«}0 —iw s(to k x) 7 2
= (sp) lim Tw,1)(0, L)p(w, k)wdkdw.
e—0 27‘(‘

Observe that this integral expression has the exact scaling required for computing a
two-dimensional stationary phase limit, and we compute this limit in the next section.

3.2. Stationary phase. The main contribution to the integral expression (3.8)
occurs at the stationary point that solves

9 (1
T Ok (506)) _ [ —x1+ Lkie(k) | _ 0

—x2 + Lkzé(ﬁl)
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which follows from equation (8.4.44) in [4]. It follows that the stationary lateral wave
vector, Ky, solves

x4/1 — K2
(3.9) Kyp = —— r

 C(ksp)L cL ’

where we have used (2.3) and defined

2 _ 1.2 2
F':sp - ksp,l + ksp,Z'

Recall that under assumption (2.12) the wave numbers are real. Solving (3.9) for k2
we find

P

We now substitute this explicit expression for ¢?x2, into (3.9) to find the stationary
point

ke () -

X) = ————.
* a2 + L2
We next substitute mgp in (3.5) and obtain

4

1 x[2)?
Vesp = | Y/ ’Y:<1+LQ> 0l
/1 —K2,E2

Finally, the value of the phase at the stationary point is given by

VR

C

b

G(to,ksp,x) = t() —

and we choose tg to cancel it:

C

to =

This corresponds to choosing ty to be the travel time from the source point at the
origin to the point of observation (x, L) under the constant effective medium sound

speed ¢. We also have
2
,ryrvsp - ,l 1+ ﬁ )
c(ksp)? &2 L2

and upon substitution in (3.7) we find

- vl x| 2 7 |x[?
T(wynsp)(o, L) = exp <zwé\/§ 1+ ? W(L) — W TEQ 1+ ? L.
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3.3. O’Doherty—Anstey formula. We have used the diffusion approximation
limit to obtain a joint description of the plane wave modes, and we next derive a
simple explicit formula for the limit of the transmitted wave using the method of
stationary phase. Applying the stationary phase result to (3.8) we find

a(o,x, L)

—two

2
: / e R (V-
= e e ° e ¢ iwe(w, Kgp)dw.
8m2e2./|x|2 + L2 P feup)
The corresponding limit expression for the transmitted front ag in a constant medium
is obtained by evaluating the above expression for v = 0; we find

ag(o,x,L) = )dw.

1 . .
e "“liwe(w, Ky
sy | ek

This, then gives the following.
THEOREM 3.1. In probability distribution the following characterization of the
transmitted wave process holds:

/Ix12 + L2
lim A <|X|+ + €0, X, L) =a(o,x, L),
c

e—0

where
d(avva) = [&0(-,X, L) *ND(L,x)] (U - Q(va)) ’

and we denote

2 7 ‘X|2
(3.10) D(L’x) =5z (1 + L2) L,

v (1 + LXP)
L2
V2

1 _g2 2
Np(s) = \/ﬂDe /2D?

(3.11) Orx) = W (L),

This result follows from the computations presented in sections 3.1 and 3.2 in
the same manner as in [9] (one-dimensional case) and [8] (stationary phase limit).
Observe that for L fixed only the random variable W (L) is needed to characterize the
probability distribution of the random field a(o,x, L). Recall that W (L) is a Gaussian
random variable with mean zero and variance L. Note therefore that the shape of the
front wave is given by the deterministic quantity

&0('7X, L) *ND(L)X).

This corresponds to a “diffusion” in time or a smearing of the transmitted wave
process via a convolution with the Gaussian function. This is often referred to as
stabilization of the front and has also been obtained in [17, 23]. In the derivation
presented there the shift by the Brownian motion W (L) is handled by centering the
front with respect to a random travel time. Thus, the front is observed in a frame
that is random and depends on the particular realization of the random medium.
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4. Time-reversal of transmitted front. We have discussed and characterized
precisely the transmitted wave front, and we can now start the mathematical analysis
of the time-reversal problem that we presented in detail in section 1.2. The time-
reversal mirror (TRM) is defined by its support function in time and space. The time
window on the ¢ scale is denoted by G1(o) and the spatial extent in the & scale by

G2 (x'),
G(o,x') = G1(0)Ga(x).
This means that the signal recorded at the TRM is given by
y(o,x') = A(ty +eo,ex’, L)G1(0)Ga(X'),

where we have evaluated the transmitted field on the € scale in time and space.
Observe that this corresponds to looking at the transmitted signal on the microscale or
¢ scale in a window centered at the time ¢y and around the position (x =0,z = L). We
find below that the appropriate choice for t{, is simply ¢;, = L/¢. This is a consequence
of locating the TRM in an e-neighborhood of x = 0. In practice the TRM will be
located in a neighborhood of some offset x¢; this introduces a modification that we
discuss in section 4.6.

4.1. Time-reversed signal at the mirror. The time-reversed signal at the
mirror is on the € scale given by

(o, x') =y(—o,x") = A(t{ — e0,ex’, L)G1(—0)Ga(X').
In order to obtain a convenient integral expression for the wave field propagated back

in the medium and evaluated at the original source plane we compute the specific
Fourier transform of the new source defined by :

= / / / ek f(4t — eg,ex’, L)G1(—0)Ga(x)dodx’

(o —kex') i (04K X )10 L)
[ [ [ [ ][ oD
X B ket < (6=L/eN) 2 qie gy }Gl(—U)Gg(x')dadx’

:27r ///meLf?('k’)
% {/ i(w'—w)(— O’)Gl dO’// —i(wk+w'k’)-x’ GQ(X’)dX/}

“’ L/C(K )) /Qdk/dw

I f s

(4.1) é w W' // —i(wk+w'k’)-x G2(X/)dx/ei%/(t{]—L/E(H/))w/gdk/dw/,

where we used the fact that A is real.

4.2. The diffracted field. We observe the backpropagated or diffracted field
at the plane z = 0, at the offset x, and at the time t; + eo. This is our quantity
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of interest, which we denote by S§, and it is obtained by applying (2.19) to the new
source ¢° given by (4.1):

—z “(ti+eo—k-x—L/¢(k))
x {52w5(w,k)}w2dkdw,

where T¢, ., (L,0) is the transmission coefficient from z = L to z = 0. Observe that we

rescale the new source by the multiplicative factor €2 as in (2.19). This scaling takes
into account the size of the TRM and is chosen such that our quantity of interest
becomes O(1). Using the definition of the propagator in (2.14) we find that the

transmission coefficient 77, (L, 0) satisfies

P, (0,L) [ - O(L’O) } _ [ way,g)l(L,O) ]

(w,r)

and therefore is given by

T(Ew,n) (L7 0) = = T(sw,m) (0’ L)

ag, (0, L)
After replacing 1° (w, k) by its integral representation (4.1) we find
Si( t1 + e0,x)

2// —iwo 71 (t1—k-x— L/c(ka)) (k-x)ei%(té)—L/E(n’))
(2m)8e

X ¢p(w', K) Gy(w—w) T (0,L) T(, ,)(0, L)

(w W)

X {//e_i(“’k"’“lk/)'x/Gg(x’)dx’} w?w?dk'dw’ dkdw.

A moment argument similar to the one given in section 3.1 shows that the diffusion
approximation limit is obtained by replacing the transmission coefficients T by their
corresponding coefficients T' given explicitly in (3.7). It then remains to apply the
stationary phase result to

hm St (t1 +e0,x%)

— (sp) lim ——— / / it =i (1 —kex—L/e(n)) i 2 (¢~ L/ ()

e—0 27T (262

- - o AR 2 LTS w2
x ¢, K) Gi(w—w)e "wnvs V- e L e g B W - i

X { / / ei<wk+W’k’>'X’G2(x')dx’}w’%?dk’dw’ dkdw.

In the same manner as in section 3.2 we can now apply the stationary phase theorem
with respect to the two phases t; —k-x— L/é(k) and t(, — L/é(k’). They give, respec-
tively, the stationary points kg, (x) = x/¢\/[x|? + L? and 7, = 0. The corresponding
“stationary phase times” are t(; 5,) = /|%|? + L?/¢ and t(q ) = L/¢. We denote the
limiting field by s;, and obtain the main result.
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THEOREM 4.1.

(4.2) sp(o,x):= lim Si(t(l sp) T €0,X)

o
7 h(w 0 Gl( ) —i(w'0(L,0)—wO(L,x))

B 167r4c4L\/|x|2 + 12 //

% o9 Dlo) e’ D(Lﬁx)GQ(—wksp)ww’dwdw’,

with the quantities D3 and 0 defined in (3.10) and (3.11).

4.3. Focusing functionals. If the TRM had covered the whole plane z = L,
then the backpropagated wave would refocus tightly at the original source point;
that is, sy, (o,x) would be supported near x = 0. If the mirror is very small, as in
our scaling, the refocusing becomes poor in the deterministic case. The fascinating
phenomenon that we discuss next is that the random medium fluctuations give a
refocused pulse also in the case with a very small aperture or spatial support of the
TRM.

We now write the diffracted field (4.2) in terms of an integral of the initial time
pulse by introducing a focusing functional H(s,x; o, L).

DEFINITION 4.2. We define

(4.3) H(s,x;0,L) = 4772 // i) G (0 — o) Ga(—wksp)

{ —i(w’ 0(L,0)—wb(L, x>) —w’ D(L 0)e W D(L x)}ww/dwdw/,
with C = 1/(4w2¢*L) and r* = |x|? + L?.
Using this definition we obtain the following representation of the time-reversed,

repropagated, and refocused pulse.
LEMMA 4.3. The refocused field is given by

sp(o,x) = g/qﬁ(s) H(s,x;0,L)ds,

where the time pulse ¢ is given by

1 ~ .
= %/gb(w’,O)ew *ds.

In the deterministic case the term in the curly brackets in (4.3) is identically equal
to one. In the random case this term plays a crucial role; it will enhance the decay in
x of the focusing functional H. Note that if we denote by Hg the focusing functional
in the deterministic case by

-1 - -
Ho(s,x;0,L) = 7//6_2(“) ) G (W — W) G (—wkep )ww' dwdw,
(2m)?
then in the random case it is given by

H(S7 X; 07 L) = HO(S + 9(L,0)7 X; g — H(L,X))? L) *S ND(L’[)) *0’ ND(L,x)’

where we differentiate between the commuting convolutions with respect to s and o.
Therefore, the effect of the randomness in the medium can be described as introducing
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a new or effective focusing functional. It is obtained from the one in the deterministic
case by convolution with deterministic Gaussian functions with respect to the time
arguments and random shifts 07, xy and 0, o) in these arguments. As we show below,
the fact that one of the Gaussian functions in the convolution has an |x| dependent
width will give the focusing enhancement. By making the change of variables @ =
w — ' and integrating with respect to & we find

1
2

. 22
% {e—zu(O(L,o)—G(L,x))efw DL } wdw *, ND(L 0

H(s,x;0,L) = /e_i‘*’(‘”'s) [—iG1 (s + 0(1,0)) — wG1(s + 0(1,0))] Ga(—wkyy)

For simplicity we assume here that the mirror function Ga(x) is rotationally invariant
and relabel it Ga(|x]). When we then carry out the w integration we obtain the
following.

THEOREM 4.4. The focusing functional is given by

0 02
H(S,X; o, L) = |:Gll(8 + H(L,O))% + Gl(S + G(L’O))W:|

—v 1
X /G2 < ) —ND o8+ +01,0) = Owx) —v)dvss Np ., ),

Rsp /) Rsp

and the random fluctuations in the medium correspond to the following:
(i) an effective enhancement of the spatial support of Go through convolution with a
Gaussian with variance given by (3.10):

2 _ x| )
D(L,x) — @ (1 + _[/2> IJ7

(ii) a random displacement of the TRM given by

iy = Oy — B = YL (1 XE
(4.4) Q(L,x) = H(L,x) Q(L,O) = PN 1+ 72 W(L),

where we have used (3.11).

4.4. Effective aperture. To obtain a more explicit characterization of the fo-
cusing we consider the case with the mirror being Gaussian in space and the identity
in time:

Gl(S) = 1,
G2(v) = Na(v),
where the positive parameter a gives the size of the mirror (in the ¢ scale). Then we
find
a2NA(L,x) (s+o— e_(L,x))
Ds? ’

H(s,x;0,L) =

with Az x) being defined by

45 A2 — k2 424 D2 D2722£2@
(4.5) (L) = sp@” + D) + Dipo) = Fepa” + 55 (24 77 |-
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We write this as
L 2 2
(46) A(L x) == ET + Hspaeffv

where we defined the x dependent effective aperture, or more precisely the effective
size of the mirror Gy, by
L |x[?
eff = (l + — 1 + ? .

From (4.4) we find that the wave field on the source plane is characterized by

c 82
sp(o,x) = /q’) S)Na (8 +0— O(1%))ds.

Finally, it is convenient to consider the case with a Gaussian source pulse ¢(s) with
standard deviation denoted by T'. In this case we define

(4.7) Al =T+ A% o,
and we write
C 0? -
sp(o,x) = ?@NA@,X) (0 —0ix)-

We look at the diffracted field at a given time, say a “snapshot” at ¢ = 0, and by a
simple explicit calculation we find

(4.8) s1(0,%) ¢c__1! ( 1+ e, “)g@'& /AL 0
: L\U,X) = ————— 5 x ).
r \/QWAZ()’L’X) A

(L,x)
The diffraction field in the homogeneous case is obtained by letting v = 0. It is given
explicitly by
-C
27 (T2 + mgpa2)3/2.

Recall that

_
sp =
= [xI* + L%,

so that for large offsets |x| the amplitude of the diffracted field decays as 1/r, that is,
as 1/|x| for L fixed. This slow decay reflects the smallness of the mirror; it corresponds
to the diffraction limit with the mirror effectively having point support in space. We
contrast this decay with the decay in the random case when the diffracted field is
given by (4.8). Observe that for |x| large we have

02
0Ly WL

P} )
A(Lx) L

(4.9)

which, in distribution, is the square of a standardized Gaussian random variable. The
main difference from the homogeneous case is that in the random case (with v > 0)
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AL x) is O(|x|), and not O(1). Therefore, from (4.8), we find that the diffracted field
decays as 1/|x|*. Thus, we can conclude that in this sense the random medium gives
a better refocusing (or “beats the diffraction limit”).

LEMMA 4.5. For a fized distance of propagation L, the time-reversed diffracted
field (4.8) decays as 1/|x| in the homogeneous case and as 1/|x|* in the random case
(with v > 0).

4.5. Numerical illustration. From (4.8) and (4.9) we see that upon a normal-

ization by the factor
P
gi _1 + @ e*é?L,x)/A%L,x)
T V2m Al

the term A(ﬁx) characterizes the lateral decay or the focusing of the diffracted field

s.(0,x). It is convenient to rewrite A%L,x) in terms of nondimensionalized variables.
From (4.6) and (4.7) we find

2142 2
A2 _ 2 a’|x?| L x|
A(L,X) =T (1 + 128272 + 2622 (2 + 7.2 :

We now introduce the wave length A = ¢I', and we define the nondimensionalized
variables

_ a0 x| ~
a = — r= — =
N L

vL
2027

These quantities correspond, respectively, to the relative magnitudes of the aper-
ture, the offset, and the medium fluctuations. In terms of these variables the quantity
of interest A(f’ x) can be written
~2

1422

F(z;a,7) =T° <1+a2 +&(2+:z2)>.

In order to compare the diffracted fields in the homogeneous and random cases we
normalize F by its value at the origin. In Figure 4.1 we plot

F(z;a,

F(0:a.9)

Q|
|-
S—

for various parameter values.

e In the top plot we show the case with a narrow aperture, @ = 1/100. The
dotted, dashed, and solid lines correspond, respectively, to the deterministic,
weak noise (¥ = 1/100), and strong noise (¥ = 100) cases. The dotted line
shows that in the deterministic case there is no spatial focusing relative to
the geometrical spreading of the deterministic medium; the mirror acts as a
point source. However, random modulation in the medium creates focusing
since wave energy “traveling obliquely” relative to the layering is spread out
relatively more due to the scattering.

e In the bottom plot we show the case with a wide aperture, with @ = 100. In
this case we have focusing also in the deterministic case; however, for large
lateral offset the amplitude is still damped dramatically more in the random
cases.
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Relative focusing

Fic. 4.1. In this figure the dotted, dashed, and solid lines correspond, respectively, to the
homogeneous, weak noise and strong noise cases. The lines plot the relative focusing of the diffracted
field as a function of the offset. The top figure illustrates the case with a narrow aperture where
there is no focusing relative to the point source case for the homogeneous medium, while even in
this regime randomness creates focusing. The bottom figure illustrates the case with a wide aperture
where there is some focusing even in the homogeneous case. Note that in both cases the randomness
in the medium tmproves the decay of the diffracted field.

4.6. Generalization to the off-axis mirror case. The motivation for this
generalization is that in the context of applications to imaging, the mirror might
be located off the axis of the source. We find that the decay of wave energy with
respect to the mirror off-axis displacement is faster in the random case than in the
homogeneous case. In this sense randomness improves the resolution in the source
location problem.

We position the mirror off the axis of the source at the location (d, L). This means
simply that we shift the mirror function Gs. In section 4, Go(x’) is therefore replaced
by Ga(x' — d/e) since G is defined relative to the e scale and the displacement of
the mirror is O(1). When we make this modification and repeat the calculations in
section 4 we find that the diffracted field in (4.2) becomes

-1 I 3
, — —iwo /70 G o
51(7:%) 167r464\/L2+|d|2\/|x—d|2+L2//e P20) Grlw —w)

o 22 22 .
x e (Wl el xa) =P e Pl Gy (—wkyy — W'k, Jww'dwdw’,
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where the modified stationary points are defined by

x—d
c/(x—d)2+L?
d
ev/d2 + L2
Note that the times have been evaluated according to the stationary points as before.

Following the analysis of section 4.3 we find that the main effect of randomness is
captured by the Gaussian exponentials

kop =

o
ky, =

_'2D? —W?D?
e (L,d)e (Lx—d)

which create fast decay with respect to the off-axis displacement |d|.

5. Comments and conclusions. We have considered the phenomenon of su-
perresolution in the context of waves propagating from a point source in a randomly
layered medium. In the regime of separation of scales we have obtained a precise
description of the transmitted coherent field and also of the time-reversed and back-
propagated field, that is, the diffracted field. Our main interest has been in charac-
terizing the spatial focusing properties of this diffracted field. We have shown that
randomness improves the focusing. The reason for this improvement is a spreading
in time of the coherent field. This spreading increases with the lateral offset from
the source point. Observe that this is the mechanism that generates superresolution,
rather than multipathing effect, which is essential in the regime corresponding to the
parabolic wave approximation [5, 21]. In the layered case the random fluctuations
in the medium create randomness in the travel time of the coherent field, and the
main effect of time-reversal is to compensate for this random time shift. This is in
contrast with the parabolic approximation regime where time-reversal is crucial in the
refocusing enhancement.

In this paper we have considered only the coherent part of the wave field. In the
regime that we consider with layered medium fluctuations, strong incoherent wave
components are generated by the scattering. These wave fluctuations can be ob-
served in the coda of the transmitted field or in the incoherent reflected waves; this
has been analyzed in [1]. Time-reversal of such incoherent waves is a very interesting
problem. For the reflected field this has been considered in [10, 18, 22]. For appli-
cations to imaging and communication, time-reversal of the transmitted incoherent
field is important. The one-dimensional case with dispersive waves is studied in [12].
The general layered case is the topic of a forthcoming paper.
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