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PULSE PROPAGATION AND TIME REVERSAL IN RANDOM
WAVEGUIDES*

JOSSELIN GARNIERT AND GEORGE PAPANICOLAOU*

Abstract. Mode coupling in a random waveguide can be analyzed with asymptotic analysis
based on separation of scales when the propagation distance is large compared to the size of the
random inhomogeneities, which have small variance, and when the wavelength is comparable to the
scale of the inhomogeneities. In this paper we study the asymptotic form of the joint distribution
of the mode amplitudes at different frequencies. We derive a deterministic system of transport
equations that describe the evolution of mode powers. This result is applied to the computations of
pulse spreading in a random waveguide. It is also applied to the analysis of time reversal in a random
waveguide. We show that randomness enhances spatial refocusing and that diffraction-limited focal
spots can be obtained even with small-size time-reversal mirrors. The refocused field is statistically
stable for broadband pulses in general. We show here that it is also stable for narrowband pulses,
provided that the time-reversal mirror is large enough.
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1. Introduction. In a perfect waveguide, energy propagates through its guided
wave modes, which do not interact with each other. Imperfections in the mate-
rial or in the geometrical properties of the waveguide induce mode coupling. These
imperfections are usually small, but their effects accumulate over large propagation
distances and can be significant. In this paper we consider wave propagation in
an acoustic waveguide whose bulk modulus is a three-dimensional random function.
Using the propagating modes of the unperturbed waveguide, we can reduce the three-
dimensional wave propagation problem to the analysis of a system of coupled ordinary
differential equations with random coefficients. It is in the frequency domain that the
mode amplitudes satisfy these differential equations. We can analyze them as a sys-
tem of random differential equations in a diffusion approximation, in which the mode
amplitudes are a multidimensional diffusion process. This coupled mode asymptotic
analysis was considered previously for applications in underwater acoustics [14, 5],
fiber optics [17], and quantum mechanics [11].

The main purpose of this paper is to analyze the asymptotic behavior of the
coupled mode amplitudes in the time domain. This requires the analysis of the joint
distribution of the mode amplitudes at two nearby frequencies, which results in a
system of transport equations for the mode powers. This is done in section 6. In
section 7 we apply this result to the analysis of pulse spreading in a random waveguide.

In section 8 we consider time reversal in a random waveguide and present the
first analysis of the phenomenon of side-lobe suppression, which has been observed in
experiments [15] and in numerical simulations [2]. Side-lobe suppression is the main
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TIME REVERSAL IN RANDOM WAVEGUIDES 1719

application of our asymptotic analysis. Time-reversal refocusing has been studied
extensively both experimentally and theoretically, in various contexts such as in ul-
trasound and underwater acoustics, as reviewed in (7, 8]. A time-reversal mirror is an
active array of transducers that records a signal, time reverses it, and re-emits it into
the medium. The waves generated at the time-reversal mirror propagate back to their
source and focus near it, as if wave propagation was run in reverse time. Surprisingly,
random inhomogeneities enhance the refocusing of the time-reversed waves near the
original source location [4, 8]. Ultrasonic wave propagation and time reversal in homo-
geneous waveguides is studied experimentally and theoretically in [22]. Time-reversal
refocusing was experimentally investigated in underwater acoustics in [15, 23], where
the random inhomogeneities in the environment reduce the side-lobes that are seen
in refocusing in a homogeneous waveguide.

In addition to enhanced refocusing and side-lobe suppression, statistical stabil-
ity of the refocused field is critical for applications in communications and detection.
Statistical stability means that the refocused field does not depend on the particu-
lar realization of the random medium. It has been studied in broadband regimes of
propagation in one-dimensional random media [3, 10], in three-dimensional randomly
layered media [9, 10], and in three-dimensional wave propagation in the paraxial ap-
proximation [2, 21]. Stabilization of the refocused field for broadband pulses results
from the superposition of its many approximately uncorrelated frequency components.
We show in section 8 that in random waveguides we have statistical stability of the
refocused field even for narrowband pulses, provided that the number of propagating
modes and the size of the time-reversal mirror are large enough.

2. Propagation in homogeneous waveguides. In this section we study wave
propagation in an acoustic waveguide that supports a finite number of propagating
modes. In an ideal waveguide the geometric structure and the medium parameters can
have a general form in the transverse directions but must be homogeneous along the
waveguide axis. There are two general types of ideal waveguides: those that surround
a homogeneous region with a confining boundary, and those in which the confinement
is achieved with a transversely varying index of refraction. We will present the anal-
ysis of the effects of random perturbations on waveguides of the first type and will
illustrate specific results with a planar waveguide. The main difference in working
with waveguides of the second type is that the transverse wave mode profiles depend
on the frequency, but this does not affect the theory we present here.

2.1. Modeling of the waveguide. We consider linear acoustic waves propa-
gating in three space dimensions modeled by the system of wave equations

ou B 1 9Op B
(2.1) p(r)aJer—F, K(P)EJrV~u—O7

where p is the acoustic pressure, u is the acoustic velocity, p is the density of the
medium, and K is the bulk modulus. The source is modeled by the forcing term
F(t,r). We assume that the transverse profile of the waveguide is a simply connected
region D in two dimensions. The direction of propagation along the waveguide axis
is z and the transverse coordinates are denoted by x € D. In the interior of the
waveguide the medium parameters are homogeneous:

plr)=p, K(@)=K forxeDandzeR.
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1720 JOSSELIN GARNIER AND GEORGE PAPANICOLAOU

By differentiating the second equation of (2.1) with respect to time and substituting
the first equation into it, we get the standard wave equation for the pressure field,

1 0%

P -V E

(2.2)
where A = A) + 0% and A, is the transverse Laplacian. The sound speed is ¢ =
VK /p. We must now prescribe boundary conditions on the boundary 9D of the
domain D. In underwater acoustics, or in seismic wave propagation, the density
is much smaller outside than inside the waveguide. This means that we must use
a pressure release boundary condition since the pressure is very weak outside, and
therefore, by continuity, the pressure is zero just inside the waveguide. Motivated by
such examples, we will use Dirichlet boundary conditions

(2.3) p(t,x,2) =0 forx € 9D and z € R.

We could also consider other types of boundary conditions if, for example, the bound-
ary of the waveguide is a rigid wall, in which case the normal velocity vanishes. By
(2.1) we obtain Neumann boundary conditions for the pressure.

2.2. The propagating and evanescent modes. A waveguide mode is a mono-
chromatic wave p(t,x, z) = p(w, x, z)e~ ! with frequency w, where p(w, x, z) satisfies
the time harmonic form of the wave equation (2.2) without a source term:

(2.4) 0?p(w, x,2) + AL p(w, X, 2) + k2 (w)p(w,x, 2) = 0.

Here k = w/¢ is the wavenumber and we have Dirichlet boundary conditions on 9D.
The transverse Laplacian in D with Dirichlet boundary conditions on 9D is self-adjoint
in L?(D). Its spectrum is an infinite number of discrete eigenvalues

7AL¢J'(X) = /\j(ﬁj(X), X € D, gbj(x) = O7 x € 9D
for j = 1,2,.... The eigenvalues are positive and nondecreasing, and we assume for
simplicity that they are simple, so we have 0 < A\; < A2 < ---. The eigenmodes are

real and form an orthonormal set
/ ¢;(x) i (x)dx = 61,
D

with 6;; = 1 if j = [ and 0 otherwise. For a given frequency w, there exists a unique
integer N (w) such that Ay () < k*(w) < An(w)+1, With the convention that N(w) = 0
if A1 > k(w). The modal wavenumbers (3;(w) > 0 for j < N(w) are defined by

(2.5) B3 (w) = k*w) = X

The solutions p;(w,x,2) = ¢;(x)e*Pi@)z j =1 ... N(w), of the wave equation
(2.4) are the propagating waveguide modes. For j > N(w) we define the modal
wavenumbers 3;(w) > 0 by Bf(w) = )\; — k*(w), and the corresponding solutions
4j(w,x,2) = ¢;(x)etFi (@7 of the wave equation (2.4) are the evanescent modes.

In this paper we shall illustrate some results for the planar waveguide. This is the
case where D is (0,d) x R, and we consider only solutions that depend on z € (0, d).
In this case we have \; = 72j2/d?, ¢;(x) = \/2/dsin (rjz/d), j > 1, and the number
of propagating modes is N(w) = [(wd)/(w¢)], where [z] is the integer part of x.
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2.3. Excitation conditions for a source. We consider a point-like source
located at (xg,z = 0) that emits a signal with orientation in the z-direction:

F(t,x,z) = f(t)6(x —x0)6(2)e. .

Here e, is the unit vector pointing in the z-direction. By the first equation of (2.1),
this source term implies that the pressure satisfies the following jump conditions across
the plane z = 0:

Plw,x,2=07) = plw,x,2 = 07) = f(w)é(x —x0),

while the second equation of (2.1) implies that there is no jump in the longitudinal
velocity so that the pressure field also satisfies 8.p(w,x, z = 07) = d,p(w,x,2 = 07).
Here f is the Fourier transform of f with respect to time:

= [foetan 50 = o= [ Fee s,

The pressure field can be written as a superposition of the complete set of modes,

N
~ _ a“j(w) zﬁ z (.d 75,‘,2
(w,x,2) = — =" 9j(x 7765 (%) | 0,000 (2)
’ > e 3 A o)

N -
bj(w) efzﬁjz w sz (x 1 Py
+ jz::l \/m ¢J ; %:-H /rj ¢)J( ) (—0010)( )v
where a; is the amplitude of the jth right-going mode propagating in the right half-
space z > 0, Z)j is the amplitude of the jth left-going mode propagating in the left
half-space z < 0, and ¢é; (resp., czj) is the amplitude of the jth right-going (resp.,
left-going) evanescent mode. Substituting this expansion into the jump conditions,
multiplying by ¢;(x), integrating with respect to x over D, and using the orthogonality
of the modes, we express the mode amplitudes in terms of the source:

,0) = by = Y5 o), e(0) = dite) = B iy xo).

3. Mode coupling in random waveguides. We consider a randomly per-
turbed waveguide section occupying the region z € [0, L/e?], with two homogeneous
waveguides occupying the two half-spaces z < 0 and z > L/e2. The bulk modulus
and the density have the form
(1+ev(x,2)) for xeD, ze€l0,L/e?,

for xe€D, z€ (—00,0)U(L/e? 00),
px,z)=p for xe€D, z¢€(—o0,00),

2
Ny

\
——
== ==

where v is a zero-mean, stationary, and ergodic random process with respect to the
axis coordinate z. Moreover, it is assumed to possess enough decorrelation; more
precisely, it fulfills the condition that “v is ¢-mixing, with ¢ € L'/2(R*)” [16, section
4.6.2].
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1722 JOSSELIN GARNIER AND GEORGE PAPANICOLAOU

The perturbed wave equation satisfied by the pressure field is

1+ev(x,2) 0%

(3.1) Ap = 2 = V-F,

where the average sound speed is ¢ = \/K/p. The pressure field also satisfies the
boundary conditions (2.3). We consider that a point-like source located at (xg,0)
emits a pulse f(t) and we denote by a;0(w) the initial mode amplitudes as described
in the previous section. The weak fluctuations of the medium parameters induce a
coupling between the propagating modes, as well as between propagating and evanes-
cent modes, which build up and become of order one after a propagation distance of
order 72, as expected from the diffusion approximation theory.

3.1. Coupled amplitude equations. We fix the frequency w and expand the
field p inside the randomly perturbed waveguide in terms of the transverse eigenmodes,

(3.2) plw, %, 2) Z ¢ (x)pj(w,z) + | Z ¢j(x)d;(w, 2),

=N(w)+1

where p; is the amplitude of the jth propagating mode and §; is the amplitude of the
Jjth evanescent mode. We introduce the right-going and left-going mode amplitudes
4;(w, z) and b;(w, ), defined by

1 . N db.: . o
s (djelﬁjz _|_bje—13jz) ’ ap;j =i\/B; <&jelﬁjz _ bje—zﬂjz)

p] - A /ﬂj dZ
for j < N(w). The total field p satisfies the time harmonic wave equation
(3.3) AR, %, ) + K2 (@) (1 + 2v(x, 2))p(w, %, 2) = 0.

Using (3.2) in this equation, multiplying it by ¢;(x), and integrating over x € D,
we deduce from the orthogonality of the eigenmodes (¢;);>1 the following system of
coupled differential equations for the mode amplitudes:

da;  ick? Cii(z) ; _ P .
(34) -1 = J &lel(ﬁl_ﬁj)z + ble_l(ﬁl‘i‘ﬁg)z ,
dz 1SZZ§N B, ( )
db; _ ik’ Cit(2) (= iBi+8:)2 | § i(Bs—B)=
(35) E = _T Z T (ale J + ble J ) ,
1<I<KN J
where
(3.6) le(z):/Dghj(x)d)l(x)l/(x,z)dx

and we have neglected the evanescent modes. The system (3.4)—(3.5) is complemented
with the boundary conditions

(37) b0 =) b (. 5) =0

for the propagating modes. The second condition indicates that no wave is incoming
from the right.
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It is possible to carry out a complete asymptotic analysis, including the coupling
with the evanescent modes, in a general context of random ordinary differential equa-
tions [20], and specifically for random waveguide problems [13, 12] and shallow water
waves [18]. The evanescent modes do affect the propagation statistics in the asymp-
totic regime considered here. A detailed asymptotic analysis shows, however, that the
coupling with evanescent modes does not remove energy from the propagating modes.
This coupling changes only the frequency-dependent phases of the propagating mode
amplitudes. The overall effect for these modes is an additional dispersive term, which
is given in terms of the two-point statistics of the random process v, in the same
asymptotic regime as the one considered here. This effective dispersion affects the
operator L for the statistics of the complex mode amplitudes in (4.1) but not the
operator Lp for their square modulus in (4.10). Therefore, all results that involve
the propagation of energy, which includes nearly all results presented here, are not
affected by the evanescent modes. We indicate in the following where the results are
affected and refer to [12] for their form when full evanescent coupling is included.

3.2. Propagator matrices. We introduce the rescaled propagating mode am-

plitudes a5, be,j=1,..., N(w), given by

J,
(3.8) i (w,2) = @ (w, 5%) . b(w,2) = b (w, 632) .

The two-point linear boundary value problem (3.4), (3.5), (3.7) for (a,b°) can be
solved using propagator matrices. We first put the problem in vector-matrix form:

dX; 1 i) e
Here the 2N (w)-vector X

(3.9)

2

—“H, (
dz €

<, obtained by concatenating the N (w)-vectors a¢ and b

and the 2N (w) X 2N (w) matrix H,, is defined by

coy [ 0@2) _[BEYe B
(3.10) X (z) = { b (w, 2) } , H,(z) = [ Hﬁf’)(z) H&“)(Z) ;

where the entries of the N(w) x N(w) matrices H&a)(z) and Hg’)(z) are given by

- 2 O
(311 B2 = ik Cj(z) ¢z g® () = 7 Cii(2) —ipi+8,)=

¢(z) are the 2N (w) x 2N (w) random matrices solution of

The propagator matrices P
the initial value problem

aPe 1 2
3.12 © _ ZH, (7) P:
( ) dz € e2) v

with the initial condition P2 (z = 0) = I. The solution of (3.4), (3.5), (3.7) satisfies

(3.13) [ e, I) ] =P (L) { Bf‘fffg) } ,

so that a°(w, L) can be expressed in terms of the entries of the propagator matrix
P¢ (L). The symmetry relation (3.10) satisfied by the matrix H,, imposes the condi-
tion that the propagator has the form

P (x) PS(2) ]

(3.14) P (2) = Ps,b(z) m
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1724 JOSSELIN GARNIER AND GEORGE PAPANICOLAOU

where P£¢%(z) and P5°(2) are N(w) x N(w) matrices. Note that the matrix PZ®
describes the coupling between different right-going modes, while P%® describes the
coupling between right-going and left-going modes.

3.3. The forward scattering approximation. The limit as ¢ — 0 of P¢, can
be obtained and identified as a multidimensional diffusion process, meaning that the
entries of the limit matrix satisfy a system of linear stochastic differential equations.
This follows from the application of the diffusion-approximation theorem proved in
[19]. The stochastic differential equations for the limit entries of P£(z) are coupled
to the limit entries of P%%(z) through the coefficients

/ T EC(0)C(2)] cos(B (@) + Bi(w))2) dz jl=1,..., N(w).

This is because the phase factors present in the matrix H&b)(z) are £(8; + 4;)z. On
the other hand, the stochastic differential equations for the limit entries of P%%(z)
are coupled to each other through the coefficients

/000 E[C;1(0)Cji(2)] cos((Bj(w) — Bi(w))z)dz, 4, l=1,...,N(w).

This is because the phase factors present in the matrix HY (2) are £(B; — B1)z. If we
assume that the power spectral density of the process v (i.e., the Fourier transform
of its z-autocorrelation function) possesses a cut-off frequency, then it is natural to
consider the case where

(3.15) /Ooo E[C(0)Cji(2)] cos((B(w) + Bi(w))z) dz =0, j,l=1,...,N(w),

while (at least) some of the intracoupling coefficients (those with |j — 1| = 1) are not
zero. As a result of this assumption, the asymptotic coupling between P%%(z) and
P£,°(2) becomes zero. If we also take into account the initial condition P°(z = 0) =
0, then the limit of P%?(z) is 0.

In the forward scattering approximation, we neglect the left-going (backward)
propagating modes. As we have just seen, it is valid in the limit ¢ — 0 when the
condition (3.15) holds. In this case we can consider the simplified coupled mode
equation given by

da*

1 z
= (a) 4o
(3.16) 2 EH (82)(1 ,

where H(" is the N(w) x N(w) complex matrix given by (3.11). The system (3.16)

is provided with the initial condition @5(w,2 = 0) = d;,0(w). Note that the matrix

H' is skew Hermitian, which implies the conservation relation Zj\]:l \d;(L)|2 =
Z;V:l laj0l?. We finally introduce the transfer, or propagator matrix T¢(w, z), which
is the fundamental solution of (3.16). It is the N(w) x N(w) matrix solution of

d 1 z
g J— (a) £
(3.17) —dZT (w, 2) EHw (;) T (w, 2),

starting from T¢(w,0) = I. The (j,)-entry of the transfer matrix is the transmission
coefficient 15 (w, L), i.e., the output amplitude of the mode j when the input wave is
a pure [ mode with amplitude one. The transfer matrix T¢(w, L) is unitary because

H&a) is skew Hermitian.
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4. The time harmonic problem. In this section we consider the system of
random differential equations (3.16) for a single frequency w. Most of the results
presented in this section can be found in [14] and are known collectively as the “coupled
mode theory.” We reproduce this theory because the original two-frequency analysis
presented in the next section will give a new point of view on it.

4.1. The coupled mode diffusion process. We now apply the diffusion ap-
proximation theorem [19] to the system (3.16). The limit distribution of 4° as ¢ — 0
is a diffusion on CV(“). We will assume that the longitudinal wavenumbers B;, along
with their sums and differences, are distinct. In this case the infinitesimal generator
of the limit & has a simple form, provided we write it in terms of @ and & rather than
in terms of the real and imaginary parts of a. We get the following result.

PROPOSITION 4.1. The mode amplitudes (&;(w,z))j:l,w]v converge in distribu-
tion as € — 0 to the diffusion process (G;(w, z))j=1,....n, whose infinitesimal generator
is

Zr@ (Aj Ay + A An) + Zr w)A;; Ay

J#l
(4.1) 4 Zr W) (A — Aj),

J#l

g =0 —_
4.2 Ay =0;— —a— = —Ay; .
(4.2) jl = aj da, alaaj lj

Here we have defined the complex derivatives in the standard way: if z = x + iy, then
= (1/2)(9, —i9,) and 9z = (1/2)(0x + i0,). The coefficients T(9), T'*) and TV
are given by
(e)

W OW)
(4.3) FE-C)(w):L ifitl, 9w r(©
t ) = S ()6 @) ;

(44)  AOw) =2 /Omcos«ﬁj(w)—mw))z)E[Cﬂ<o>cﬂ<z>1dz7

WP (W)

(45  TWw) = 50 (5 @)

gl

ifi#l, T w) ==Y 1¢ W),
n#j

(46) 7w = 2/000 sin ((8;(w) = Bi(w))2) E[C:(0)Ci(2)]dz,
(1)
wl Yji

4e4f;(w) Bi(w)
(4.8) MO / E[C;;(0)Cu()]dz
0

Let us discuss some qualitative properties of the diffusion process a.

(1) The coefficients of the second derivatives of the generator £ are homogeneous
of degree two, while the coefficients of the first derivatives are homogeneous of degree
one. As a consequence we can write closed differential equations for moments of any
order, as we shall see in the next sections.

47 TP = for all 4,1,

(2) The coefficients 'y;lc), and thus Fﬁ), are proportional to the power spectral
densities of the stationary process Cj;(z) for j # [. They are, therefore, nonnegative.
In this paper we assume that the off-diagonal entries of the matrix I'(®) are positive.
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1726 JOSSELIN GARNIER AND GEORGE PAPANICOLAOU

(3) We have Aj, ( Zfil |ai|?) = 0 for any j,n, so that the infinitesimal generator
satisfies E(Zfil la;|?) = 0. This implies that the diffusion process is supported
on a sphere of CV, whose radius Ry is determined by the initial condition RZ =
Z{il la0(w)|?. The operator £ is not self-adjoint on the sphere because of the term
') in (4.1). This means that the process is not reversible. However, the uniform
measure on the sphere is invariant, and the generator is strongly elliptic. From the
theory of irreducible Markov processes with compact state space, we know that the
process is ergodic, which means in particular that for large z, the limit process a(z)
converges to the uniform distribution over the sphere of radius Ry. This fact can be
used to compute the limit distribution of the mode powers (|a;|?);=1,... .~ for large z,
which is the uniform distribution over Hy,

(4.9) Hy = (Pj)j=1..x, P} >0, P =Rj

In the next section we carry out a more detailed analysis that is valid for any z.

(4) As noted at the end of section 3.1, coupling to the evanescent modes does
affect £ in (4.1). All the coefficients (4.3)—(4.8) remain the same except for Fﬁ) (w)
n (4.5) which has an additional term [12]. This modification affects (6.1) and (6.7)
in the following sections.

4.2. Coupled power equations. The generator of the limit process a possesses
an important symmetry, which follows from noting that, when applying the generator
to a function of (|a1|?,...,|ax|?), we obtain another function of (|ai|?,...,|ax]|?).
This implies that the limit process (|a1(2)|?);j=1,....~ is itself a Markov process.

PROPOSITION 4.2. The mode powers (|a5(w, z)[*)j=1,...n converge in distribution
as € — to the diffusion process (Pj(w, 2))j=1,...,n, whose infinitesimal generator is

(©) (4 0 _ 9\ 9 _py 2
(4.10) EP;F { (8]3 8Pl> an+(Pl Pj)apj

As pointed out above, the diffusion process (P;(w, 2)),=1,...,n is supported in H .
As a first application of this result, we compute the mean mode powers:

1
PP (. 2) = E[P;(, 2) = I El|a5(w. 2]
Using the generator Lp we get the following proposition.

PROPOSITION 4.3. The mean mode powers E[|a$(w, z)|*] converge to Pj(l)(w,z),
which is the solution of the linear system

(1)
(4.11) S SETY ) (P00 - Y

n#j

starting from Pj(l)(w, z=0)=lajow)? j=1,...,N.

The solution of this system can be written in terms of the exponential of the
matrix I'(®) (w). We note that the vector P()(w, z) has a probabilistic interpretation,
which we consider in some detail in section 6.3. We give here some basic properties.
First, the matrix I'(¢) (w) is symmetric and real, its off-diagonal terms are positive,
and its diagonal terms are negative. The sums over the rows and columns are all
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zero. As a consequence of the Perron-Frobenius theorem, T'(®) (w) has zero as a simple
eigenvalue, and all other eigenvalues are negative. The eigenvector associated with
the zero eigenvalue is the uniform vector (1,...,1)T. This shows that

1
sup Pj(l)(w,z) — NR% < Ce#/ Leanin(@)
j=1,..N

where R2 = Zjvzl |aj0(w)? and Lequip(w) is the absolute value of the reciprocal of

the second eigenvalue of I'(¢) (w). In other words, the mean mode powers converge
exponentially fast to the uniform distribution, which means that we have asymptotic
equipartition of mode energy. The length Lequip(w) is the equipartition distance for
the mean mode powers.

4.3. Fluctuations theory. Proposition 4.2 also allows us to study the fluc-
tuations of the mode powers by looking at the fourth-order moments of the mode
amplitudes:

P (w,2) = lim E [|d5 (w, 2) ] (@, 2)] = E[P;(w, 2) Pi(w, 2)]

Using the generator Lp we get a system of ordinary differential equations for limit
fourth-order moments (PJ‘(?))J‘J:L--.,N of the form

ap?
i N7 (4p® _9p@
— =y rl) (ap 2P
n#j
P
U o S () S (), s

n

The initial conditions are Pj(f )(2 = 0) = |a0|?|aso|?. This is a system of linear ordi-
nary differential equations with constant coefficients that can be solved by computing
the exponent of the evolution matrix.

It is straightforward to check that the function Pj(l2 ) =1 + 65 is a stationary
solution of the fourth-order moment system. Using the positivity of FE?, j#£ 1, we
conclude that this stationary solution is asymptotically stable, which means that the
solution Pj(f)(z) starting from Pj(f)(z =0) = |a;,0|?|a0|* converges as z — 0o to

1
—— R} ifjAI
P(2) z2—00 N(N+1) 0 ! ]?é ’
o (2) — 2 4 e
Ry ifj=1,

N(N+1)

where R3 = Zjvzl lajol?. This implies that the correlation of P;j(z) and Pi(z) con-
verges to —1/(N —1)if j # 1 and to (N —1)/(N+1)if j =1 as z — oo. We see
from the j # [ result that if, in addition, the number of modes N becomes large, then
the mode powers become uncorrelated. The j = [ result shows that, whatever the
number of modes N, the mode powers P; are not statistically stable quantities.

5. Pulse propagation in waveguides. Bandwidth plays a basic role in the
propagation of pulses in a waveguide because of dispersion. We assume that a point
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source located inside the waveguide at (z = 0,x = Xg) emits a pulse with carrier
frequency wo and bandwidth of order £

(5.1)  F(tx2) = 06— x)b(es.  [H(H) = fED.

We have assumed in this model a narrowband source whose duration is of order e™=,
that is, of the same order as the travel time through the waveguide whose length
is L/e2. This is not the typical situation encountered in ultrasonic and underwater
sound experiments in connection with time reversal [22, 15], where broadband pulses
are used and, in the notation of this paper, f¢(t) = f(ePt)e’“o! with 0 < p < 2. The
analysis of these broadband regimes is carried out in [10]. The main results are similar
in the two regimes, except for those regarding statistical stability in time reversal. We
discuss this issue in sections 8.3 and 8.4, where we show that statistical stability in the
narrowband case (5.1) can be achieved by mode diversity rather than by frequency
diversity. The latter is typical for time-reversal refocusing of broadband pulses [10].
This is the reason that we consider the narrowband case in this paper.

The point source (5.1) generates left-going propagating modes that we do not
need to consider, as they propagate in a homogeneous half-space, and right-going
modes that we do analyze. As shown in section 2.3, the interface conditions at z = 0,
which are initial conditions in the forward scattering approximation, have the form

O)Z%\/mfs(@%(xo% @)= s2f<w wo)

for j < N(w). The transmitted field observed in the plane z = L/e? and at time t/&2
has the form

t L
pr(t7X,L) =D (62,X7 €2> ’

pfr(t X, L

w — Wwo

B, () L—wt
)¢1(X0)f <52 > jel(w)elﬁidw

47752/lzw \/7

We change variables w = wq + £2h and expand (3;(wo + £2h) with respect to e:

vitx D) = - | 5 Y )

7,l=1
A AChIE
(5.2) X F(R)TS (wp + e2h)el e il o) L=tlh g,
Here f3}(w) is the w-derivative of 3;(w). We do not show the dependence of N on wy
after we approximate N (wg + €2h) by N(wp).
In a homogeneous waveguide we have that T7; = 0, and

B (wo)L—wqt

(5.3) pE, (t,x, L) qu] x)¢j(xo)e’ = f (t = Bi(wo)L) .

The transmitted field is therefore a superposition of modes, each of which is centered
around its travel time (3}(wo)L. The modal dispersion makes the overall spreading of
the transmitted field linearly increasing with L.

In a random waveguide, the integral representation (5.2) shows that the moments
of the transmitted field depend on the joint statistics of the entries of the transfer
matrix at different frequencies. The next section will give the needed results.
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6. Statistics of the transfer matrix.

6.1. Single frequency statistics of the transfer matrix. Using Proposition
4.1 with the special initial conditions a;(0) = é;;, we obtain the first moments of the
transmission coeflicients.

PROPOSITION 6.1. The expectations of the transmission coefficients E[T5(w, L)]
converge to zero as € — 0 if j # | and to Tj(w, L) if j =1, where

(6.1) T;(w, L) = exp +

(e) 1 ()
_ I (W)L oy (W)L il (w)L
2 2 2 '

The real part of the exponential factor is [Fg»;) (w) — I‘%) (w)]L/2. The coefficient
I’§-;-) (w) is negative. The coefficient Fg;-) (w) is nonnegative because it is proportional
to the power spectral density of Cj; at zero-frequency. As a result, the damping
coefficient has a negative real part, and therefore the mean transmission coefficients
decay exponentially with propagation distance.

Using Proposition 4.3, we immediately get the following result.

PROPOSITION 6.2. The mean square moduli of the transmission coefficients have
limits as € — 0, lim. o E[|T5(w, L)]?] = ’Z}(l)(w,L), which are the solutions of the
system of linear equations

dT(l) c l l
T - Xrl(70-10), Tes=0 -
n#j

(6.2)

The coefficients I‘g?) are given by (4.3).
From the analysis of section 4.2, we know that the mean square moduli of the
entries of the transfer matrix converge exponentially fast to the constant 1/N.

6.2. Transport equations for the autocorrelation of the transfer matrix.
In many physically interesting contexts, such as in calculating the mean transmitted
intensity or the mean refocused field amplitude, we need two-frequency statistical
information. We now introduce a proposition that describes the two-frequency statis-
tical properties that we will need in the applications discussed in this paper.

PROPOSITION 6.3. The autocorrelation function of the transmission coefficients
at two nearby frequencies admits a limit as € — 0:

(6:3)  E[T5(w, L)Tj(w — e2h, L)] == @ i j 1,
(6.4) E[T}; (va)Tfl (w—e2h,L)| €20 —ifj(w)hL /Wj(l)(w77_7 Ly dr

(6.5) E[T;,,(w, L)T}, (w — €%h, L)] =220 in the other cases,

where (W](l)(w, T,Z))j=1,..,N(w) 15 the solution of the system of transport equations

ow® oV
J / J
(6.6) 2+ (W)

-3 i) (w0 -,
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starting from V\/j(-l)(uj7 7,2 =0) = 6(7)8;1. The coefficients Fﬁ) are given by (4.3). The
damping factors Qj; are

0) = @A) | T() + T (w) - 20 w)
R 2 2
(@) -7 (@)

. .

(6.7) +i

We note that the real parts of the damping factors ;; are negative and that the
solutions of the transport equations are measures. If j # [, then W(l) has a continuous

density, but Wl(l) has a Dirac mass at 7 = §](w)z with weight exp(Fg z), where F( 2

(l)(

is given by (4.3), and a continuous density denoted by W, (w, 7, 2):

Wl(l)(w, T,2)dT = ngf)(‘”)zé(T — B(w)z)dT + Wl(fc) (w, T, 2)dr .

Note also that by integrating the system of transport equations with respect to 7, we
recover the result of Proposition 6.2.

The system of transport equations describes the coupling between the N right-
going modes. It is the main theoretical result of this paper. It describes the evolution
of the coupled powers of the modes in frequency and time, with transport velocities
equal to the group velocities of the modes 1/3}(w). Therefore, the transport equations
(6.6) could have been written as the natural space-time generalization of the coupled
power equations (6.2). The mathematical content of Proposition 6.3 gives the precise
connection between the quantities that satisfy this simple and intuitive space-time
extension of (6.2) and the moments of the random transfer matrix. The two-frequency
nature of the statistical quantities that satisfy the transport equations is clear in
Proposition 6.3.

Proof. For fixed indices m and n we consider the product of two transfer matrices,

Us(w, h,z) =T, (w, 2)Tf, (w — €2h, 2)

jm
and note that it is the solution of

AU, S 1 ) (2 @ (2 e
dz = Z gHw,jj& ( ) Jll + Z Hw e2h,ll (?) Ujll’

j1:1 = 1
with the initial conditions U;l(w,h,z = 0) = 8m;0u. We expand B.(w — e2h) with

respect to €, and we introduce the Fourier transform

1 , /
Vi(w,T,2) = 27/e—lh(T—ﬁz(w)z)U;l(w7h7z)dh’

J T
which is the solution of

Vi 1@ (2 T (2 e
ﬁl( ) = Z gHw,jjl (?) 1l + Z wlll (7) gl
Jji=1

l11

6V

with the initial conditions Vi(w, 7,z = 0) = 0;5,;0,u0(7). We can now apply the
diffusion approximation theorem [19] and get the result stated in the proposition. 1]
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6.3. Probabilistic interpretation of the transport equations. The trans-
port equations (6.6) have a probabilistic representation that can be used for Monte
Carlo simulations as well as for getting a diffusion approximation result. It is primar-
ily this diffusion approximation that we want to derive in this section. We will use
it in the applications that follow. We introduce the jump Markov process J,, whose

state space is {1,..., N(w)} and whose infinitesimal generator is
(6.8) Lo(G) = YT (@) (#(1) = 6()) -
1#

We also define the process B, by

(6.9) BZ:/ Brds, z>0,
0

which is well defined because J, is piecewise constant. In a manner similar to that
in [1], we get the probabilistic representation of the solutions to system (6.2) and the
solutions to the transport equations (6.6) in terms of the jump Markov process J.:

(6.10) TN, L) =P(J,=7j|Jo=n),

J

(6.11) / W w, 7, LYydr =P (Jp = j , By € [ro, 1] | Jo=n) .

The process J, is an irreducible, reversible, and ergodic Markov process. Its
distribution converges as z — oo to the uniform distribution over {1,...,N}. The
convergence is exponential with a rate that is equal to the second eigenvalue of the
matrix T = (I‘E?))j’lzl,wN. The first eigenvalue of this matrix is zero and the asso-
ciated eigenvector is the uniform distribution over {1,..., N}. The second eigenvalue
can be written in the form —1/Lequip, which defines the equipartition distance Lequip-

We next determine the asymptotic distribution of the process B,. From the
ergodic theorem we have that with probability one,

B, oo ——— L 1 N(w)
(6.12) f — ((w), where f'(w) = W ; 5;'(‘4))-

We can interpret the z large limit to mean that z is considerably larger than Lequip-

For a planar waveguide we have that 3; = /w?/c? —72j2/d?> and N(w) =
[((wd)/(7€)]. In the continuum limit N(w) > 1, we obtain the expression §'(w) =
m/(2¢) , which is independent of w. This w independence property is likely to hold for
a broad class of waveguides.

By applying a central limit theorem for functionals of ergodic Markov processes,

we find that, in distribution,

Bz - Bl(w)z zZ—00
T — N(0,0’%/(w)) .

Here N (0, 02,(w)) is a zero-mean Gaussian random variable with variance

(6.13)

010) oy =2 [ B[, - TG ) - T ds.
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where E,. stands for expectation with respect to the stationary process J,. These
limit theorems imply that when L > Lequip, we have

(n) L>>l£quip 1
(6.15) TV (w,L) =

N@w)’
L>> Lequip _ A 2
(6.16) W (w,rL) TE L s _T=FWL?Y
N(w) om0, L 205, (L

The asymptotic result (6.15) shows that Tj(") becomes independent of n, the initial
mode index, and uniform over j € {1,..., N(w)}. This is the regime of energy equipar-
tition among all propagating modes. The asymptotic result (6.16) is equivalent to the
diffusion approximation for the system of transport equations (6.6).

7. Pulse propagation in random waveguides. We consider the transmitted
field (5.2) obtained in the setup described in section 5, and we now address the case of a
random waveguide. By Proposition 6.1, the mean transmitted field in the asymptotic
€ — 0 is given by

N B (wo)L—wot
e2

Elpf, (1, D) = 5 3 05005 (x0) Ty (w0, L)e

j=1

f(t- ﬁé(wo)L) .

As in the homogeneous case, the mean field is a superposition of modes in the random
case, but the mean transmission coefficients are exponentially damped and vanish for
L large, L > Lequip(wo). Therefore, the mean field vanishes for large L. We now turn
our attention to the mean intensity, which accounts for the conversion of the coherent
field into incoherent wave fluctuations. We express the transmitted intensity as the
expectation of a double integral

N
ﬂlﬂn
E ||p;.(t,x,L)| X)P1(X0) P (X) P (X0)
p ] = o ﬂzm;l o )0 0

;185(90) = Bm (w0 . = I —
xe*‘*ﬁ*‘*//fauﬂwm[ﬁwm+emﬂ%@m+amn

s 185 (w0) L=t h—[8}, (wo) L—tI1’ gy a1t

Using Proposition 6.3 we see that there are two contributions to this integral:

(7.1) E[Ipf (6%, D)F| = (6%, L) + T5(t%, 1)
The limit of the first contribution is
N
~o01 ;183 (20) = Bm (w1 L
i (t,x, T D 6i(X)0i(x0)om () dm(xo)e’ =
J;ﬁm 1
(7.2) xe@im@IL £(¢ — B (wo)L) f(t — Bl (wo)L) .

We see that it decays exponentially with the propagation distance because of the
damping factors exp(Q;m(wo)L). We can therefore neglect this contribution for L >
Lequip(wo). The limit of the second contribution is

(7.3)  IE(tx L) = E Z <z> X)¢7 (x0) /W( (wo, 7, L) f(t — 7)%dr

_]ll
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In the asymptotic equipartition regime L >> Lequip(wo) we use the diffusion approxi-
mation (6.16). We conclude that

L> Lequip

(4) I |[lpi, (4%, L) Hosg ey (%) X (Kt + (2)](1).

where the spatial profile H,, and the time convolution kernel K, 1 are given by

0,X0

N(wo) 2(X) N(wo)

1 -

(75) Haooxo (%) = I35 g Bin) ; 07 (x0)Bi(wn)
1 (t—ﬁ’(wo)L>2>

7.6 Koyr(t) = ———mexp | ———5—" | .

(7.6) 20 %Gé,(w)Le p( 202, L

To sum up, the main results of this section are that
e the mean field decays exponentially with propagation distance,
e the mean transmitted intensity converges to the transverse spatial profile
H,, x,, and
e the mean transmitted intensity is concentrated around the time (' (wg)L with
a spread that is of the order of 05'(%)\@ ~ /L Lequip(wo) /¢ for a pulse with
carrier frequency wy.
Note that Uﬁ/(wo)ﬁ & L /¢, which means that pulse spreading increases as VL in a
random waveguide while it increases linearly in a homogeneous one. This is because
the modes are strongly coupled together and propagate with the same “average”
group velocity 1/3(wp) in the random waveguide. The “average” group velocity is
the harmonic average of the group velocities of the modes 1/ ﬂ; (wo). These results are
intuitively clear, but they were not discussed in detail in the early literature [14, 5].
We note that in (7.4) it is the mean of the pulse intensity that has the asymptotic
form that we have derived. The pulse intensity fluctuations can also be computed
and are not small.

8. Time reversal in a waveguide.

8.1. Time reversal setup. We now consider time reversal in a waveguide. A
point source located in the plane z = 0 at the lateral position xg emits a pulse f¢(t) of
the form (5.1). A time-reversal mirror is located in the plane z = L/e? and occupies
the subdomain Dj; C D. The transmitted wave observed in the plane z = L/ e? at
time t/e2 is (5.2). The time-reversal mirror records the field from time tq/e? up to
time ¢ /€2, time reverses it, and sends it back into the waveguide. The new source at
the time-reversal mirror that generates the back propagating waves is

L
(8.1) Rt x, 2) = frr(t,x)6 (z - €2> e,
frr(t, x) = pi, (t1 — &%t x, L) Gi(t1 — 52t)G2(x) ,

where p5,. is given by (5.2), G is the time-window function of the form G;(t) =
1j4,,4,1(t), and Gy is the spatial-window function Ga(x) = 1p,, (x). We have seen
that the power delay spread of the transmitted signal is not very long in the forward
scattering approximation. This is because there is no backscattering to produce long
codas (i.e., long incoherent wave fluctuations). Moreover, we focus our attention
more on spatial effects in this paper, so it is reasonable to assume that we record the
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field for all time at the time-reversal mirror. This means that we have G1(t) = 1
and G1(h) = 2n6(h). Therefore, the left-going propagating modes generated by this
source have amplitudes

i) = Y22 [ o) (o) B

2
L —_— .
j : 5lﬁm [ W—Wo 7Ti m (W) =B (w)] 5 iw%
(8.2) 42 . M i O)f< £2 ) J"Sl(w)e B () =5 (W)} 3+ 2 )

where the coupling coefficients Mj; are given by

(8.3) Mjl:/pqﬁj(x)Gg(x)gbl(x)dx

We have explicit formulas for the coupling coefficients M; in two cases as follows:
e If the mirror spans the complete cross section D of the waveguide, then we
have Ga(x) =1 and Mj; = 6j;.
e If the mirror is point-like at x = x;, meaning Ga2(x) = |D|§(x — x1), with the
factor |D| added for dimensional consistency, then M;; = |D|¢;(x1)¢i(x1).
The refocused field observed in the plane z = 0 in the Fourier domain is given by

N

(T%) o ()i ()
2R

(8.4) prr(w,x,0) = Dn(X) .

m,n=1

Here (T¢)7(w) is the transfer matrix for the left-going modes propagating from L /e?
to 0, and it is the transpose of T¢(w). This follows from the unitarity of the transfer
matrix T¢(w). In the time domain, the refocused field observed at time tops/€? is

tobs ) VBiBm i[Bm — B (wo) Z +iw t1=tobs
PTR ( Z A mJQSn X) @y (Xo) m T PIIRE0 0T
62 j l,m,n=1 ﬂjﬁn
(8.5) f (W) (wo + e2h)T5,,, (wo + £2h) e lPm =l wo) Lt (ti=tove) o g

8.2. Refocusing in a homogeneous waveguide. In this case, T} = 05, and
the refocused field is

N
prn (2,x,0) = Lot 37 conoalens
3

jym=1

(8'6) XM7rLj¢m(X)¢j(X0)f ([ﬂ;n - ﬁ;](wO)L +t— tobs) .

The refocused field is a weighted sum of modes, whose weights depend on the mirror
through the coefficients M,,;. The oscillatory terms in (8.6) produce transverse side-
lobes in the refocused field, as seen in Figure 8.1.

8.3. The mean refocused field in a random waveguide. In the analysis
of time reversal considered up to now [3, 9, 2, 21], statistical stability is shown by
a frequency decoherence argument. More precisely, it is shown that the refocused
field is the superposition of many approximately uncorrelated frequency components,
which ensures self-averaging in the time domain. This argument cannot be used in
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the narrowband case (5.1) that we consider here. This is because the decoherence
frequency, which is of order €2, is comparable to the bandwidth, which is also of order
2. In broadband cases with a bandwidth of order e, p € [0,2), statistical stability
can be obtained by the usual frequency decoherence argument [10].

First we compute the mean refocused field and then consider the statistical stabil-
ity. By taking the expectation of (8.5), we find that the mean refocused field involves
the second-order moments of the transfer matrix. From Proposition 6.3 we have the
limit values of these second-order moments, so we can write

(8.7) E [pTR (tg ;X 0)} =pi+ps,
N
PR D Moy ()6 ra)e el dn
j#m=1
xeQm@oL g ([g! g<](w0)L + 11— tobs)

—0 1 . ti—t, b>
D5 = §ezwo = — Lobs Z M1 (x)n XO) )(WOaL)~
7,l=1

The term pj decays exponentially with propagation distance because of the damping
factors coming from @j,,. We can therefore neglect this term in the asymptotic
equipartition regime. The term p§ does contribute and it refocuses around the time
tobs = t1 with the original pulse shape time reversed. The spatial focusing profile
is a weighted sum of modes, with weights that depend on the time-reversal mirror
through the coefficients M;; and on the mean square transmission coefficients 'Z;-(l).

In the asymptotic equipartition regime L >> Lcquip, the coefficients ’Z;»(l)(wo, L)
converge to 1/N for all j and I, which for the mean refocused field gives

tobs L>»Lequip ;,, t1=tobs
lim E [pTR (Cﬂ;,x, 0>:| ~S AP Jiwo b f (tl _ tobs)
e—0 e
N(wo) N(wo)

1
(8.8) XN(wo) Z Z P1(x)¢i(x0)

We note the difference between this expression and (8.6) in a homogeneous waveguide.
The oscillatory terms in (8.6) which generate the side-lobes are suppressed in (8.8).
The analytical understanding of side-lobe suppression in time reversal in random
waveguides is a new result in this paper.

The spatial refocusing profile can then be computed explicitly because it does
not depend on the mirror shape or size. In the case of a planar waveguide, we have
¢i(z) = /2/dsin(rjz/d), and in the continuum limit N > 1, we have

1 >1 1 T —x

0
— 2 -— 2 .
E x)éi (o) Osmc( T o )

The mean refocused field is therefore concentrated around the original source location
o with a resolution of half of a wavelength, which is the diffraction limit.

8.4. Statistical stability of the refocused field. As we noted already, we
cannot claim that the refocused field is statistically stable by using the same argument
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as in the broadband case, because here we have a narrowband pulse. However, we
can achieve statistical stability through the summation over the modes. We will
show this in the quasi-monochromatic case, where the pulse envelope f(t) = 1 and
f(h) = 2r6(h). In this case, it is clear that statistical stability cannot arise from time
averaging, and the refocused field is

tobs 1 N m
0 9 Mm' n
PR ( g2 ' % ) 2 i ;ﬁl m J¢ (X)¢1(Xo)

(8.9) e [ B — Bg](wo)ﬁ-&-umﬁ—mrr (WO)

From (8.8), the mean refocused field at x = x¢ is in the asymptotic equipartition
regime

. tob L Lequip 0 1= tobs RO
(8.10) glir(l)]E {pTR (f(z;,xo,())} ~ e Z s

where R2 = Y1 | ¢?(x0). We now compute the second moment of the refocused field
observed at x = x¢. By taking the expectation of the square of (8.9), we find that
this moment involves fourth-order moments of the transfer matrix. From the results
of section 4.3, we have

oy G D) =(m

L>>l§quip m lf (], l) = (m
N(N+1) if (]7 l) = (m
0 otherwise .

hm IE[T’STE T¢ TE o)

mn= j'l’

Using these fourth-order moment results in the expression for the second moment of
the refocused field we see that, in the limit ¢ — 0 and in the asymptotic equipartition
regime L > Lequip,

tobs
PTR 6727 X0, 0

Let us introduce the relative standard deviation S of the refocused field amplitude,

(8.11) % . Lim E [‘pTR (thS,Xo,O)ﬂ — |]E [prr (4252, %0,0)] ’2
o [E [prx (2, %0,0)]

We have statistical stability when S is small. In the asymptotic equipartition regime,
52 is given by

2
2
L>>Lequi RA
lim E S U M, ; M2, | .

L>>I:\:equip 1 " N 1 Q B szl M~ ‘Mll
~ Nl N+l Qmirror y mirror — ZN M2

7,l=1

(8.12)  §2

The quality factor Qumirror depends only on the time-reversal mirror. We will have
statistical stability when the number of modes N is large and when the quality factor
Qumirror is large. This analytical criterion for statistical stability in narrowband time
reversal is a new result in this paper.

We can consider two extreme cases:
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o If the time-reversal mirror spans the waveguide cross section, then M;; = 6,
and the quality factor is equal to N, which is optimal since the relative
standard deviation is then zero for any N. This result is not surprising since
the time-reversal mirror records the transmitted signal fully, in both time and
space, which implies optimal refocusing.

e If the time-reversal mirror is point-like at x;, then M;; = ¢,(x1)¢;(x1) and
the quality factor is 1, which is bad, because the relative standard deviation S
is asymptotically equal to VN — 1/+/N + 1. The fluctuations of the refocused
field are, therefore, of the same order as the mean field, which means that
there is no statistical stability.

In the next section, we address a particular case which allows explicit calculations.

8.5. Numerical illustration. In this section we illustrate the time reversal
results in the quasi-monochromatic case for a particular random waveguide. We
consider a random planar waveguide with diameter d. The random process v is
stationary and mixing in the z-direction. Its autocorrelation function is

|z — 2|

Elu(z, 2)v(z’, 2')] = 0% exp (— - ) R(z,7'),

where the support of R is contained in [0,d]?, o is the standard deviation of the
medium fluctuations, and . is the axial correlation length. This decomposition of the
autocorrelation function makes it easy to compute the effective coefficients NS

gt tglo
and Fﬁ). ‘We obtain

")/(-c) _ QG'QZCGLJ‘ 7(5) _ 20‘2(ﬁj — ﬁlﬂgGl,j
(s -mz L+ (8; — B)22
G =Sj1j-1+ Sjri 511 — Sj—t5+1 — Sjvi,5-1,

1[4 jmx Irz’ , ,
Sji = ﬁ/o /0 cos <d> oS < 7 ) R(z, 2" )dxdx" .

For simplicity, we shall make two hypotheses. First, we introduce a band-limiting
idealization; i.e., we assume that the support of S lies with a finite square so that
S(j,1) # 0 only if |j| < 1 and |I] < 1. Second, we assume that I, is smaller than
B; — Bj—1 for all j. The expressions of the effective coefficients can then be simplified.

W) =26y,

where

The matrix F;‘;) is essentially zero, while the matrices Fg) and Fﬁ) are tridiagonal,

u)40216d5171

P 4243, (w) By (w)

and I‘;;) is chosen so that the lines of the matrix are zero.

Homogeneous waveguide. In the homogeneous case the spatial profile of the re-
focused field is (8.6). Let us consider a time-reversal mirror of size a located in
reld/2—a/2,d/2+a/2]: Ga(x) = 1jg/2—a/2,d/2+a/2)(T). We then have

0 o (e (502 () (502

Using these formulas, we plot in Figure 8.1 the spatial profile of the refocused field for
different sizes a of the time-reversal mirror. The peak at the original source location
is there in all cases, but for small time-reversal mirrors, large side-lobes appear.

4521,.dS,
ifj—i=1, T 2T et
1 |.] | ) JJ 4E4ﬁj2_(w) )
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Fic. 8.1. Transverse profile of the refocused field in a homogeneous waveguide with diameter
d and length L. Here d = 20, L = 200, and Ao = 1, so there are 40 modes. The original source
location is o = 8. The dashed curve is the sinc profile, which is the focusing profile of a full-
size time-reversal mirror. The solid curves are refocusing profiles for time-reversal mirrors of size
a=2.5 (a) and a = 10 (b).
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F1G. 8.2. (a) Transverse profile of the mean refocused field in a random waveguide with diameter
d and length L. Here d = 20, L = 200, Ao = 1, the time-reversal mirror has size a = 5, and the
original source location is xo = 8. The axial correlation length of the random medium is l. = 0.25
and the random fluctuations have standard deviation o. The dashed curve is the spatial profile
obtained in homogeneous medium o = 0. The solid lines stand for the mean profiles obtained in
random media o = 0.015. The random case is very close to the equipartition regime, for which the
focusing profile is a sinc. (b) The relative standard deviation S, from (8.12), of the refocused field
in the equipartition regime as a function of the mirror size a. Here d = 20 and Ao = 1.

Random waveguide. The mean spatial profile of the refocused field is (8.7). In
the absence of randomness, this formula reduces to (8.6). The mean spatial profile
is plotted in Figure 8.2(a), which illustrates the transition from the poor spatial
refocusing in a homogeneous medium to the diffraction-limited refocusing obtained in
the equipartition regime. In the equipartition regime L > Lcguip, the mean spatial
profile is given by (8.8) and becomes independent of the mirror size, up to an amplitude
factor. However, the statistical stability of the refocused field depends on the size of
the time-reversal mirror, as shown in Figure 8.2(b).

9. Summary and conclusions. The main result of this paper is the derivation
from first principles of the system of transport equations (6.6) for the coupled mode
powers, in the asymptotic limit of section 3. It is easy to write such equations by
simply adding a time-dispersive term in (4.11). We identify here the field quantity
that has the mean which satisfies this space-time transport equation.

We apply the transport equation (6.6) to pulse spreading in order to get (7.4),
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which shows how randomness reduces time dispersion at the expense of introducing
random fluctuations. We also apply it to time reversal in a random waveguide, in a
narrowband regime, and show in (8.8) how side-lobes are suppressed in refocusing. We
also show in (8.12) how statistical stability depends on the quality factor Qmirror- This
quality factor does not depend on the random medium in the energy equipartition
regime, but it does depend on the size of the time-reversal mirror relative to the
waveguide cross section.

(13]
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