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ABSTRACT. We demonstrate that increased power transmission through a ran-
dom single-mode or multi-mode channel can be obtained in the localization
regime by optimizing the spatial wave front or the time pulse profile of the
source. The idea is to select and excite the few modes or the few frequencies
whose transmission coefficients are anomalously large compared to the typical
exponentially small value. We prove that time reversal is optimal for maxi-
mizing the transmitted intensity at a given time or space, while iterated time
reversal is optimal for maximizing the total transmitted energy. The statistical
stability of the optimal transmitted intensity and energy is also obtained.

1. Introduction. It is known that the total power transmission coefficient of a
multi-mode random system decays to zero when the length of the system becomes
large. The decay rate is algebraic in the diffusive regime and exponential in the
localization regime [1]. It is also known that the transmission through a multi-
mode random system in the diffusive regime is the result of a small number of open
channels with a transmission coefficient close to one [3]. It is therefore possible
to increase the transmission by shaping the wave front so as to excite the open
channels. Following this idea an optimization algorithm has been proposed and
implemented in [18] that maximizes the intensity transmitted in a diffraction limited
spot. The experiments carried out in [18] were in excellent quantitative agreement
with random matrix theory that predicts that, with perfectly shaped wave fronts,
the total power transmission coefficient of a multi-mode random system tends to a
universal value of 2/3, regardless of the length of the system [10].

The results reported so far were obtained theoretically and experimentally in the
diffusive regime, far away from the localization regime. In our paper we address the
localization regime and show that a qualitatively similar picture holds. We exhibit
that the mode power transmission coefficients have a bimodal distribution, so that
most of them are exponentially small, but a small (but not negligible) number of
them are of order one. In particular the total power transmission coefficient depends
only on these exceptional modes.

We first address the time-harmonic problem for a random multi-mode channel
and study the optimization of the spatial wave front. We show that the maximal
intensity delivered at a target point of the output of the channel is obtained by
using a time-reversal scheme and that it is a self-averaging quantity in the limit of a
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large number of modes. The total power transmission coefficient obtained with this
optimal illumination is also self-averaging, it depends on the ratio of the length of
the system over the localization length, and it becomes equal to 1/4 when the length
of the system is larger than the localization length. This is in dramatic contrast with
the case of a uniform illumination in which the total power transmission coefficient
decays exponentially with the length of the system. We also show that the maximal
total power delivered at the output of the channel is obtained by using an iterated
time-reversal scheme, which gives after 2¢q + 1 iterations a total power transmission
coefficient of (1 — 1/(4¢ + 2))? in the strong localization regime.

Second we address the time-dependent problem for a random single-mode chan-
nel and study the optimization of the source profile. We show that the maximal
intensity delivered at a prescribed time is obtained by using a time-reversal scheme,
and that the total transmitted energy can be optimized by using an iterated time-
reversal scheme. The n-th order iterative time-reversal scheme gives a total trans-
mitted energy equal to (1 — 1/(2n))? in the strong localization regime. Therefore
the analysis of the multi-mode time-harmonic problem on the one hand and of the
single-mode time-dependent problem on the other hand shows that the exponential
decay due to the wave localization can be overcome by optimizing the illumination.

The paper is organized as follows. In Section 2 we list the hypotheses that the
random multi-mode system should satisfy so that our theory can be applied. In
Section 3 we present two models that satisfy the set of hypotheses. In Section 4
we study in detail the statistics of the mean mode power transmission coefficient in
the localization regime and exhibit its bimodal structure. In Section 5 we describe
the statistics (mean and fluctuations) of the power transmission using optimal il-
lumination and make the connection with time-reversal. This optimal illumination
is designed to maximize the intensity delivered at a target point. In Section 6 we
show that the total power transmission can be optimized by using iterated time re-
versal. Finally, in Section 7 we introduce and study a time-dependent single-mode
problem in which an optimized pulse profile is used to maximize the intensity trans-
mitted through the random system at a given time. We show that time-reversal is
optimal for the maximization of the transmitted intensity at the prescribed time
while iterated time-reversal is optimal for the maximization of the total transmitted
energy.

2. A multi-mode waveguide model. We consider a randomly perturbed wave-
guide or system with N channels or modes. The transverse section of the system is
Q C R Each mode is characterized by its unperturbed transverse spatial profile
(¢j(x))eca and a random transmission coefficient T;. If the input profile is i, (),
then the output profile is

N J—
Yout(y) = ZQjTijj(y)v aj = /Qéf’j(m)i/fin(w)dw.

The orthonormality property of the (unperturbed) modes means that, for all j, j' =
1 N

geeey 5

[ os(@ay e = 1,0,
Q

Let us assume that we have an array of n regularly spaced emission points
(xk)k=1,....n in the input plane of the waveguide and an array of p regularly spaced
control points (y;);=1,..., in the output plane of the waveguide.
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Hypothesis 1: continuum approximation and discrete orthonormality property.
The input and output arrays are regular and dense enough so that the discrete
orthonormality property holds. If dx, resp. dy, is the spacing between the emission,
resp. control, points, then n = |Q|/6z?, p = |Q|/dy?, and for all j,j' =1,..., N,

0 & . 0| & _
% > bi(@i)dy (r) = L=y, |7| > by (y) = 1= (1)
k=1 =1

Hypothesis 2: uniform distribution of eigenfunctions. The number N of modes
is large enough so that, for almost every y € €Q,

N
S 6@ =1+ o (1), @)
j=1
and
2 N
o > 6500l = ov-cel): ®)

The hypothesis (2) is fulfilled for very general waveguides in a weak sense [7, 19].
The condition (2) indicates that the intensity of an equipartitioned field (whose
energy is distributed over all modes) is well distributed spatially in the Cesaro
mean, and the condition (3) prevents one mode from carrying all the energy (the
situation in which |¢j, (y)]? ~ N and |¢;(y)|* ~ 0 for j # jo is rejected).

Hypothesis 3: localization regime. The mode power transmission coefficients
|T;|? are independent and identically distributed. The distribution exhibits an ex-
ponential decay as a function of the length of the system and it is described in
Section 4.

The hypotheses 1, 2, and 3 can be regarded as natural hypotheses for a random
multi-mode waveguide in the localization regime. The only point that can be con-
sidered as special is the independence of the mode power transmission coefficients.
This is not what could be expected from a random matrix theory approach in which
level repulsion involves correlation [11, 17, 1]. However this hypothesis is fulfilled
by realistic models that we describe in the next section and for which a complete
analysis can be carried out, so it deserves our attention.

3. Random waveguide models. In this section we present two models of random
multi-mode waveguides that satisfy the three hypotheses listed above.

3.1. Metallic planar waveguides. In this section we study propagation of optical
modes in dielectric films. We consider the basic problem of TE (transversal electric)
mode propagation in slab dielectric waveguides [2]. We assume that the slab waveg-
uide has thickness D and is located in the region « = (z,y,2) € [-D/2, D /2] x R?.
Its axis is z and the slab is infinite in the y-direction. The slab is switched between
two metallic slabs for > D/2 and for x < —D/2. We restrict ourselves to the y-
independent case and consider time-harmonic waves E(x)e~ %! which depend only
on z and z and which solve

AE(x) + ki (w)n®(x) E(x) = 0, (4)
for x € (=D/2,D/2), where ko(w) = w/c is the vacuum wavenumber. The wave

also satisfies continuity conditions of the tangential components of the field at the
dielectric interfaces.
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We begin by studying the properties of guided modes in a perfect waveguide,
whose core has a homogeneous index of refraction equal to ng. A mode is a
monochromatic wave whose complex amplitude E(x) is solution of the time-harmonic
wave equation (4) with n(x) = ng. Limiting ourselves to waves with phase front
normal to the waveguide axis z, we have E(x) = E(x)e’?*. We are looking for
TE modes E = (0, E,,0) with field component E, = ¢(x)e’?*. The scalar field ¢
satisfies

9%¢
5z T (W) =p%)e = ()
where k(w) is the homogeneous wavenumber k(w) = noko(w). In the two metallic
slabs x > D/2 and © < —D/2 the electric field is zero. Because of the need to
match E, at x = —D/2 and © = D/2 the field ¢ solution of (5) satisfies the
Dirichlet boundary conditions ¢(—D/2) = ¢(D/2) = 0. There exists solutions only
for some values of #. Thus the metallic planar waveguide can only support a finite
number of confined TE modes, E;(x, 2) = ¢;(x)e?’(“)* where
V2 jmx
——cos (=), ifjisodd,
@)= VD (%) its
! V2 (jmc) £ i ove
—sin (— ), if j is even,
VD ’

D
and §;(w) > 0 satisfies the dispersion relation

7T2j2
)+ T = 1) (7)
There exists N guided modes, where N is
k(w)D
=== ®

and [z] is the integer part of a real number x. Note that the mode profiles satisfy
the orthonormality property

D/2
[ ot @ide = 1,0y

—DJ2

Moreover, we have

DN
¥ Xl

1__2 (2j7r;v) 1)j

1 cos (Trgz + wé\f) sin (W(Ngl)x + 7r(N271))

+ N cos (f””) ’

which shows that the mode profiles satisfy the uniformity property (2):
D 1
v > lei@))? =1+ O(N) Vo e (—D/2,D/2).
j=1

The condition (3) is readily fulfilled since ¢; is bounded by \/2/D. Therefore the
modes satisfy the hypotheses 1 and 2 listed in Section 2.

From now on we consider the case in which a section z € [0, L] of randomly
perturbed waveguide is sandwiched in between two homogeneous waveguides. We
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assume that a monochromatic wave is incoming from the left and has the following
form at the entrance of the random waveguide:

N
Yin(2) = Z pj(r)aj, 9)

where (o) =1,.. n is the decomposition of the incident wave on the propagating
modes. We assume that the medium inside the section z € [0, L] of the waveguide
is affected by small random inhomogeneities, so that its index of refraction has the
representation:
n*(x) = ng (1 + m(2)). (10)
The random coefficient m(z) which describes the inhomogeneities is assumed to be
a zero-mean stationary random process with strong mixing properties so that we
can use averaging techniques for stochastic differential equations as presented in [4,
Chapter 6]. We denote by ~ the power spectral density of the fluctuations, which
is the Fourier transform of the autocorrelation function:
o0
~v(k) :/ cos(2kz)E[m(0)m(z)]dz. (11)
— 00
We consider here that the typical amplitude of the random fluctuations of the
medium is small and that the length of the perturbed waveguide is much longer than
the wavelength. In this weakly scattering regime the fluctuations of the index of
refraction induce a random coupling between forward and backward modes, which
results in a decay of the mode power transmission coefficients. More precisely we
have the following proposition [5].

Proposition 1. The transmitted wave has the following form:
N
Your(z) =Dy Tj(L)¢; (x). (12)
j=1
In the homogeneous case the transmission coefficients are
Tj(L) = P @IL,

In the weakly scattering regime the mode power transmission coefficients (’Z} (L))

defined by

L>0

T,(L) =|T;(L)?, j=1,...,N,
are independent diffusion Markov processes with generators

1 0° 0 1 _ K wh(Biw)
Ej = 7[/(])(&}) (7-2(1 - T)W - 7—25)7 Ll(gg(w) = 46]2((4)) (13)

loc

As we will see in Section 4 we can observe an exponential localization of the
modes. Therefore the modes satisfy the hypothesis 3 in Section 2.

3.2. An array of single-mode waveguides. Let us consider an array of N single-
mode randomly perturbed optical fibers. The injection of the light into this array
is done by sending a wave field through a converging lens and light is collected
in the far field through a similar system (see Figure 1). In order to simplify the
presentation we consider again a two-dimensional system (one dimension for the
propagation axis and one transverse dimension). We denote by D the diameter of
the emission array in the near field of the input lens, by A the wavelength, by F' the
focal length of the lens, and by a the distance between the fibers. The transverse
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FIGURE 1. An array of single-mode waveguides. The input field
is injected in the array by a lens and the field emerging from the
array is collected by a similar lens.

position of the j-th fiber is z; = (j — N/2)a, j = 1,..., N. If we denote by i, (z)
the wavefield at the entrance plane of the input lens, then the field at the entrance
of the jth fiber is (up to a multiplicative constant):

D/2 "
)= in 2r——)d
b1 () /Mw () exp (12722 ) i,
the field at the output of the jth fiber is

Pa(x;) = Tithr(z;),

where T} is the transmission coefficient of the jth optical fiber. The output field
collected by the output lens is (up to a multiplicative constant):

Your(y sz zj)exp (—i2ms2).

Therefore we have

D/2
wout Za T (b] Qj :/ b; (ﬂf)win(ﬂf)dﬂf

—DJ2
with

() = —=exp (| —i21—= )| = ——=—exp | —i21Qj—= ),
where Q = Da/(FX). If we assume that @) is an integer, then the modes ¢;(z)
satisfy the orthonormality property

D/2
/ ¢()¢7()d$—17jv

-DJ2

and the uniformity property (2): for all y € [-D/2, D /2],

D N
%D lswl =1
j=1

Moreover the condition (3) is fulfilled since |¢;(z)| = 1/v/D. The mode power
transmission coefficients 7; (L) = |T;(L)|* are independent since they are associated
to different fibers and they are identically distributed according to the distribution
described in Proposition 1 in the case N =1 (single-mode waveguide).
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Proposition 2. The transmitted wave has the form

Yous(z Z ;T (14)

In the homogeneous case the transmission coefficients are equal to
Ty(L) = ML,
where L is the length of the fiber and (1 (w) is the reduced wavenumber for the fun-

damental (and unique) mode.
In the weakly scattering regime the mode power transmission coefficients (’Z} (L))

L>0’
j=1,...,N, are independent and identically distributed diffusion Markov processes
with generator

1 0 9 1 k (w)y(Bi(w))
[— (21_ __2_), - (15
Lioc(w) \" =15z ~"5; Lige(w) 433 (w) (%)

Therefore the modes satisfy the three hypotheses listed in Section 2.

4. The distribution of the mode power transmission coefficient. As a func-
tion of L, the mode power transmission coefficient 7 (L) is a Markov process with
the infinitesimal generator given by

Llloc (72(1 ~ T - E)' (16)

The initial condition for the power transmission coefficient is 7 (L = 0) = 1. This
result has been known for a long time for one-dimensional random systems [8, 1, 13].

E:

4.1. The moments of the mode power transmission coefficient. The mode
power transmission coefficient 7 (L) is a random variable whose moments are given
in [4, Section 7.1.5]:

B[T(0)] = & (7-): (1)

where l - ) b
_ 2 2mpesinh(mp
n l = € —_ — H li n d 5 18
&) xp( 4)/0 ¢ cosh? () np)dp (18)
with (3 (u) = 1 and, for n > 2,
1 1,
~aleob]
The large-l behavior of the functions &, (1) is
5/2
1 w72, (0) l
&n(l) = —opnr P ( - Z)' (19)

We can remark that

nl) 11 _ Ly?

which shows that the decay is the same for all moments of the mode power trans-
mission coefficient. We have in particular
E[TQ(L)] - 52(L/Lloc) L>>f£/10c l
E[T(L)] 51 (L/Lloc) - 4,

(21)



8 JOSSELIN GARNIER

which is a key theoretical result that will be used in the analysis of transmission
enhancement by optimal illumination in Section 5.

4.2. The probability density function of the mode power transmission
coefficient. The computation of the probability density function of 7 (L) can be
carried out using the Mehler-Fock transform. Here we denote by P_ /Qﬂ-#(n), n>1,
1 > 0, the Legendre function of the first kind, which is the solution of

d d 1
d—n(ﬁQ - 1)d—nP71/2+w(77) = —(M2 + Z)P—1/2+m(77)7 (22)
starting from P_;/5,,,(1) = 1. It has the integral representation

o0

Pzl = 22 coshimp) 0 J%d (23)

The probability density of the mode power transmission coefficient 7 (L) is [4,
Section 7.6.1]

I 9 o 92 1. L
p(T7 m) = /0 ptanh(um) Py /94, (; - 1) oxp [ h (N2 + Z) Lloc}dlu'

ﬁ
This expression can be approximated when L > Lj,., but we must pay attention
to the range of values of 7 for the approximation as we now discuss.

The distribution of 7 (L) is concentrated in a logarithmic sense around the value
[4, Section 7.1.6]

1 —00
—In7(L) Iz almost surely,
L loc
and more precisely
1 1 —00 2 C e
\/f(— InT (L) + ) g N(O, ) in distribution.
L Lloc Lloc

A log-normal approximation for the pdf can be derived from this result:

1 (In(7) +1)?
—_— - ). 24
o /miizr P ( 4l ) (24)
This expression is valid when 7 < 1.
The probability that 7 (L) is of order one is small but not completely negligible.
In fact these rare events are important and they determine the values of the moments
of the mode power transmission coefficient. For any 7y > 0, we have

1
p(r, 1) =

I>1 T I\ 1

p(T, l) ~ pOO(T) = m exXp ( — Z) mK(l — T), (25)
uniformly for 7 € [rg, 1], where K is the complete elliptic integral of the first kind
defined by

/2 1
K(m) = / —df.
0 V1-—msin?6

On Figure 2a where the pdf is plotted with a logarithmic scale in 7, we can check
that the log-normal approximation gives the right value for the pdf of 7 (L) for the
small values of 7.

On Figure 2b where the pdf is plotted with a linear scale in 7, we can check that
the log-normal approximation over-estimates the probability that 7 (L) is of order
one, while the approximation p.(7) is indeed correct for 7 of order one.
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L=50L L=50L
loc loc

p(r)
p(t)

10° 10° 10" 107 10°
T

(a)

FIGURE 2. Pdf of the mode power transmission coefficient. The
solid line is the exact expression. The dashed line is the approxi-
mation poo(7) given by (25) which is valid for 7 of order one. The
dot-dashed line is the log-normal approximation (24) which is valid
for small 7. The horizontal axis is logarithmic in picture a (so that
the behavior of the pdf for small values of 7 can be observed) and
linear in picture b (so that the behavior of the pdf for values of 7
of order one can be observed).

Note also that pe(7) is not integrable (there is a divergence at 0 which is not
contradictory since the approximation p(7,1) ~ poo(7) as I > 1 is valid only for
7> 0). However, for any n > 1,

1 5/2< (0) l
n _r n _ =
/0 T"Poo (T)dT = 5772 exp( 4).

By comparing with (19) this result confirms the assertion that the rare events for
which 7(L) is of order one determine the values of the moments of the mode power
transmission coefficient.

These results are qualitatively similar to, but quantitatively different from, the
ones found by Dorokhov [3] in the diffusive regime. In the diffusive regime most
of the channels have exponentially small transmission, while there are a few open
channels with transmission of order one whose distribution is proportional to

1
7= ——. 26
pO( ) Tm ( )
This result can be proved by using random matrix theory [10]. In this case, the
ratio of the first two moments of the transmission coeflicient is given by
E[T(L)] gt Jo ~po(r)dr _ 2 o
~ =,
E[T(L)} fo Tpo(T)dT 3
To summarize, in the localization regime, the distribution of 7 (L) is bimodal:
with a probability close to one (of the order of 1 —exp(—1/4), where I = L/ L), it
is of the order of exp(—!); with a probability of the order of exp(—1/4) it is of order
one. This result can be interpreted as a manifestation in the localization regime of
the maximal fluctuations theory known in the diffusive regime [9, 16].
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5. Optimization of the transmitted intensity. In this section we want to op-
timize the illumination in the input plane of the waveguide so as to maximize the
transmitted intensity at a target point in the output plane. The situation is the
one described in Section 2. If we use the illumination (Ej)k=1,... n, then the input
field is
= 1

Yin(@) =Y Exs(x —wr), (@) = DL 1 s2/2,62/2¢(T),
k=1

and the wave field at the control point y; (I =1,...,p) is:

Yout(yr) = > Mi B,
k=1

where M is the p X n transmission matrix between the input and output arrays

N
My =y () T0;(xy.).

j=1
The total incident power can be expressed in terms of the illumination vector
(Ek)kzl,...,n as:

n n
Pin::/d)inm 2de = — .2,
[ iaie = > 5

The field received in the output plane using the illumination (Ej)p=1, .. is:

)

N n
Yout(y) = > 6; ()T} ( > ¢j(wk)Ek) ;
j=1 k=1
and the total transmitted power is defined by

Pout :/Qywout(y)’zdy

Let us fix some Iy € {1,...,p}. If we want to maximize the intensity transmitted
at y;, amongst all possible illuminations with unit incident power, then we need to
maximize the functional

- 2 N €2
(Er)k=1,...n — ‘ ZMlOkEk‘ with the constraint Z |Er|? = —
k=1 k=1
Using the Cauchy-Schwarz inequality, we have
n 2 n n
’ZMlokEk’ < [Z|Mlok|2:| [Z|Ek|2}7
k=1 k=1 k=1
with equality if and only if Ey = cM;, for all K =1,...,n and for some constant
c. Therefore the optimal illumination vector with unit incident power is
VALY M
EPt = it lok k=1,....n, (28)

Vi [ (Mg 2]

and the maximal intensity obtained at the control point y;, with this optimal illu-
mination vector is

n
e gt i
P = gl = S S Mgkl
k=1
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The optimal illumination vector (Egpt)kzl_,___ﬁn is (proportional to) the complex
conjugate of the transfer function from x; to y;,, which means that a time-reversal
operation or a phase-conjugation mirror achieves the optimal illumination: If the
point y;, at the output plane emits a wave that is recorded by the array (€x)k=1,....n
at the input plane, then the time-harmonic transfer vector is (M, )k=1,....n and the
optimal illumination vector (28) is proportional to the complex conjugate of the
transfer vector. As we will see in Section 7 in which we address a time-dependent
problem, the correct interpretation is in terms of time-reversal rather than phase
conjugation.

Of course the optimal illumination vector depends on the target point y;, on
which we want to transmit power. However, the total transmitted power is also
increased by using this illumination, as we will see in Proposition 3. The output
field received in the output plane with the illumination (Ezpt) k=1,....n is denoted by
PP and the total transmitted power by Pobt. Since the total incident power has
been normalized to one, the quantity PSP is the total power transmission coefficient.

In the following proposition we compare the transmitted intensity at y;, and the
total transmitted power using the optimal illumination with the ones obtained with
uniform illumination. We define a uniform illumination with unit incident power as

an input field ¥y, () of the form

N
Yin (:E) = Z a;od; (:E)v
j=1

where the coefficients (a;);=1,.. .~ are uniformly distributed over the unit sphere in
CcV.
Proposition 3. With the hypotheses 1, 2, and 3 and with N > 1.

1. Using a uniform illumination, the intensity transmitted to vy, is a random
quantity with expectation and variance given by

wnit _ §1(L/ Lioc) wnity _ &1L/ Laoc)

IE[Ilo } - |Q| ) Var([lo ) |Q|2 ’ (29)
where the function & is defined by (18). The total power transmission coefficient is
a statistically stable quantity given by

Pout' = &1(L/Lioc)- (30)
2. Using the optimal illumination calibrated with the target point y,, the intensity

transmitted to yi, and the total power transmission coefficient are self-averaging
quantities given by
Iopt — N§1 (L/Lloc)
w o
where the functions & and & are defined by (18).

opt 52(L/L106)

Pout - m5 (31)

This proposition is proved in the Appendix. In fact it can be proved that Il‘;nif
has an exponential distribution as N — oo, which corresponds to speckle pattern
statistics. Using the optimal illumination the intensity observed at y;, is (in the
limit N — o0) deterministic. Heuristically, this can be explained as follows. The
transmitted field at vy, is the incoherent superposition of N complex-valued modes
with zero mean and averaged intensity & /(IN|€?|). The central limit theorem then
predicts that the transmitted field at y;, is a complex Gaussian field with mean zero
and variance & /||, which gives an exponential distribution with mean & /|| for
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the transmitted intensity I l‘j)“if. Using the optimal illumination, the random phases
between the modes are canceled at y;,. Therefore the transmitted field at y;, is the
coherent superposition of N modes with averaged amplitude /& /(N|€2]). The law
of large numbers then predicts that the transmitted field at y;, is the deterministic
value /N&; /||, which gives (31).

By optimizing the transmission to one control point, the intensity transmitted
to that point is multiplied by N while the total power transmission coefficient
is enhanced by the factor &/62(L/Lio.) (which is always larger than 1 and all
the larger as L/Ljc is larger, as we will see below). We can be more precise in
the distribution of the total power transmission. Let us introduce the correlation
function

— 2
Cly, ui,) |ZJ 195 (¥) 95 (yi,)

_] 1 |¢] (ylo)l

The correlation function is maximal and equal to one for y = vy;, and decays to 0
for y far from y;,. Note that

1 1 1 1
TOol O(yayl )dy:_a - C(yl;yl ):_;

€ Jo ’ N p ; ’ N
which indicates that the width of the peak around vy, is of the order of |Q|'/¢/N1/4
where |Q|'/¢ is the diameter of the domain Q. For instance, in the two examples
introduced in Section 3 we have

. 7N (y — i,
Cy, y1,) = sm@(#)7

where D is the diameter of the domain Q = [-D/2, D/2].

Proposition 4. Using the optimal illumination calibrated with the target point y,,
the mean intensity transmitted to y; is given by

N§1 (L/Lloc) 52 (L/Lloc) B 5% (L/Lloc)
€2 §1(L/ Lioc) 92|

In Eq. (32) the first term of the right-hand side dominates when y; is close to
Ylo-

This proposition is proved in the Appendix. It shows that the intensity en-
hancement is maximal at y;, and affects also neighboring points. The width of the
enhancement peak is small, of the order of |2|*/?/N'/¢, We can also observe a mod-
ification of the intensity transmitted to the points far from y;, (i.e. the background
intensity). There are two regimes (see Figure 4a):

- If L < 2.06Ljoc (which corresponds to the case in which (& — £%)/&; < &), then
the intensities transmitted to the points far from y;, using the optimal illumination
is reduced compared to the uniform illumination. In the picture y; — E[I} P! (see
Figure 3a) we can therefore observe an enhanced peak around y;, and a reduced
background (compared to the uniform illumination). In this case the optimal illu-
mination has modified the phases of the modes to favor the transmitted intensity
at y;, and this reduces the intensity transmitted to other points.

-If L > 2.06Lyoc (which corresponds to the case in which (&, —&3) /& > &), then the
intensities transmitted to the points far from vy, using the optimal illumination are
increased compared to the ones obtained with uniform illumination. In the picture
y — E[I} '] (see Figure 3b) we can therefore observe an enhanced peak around

B[] = Clyi yi,) + (32)
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FIGURE 3. Mean transmitted intensity profiles using the optimal
illumination calibrated with y;, = 0 (solid lines) and using the uni-
form illumination (dashed lines) in the case of a multimode waveg-
uide with diameter D = 1 and N = 100. The peak intensity at y;,, is
always larger with the optimal illumination than with the uniform
illumination. The background intensity with the optimal illumina-
tion is smaller (resp. larger) than the background intensity with
the uniform illumination when L < 2.06 Lo (resp. L > 2.06Ljoc).

Y1, and an enhanced background, although the optimal illumination algorithm does
not look after such an enhancement. It is the result of the analysis that the optimal
illumination process calibrated for a target point also benefits to the other points
if scattering is strong enough, while it removes intensity from the other points if
scattering is weak.

The total transmitted power using the optimal illumination is & /& which is
always larger than the total transmitted power £; obtained with the uniform illumi-
nation. The contribution of the enhanced peak around y;, to the total transmitted
power is equal to &, while the contribution of the background to the total trans-
mitted power is (&2 — €2)/&. In the strong localization regime L > Lioc, since
& > €2 the enhancement of the background gives the main contribution to the
total transmission power enhancement.

Remark. Proposition 4 is also valid in the homogeneous case. In this case we
have |T;|> = 1 and we find that the transmitted intensity profile is:

o N
P = ﬁc(ylaylo)' (33)

This result is not surprising. Indeed we have remarked that the optimal illumination
process is equivalent to a time-reversal operation, and (33) is the expression of
transverse spatial profile of the time-reversed refocused wave field in a homogeneous
waveguide [6, 4].

Remark. We have seen that the intensity transmitted at the target point yy,
is self-averaging, as well as the total transmitted power. The background intensity,
that is, the intensity at a point y; far from the enhanced peak around vy, is, how-
ever, a random function of the point y;, with a correlation radius of the order of
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FIGURE 4. Picture a: Mean background transmitted intensity for
|2] = 1. The dashed line is the mean background transmitted in-
tensity & with uniform illumination and the solid line is the mean
background transmitted intensity (& — £%)/&; with optimal illumi-
nation, which converges to 1/4 as L/Ljoc — o0. Picture b: Mean
and standard deviation of the background transmitted intensity
for |©2] = 1 and for optimal illumination. The solid line is the
mean (& — £7)/&; and the dashed line is the standard deviation

VE /G - &

|Q|'/4/N*/? The expectation and variance of the background intensity are:

opt] __ 52(L/L10C) - gf(L/LloC) ar opt\ __ gg(L/LIOC) _5%(L/L10C)
B = e Wi, ) =g ar

The standard deviation of the fluctuations of I}’ ' is always larger than its expecta-
tion, although both converge to the value 1/(4|Q|) as L/Ljoc — oo (see Figure 4b).
The fact that the relative standard deviation (ratio of the standard deviation over
the expectation) is larger than one shows that the background intensity is not the
classical speckle pattern but has stronger spatial fluctuations.

Using (21) and Proposition 3 we obtain the following corollary.

Corollary 1. In the same conditions as in Proposition 3, if, additionally, L > Ly,
then

,Popt ~ 1

out — Z
Note that, in the diffusive regime, we would use (27) and obtain the value 2/3.
What is really surprising is that, in the localization regime, the exponential decay
of the transmission can be canceled by the optimal illumination process. We have

just proved that we can obtain a total power transmission coefficient of 1/4 in this
regime by a time-reversal operation.

6. Optimization of the total transmitted power. In this section we want to
optimize the illumination in the input plane of the waveguide so as to maximize the
total transmitted power in the output plane. The situation is the one described
in Section 2. We have seen in the previous section that the illumination that
maximizes the intensity delivered at one target point in the output plane allows
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0 5 10 15 20

FIGURE 5. Total transmitted power. The dashed line is the total
transmitted power & with uniform illumination and the solid line is
the total transmitted power &5 /&1 with optimal illumination, which
converges to 1/4 as L/Lj,c — o0.

also a significant enhancement of the total transmitted power. We will see in this
section that it is possible to do even better.

If we want to maximize the total transmitted power amongst all possible illumi-
nations with unit incident power, then we need to maximize the functional

12l ¥ 2 _ 19
Ey )= ]
(Ek)k=1,...n /> Pout = Z ’ Z MlkEk’ with the constraint Z |Ex|” = -
=1 k=1 k=1
We first note that the total transmitted power has the expression
Q
Pout | |E M ME (34)
p
in which the time-reversal operator
Krg =M M

appears. The time-reversal operator is the transfer operator from the input array
to itself corresponding to the following time-reversal experiment:
i) emit from the input array an illumination E and record at the output array the
field F = (F})i=1,...p. The recorded field is F = ME.
i)) time-reverse the field F, reemit it from the output array towards the input array,
record the field transmitted at the input array, and time-reverse it. The resulting
field is Erg = M ME = Krg E.
Note that, if the input array and output array are sampled in the same way, then
M? = M by reciprocity. In such a case, in order to measure the time-reversal oper-
ator Krg, it is sufficient to carry out the first step of the time-reversal experiment
which gives the matrix M.

Using the discrete orthonormality property (1) we have

N
(KTR Kk = % Z :Bk/ |T | (bj(cck) k,l{/ = 1, ey n. (35)
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From (34) and (35) we obtain the result that the optimal illumination is

Q
EPt = uquo (x)) where jg is such that |Tj,|* = max T % (36)
n J=1..,
In other words we need to choose an illumination that corresponds to the mode (or
one of the modes) with the maximal mode power transmission coefficient.
We next show that an iterated time-reversal procedure can (almost) achieve this

optimal illumination. Let us consider the following illumination:

—t
12 (K7 M)
E](C‘I) _ % ; T? _tklo —7 k = 1, Lo, n, (37)
[ (KM, 7]

where ¢ € N. This is the result of a series of ¢ TR operations from the input
array to itself using the illumination (Ej)g=1..n = (Mgiy)k=1..n used in the
previous section to maximize the intensity transmitted at the target point vy;,. The
denominator is simply a normalizing factor to get an input field with unit power.

Using the illumination (E,(cq))kzl,,,,,n we obtain the total transmitted power

N
(@) _ Zj:l T 105 (w1, 2
SN Ty 2 () 2

From the independence of the mode power transmission coefficients and the hy-
pothesis (2) we obtain the following result.

Proposition 5. Using the illumination (37) the total transmitted power is, in the
regime N > 1, self-averaging and given by

pla) _ S2qr2(L/Laoc)
out §2q+1 (L/LIOC) 7
where the functions &, are defined by (18).
If, additionally, L > Lo, then
1 2
’P(Q) ~ (1 — ) .
out 4q T 2
This shows that a single time-reversal step increases the total transmitted power
from 1/4 to 25/36, and that an iteration of the time-reversal procedure tends to
give a total power transmission close to one.
For completeness, we can add that the intensity delivered at the point vy;, using
the illumination (37) is self-averaging and given by:

I(Q) _ I(O) gngl(L/Lloc) (0) _ w'
o fo 51 (L/Lloc)§2q+1 (L/Lloc) ’ lo |Q|

The intensity Il(f) is smaller than the maximal intensity Il([?) obtained with the

illumination (E,(CO)) k=1,...n that has been shown in the previous section to maximize

the intensity delivered at vy;,. In particular, if L > Ljoc, then

1
ﬁwﬁ( oy y:
0) — 1 :
Il(o) j=1 1_2q+2j

This shows that a single time-reversal step increases the total transmitted power
from 1/4 to 25/36, and it also reduces the intensity delivered at y;, by a factor 1/9.



OPTIMAL TRANSMISSION THROUGH RANDOM WAVEGUIDES 17

7. The one-dimensional time-dependent problem. The multi-mode time-
harmonic problem studied in the previous sections is almost equivalent to a single-
mode time-dependent problem, as we now explain. In this section we consider a
random single-mode channel, such as a randomly perturbed single-mode optical
fiber or acoustic waveguide. The problem is to maximize the transmitted intensity
at a given time. There is no transverse spatial aspect involved here. We assume
that we can use a source whose bandwidth [wg — B/2,wo+ B/2] is fixed and that it
can deliver a fixed total energy, say 1. The input time-dependent field has the form

1 wo+B/2 ) R
Yin(t) / e (W) dw,

C 2 wo—B/2

where ¢, has support in [wo — B/2,wo + B/2] and can be chosen by the user with
the constraint:
w0+B/2

/|¢in(t)|2dt =1<= [tin (w)]2dw = 2.

UJ()—B/2

The output time-dependent field is

1 wo+B/2 ] .
Yout () = —/ e~ “hhin ()T (w, L)dw,
27 wo—B/2
where T'(w, L) is the frequency-dependent transmission coefficient of the random
channel and L is the length of the channel.
In the case of a homogeneous channel with length L we have

T(w, L) = exp (if1(w)L), (38)

where 31 (w) is the wavenumber of the fundamental (and unique) mode of the chan-
nel.

In the case of a random channel with random fluctuations of the index of re-
fraction with standard deviation o and correlation length [., the joint statistics of
T(w, L) at different frequencies w is known [4, Chapter 7]. In particular, for a fixed
frequency, the moments of the mode power transmission coefficient |T'(w, L)|? are
given in Proposition 2. Moreover, the coherence properties of the transmission co-
efficient with respect to the frequency w are known [4, Chapter 9]. In particular the
coherence frequency w, is of the order of 02l.w?3/cy. We assume in this section that
the bandwidth B is much larger than the coherence frequency w, of the transmission
coefficient, which will ensure the statistical stability of the quantities of interest.

7.1. Optimization of the output intensity by time-reversal. In order to max-
imize the output intensity at time ¢o, Cauchy-Schwarz inequality indicates that we
need to take:

PP () = Var L@ D

(S P2 T, 1)) P

(39)

This optimal field has a simple interpretation. It is proportional to the time-
reversed field received at the input of the channel when a Dirac pulse is emitted
from the output of the channel at time ¢3. By reciprocity this is also the time-
reversed field received at the output of the channel when a Dirac pulse is emitted
from the input of the channel at time ¢y. This result shows that time-reversal is the
optimal strategy to get the maximal intensity at some given time.
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Let us first briefly address the case of a homogeneous channel, for which the
transmission coefficient is (38) and the optimal illumination is the uniform illumi-

nation
V2w piwto—if1(w)L

VB

Proposition 6. In the case of a homogeneous channel, using a uniform illumina-
tion, the transmitted field is

A_unif(w) =

mn

(40)

untif(t) _ \/Eezwo(tg t)
ou /_271'

sinc

(B(t - to))
2 )

which shows that

1) the transmitted intensity is mazimal at t =ty and it is equal to I, = B/(2m),

2) the total transmitted energy is equal to the input energy.

In the case of a random channel we compare the transmitted intensity and energy
using the optimal illumination ¢)?** and the ones obtained with uniform illumination
Junif

wt (which is the illumination that we would use if the channel was homogeneous).

Proposition 7. 1. Using a uniform illumination, the transmitted intensity at time
to is a random quantily whose expectation is given by

" w0+B/2 w0+B/2 L L ,
E[1mf] = / - - )dwde
7 = 27TB ~B/2 ~B/2 1/Q(L‘J)Lllo/f(w’) Lioc(w)  Lioc(w')
(41)
The total transmitted energy is a statistically stable quantity given by
" 1 w0+B/2
P == &1(L/ Lige(w))dw. (42)

out
B UJ()—B/2

2. Using the optimal illumination calibrated with the target time to, the transmit-
ted intensity at time to and the total transmitted energy are self-averaging quantities
given by

wo+B/2
1 [etBr e e &L Lioe(w) )dw
to T o §1(L/ Lioe(w))dw, Pout = ot B2 , (43)
T Juwo—B/2 fwng/Z &1(L/ Lioe(w))dw

where the functions & and & are defined by (18).

The first point of the proposition follows from the O’Doherty-Anstey theory [4,
Section 8.2.1] for the transmitted intensity and from an energy conservation prop-
erty [4, Section 7.2.2] for the total transmitted energy. The transmitted intensity
at time ¢y for a uniform illumination is random because the front pulse shape is
deterministic but the arrival time is randomly shifted.

The second point of the proposition can be proved using the same arguments as
in the proof of Proposition 3.

In the case in which B < wy and we can neglect the w-dependence of Lj,.(w) for
w € [wo — B/2,wp + B/2], we can simplify the expressions and write

: B
E[I%mf] ~ Gy eXP(_L/LIOC(WO))v P;Ttlf ~¢& (L/LIOC(WO))

§2(L/Lioc(wo))

opt B ut <
I = gL/ Doc(wa)), P = F s,
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We can see that the transmitted intensity and energy enhancements using the op-
timal illumination have the same properties as the ones discussed in the previous
sections. In particular, the main mechanism for transmission enhancement is the
selection of the small frequency bands for which transmittivity is anomalously large.
The main effect is that, in the strong localization regime L >> Ljoc(wp), the total
transmitted energy using the optimal illumination is 1/4, while it is exponentially
small ~ exp[—L/(4Lioc(wp))] if uniform illumination is used.

7.2. Optimization of the transmitted energy by iterated time-reversal. In
this subsection we consider the problem of the optimization of the total transmitted
energy. That means that we consider the optimization problem (for the input profile

/l;in):
1 .
maximize Eout:/|1/)out(t)|2dt: 2—/|1/)in(w)|2|T(w,L)|2dw,
™
with the constraint

/|1/Sin(w)|2dw = 2m.

The -obvious- answer is that the energy of the input field should be concentrated
on a frequency w°P' such that

|T(wPt, L)[? = T(w, L)%,

max
w€[wo—B/2,wo+B/2]
and then

Eomt = [T (WP, L),

out
The situation is therefore similar to the time-harmonic multi-mode problem, in
which the optimal illumination consists in selecting the mode whose power trans-
mission coefficient is maximal. The optimal illumination can be nearly achieved by
an iterated time-reversal procedure as we now explain:
step 0: consider the signal ¢o(t) = \/B/(2m)sinc(Bt/2) exp(iwpt), whose spectrum
is flat in the band [wy — B/2,wo + B/2].
step n: emit from the input of the channel the signal v,,_1, record at the output of
the channel and time-reverse the recorded signal, which gives

Yn(w) = T(w, L)pn-1(w).

The first n = 1 time-reversed signal is proportional to (39) with the choice ¢ty = 0.
The n-th iterated time-reversed signal is given by

() = { |T(w, L)|"\/27/ B1iwy—B/2,we+B/2 (W) if n is even,
|T(w, L)|"'T (w, L)\/27/ By, B/2,wo+B/2](w)  if nis odd.

We now use the input signal

wﬁf‘t;n(w) = \/% wo+B/2 wf(w)/ 27 n\1/2’
(fwo—B/2 |thn ()] d‘”)
where the denominator has been introduced to get an input field with unit energy.

For any n, the total transmitted energy obtained with this input signal is self-
averaging and given by

gopt,n _ J::)()OjBB//QQ §n+1 (L/LIOC(W))dw B§w0 §n+1 (L/Lloc(wo)) '
S o o Do)
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When L > Ljpc(wp) we find from (20)

gopt.n B<wo, L>Lioc(wo) (1 B i)2
out - m

This result shows that iterated time-reversal is the optimal scheme to achieve total
energy transmission through a one-dimensional randomly perturbed system in the
localization regime.

8. Conclusion. In this paper we have first studied the optimal illumination prob-
lem for a randomly perturbed multi-mode system in the localization regime and
in the time-harmonic domain. This problem consists in identifying the optimal
spatial wave front in the input plane of the channel that maximizes the intensity
transmitted through the random system at a target point in the output plane. The
physical mechanism that allows enhanced transmission using an optimized wave
front is based on the selection of the open channels of the system by the optimized
illumination. More quantitatively, if we denote by L the length of the system and
by Lio the localization length, most of the mode power transmission coeflicients of
the system are exponentially small in L, of the order of exp[—L/Li.], but a very
small fraction of them are of order one. The proportion of these “open channels”
is exp[—L/(4L1oc)]. By optimizing the wave front one can select and excite open
channels.

We have shown that the optimal illumination can be obtained by a time-reversal
operation. This explains why the intensity transmitted at the target point and the
total transmitted power are found to be statistically stable quantities, since sta-
tistical stability has been shown to be one of the key features of time reversal for
waves in random media [14, 15, 4]. The optimal illumination process increases by
a factor N (i.e. the number of modes) the intensity at the target point and at very
neighboring points. By doing so, the optimal illumination process also decreases the
background intensity (i.e. the intensities at the other points) when L < 2.06 Lo,
but increases the background intensity when L > 2.06Lj,.. The overall result is
that the total transmitted power is always significantly enhanced. More quantita-
tively the total transmitted power is a decaying function of the ratio L/Ljo. that
converges to 1/4 as L/Lj,c — oo. This represents a dramatic power transmission
enhancement since the total transmitted power decays as exp[—L/(4Lioc)] in the
case of a uniform illumination. We have also shown that the total transmitted power
can be optimized using an iterated time-reversal operation. After 2¢ + 1 iterations
the total transmitted power is found to be equal to (1 — 1/(4q + 2))?.

Finally, in the single-mode and time-dependent problem studied in Section 7 we
have shown that time reversal is optimal for the maximization of the transmitted
intensity at some prescribed time while iterated time reversal is optimal for the
maximization of the total transmitted energy. Quantitative results are obtained
that describe precisely the enhanced transmission.

Appendix A. Proofs of Propositions 3 and 4. We first give a short lemma
used for the derivation of the main result.

Lemma A.1. For any input and output wave fields i, () and Yout(y) we have

n p
in 2d :ﬂ in ° ou 2d :ﬂ ou 2-
[ i@z == > (el [ st Py == > oo
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Proof. We have

Yin(e Z%% o) = | B@n(@)ie

On the one hand the continuous orthonormality property gives

/WJm ’d:v— Z oG /qﬁj x)p (x dw—Z|aJ|2.

J,j'=1

On the other hand the discrete orthonormality property gives

n N n
> [eml@n)* = > > é(@e)éy (@) pa Zl%l2
k=1 Gii=1 k=1

Combining these two relations gives the desired result. The proof is the same for
the output wave field. O

We can now give the proof of Proposition 3. In the case of a uniform illumination
the coefficients («j);—1... n are uniformly distributed over the unit sphere in C¥.
If we denote by (-) the expectation with respect to this distribution, then we have

N

W@ =0, (@) = & 3l = oo

Jj=1

where we have used the uniformity property (2). The intensity at y;, and total
transmitted power are:

N
=% 0oy TiTioi(ye) oy (), P’ = ZI%I 751,

J.j'=1

We can compute the expectations of these quantities:

N N
<]E [Il]?)nif]> = Z |aJ| |95 ( (y10)[*€1(L/ Lioc) = %Z |p; (y10) %61 (L/ Loc)
i—1 j=1

51 L/Lloc)
e

<.

|
] =

(E[Past']) (Ja;2) €1(L/ Lioe) = €1(L/ Lioe),

1

<.
Il
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and their variances:

N
Var(tpc%]tif) = Z <|0‘j|2|aj’ |2> 5%(L/LIOC) + Z <|aj|4> &2(L/ Loc) — §f(L/L10C)
j?fj j=1
= N 1 [52 (L/Lloc) - L/Lloc)]
Var(IM) = 2% (lagPlag: ) 16 (yio) P16 (i) €2 (L Lioc)
J#3’

2

2
Z i) 195 (o) *€2(L/ Lioe) — %

N — 3 &(L/Lnac) 1
= NT1 ! |Q|2l +252(L/Lloc){m;|¢j(ylo)|4}a

where we have used the uniformity property (2) and the following results which
come from the fact that (|oj|?)j=1.. n is uniformly distributed in Ejvzl loj|? = 1

1 1 ~wn i # j ’
2\ NZ2(N+1) ’
« = —, e ileY + _
sl = % (ol ) = o { L

Taking the limit N — 0o and using (3) gives that Var(Pi") — 0 and Var(I;™f) —
&/19.

From now on we consider the case in which we use the optimal illumination (28).
The intensity transmitted to vy, is

SIYES @l
1 = SIS 6 () Ty )|

k=1 j=1

3

Q)
= | | Z ¢j Y, ¢j ylo

J,j'=1

Using the discrete orthonormality property we obtain

L= Zlaﬁg Y1) P75 (44)

We compute the expectation and the variance of I} OPt,

B[] = 5 165 PEITS ) = 3 650 P60 (E Lo,
j=1 Jj=1
Var(17) = Zm yio)|*Var (T ?) Zm i) *[€2(L) Lioc) — E(L/ Luoc),

where we have used the independence of the mode power transmission coefficients.
Using the uniformity property (2-3) gives

s[pr] = S () —ow
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which shows that the quantity I, Pt is self-averaging in the regime N > 1 and
L/Ly,
= neE/ o) (45)
€
Using Lemma A.1 we have
O Q (o)
01}313t - | |Z |¢OE:
so we can write the total transmitted power in the form
opt  _ |Q| |Q| Zk L My My (2
Pout = Z ’ . 1/2 ’
=1 k=1 m 1 |Mlom| }
_ 190 it | D Mlle0k| (16)
p n 22:1 |Mlok|2
We have
n N n
> MyuMge = Y 65(u)dy (i) LTy > b5 (k) by ().
k=1 Juj'=1 k=1
Using the discrete orthonormality property we get
n n N
> My M,y = @Z@(yz)@(yzo)lnl? (47)
k=1 j=1

For I = Iy we have Y_;'_, |[Mi,x|? = (n/]Q]) l(;pt given by (44), which is self-averaging
by (45), so that

n N
1 n n
— M, 2 _° ; 2T’-2:— LLOC. 4
N;| lok| N|Q|;|¢J(ylo)| | J| |Q|2€1( / 1 ) ( 8)
Substituting (47-48) into (46) gives
Q12 1 & v
POPL — 1 )T 49
t P 51 L/L]oc ; ;¢] Y (b] Y | | ‘ ( )
We have
P N . 2 N . P -
Z]Z@(yl)@(yzo)lﬂl?} = > 65w by (i) ITIPITy 2D 6 () by (w)-
=1 j=1 5.3'=1 =1

Using once again the discrete orthonormal property gives

>

=1 3

Mz

63 w)35 )T | = 3 Zm o751

I
-

Using the independence of the |T};|* and the uniformity property (2) gives

P
%Z’ZQZ)J yl (bj Yi, |T| ‘ |2§2(L/Lloc)
=1 =

Substituting into (49) completes the proof of Proposition 3.
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We finally give the proof of Proposition 4. Using the computations carried out

the proof of Proposition 3 we find that
Q] N 7 )
L= L , ‘ T. 2‘ .

U NE(L/ o) | 24 (90) 5 (wio)| T

Taking the expectation we obtain:

N
Ngl(L/LIOC) |Q|
E IOpt = — = - . 2 . 2 _ 2
[ l ] |Q| O(ylvylo)+ Ngl(L/Lloc) ;|¢J(y1)| |¢j(yl0)| (52 gl)’
which gives the desired result.
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