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Abstract. In this paper, the reflection of an obliquely incident electromagnetic wave on a ran-
domly layered multiscale half-space is analyzed. By using homogenization and diffusion approximation
theorems, it is possible to get a complete description of the reflectivity of the random half-space that
depends on the effective reflectivity of the interface and on the random reflectivity of the bulk medium.
Particular attention is devoted to the characterization of the Brewster anomalies that correspond to
small or even zero reflectivity. It turns out that the interface reflectivity and the random medium
reflectivity as functions of the incidence angle may both possess Brewster angles that minimize or even
cancel them, but these two angles are in general different.
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1. Introduction

Wave propagation in randomly layered media has been the subject of many papers
in the last forty years, especially in the regime of separation of scales as introduced
by George Papanicolaou and his coauthors [3, 5, 6, 12, 16]. It turns out that local-
ization appears as a universal phenomenon, which implies in particular that a wave
cannot propagate through a randomly layered medium beyond a critical distance called
localization length and it is therefore completely reflected. However, in some special sit-
uations, it may happen that the localization length diverges. This phenomenon occurs
for vector waves such as electromagnetic waves, and it was first predicted in [18] and
then confirmed by several other papers [1, 2, 11, 14, 15]. In our paper, we reproduce the
original result and extend it by considering multiscale random media and by using the
more recent asymptotic techniques presented, for instance, in [7]. In particular, we de-
duce that multiscale random media, with fluctuations at the scale of the wavelength and
at smaller scales, may produce a more complex picture, and that there may be a non-
trivial interplay between the interface reflectivity (between the homogeneous half-space
and the randomly layered one) and the bulk medium reflectivity. It turns out that both
reflectivities have Brewster anomalies, corresponding to vanishing reflectivities, but not
at the same angle in general. As a result, it is usually not possible to achieve zero
reflection by a randomly layered medium. These results could find applications to wave
propagation through foliage [8, 9] in which Brewster anomalies are sought for deeper
penetration.

The paper is organized as follows. In Section 2, we introduce the model and iden-
tify the scales present in the problem. Then we transform the governing equations and
identify the mode decomposition that is useful for the analysis in Section 3. We study
the reflection and transmission problem for small propagation times and distances in
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708 ELECTROMAGNETIC WAVES IN RANDOMLY LAYERED MEDIA

Section 4. For this case, we then identify Brewster anomalies for the effective (ho-
mogenized) interface problem. We consider the situation with large propagation times
and distances in sections 5-6, where we then can discuss Brewster anomalies for the
localization problem.

2. Maxwell’s equations for electromagnetic waves in a multiscale random
medium

We consider electromagnetic waves propagating in a three-dimensional medium with
heterogeneous one-dimensional random fluctuations. Maxwell’s equations for the elec-
tric field E(t,x,z) and the magnetic field H(¢,z,z) are

VxE=—pu0H, (2.1)
V-(e(z)E)=0, (2.2)
VxH=0(2)E+e(2)0.F, (2.3)
V- (uoH)=0. (2.4)

Here we denote the spatial variable by (z,z), with & = (z,y) € R%.

We consider the high-frequency regime in which the propagation distance is larger
than the wavelength. The medium has two scales of variations: rapid and strong fluc-
tuations (with a correlation length smaller than the typical wavelength) and slow and
weak fluctuations (with a correlation length of the same order as the typical wave-
length). We also take into account small dissipative terms that can be homogeneous or
heterogeneous.

We consider in this paper the situation in which a wave coming from the homoge-
neous half-space z <0 is impinging on an heterogeneous half-space z > 0. We denote the
medium permittivity in the half-space z <0 by ¢9. The medium parameters are:

€0 if z<0,
e(2)= er(g) +V0oey(2) if 2>0, (2.5)

0 if <0,
o) = 6€d(§) if 2>0, (2:6)

where § is a small dimensionless parameter that characterizes the scaling ratios between
the different types of fluctuations and the typical wavelength, which is our reference
length scale of order one. The random processes e,(z) and ey (z) model the fluctuations
of the permittivity of the medium. &,(z) models rapid and strong fluctuations, and & (2)
models slow and weak fluctuations. The random process 4(z) models the dissipation,
which has small amplitude and may be constant or spatially fluctuating. We assume that
these processes are bounded, stationary, and that they satisfy strong mixing conditions.
For simplicity, we also assume that they are independent.

We shall refer to waves propagating in a direction with a negative (resp. positive)
z-component as left-going (resp. right-going) waves.

For illustration, we will consider two particular models for the random process &,.

Model I (binary medium). The first model is a binary medium made of two
materials with permittivity g and €. The lengths of the elementary intervals (over
which the permittivity is constant) are independent. The lengths of the intervals of
material 0 are distributed with the exponential distribution with mean I./«. The lengths
of the intervals of material 1 are distributed with the exponential distribution with mean
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l./(1—a). Here l.>0 and o€ (0,1). At 2=0 the medium is made of material 0 with

probability 1 —a and of material 1 with probability « (see figure 2.1a for a realization).
The process (£,(2)).>0 is a Markov process with state space {€g,£1} and with in-

finitesimal generator:

l1-a 1-a

L f(eo0) = .

Lef(9)= |~ T f )+ ] 1 @)+ | fE]1a(e), cefenal,

whose adjoint is

le

le

Lip(e) = - Zpleo) +

. ap(51)] 1., (e)+ [gp(so)—

A “plen)]|1,(e).

The unique invariant probability measure (that satisfies £ip=0) is p(gp)=1—a and
p(e1)=a. Starting from this probability measure, the process is stationary, and the
volume fraction of material 1 is a. The expectation and the variance are therefore

Ele:(0)] =ae; + (1 —a)eo, Var(g,(0)) =a(l —a)(e; — o).

Furthermore, denoting g¢(¢)=e¢—El[e.(0)], we have Lig(e)=-—g(e)/l.. Using the
fact that g(ec(z))— [y L1g(ex(2'))d2’ is a martingale and that Cov(e:(0),e:(2))=
Elg(e:(2))er(0))], we get

9. Cov(ex(0),24(2)) = —%Cov(ar(O),er(z)),

C

which gives
Cov(e;(0),e.(2)) =exp(—|z|/lc) Var(e.(0)),

which shows that the correlation length of the medium is /..

Model IT (uniform medium). The second model is a stepwise constant medium. The
lengths of the elementary intervals are independent and uniformly distributed with the
exponential distribution with mean [.. The values of the permittivities in the intervals
are independent and uniformly distributed with the uniform distribution over (g¢,e1)
(see figure 2.1b for a realization).

The process (£,(2)).>0 is a Markov process with state space [¢,¢1] and with infinitesimal
generator:

[,Hf(t’:‘):ll[—f(é")—F B f(g’)dg’}’ € € leo,e1],

c £1—¢&o €0

which is self-adjoint. The unique invariant probability measure (that satisfies £i;p=0),
is the uniform measure over [gg,e1]. Starting from this probability measure, the process
is stationary, and the volume fraction of material 1 is 1/2. The expectation and the
variance are therefore

Ele:(0)]=(e1+¢0)/2, Var(g,(0)) = (1 —0)?/12.

Furthermore, denoting g(¢)=e—E[e,(0)], we have Lyg(e)=—g(e)/l.. We get as in
model I that

Cov(er(0),:(2)) =exp(—|z|/lc) Var(e:(0)),

which shows that the correlation length of the medium is [..
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Fic. 2.1. Realizations of the permittivity of the random medium for the two models. Here l.=0.02,
eo=1, e1=2, a=0.25 (model I, binary medium, left picture) and l0=0.02, eg=1, e1 =2 (model II,
uniform medium, right picture).

3. The reduced wave equations for the wave modes
We take a Fourier transform in time and lateral spatial coordinates:

E(w,n,z):/ /E(t,:c,z)ei“’t_iw"““:dtdac7 (3.1
r2JR

ﬁ(w,n,z):/ /H(t,az)ei“t_i‘“"'wdtda:. (3.2)
r2 JR

We  denote E:(Ej)jzl,z,B and ﬂ:(ﬁj)j:LQ,g. The four-dimensional vector
(E1,Hs, Fo, Hy) satisfies:

w

8ZE1 :iwuoﬁz—mml (Hlﬁz—:‘igﬁl), (33)
azﬁQ:'L.U.)s(Z,OJ)El+L%/€2(/{1E2_/€2E1), (3.4)
~ . ~ W A ~
8zE2:—zwuoHl—W@(mHg—Hng), (3.5)
8zﬁ1:—iwe(z,w)Eg+L—wm (HlEQ—K2E1), (36)
0
where
€0 if z<0,
= i 3.7
e(zw) Er(g) +\/5€W(z)+555d(§) if 2> 0. (37)

The two other variables (Fs, Hs) are given by:

~ 1 A~ A

Fs=————(k1Hy—koH .
3 E(z’w)(fﬂ 2 — ko Hy), (3.8)
A 1 A A

H3:7(/€1E2_K/2E1). (39)

Ko
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Let us make the change of variables:

. Hy— ko H

=" (3.10)
||

Elozﬁ1 1l 2, (3.11)
||

Hszw7 (3.12)
||

) Ey—roE

ES:M' (3.13)

||

If k=0, we use the convention ﬁp:ﬁg, Ep:E’l, ﬁs :ﬁl, ES:EQ. This coordinate
system is frequently used. It relates to the plane of incidence, that is, the plane made by
the propagation axis and the normal vector to the surface z=0. Here it is the plane that
contains the vectors (0,1) and (k,0). E, resp. Hp, is the component of the electric field,
resp. magnetic field, that is perpendicular to the incidence plane. The pairs (Ep,flp)
and (Es,ﬁs) satisfy the uncoupled systems of equations:

0. Hy = iwe(z,w) Ey,

A || - (3.14)
82Epfzwp0(1 ,uoa(z,w))Hp’

0, fI = —iwe(z,w) (1—ﬁ>E&
0. E,

toe(z,w) (3.15)

= —iquHs.

The pair (E H b); Tesp. (EAE,IA{ ), represents the p-polarized, resp. s- polarlzed compo-
nent of the electromagnetic wave. If a wave is purely p-polarized, i.e. Ey=H,=0, then
we also have Hz =0 by (3.9), which means that the projection of the magnetic field on
the incidence plane is zero, and the wave is transverse magnetic. If a wave is purely
s-polarized, i.e. E,=H,=0, then we also have E3=0 by (3.8), which means that the
projection of the electric field on the incidence plane is zero, and the wave is transverse
electric.

If the medium is homogeneous with permittivity e(z,w)=¢g, then each of the field
components {Ep,f]p,ES,ﬁs} solves the scalar wave equation

O2U +w?(cy 2 —|6[*)U =0, (3.16)
where
1/2 —1/2

co=po g (3.17)

is the homogeneous wave speed and the slowness in the homogeneous medium is

Ko(K)=1/co? — k|2 (3.18)

Consequently, each of the field components {EA’p,pr,EA’SfIS} is a linear combination
of the two linearly independent solutions e®*0(%)% and e~*0(%)% of (3.16), which are



712 ELECTROMAGNETIC WAVES IN RANDOMLY LAYERED MEDIA

respectively a right-going wave and a left-going wave. The general solution of the system
(3.14-3.15) in the homogeneous case £(z,w)=¢q can therefore be written in the form

Hy(w,k,2) =y (w, k)0 "= L] (0, K)ewro )z (3.19)
By(w,k,2) = ””08(0"‘) i (w, k)0 ()7 _ (w,m)e*iwow), (3.20)
To(w, Kk, 2) = s (w, k)0 = L b (W, k)e o)z (3.21)
oy (w, K, 2) = HOM((;) (—&S(w,ﬁ)eiw“o(“)z +l§s(w,l<a)e_i“’”°(")z). (3.22)

Here G, a5 are the complex amplitudes of the right-going p- and s-waves, while l;p, by
are the complex amplitudes of the left-going p- and s-waves. These decompositions are
analogous to the decomposition (14.24), (14.25) in [7] for the acoustic case.

If the medium is as described by (2.5), then the wave is of the form (3.19-3.22)
in the region z <0 and it satisfies (3.14-3.15) in the region z>0. The system is com-
plemented by jump conditions at z=0 that express the continuity of the transverse
electromagnetic field. If we assume that there is an incoming, right-going wave that we
denote (Einc,ﬁinc) and that is coming from the left half-space z <0, then the boundary
conditions at z=0 read

Hy(w,5,0) + —2— By (w,5,0) = 2aine.p (w0, ), (3.23)
)
o(k) ~ oA
Hy(w,k,0)— s(w,K,0) =2Ginc s (w, K). (3.24)
Ho

This comes from the continuity across the interface z=0 of the transverse electromag-
netic field (E1,Es,Hq,Hs), or equivalently (E,,FEs,Hp, Hs), and from the form of the
right-propagating incoming wave in the half-space z <0:

ﬁinc,p(w,ﬁ,z) :dinc’p(w,m)ei“’io(“)z, (3.25)
Elnc,p(w, K,z)= /%05(0%) Gine.p(w, k)eiwroR)z, (3.26)
ﬁmc,s(w,n,z) = Ainc7s(w,m)ei”“°(”)z, (3.27)
Emc,s(w, K,z)=— A&incﬁs(w, K)elwno(r)z, (3.28)

Ko (k)

Below we shall assume the incoming wave is a pulsed plane wave, that is, we model it
as

ainc,q(tva:):fq(t_""im:'x)v dinaq(wv""): (Z)qu(w)(s(""_";iHC)a (3-29)

for g=p or s. Here f; gives the pulse profile, and note that the pulse width is assumed
to be O(1) in our scaling, see also (5.15) below. Note moreover that the incident p- and
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s-wave mode amplitudes Gincp and Ginc,s relate to the incoming field variables by

(K:lﬁincﬂ - K’2Hinc,1)(w7 K',O)

&inqp(UJ,FL) = ‘K|
__%o (mEinc,1 + RQEinCQ)(w?K/’O) (3.30)
I‘i(](K‘,) |F\',| ) .
I:Iin f{inc , 70
fincs(w, k) = (k1 Hinc +H‘2R| 2)(w,k,0)
:7/10(16) (ﬂlEinc,Q752Einc71)(wvh‘,,0) (3.31)
Mo ‘K,| : .

We should also impose radiation conditions at z — oco. For this, a convenient way
is to choose a depth L’ that is large enough so that an incoming wave from z<0
does not reach that depth on the duration of the experiment. This is always possible
by hyperbolicity of the wave equation. We can then impose an arbitrary boundary
condition at z=L°% It is convenient for the forthcoming analysis to choose to impose
radiation conditions of the form

~ E. ~
H LH-—2_F L% =0 3.32
P(W’K” ) I‘Ep(K) P(w’h"7 ) ’ ( )
ﬁs(w,H,Lé)—i—ﬁs(n) Ey(w,k,L°) =0, (3.33)
Ho

where the wavenumbers kg(k), kp(k), and the effective permittivity e, are defined in
the next section. It turns out that these conditions are transparent at the interface
z= L0 in the regime 6 — 0, see (5.5)-(5.8). We remark that the “transparent” terminat-
ing condition that we have introduced can be interpreted physically as introducing an
“annihilation” source in the (assumed homogeneous) half space z > L that cancels the
wave reflections from the interface at z=L. As we will see below we can not synthesize
such transparent boundary conditions simply by choosing the values of the homogeneous
parameters in z > L since the homogenized parameters in the section [0,L] depends on
both arithmetic and harmonic means of the fluctuating permittivity.

It can be seen from the system (3.14-3.15) that the p-wave (E,,H,) and s-wave
(ES,HS) propagate without interaction in the heterogeneous medium. However these
waves interact with the same realization of the random medium, so that their dynamics
are in fact coupled from the statistical point of view. Indeed we will see in the following
that, amongst other phenomena, the p- and s-waves experience random travel time
corrections which are correlated.

4. Transmission and reflection in the homogenization regime

Let us assume that the propagation time is short, of the order of the pulse width.
We can then take L° = L, that is to say, we consider a heterogeneous region whose size
is of the same order as the wavelength. The homogenization theory applies [17], [7,
Chapter 4] and we find the effective wave equations inside the inhomogeneous region

aszp :inaE’p,

2
8ZEp = iwuo (1 — | ‘

)ﬁp’ (4.1)
Ho€n

0, H, = —iwe (1—ﬂ)E
U e (42)
8zEs:_inOHsv
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where €, and ey, are the arithmetic and harmonic averages of the stationary process

er(2):
ea=E[e:(0)], en=E[e:(0)71] 71 (4.3)

For model I (for which the stationary measure is p(eg) =1—« and p(e1) = «), we have
€01

a= 1- ) =
ca=ae1+(1—a)eg €h Py T g

For model II (for which the stationary measure is the uniform measure over [gg,¢1]), we
have

€1+¢€o €1—¢€p

“TTr o e

Note that we always have e, > e, (by the Cauchy-Schwarz inequality).
The wavenumbers of a time-harmonic plane p-wave or s-wave with frequency w and
slowness vector k are k, =wkp (k) and ks =wks(k) with

K (m) = posa— K2 w2 (5) = poca— |l (4.4)
Remember that the p- and s-waves in the homogeneous region with permittivity g have
the same wavenumber wkg(K).

The system (4.1-4.2) is complemented with the boundary conditions (3.23-3.24) at
z=0 and (3.32-3.33) at z= L. Note that the boundary conditions at z= L now appear
as transparent since they impose that the left-going waves in the homogenized medium
at z=L are vanishing. In the case when an incoming plane wave arrives from the half-
space z <0, it is is partly reflected and partly transmitted. The p-wave, respectively
s-wave, component with frequency w and slowness vector k have the form

Hy(w,k,2)=[em0®= 4 Rl (k)e 0= Fo o (w,k,0), (4.5)
Hy(w,k,2) = [e“"“"(“)z—&—Rl (n)e"“’“"(“)z] inc,s(w, K,0), (4.6)
Ey(w,k,2)= [e“‘”"o ;)(m)e*“‘”“"("‘ Z] (w,k,0), (4.7
Ey(w,k,z)= [e“‘”“O(" Rl(k)eiwrolr) Z] inc,s (W, K,0), (4.8)
in the region z <0, and
Hy(w,k,2) =Th(k)e™ "= [ o (w,k,0), (4.9)
Ha(w0,05,2) = T ()02 F  (0,15,0), (4.10)
Ep(w,k,2) = Z'ZEEZ;Tg(m)eiw”"(”)zﬁ’mc,p(wm,O), (4.11)
Ey(w,k,2) = fio () Ti(k)e“r =2 B (w,k,0), (4.12)

ks (k)
in the region z>0. The reflection and transmission coefficients for the interface z=0
(obtained from the continuity of the electromagnetic field) are given by

Ko(k) _ rp(k)

i _ €0 Ea
Rp('{'") - no(n) T Kp(”) ’ (413)
€ €a

i fis(r) —ko(k)
R(k)= (R Fro(R)’ (4.14)



J. GARNIER AND K. SOLNA 715

and with
T)(k)=1+R.(K), q=p,s. (4.15)
Note also that we have the relations
S0 -+ P 2 < 2L, (416)
)P+ nﬁ) TP = (4.17)

These relations can be interpreted as energy conservation relations. Indeed, the energy
flux density (the rate of energy transfer per unit area) of an electromagnetic wave with
transverse wavevector k and frequency w through the surface z=zg is given by the

z-component of the Poynting vector P(w,n,zo) = %E X fI(w,n,zO)z

~ 1, ~ = . = 1, .~ =
Pg(w,H,ZO):§(E1H2—E2H1)(W,H,ZQ)=i(EpHp

— B,H,)(w, K, 20). (4.18)

Using (4.5-4.12) and (3.25-3.28) we find that the incoming flux, reflected flux, and
transmitted flux through the interface z=0 are
2 Mo )
ko(K)/’

Ko (k)
€0

A 1/, .
Pue(8) = 5 (line. (w6, 0) P2 + [ o w,,0)|

> Leo i HO( ) i Ho
Pr (0,19) = =5 ([ainep 0,1 0) FLEL () =22 e (0., 0) L R0 LS ).
. 1/, i K 1
Prlio, ) = & (s, 0) T3 ) 2221 ’+\ams<wm0>\ 0P,
a
The conservation relation P3(w,k,2=0") = P3(w,k,2=01) gives ]%nc(w,n)—i—
Pret(w, k) = Py (w, k), which implies (4.16-4.17).

Since the incoming wave is propagating and comes from the homogeneous half-space
2 <0 with permittivity o, || takes values in [0,y "). Therefore, if €, and ¢}, are larger
than e, then x, and ks are always positive and there is never total reflection.

binary medium uniform medium

(a)

theta

(b)

theta

1 1
—mode p ‘,’! ——mode p ’,

£ ---mode s | £ ---mode s /)l
208 208
@ ! 35 /
8 ' 8
c 0.6 ! /’ c 0.6 /
S ! S
© f © /
2 2 /
T 04 T 04 4 /
(o] / (03
o / o
8 / 8
802 / 302
E E

0 — 0

0 20 40 60 80 0 20 40 60 80

Fic. 4.1. Reflection coefficient of the interface for the two models and the p,s-waves as a function
of the incidence angle 0 (with |k|co=sin(f), 6 =0 is normal incidence). Here po=1, eg=1, €1 =3,
a=0.1. The standard Brewster angle is noticeable. Here g =60 deg for model I (binary medium) and
0p ~56 deg for model II (uniform model).
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The p-reflection coefficient for the interface is given by (4.13), and using (4.4),
(3.18), and (3.17), we find that it can vanish for a particular angle, called the Brewster
angle, such that (see figure 4.1)

€a—E0

2 2
K =
| B| €o Ea_5(2)/5h’

0p = arcsin(|ks|co). (4.19)

The Brewster angle depends on both the arithmetic and harmonic averages of the per-
mittivity. Here, the angle 6 is the angle in between in between the propagation axis z
and the propagation direction.

When there is no fluctuation, i.e. when ,(z)=¢1, then

€1
b)
eot+e€r

kpl*cg =

and 0p =arctan(y/e1/eg). This is a classical formula that predicts full transmission for
the p-wave through an interface between two homogeneous half-spaces at the Brewster
angle [4].

For model I, we have

€1

2.2
K Coh=
| B| 0 0 617

which is independent of the volume fraction «. Thus, when the incident slowness vector
Kk is such that we have full transmission through the interface from a medium with
permittivity €y to a medium with permittivity 1, then we also have full transmission
for the same slowness vector through the interface from a medium with permittivity 1
to a medium with permittivity €9 by reciprocity. As a result, we have full transmission
through any binary medium made of material with permittivities 9 and €;.

For model II, we have

|2c(2)7 (61*50)2

g2 —e2—2elog(e1/20)

|k

More generally when the fluctuations have weak amplitudes, of order 7, we have e, =
ea+0(n?) so that |kp|?c2 =¢c./(c0+€a) +O(n?) and O =arctan(y/e,/e0) +O(n?).

5. Transmission in the diffusion approximation regime

We now consider long propagation times, of the order of §~'. We then take L° = L/§.
We introduce the right-going modes dg (w,k,2), ¢=D,s, and left-going modes bg (WK, 2),
q¢=Dp,s, defined in the region z €[0, L] by

Ap(w,m,g) :&f)(w,n,z)ei$ —&—IA)g(w,n,z)e_iw%pz, (5.1)
Ap(w,/i, g) = z—:(dg(w,n,z)ei$ — Bg(w,n,z)e_i%), (5.2)
H, (wg-e, %) :dg(w,n,z)ei$ —i—lA)‘Ss(w,H,z)e_iw}SZ , (5.3)
E, (w,l-e, %) = K—:(—dg(w,mz)eiw?z +Bg(w,n7z)e_iw§sz), (5.4)
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where k, =k, (k) and ks =ks(k) are given by (4.4). It follows for z€ [0, L]:

. ealwl 1 .5

e G (et ey ) 7))
1 oz e2|k|? 1 z
o)+ 5+ (ke = iz =) (s

wkKpz

)} Bge_Qi 3

9 Z\a5 W 5a|"5\2 2 (R\35 —2iLrpE
—————ci(=)a ———ci (=)b%e 3

wKpz

alk|? 1 AN 56 2ietes
YRV )mn(g)} pe 5

Q>

by, (5.10)

where we have neglected terms of order O(5'/2), we have denoted

me)==EE =SS =2 Gy

and we have assumed for simplicity that E[ey(0)]=0 (although we could address the
general case E[ey,(0)] #0). Note that the three random processes m(z), m(z), and n(z)
have mean zero, and that the random processes m(z) and m(z) are correlated.
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The pair of s-mode amplitudes satisfies the system

0.0 =5 [ s+ o))

i t o g G)ie

1 e R B (O o A
0.6 =" LUZ%KSWQ 51/%

R T LR o]

_;Loclo% (;)]a%%‘“““+;[a)clg%sd(;)]z§§. (5.13)

Recall that these two systems are complemented by boundary conditions corresponding
to an incoming wave from the left (conditions (3.23-3.24)) and radiation conditions from
the right (conditions (3.32-3.33)) that read in terms of the mode amplitudes:

dg(w,&,z:O):&inw(w,m), I;g(w,m,z:L):O, q=Dp,s, (5.14)

where Gine g, §=D,S, are given by (3.30-3.31).

5.1. Weak convergence of the transmitted pulse. Let us assume that the
incident wave is a broadband p- or s-polarized plane wave with the incident wave vector
along the direction (coKinc,\/1— c|Kinc|?). As mentioned above, the amplitudes of the
incoming waves are

@inc,q(t,®) = f4(t — Kine - @), line,q(w, k) = (27T2) fq( )3 (K — Kinc), (5.15)

for g=p or s, where f, is some given pulse profile. In the limit § —0, following [7,
Chapter 8] we find that the wave transmitted at z/d and observed around its expected
arrival time k4(Kinc)2/6 has the form

a&@ +t,x 5) ﬂK%,@mC,z*fq(t—minc~:c—7'q7,.gmc7z), g=p,s. (5.16)
We remark that the medium here contains both weak and strong fluctuations, and we get
the result via combining propositions 8.1 and 8.3 in [7, Chapter 8]. Here t — K ;.- (t)
is a deterministic convolution kernel and 7, ;.. is a random variable. This means that
the transmitted wave undergoes both a deterministic deformation and a random travel
time correction. More precisely, the Fourier transform of the deterministic convolution
kernel is given by

Kq,mnc,z(w) :T;(Kfinc),fq (w7"~3111C7Z)a (5.17)
. 2 1
Tq(w,h',,z):exp(—%—iaq(n)z), g=p,s. (5.18)

The convolution kernel contains the term Té(ninc) that is the transmission coefficient
(4.15) of the interface 2=0 and the term Tq (W, Kine,2) that is the transmission coeffi-
cient of the slab [0,z] of random medium. The term Tj(w,Kinc,#) consists of effective
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dissipation and effective diffusion/dispersion.
The random travel time corrections 7y ., . are random and zero-mean, and their statis-
tics are described below. Although the p- and s-waves propagate without interaction in
this regime, the random travel time corrections for the two waves are correlated.

The effective dissipation coefficient of the p-wave is given by

Up(n):/@p(n)w +5aIE[ed(0)5r(O)_2]H|n(|’i). (5.19)
The diffusion/dispersion coefficient of the p-wave is given by
= h Kp(k)m ‘”'2171 Kp(Kk)m |H‘2ﬁ1
) =2 [ B[ (s pm(0) 5 0) (spmpmiQ)+ 25 m(0) e
q@lk)?\2 [ iwrip (e
+2(/£p(l<a)f . (K)) /0 E[n(0)n(C)]e2«"» (=) 4. (5.20)

In order to minimize the damping of the pulse due to the random medium the probing
angle, as determined by k, should be chosen to minimize (the real part of) 7, in (5.20).
The first term and the real part of the second term in (5.20) are indeed non-negative by
Bochner’s theorem. In sections 5.2 and 5.3 we consider explicitly the diffusion coefficient
and its minimization in the context of the particular models introduced above.
Next, observe that the random travel time correction of the p-wave is
2

1 K K|?
Tp,k,z = 1 {(Hp\/ TYm — |T\/ 'Vrh) 1+ pmm + (Hp\/ Ym + %\/ ’th) V 1- pmﬁz} Wi (z)

P p
1 2 2
Jrz [(”PV Ym — |:7|\/’Ym) V1t pmm — (“p\/ Ym+ |:7v’}/m) % 1*,0mm} Wa(z)
P i
1 g2|K|?  1go|kf
+§(np—|— p )V Ws(2) 2y z. (5.21)

The W;, 7=1,2,3, are independent Brownian motions. The coefficients v, are given in
terms of the power spectral densities of the fluctuations of the medium:

=2 [ Bl (5.22)
=2 [ Bfm(O)m(c)dc, (5.23)
=2 [ BRO)m(E)dc, (5.24)
o — do” ELn(Q)m(OlC + [ Elm()m(QldC. (5.25)

vV Ym Vi

It follows that the random travel time correction 7 is a Gaussian random variable

with mean — 2 @/ > and variance

2 rp(k)

s

1 K glk|? 2
Var(Tp,n,z) = Z (K?)(H)Wm + W’Vﬁl _2"</|2pmﬁ7, VvV Ym Y + (K’P(K’) + KJP(KZ)) ’}/n)Z
1%

Here we have denoted

g2 =E[e,(0)%]e2 go =€aE[ew (0)?]E[e.(0) 73] (5.26)

a’
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The effective dissipation coefficient of the s-wave is given by

1 El(0)]

s\IW)="5 7§ 5.27
)= 2 <o (5.27)
The diffusion/dispersion coefficient is given by
e / " Elm()m(Q))d¢ + 2a_ / B (0)n(C)Je2 ) ¢
L gcori(r) Jo e2cdr2(k) Jo (5'28)

Observe again that the first term and the real part of the second term in this expression
are non-negative by Bochner’s theorem. Moreover, in this case, the form of ks(k) gives
that the s-polarized component experiences least damping for normal incidence, and
that the damping increases with the angle arcsin(co|k|).

The random travel time correction is

- 1@07%/45\/%[\/1+pmf"+ \/1 *Pmm} Wi(z)

1 57\/77”[\/1 ¥ o — \/1—pmm] Wa(2)

a
2
0

+5 VI Ws(2). (5.29)

1 e,

Ts,k,2

It is a Gaussian random variable with mean zero and variance

2 =1 %(mm)z. (5.30)

E[r, ==
2,42
4 e5ciK3

s,n,z]

Note that the Brownian motions are the same in (5.21) and in (5.29). The reciprocal of
o4(K) gives the dissipation length for ¢g-waves, ¢=p,s:

Lyis,q(w, k)= q=p,s. (5.31)

2
oq(K)’
We remark that in original coordinates this length is scaled by 6~ '. The reciprocal of
the real part of ,(w,k) gives the localization length for g-waves, ¢=np,s:

8

L oc 3 = om0
toc.a (w0, ) w?Re(v4(w,K))

q=Dp,s. (5.32)
It has been studied in detail in the literature for scalar waves [3, 12, 13] and for vector
electromagnetic waves [2, 11, 14, 15, 18]. It turns out (see also figure 5.1) that the local-
ization length for the p-wave can take very large values or even diverge for a particular
value of the angle, that we may call the generalized Brewster angle 0,p:

|keB| = ar%lirllin Re(vp(w,k)), 0,5 = arcsin(co|KgB|)- (5.33)

This generalized Brewster angle depends in general on the frequency w, because the
diffusion coefficient Re(7y,(w,k)) depends in general on w (see (5.20)).

In the following two subsections we discuss the transmission problem in the ab-
sence of dissipation. As shown by the expression of the bulk transmission coefficients

Ty(w,k,2), ¢=D,s, dissipation gives rise to an additional damping effect that is weakly
dependent on the incidence angle (see also figure 5.2).
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5.2. Discussion in the absence of slow and small fluctuations. Note that
v¢(w,K), g=p,s, does not depend on w, and it is nonnegative-real valued when n(z) =0:

4
K
i) =90 (8) =390+ 2 T gt (534)
p
52
(W K) = (K) = 2~ 5.35
() Z9(8) = gt (5.35)

The generalized Brewster angle 0,p may or may not be equal to the standard Brewster
angle fp for which the p-reflection coefficient of the interface z=0 vanishes, as shown
by inspection of the two models.
model I: We have
) (e1—¢0)?
€
e2(e1 —ep)?

2.2’
EGET

Ym =2l.a(1—a

9

Y =2lca(l—a)
Pmin=—1.

It can then be shown that |kgzg|=|kg|, or equivalently 0,5 =6g. Note that the local-
ization length at Brewster angle is infinite. There is indeed perfect transmission in this
case, both the interface and bulk transmittivities are equal to one (this could be antic-
ipated from the discussion at the end of Section 4). Note also that the Brewster angle
does not depend on the volume fraction of material 1, nor on the correlation length of
the medium. As shown in [18], the Brewster angle and generalized Brewster angle are
equal only in this particular situation, a binary medium with one component permit-
tivity equal to the one of the homogeneous half-space. It can be seen from (5.9) that
perfect anticorrelation of the processes m and m, in addition to choosing the angle cor-
rectly to match the magnitude of their multiplicative factors, cancel their contribution
to the diffusion coefficient.
model II: We have

m=3 €1+¢€0)?
2 2
€ €

~ :213( a_ a>’
" goe1 €%
2l.(1—e,/en)

and therefore |kgp|# |kg|. In this case (which is the general case) one cannot maximize
both the interface transmittivity and the bulk transmittivity. If one wants to get maxi-
mal transmission, then a trade-off has to be made in order to maximize (with respect to
k) the deterministic product Tri)(n)if’p (w,k,z). If the propagation depth z is not large
(smaller than the localization length), then the optimal angle is close to the standard
Brewster angle 6 maximizing T;(”)‘ If the propagation depth z is large, then the

optimal angle is close to the generalized Brewster angle 6,5 maximizing Tp (w,k,z), or
equivalently minimizing +, (k). The localization length for the two models are shown in
figure 5.1 for some specific values for the parameters in the case of absence of slow and
small fluctuations. We may refer to this effect as an apparent diffusion or attenuation
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binary medium x107° uniform medium
——mode p ——mode p .
---mode s 8/1- - -mode s
0.04
6
5003 A
. . T
2 X S
~ 0.02 . — 4 \
o i - ) ’ \\_/_
0 0
0 20 40 60 80 0 20 40 60 80

theta theta

(a) (b)
F1G. 5.1. Localization lengths, Ligc,q, as determined by (5.32), (5.84), and (5.85) for the two
models and the p,s-waves. Here po=1, eg=1, e1=3, a=0.1, Ic=0.1, w=1, and the absence of small
and slow fluctuations. The generalized Brewster angle is noticeable, which is equal to, resp. different
from, the standard Brewster angle in the case of model I (binary medium), resp model II (uniform
medium). Here 0,8 =60 deg for model I (binary medium) and g5 ~67 deg for model II (uniform
model). Note that for model II we have Ligc,p(KkeB) 25800 while Lige p(kB) = 2500, which means that
the bulk transmittivity can be very different at the two angles. The Brewster angle is 6 =60 deg for
model I and 0g ~56 deg for model II. It is shown by the red square on the horizontal axis.

binary medium uniform medium

—mode p 0.01 —mode p
---mode s ---mode s
0.02
0.008
L 0015 g S
g ) & 0.008]
Ry T k=)
@ @
0.01 \ 0.004
—_—
0.005 1 0.002
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(a) theta (b) theta

Fia. 5.2. Effective dissipations for the two models and the p,s-waves. Here uo=1, eg=1, €1 =3,
£4=0.01, a=0.1. In model I (binary medium), dissipation is present only in the material 1 and
is equal to &q: sd(z)ze_dlE(Z):gl. In model II (uniform medium), dissipation is proportional to
er(z)—eo0: €q(z)=E&q(er(2) —€0)/(e1 —€0).

effect, since it is caused by the medium fluctuations giving scattering rather than being
caused by intrinsic attenuation or loss. The intrinsic or effective attenuation, o}, in
(5.19), is shown in figure 5.2 for some specific values of the parameters.

5.3. Discussion in the presence of slow and small fluctuations. The
presence of slow and small fluctuations can play a critical role. Indeed it will not
affect the homogenized parameters, and therefore it does not modify the value of the
standard Brewster angle, but it may strongly modify the generalized Brewster angle
that corresponds to the maximal localization length. If the small and slow fluctuations
dominate so that

_ @lkf?

Kip(K)

Re (7 (w, k) = 2(%(,@) )2 /0 OOE[n(O)n(C)] cos (2wrp(r)C)dC,  (5.36)
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then the generalized Brewster angle is given by

€aEh _€n 1
€af0+q2ene0 €0 L+eaenE[er(0)72]

cylkgn|? = (5.37)
At the generalized Brewster angle the localization length diverges.

In particular, if e,(z) is approximately constant and equal to &1 (this is model I with
ar1), then ¢§|kgp|? =¢1/(2¢0) to leading order, while 3|kp|?=¢1/(e0+€1). Again the
standard and generalized Brewster angles can be quite different, which means that it
is not possible to achieve perfect transmission both at the interface and in the bulk
medium.

In general, when neither the large and rapid fluctuations nor the small and slow
fluctuations dominate, the diffusion coefficient Re(y,(w,k)) defined by (5.20) is the sum
of the terms (5.34) and (5.36). These two terms are nonnegative and they may vanish,
but at different wavevectors/angles. Therefore the global minimum does not correspond
to a divergence of the localization length (or full transmission) in general, but to a large
(but not infinite) value of the localization length.

6. Reflection in the diffusion approximation regime

In this section we study the statistics of the reflected wave. We again consider
times of order 6~ and we take again L’ =L/§. We consider an incoming plane wave
of the form (5.15) that is a broadband p- or s-polarized plane wave with the incident
wavevector along the direction (coKinc,\/1—cZ|Kinc|?). The analysis follows the one
developed in the context of acoustic waves in [7, Section 17.1.3].

The reflected wave (at the surface z=07) has the form

H,(t,2) = Hyet,q(t — Kinc - @), (6.1)
1 . . .
Href,q(t) = % /Rg(waﬂinc)fq (w)eilwtdw, (62)
where 7@2 (w,k) is the reflection coefficient taking into account both the reflection from
the interface and from the bulk:

_ Ri(k)+R(w,k, L)
1+ R (k)RS (w,k, L)

56
Ry(w, k)

which can also be written as

R)(w,k)=Ri(K)+

(1 Ri(k)?)Ri(w,k, L)

1+ Rl (k)RS (w,k,L)

(6.3)

Here R}(k) is the reflection coefficient (4.13) of the interface z=0 and Rg(w,m,L)

is the reflection coefficient of the slab [0,L] of random medium. It can be
) _is 5 5 P8 :
defined as Rj(w,k,2)="bj(w,k,2)/ay(w,k,2), where (a,(w,K,z2),bp(w,kK,z2)) satisfies

the system (5.9-5.10) starting from &g(w,m,z:()) =1 and l;g(w,m,z:O) =0, and
(a8 (w, K, 2),b0(w,k,z)) satisfies the system (5.12-5.13) starting from ad(w,k,z=0)=1
and l;g (w,k,z=0)=0. As a result, I%g (w,k,z) satisfies a closed-form Riccati equation
starting from Rg (w,k,z=0)=0. This equation has been studied in detail in [7, Chapter
14] and the limiting moments of ]%g (w,k,z) as d =0 have been obtained. We will use
these results below.
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The reflected wave consists of a coherent wave that is reflected immediately by the
interface

Href,q(t) :R;(K/inc)fq(t) (64)

and of small (i.e. of typical amplitude §'/2) incoherent (i.e. zero-mean) waves which
have penetrated the bulk medium before being reflected and whose spectrum is locally
stationary and of the following form in the asymptotic 6 —0 (for 7 >0):

1 T T 5= 1 i ihT+iw
EE[Href,q(g)Href,q(gH)}%W // Uy (@, Kine, )| fo(w) P dwdh, - (6.5)

where

Uy (w,k,h) = hm]E[Rq(w,n)ﬁg(th,n)]. (6.6)

§—0

This limit can be obtained following the procedure described in [7, Section 17.1.3]:

Uy(w,k,h) = +Z (1-Ri(rk )2"/ Wyt (w, b, s)e ™ #h5ma (=) gg.
0

(6.7)

The first component R} (k)? actually corresponds to the coherent wave (6.4) emerging

at 7=0. The other components (in the sum over n) correspond to waves that have

penetrated into the random medium and that have been reflected back and forth between

the interface and the bulk n times before emerging into the left homogeneous half-space.

The functions W, ,,(w,k,8) =Wy n(w,k,s, L) where the (W, ,(w,k,s,2)).cp0,1] are
solutions of the following system of transport equations:

Wy 2n Wy Re(’yq(w K))w?n?
0z ctrq(k) Os 4
—2noy(K)Wy n, (6.8)

(Wq,n+1 + Wq,n—l - 2Wq,n)

starting from W, ,,(w,K,s,2=0)=0(s)1o(n). We can take the limit L — co in this system
as we know that our quantities of interest do not depend on L. Then the functions W, ,
can be identified as the solutions of the following stationary system

W n etk K)Re(vq(w, K w’n
8;1, _% o(K) (8q( ) (Wq7n+1+wq,nfl_2w‘1’”>

_C(Q)’@q(";)aq("&)wq,m (6.9)

with W, o(w,k,s) =0(s). For n>1, they are given by
W (@, 5,5) = 057005 2 Re(y, (w, 1) Jw? P (cBrig () Re (g (w, 5))w?s), (6.10)
with

~ 8na" 1

This gives for 7> 0:

1 - 5 0 (1 R (K/mc) )2
EE[Hreﬁq(g)Hrefﬂ((g"'t)} = T

7q(®inc)

></ 8¢ Fa(Fino) | Re(7(w, Kine) )w?
(8+(1_R:1(Rinc) )M7)2 ’k‘:q(K/inc)

Fq(Kinc

| fo(@) et dw. (6.12)
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This expression means that:
1) Around time 7/, the field is locally stationary in time, and its local power spectral

density (or Wigner transform) defined by

E[Href7q(g)Href7q(g+t)}efiwtdt

S, (w;T)=1lim —
a(wi7) 5—00
is

U‘Z(":'illc),l_

8(1 7R;(K’inc)2)2€7 rq(Kinc)
(8+(1— le(nincy)wﬂz

Kq (Kfiuc)

Re(’yq(w,ninc))wz |fq(w)|2.

oo (Fome) (6.13)

Sq(w;T) =

For any central time 7 the power spectral density of the reflected wave presents a
maximum at some frequency that is a decaying function of 7. If the spectrum of the
incoming wave is very large, if there is no dissipation, and if n=0, then 7, (w, Kinc) does
not depend on wj it is given by (5.34-5.35), and the power spectral density is maximal
at the frequency wmax, q given by

2 8'%11(K'inc)

max,q\Fine, T) = : . 6.14
7Q( ) (1_R:1(K’inc)2)7q(’<'inc)7— ( )

w

2) The mean reflected intensity at time 7/0 is

1 T.216—0 (1*Ri (”inc)2)2

L B (£7] 224 L Halrne) )
5 f"I((s) o
_Uq("‘inc),r
rq(Kinc)

8e
X
/ (8+(1— RZ(Hinc)Q)MT)Q

Kq(Kinc)

RQ(VZ(C;:in)C))wz | folw)[2dw.  (6.15)

The mean reflected intensity slowly decays in time as 772 if there is no dissipation.
This long power delay spread is characteristic of the localization regime encountered in
one-dimensional or in three-dimensional randomly layered media [19].

binary medium uniform medium

1 1
—mode p | —mode p ]
---mode s ,‘ ---mode s /

* ' 0.8 ’
/ ;
z / N |
S S / ;
3 I 3 e
® - / % = ]
504 B a =
; - R ’
/ //
02 .
/ /

(a)
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theta

60

80

(b)

o
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Fia. 6.1. Total reflectivities Rfot,q(w) for the two models and the p,s-waves. Here pop=1, eg=1,
e1=3, £4=0.01, a«=0.1, lc=1, w=1.

The total reflectivity at frequency w is defined by

Ry q(w)=1i k 6.16
o |fa(w)[? (010

§—0
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binary medium uniform medium
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Fic. 6.2. Same as in Figure 6.1 but with €4 =0.1.
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F1G. 6.3. Same as in Figure 6.1 but with €4 =0.001.

which can be computed by integrating (6.12):

,R’Eot,q(w) 5~>O |f ‘2 // 5 ref q ) ref q(6 +t)j| eithdet.

It is given by

Rioa(w) = Ry ine)® + (1= By ) ) (17— Rz,(mmf)giégfwcz(w,mm»wz ): 617

Y(x)=1—xeEq(z), (6.18)
and E; is the exponential integral function Eq(z)= [ ¢ (x)=1/x+

O(1/2?) as x — oo and Y(z) =1+xlnz +o(xlnz) as z — 0. Note that we can also write
in terms of the dissipation length (5.31) and the localization length (5.32):

2L0C s vince
tocq(; Kinc) ) (6.19)

Piloall) =)+ (1 o) (T

If there is no dissipation and the bulk medium is scattering, then R, ,(w)=1 for all
w, which means that the whole wave energy is reflected, as predicted by localization
theory. This is the case as long we do not consider the special case of a generalized
Brewster angle with diverging localization length.

If there is no random scattering in the bulk medium, then RZ,; ,(w) = R} (Kinc)? for
all w, which simply means that only the interface generates reflections.
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An example showing the total reflectivity for the p,s-waves is given in figure 6.1 in
the case without small and slow fluctuations. For the total reflectivity to be high, we
need the interface reflectivity to be high or the localization length to be smaller than the
dissipation length. In the latter case the wave is reflected by the bulk medium before
being attenuated (see figure 6.3). If the localization length is larger than the dissipation
length, then the wave spends too much time in the bulk medium before being reflected
and it is then dissipated (see figure 6.2).

7. Conclusion

We have analyzed some phenomena related to electromagnetic wave reflection by a
randomly layered half-space. Both homogenization and diffusion approximation results
are needed to capture the interface reflectivity and the bulk medium reflectivity. The
main result is that there are critical incidence angles for which the interface reflectivity or
the bulk medium reflectivity can become very small or even vanish. However these two
critical angles are in general distinct so that it is not possible to minimize simultaneously
the interface and bulk medium reflectivities.

The results described in this paper can be readily extended to other frameworks,
even for scalar waves, for instance for acoustic waves [7, Section 17.3]:

1
E&p—l—VJu-O,

where u(t,x,z) is the three-dimensional velocity field, p(¢,x,z) is the pressure field, K
is the bulk modulus of the medium (assumed to be constant), and p(z) is the density
of the medium (assumed to be fluctuating only in the z-variable). The existence of a
Brewster angle and of a generalized Brewster angle can be obtained in the same way
as described in this paper. For instance, in the case of of a binary medium made of
materials with densities pg and p;, the Brewster and generalized Brewster angles are
equal and given by

P1
po+p1’

kpl?ch =

with ¢ =Ko/po. This means that a plane wave incoming from a homogeneous half-
space with parameters (Ko,pp) onto a randomly layered medium made of materials
with parameters (Ko, pp) and (Ko, p1) is fully transmitted if its incidence angle is 0 =
arctan(y/p1/po). Furthermore, as in the electromagnetic case addressed in this paper,
the binary medium model is the only one for which it is possible to cancel both the
interface reflectivity and the bulk medium reflectivity for some incidence angle.

Finally, we remark that, in electromagnetics, it is possible to exhibit Brewster and
generalized Brewster anomalies when the permittivity € is constant while the perme-
ability p is spatially varying. However, in acoustics, there is neither Brewster nor
generalized Brewster anomaly when the density p is constant while the bulk modulus
K is spatially varying [7, Section 17.1].
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