CORRELATION BASED VIRTUAL SOURCE IMAGING IN
STRONGLY SCATTERING RANDOM MEDIA

JOSSELIN GARNIER* AND GEORCE PAPANICOLAOU'

Abstract. Array imaging in a strongly scattering medium is limited because coherent signals
recorded at the array and coming from a reflector to be imaged are weak and dominated by incoherent
signals coming from multiple scattering by the medium. If, however, an auxiliary passive array can
be placed between the reflector to be imaged and the scattering medium then the cross correlations
of the incoherent signals on this array can also be used to image the reflector. In this paper we show
both in the weakly scattering paraxial regime and in strongly scattering layered media that this
cross correlation approach produces images as if the medium between the sources and the passive
array was homogeneous and the auxiliary passive array was an active one made of both sources and
receivers.
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1. Introduction. Consider an array of sources and receivers that can be used
to image a reflector whose location and reflectivity are not known. The sources are
located at (&)Y, and the receivers at (&,)"*,, as in Figure 1.1 (the two arrays can
be coincident). The array response matrix (p(¢, &,; &s))ier,r=1,... Ny,s=1,...,N, COnsists
of the signals recorded by the rth receiver when the sth source emits a short pulse.
We obtain an image by migrating the array response matrix to estimate the locations
of reflectors in the medium. The Kirchhoff migration function [4, 5] at a search point
4% is

N, N,

I(G°) =D p(T (@, §°) + T(H°, &), &1 2s),

r=1s=1

where T (&, ¥) is an estimated travel time between the points & and §. When the
medium is homogeneous then

T(mv y) - o ’
where ¢y is the constant propagation speed. In this case the images produced by
Kirchhoff migration can be analyzed easily. For a point reflector the range resolution
is ¢/ B, where B is the bandwidth of the probing pulse, and the cross range resolution
is AoL/a, where g is the central wavelength of the pulse, L is the distance from the
array to the reflector, and a is the size of the array. These are the Rayleigh resolution
formulas [16]. When, however, the medium is inhomogeneous then migration may not
work well. In weakly scattering media the images can be stabilized statistically by
using coherent interferometry [9, 10, 11], which is a special correlation based imaging
method. Statistical stability means high signal-to-noise ratio. In strongly scattering
media we may be able to obtain an image by using special signal processing methods
[8] but often we cannot get any image at all because the coherent signal from the
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Fia. 1.1. Sensor array imaging of a reflector located at y through a scattering medium. &s is
a source, Ty s a recewer, and Y 1is a reflector.
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F1G. 1.2. Use of an auziliary passive array for imaging through a scattering medium. &s is a
source, &g and Ty are two receivers located below the scattering medium, and ¥ is a reflector.

reflector received at the array is very weak compared to the backscatter from the
medium.

Consider now an imaging setup in which there is an auxiliary passive array, located
at (:Eq)évil, and the strongly scattering medium is between it and the surface source-
receiver array, as in Figure 1.2. Can the auxiliary passive array be used to get an
image by mitigating the effects of the strong scattering between it and the surface
source-receiver array? If we consider the strong scattering as producing signals that
appear to come from spatially dispersed noisy sources, then we are in a daylight
imaging setup with ambient noise sources, which was analyzed in [21]. Daylight
imaging means illumination from behind the array. By analogy with the situation in
which there are Ny uncorrelated point sources at (:ES)SZL___, N., we expect that, even
in the case of active impulsive sources, the matrix of cross correlations at the auxiliary
array

T Ns

CT(T,i’q,foq'):/ D bt By B )p(t + 7, &g E)dt ¢:q¢ =1,...,Nq
0 =1

behaves roughly as if it is the array response matrix of the auxiliary array. This means
that it can be used for imaging with Kirchhoff migration:

Nq
I(G°) = Y Cr(T(@. 5°) + T, &), Bg, Ty).
1

q,9'=

In this paper we will show analytically the striking result that the resolution of the
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F1a. 1.3. Sensor array imaging of a reflector located at § in the presence of a strong interface
that generates multiples by reverberation between the interface and the free surface.

resulting images is given by the Rayleigh resolution formulas as if the medium was ho-
mogeneous [22]. This result is not obvious at all because scattering by inhomogeneities
in the medium of waves emitted by the impulsive sources at the surface produces
signals on the auxiliary passive array that are very different from those coming from
spatially uncorrelated noise sources. This is especially true when addressing randomly
layered media, which do not provide any lateral diversity enhancement since scatter-
ing does not change the transverse wavevectors. Nevertheless, it has been observed
in exploration geophysics contexts [3, 35, 40] that imaging with the cross correlations
of the auxiliary array is very effective and produces images that are nearly as good as
in a homogeneous medium.

The first objective of this paper is to show analytically that for acoustic waves
in randomly layered media, in a certain asymptotic regime which was studied in [18]
and is described in Section 2, Kirchhoff migration images with cross correlations of
the auxiliary array have the same resolution as those of a homogeneous medium. The
reason why this kind of imaging works so well is because, by wave field reciprocity,
the cross correlations Cr(7, &4, ,) can be given a time-reversal interpretation, which
is well known [14], and then the analysis of time reversal refocusing in random media
can be applied. The main results in time reversal in random media are (i) the en-
hanced refocusing, which means that the primary peak in the cross correlation will be
observable only when the sensors in the auxiliary array are close enough with time lag
close to zero, and then Kirchhoff migration to image the reflector will not be affected,
and (ii) the statistical stability of the cross correlation function relative to the random
medium inhomogeneities, provided that the source illumination from the surface is
broadband (see [18, Chapters 12 and 15] and [17, 19]).

We also show in this paper, in Section 3, that when the auxiliary passive array
is placed on or below a medium interface between the surface array and the reflector
to be imaged, then Kirchhoff migration imaging with the auxiliary array cross corre-
lations produces an image as if there is no interface (Figure 1.3). This is commonly
encountered in exploration geophysics with marine surveys, where the surface source-
receiver array is on the sea surface and the interface is at the bottom of the sea. The
auxiliary array may be attached to the sea bottom and the reflectors to be imaged are
underground. The problem addressed here, for a layered medium, is well-known in
connection with the removal of multiple reflections from the sea surface and bottom
in the data [2, 13].

In both randomly layered media and in media with a deterministic interface, it
is expected [31] that decomposing the auxiliary array data into up and down going
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wave signals and then calculating cross correlations only of the up going with the down
going ones improves the Kirchhoff migration images. For the up and down going wave
signal decomposition to be possible it is necessary to have both the pressure and the
vertical velocity recorded at the array, or the three dimensional velocity. We quantify
analytically in Section 2.6.3 the improvement in the Kirchhoff migration image.

What happens when the medium between the surface and the auxiliary array
is not layered and is weakly, not strongly scattering so that backscattering can be
neglected? In this case Kirchhoff migration with cross correlations of the auxiliary
array produces images again as if the medium were homogeneous and the auxiliary
array were active. Using the paraxial or parabolic approximation [28, 38, 39, 26, 27,
15, 23], we explain why this is so in Section 4. This shows that, although the technical
details in the randomly layered case and in the random paraxial case are very different
from each other, the final result is the same. We therefore expect that this result holds
for a broad class of random media. In particular, if the medium between the surface
and the auxiliary array is isotropically strongly scattering then it is not known (from
the theoretical point of view) if imaging with cross correlations of the auxiliary array
is effective. However, it is expected that it will be considerably better than imaging
directly with the surface source-receiver array.

How do we image when the medium between the auxiliary array and the reflector
is scattering, a randomly inhomogeneous medium? If the scattering is weak, then we
can use cross correlations of the auxiliary array to form a coherent interferometric
image, which amounts to using special fourth order cross correlations. This type
of imaging was introduced in [9] and while some resolution is lost compared to a
homogeneous medium, the images are statistically stable, that is, they tend not to
depend on the realization of the random medium. The gain in signal-to-noise ratio
in coherent interferometry compared to Kirchhoff migration is analyzed in [7] where
it is shown that it can be quite significant. Of course, when the scattering is strong
between the auxiliary array and the reflector it is unlikely that any image can be
formed.

2. Imaging through a Randomly Layered Medium.

2.1. Acoustic Model. In this section we consider linear acoustic waves propa-
gating in a three-dimensional layered medium and generated by a point source. Mo-
tivated by geophysical applications, we take a typical wavelength of the probing pulse
to be larger than the correlation length of the medium and smaller than the propa-
gation distance. This is the regime studied for instance in [1, 18] and is appropriate
in exploration geophysics [41], in which the correlation length [, is estimated to be
2 — 3m, the central wavelength A is 150m, and the propagation distance L is typically
5 — 10km. This corresponds to a peak frequency of 50Hz and with a mean speed of
propagation 3km/sec. In the analysis we abstract this regime of physical parameters
by introducing dimensionless parameter € that captures roughly the ordering of the
scaling ratios:

le 9 A

7~ e (2.1)
As is the case when asymptotic theories are applied to physical problems, what is
essential here is that (i) the mathematical scaling is broadly compatible with the
physical parameters, and (ii) the cumulative effects of multiple scattering by the
random inhomogeneities upon the propagating waves are significant and captured by
the analysis.



Correlation Imaging and Virtual Sources 5

The governing equations for the acoustic waves are

ou*®

ot

1 0Op°

+VPEZF€(t,£), KE—(Z) 815

p°(2)

+V G =0, (2.2)

where p° is the pressure field, 4¢ is the three-dimensional velocity field, p® is the
density of the medium, K¢ is the bulk modulus of the medium, and # = (z, 2) € R2xR
are the space coordinates. The parameters of the medium p® and K¢ vary only along
the z-direction. The forcing term F< models the source located just below the surface
z=0.

We consider in this section the situation in which a layered medium occupies the
section z € (—L,0) and is sandwiched in between two homogeneous half-spaces. The
homogeneous half-space z < —L is matched to the layered section z € (=L, 0) (we will
consider the un-matched case in Section 3). Motivated by geophysical applications we
assume that the density p, in the homogeneous half-space z > 0 is much smaller than
the density p®(z) in the layered medium for z < 0. Since the velocity and pressure are
continuous, the pressure in z > 0 goes to zero and hence, by continuity, also at z = 0.
These are the so-called pressure release boundary conditions: p*(¢, (x,z = 0)) = 0.

We consider the case with a randomly layered medium in the region z € (—L, 0).
The parameters of the medium are assumed to be of the form

I B K*l if z € (7005 7L]
(K°) <z>—{K§j—1u+u<§2>] ifze(-L,0)
,0

). (2.4)

In this model the parameters of the medium have random and rapid fluctuations with
a typical scale of variation much smaller than the thickness of the layer. The small
dimensionless parameter 2 is the ratio between these two scales. The small-scale
random fluctuations are described by the random process v(z). The process v is
bounded in magnitude by a constant less than one, so that K¢ is a positive quantity.
The random process v(z) is stationary and zero mean. It is supposed to have strong
mixing properties so that we can use averaging techniques for stochastic differential
equations as presented in [18, Chapter 6]. The important quantity from the statistical
point of view is the integrated covariance of the fluctuations of the random medium
defined by

(2.3)

p°(z2)=po ifze (-0

v = /OO Elv(z"v(z + 2)]dz. (2.5)

— 00

By the Wiener-Khintchine theorem it is nonnegative valued as it is the power spectral
density evaluated at zero-frequency. The integrated covariance ~ plays the role of
scattering coefficient. It is of the order of the product of the variance of the medium
fluctuations times the correlation length of the medium fluctuations. As will become
clear in the sequel, the statistics of the wave field depend on the random medium via
this integrated covariance or power spectral density.

The source is modeled by the forcing term F°. We assume that it is point-like,
located at &5 = (x5,07), i.e. just below the surface z = 0, and that it emits a short
pulse whose central wavelength is of order e:

F(t,.2) = f (00205 —2.). £ ==F("), (2.6)
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where we assume that the support of the Fourier transform of f = (fx, f-) is bounded
away from zero and of rapid decay at infinity. The particular scaling of f* in (2.6)
means that the central wavelength is large compared to the microscopic scale of varia-
tion of the random fluctuations of the medium and small compared to the macroscopic
scale of variation of the background medium, as in (2.1). The normalizing amplitude
factor e multiplying the source term is not important as the wave equation is linear,
but it will make the quantities of interest of order one as ¢ — 0, which explains our
choice.
We define the background velocity and impedance by

co = \/FO, ¢o = v/ Kopo. (2.7)

2.2. Review of Wave Propagation in Randomly Layered Media. A ran-
domly layered medium is a model that is both mathematically tractable and phys-
ically relevant. In this paper we will give some precise results but we would like
to give a few qualitative results in this subsection [18, Chapter 7]. If we consider
a plane wave pf .(w,z) = exp(icwz) with frequency ew normally incident to a ran-
domly layered medium with matched boundary conditions, then the transmission
coefficient T (w) describes how the wave is transmitted through the random medium
P (w, z) = T¢(w) exp(icwz).

The mean transmission coefficient E[T¢] gives the behavior of the coherent com-
ponents of the transmitted wave. The analysis shows that it decays exponentially with
the size of the random medium with the rate exp(—L/lsca) Where lsca = 4c2/(w?y) is
called the scattering mean free path in the physical literature. This is the result of an
exponential decay of the amplitude and a random phase that averages out to enhance
the decay of the expectation E[T¢] .

The mean power transmission coefficient E[|T¢|?] gives the behavior of the in-
coherent components of the transmitted wave. The analysis shows that it decays
exponentially with the rate exp(—2L/ljoc) where ljoc = 32¢3/(w?y) is called the local-
ization length in the physical literature. In a randomly layered medium the localiza-
tion length and the scattering mean free path are proportional in the regime described
in the previous subsection, but this is not true for other types of random media. Note
that, in the regime L > ljoc, the coherent transmitted wave energy |E[T¢]|? is much
smaller than the incoherent transmitted wave energy E[|T°|?].

In this paper we have in mind the regime in which the size of the random medium
is larger than the scattering mean free path, which means that there is almost no coher-
ent wave transmitted through the random medium. As a first consequence, migration
of the recorded fields will not give good images in a situation such as in Figure 1.2,
because migration only uses coherent information. As a second consequence the waves
being transmitted through the random medium and going through the auxiliary array
are incoherent (although they still present some correlation structure since scattering
by a randomly layered medium does not enhance lateral diversity). By analogy with
ambient noise imaging, we anticipate that migration of cross correlations will produce
good images.

2.3. The Main Results about Migration Imaging. The calculation of the
empirical cross correlation at two receivers &, = (¢4, —L) and &, = (x4, —L) of the
auxiliary array located at depth z = —L is carried out as follows:

1) For a given point source at &; = (xs, 0), the pressure fields are recorded at the two
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receivers &, and @, and the cross correlation between these fields is computed:
C¥ (7, &gs By 5) = / Pty By Bo)0° (¢ + 7, B B ). (2.8)

2) The cross correlations are summed over all point sources. Assuming a dense source
array (sampled at the scale of the wavelength) covering the whole surface z = 0, we
obtain the following cross correlation (the wavelength being of order ¢):

CiT, &g, Bg) = 672/08(7', Ly, Ly xs)das. (2.9)

In this subsection we assume that a small reflector is buried below the random
medium at position ¥ = (y, —L,). We use the Born approximation to describe the
interaction of the wave field with the reflector (see Subsection 2.5.2). We give in
Subsections 2.3.1-2.3.3 the main results of this paper which are proved in Sections
2.6-2.7.

2.3.1. Migration of the Cross Correlation Matrix of the Auxiliary Ar-
ray Data. The Kirchhoff migration function for the search point %

1 T, —Y° |+ |§° — &y
Ia — _2 Z (|wq Yy | + |y Lq |,£q,£q,), (2.10)
N3 =1

€o

where IV, is the number of receivers at the auxiliary array.

ProposiTIiON 2.1. If the receiver array at depth —L s a dense square array
centered at x4 and with sidelength a (i.e. the distance between the sensors is smaller
than or equal to half-a-central wavelength), then, denoting the search point by

§° =g+ (&m),

we have
7= (@5 =9 10ref . 2( ma&y ) . 2( Ta&o )
W) = sampa, — 0 N, -0/ ST, - )

x/w3|fz(w)|Qexp (2¢f—0(n+5- i‘::@g))dw. (2.11)

Here o,¢f is the scattering cross section of the reflector. fz is the Fourier transform

of the source pulse
= / fo(t)e™tdt.

The central wavelength is defined by \g = 2mey/wp where wy is the central frequency
of the source pulse. In order to simplify the expression we have assumed the following
hypothesis:

The sidelength a is smaller than the depth L, — L.
The bandwidth B of the source pulse is small compared (2.12)
to the central frequency wy.

Note that the result is not changed quantitatively if a is of the same order as or larger
than L, — L or if the bandwidth is of the same order as the central frequency, but
then the transverse shape is not a sinc anymore.
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This shows that
- The migration of the cross correlation gives the same result as if we were migrating
the array response matrix of the auxiliary array. Indeed the imaging function (2.11)
is almost exactly the imaging function that we would obtain if the medium were ho-
mogeneous, if the auxiliary receiver array could be used as an active array, and if
the response matrix of the auxiliary array were migrated to the search point y° (see
Appendix B). In particular the cross range resolution is Ag(L — L,)/a and the range
resolution is ¢y/B.
- Although the coherent components of the waves that illuminate the region of interest
z < —L through the array are exponentially damped and have random wavefront dis-
tortions, the cross correlation technique efficiently uses all the coherent and incoherent
components that illuminate the region of interest.

In contrast, we state in the next subsections that migration of signals recorded
by the surface array or by the auxiliary array does not give good images.

2.3.2. Migration of the Surface Array Data. The data set is here the signals
(vertical velocity fields) recorded at the surface at points &, = (x,,0) and emitted by
a point source at s = (xs,0). The Kirchhoff migration function for the search point

77 is

!
N, “

Nr g°
Z (Ims |+ 1g° —mrl m) (2.13)

Co

‘ﬁM,z

where Ny is the number of sources and N, is the number of observation points at the
surface.

If the source and receiver arrays at the surface z = 0 are a dense array that covers
completely the surface, then, denoting the search point by §° = 4 + (&, 1), we have

) re: L2 2 2
") T e[ ]
2(27r)(4ch zwo\[ Wo(L)) 03(4C§L—zw02\/§CUWO(L))
2
; : gl Yw
X /w?’fz(w) exp (215(77 + 2\\//_2_00 WO(L))) exp ( — 4—C%L)dw, (2.14)

where Wy (L) is a Gaussian random variable with mean zero and variance L. Here we
have assumed that the damping due to the random fluctuations is relatively strong
wiyL/c3 > 1 and that the bandwidth B of the probing pulse is small compared to
the central frequency wy.

Compared to the imaging function using the cross correlation matrix, and due to
the fact that the usual imaging function only uses the coherent wave components, we
observe:

- an exponential damping, more exactly, a spreading by a Gaussian convolution kernel,
which reduces both the range resolution and the signal-to-noise ratio,

- an error in the range estimation due to random wavefront distortions. More exactly,
the range identification is wrong by a random shift given by —,/yWy(L)/ V8,

- the focal spot shape is not deterministic but random.

2.3.3. Migration of the Auxiliary Array Data. The data set is here the
signals (pressure fields or vertical velocity fields) recorded at the auxiliary passive
array at points &, = (x4, —L) and emitted by a point source at s = (x5,0). This
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is exactly the same data set as the one used in the function (2.10). The Kirchhoff
migration function for the search point 4 is

Ns Nq

q 1 B —9° | +19° - & ., .
Ii (%) = NN, ZZP‘E( - 4 ,wq;ws), (2.15)

s=1qg=1

where Ny is the number of sources at the surface and Ny is the number of receivers
in the auxiliary passive array.

If the source array at the surface z = 0 is a dense array that covers completely
the surface and if the auxiliary receiver array is a dense square array centered at x4
and with sidelength a, then, denoting the search point by §° = 4 + (£, 7), we have

N Z.o—refL
(") =% - -
2(2m)%(Ly — L) (T L — iwo 35 Wo(L))

7(151&]0 )sin(;(ia&wo ) exp [ - whlé” }
2co(Ly — L) 2co(Ly — L) B8 L — iwo T Wy (L))
0

C

xsinc (

x/w?’fz(w)eXp (i;u—0(277+€' TATY ﬂWO(L))) eXp(— Zg—ocugl/)dw. (2.16)

A

L,—-L 2

In order to simplify the expression we have here assumed Hypothesis (2.12) and we

have assumed that the damping due to the random fluctuations is strong wiyL/c3 > 1.
Compared to the imaging function using the cross correlation matrix, and due to

the fact that the usual imaging function only uses the coherent wave components, we

observe:

- an exponential damping, more exactly, a spreading by a Gaussian convolution kernel,

which reduces both the range resolution and the signal-to-noise ratio,

- an error in the range estimation due to random wavefront distortions. More exactly,

the range identification is wrong by a random shift given by —,/yWy(L)/4,

- the focal spot is not always deterministic but it can be random, if the Gaussian in

¢ dominates the sinc functions in (2.16), which happens if the receiver array is too
small: a® < c3(L, — L)?/(ywiL).

2.4. The Field in the Absence of a Reflector. In this section we analyze the
wave transmitted through a randomly layered medium when there is no embedded
reflector.

2.4.1. Integral Representation of the Field. When there is a point source
at €5 = (xs,0) (see Figure 2.1) the pressure field recorded at some point & = (x, 2)
below the random medium z < —L has the integral representation

p°(t, T; &) = —ﬁ/fz(w)giwexp(—i%(t—m-(m—ws)—i— = )))demdw.

co(k
(2.17)

This expression is proved in Appendix A.1. Similarly, the vertical velocity field is

o 1 fo(w) . .
ut(t, T &) = (2n)e ﬁgw exp <71g(t7m(m—ms)+

Here, we have used the notation k = |k|, and:

CO(R)))W didw. (2.18)
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Fic. 2.1. FEmission from a point source located at &s = (xs,0) in the surface array. The
receiver is located at &g = (¢q, —L) in the auziliary array. The medium is random in the region
z € (—L,0).

e The Fourier transforms are defined by

folw) = / fo(t)e™ dt.
e (o(k) and ¢o(k) are the mode-dependent impedance and velocity

Go o

gO(’i) mv CO(’{) m (219)

e The random complex coefficient G, ,; is the Fourier-transformed Green’s func-

tion (for pressure release boundary conditions). Here the Fourier transform is taken

both with respect to time and with respect to the transverse spatial variables. The

Green’s function captures the interaction of the wave with the medium, both the

scattering and the pressure release boundary conditions. It can be expressed in terms

of the mode-dependent reflection and transmission coefficients R, ., and T . of the

random section (for matched boundary conditions, that is, transparent boundary

conditions), which are described in detail in Appendix A.1 (see Figure A.2) in the
following way:

€

Ge = (2.20)
o 1- Ri},n

We describe the statistical properties of the Green’s function G . in Section 2.6.1.
We remark that the expansion

G = D Ton(RE)
j=0

reflects the physical situation that the waves recorded at the bottom surface z = —L
are the sum of the contributions of the waves that have been transmitted through
the random medium from the source plane z = 0 to the bottom surface z = —L

(term j = 0) and the contributions of the waves that have been reflected back and
forth by the top surface and by the random region generating “multiples”, until they
eventually reach the bottom surface (see Figure 2.2). These reflections and multiples
arise because of the pressure release boundary conditions at the surface which are an
important aspect in the model in geophysical applications.
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Fia. 2.2. Schematic of the geometric configuration: The source is in the plane z = 0, the
medium is random in the section z € (—L,0), and the interface z = 0 is transparent (left, matched
boundary conditions) or reflecting (right, pressure release boundary conditions). R, resp. T, is the
reflection, resp. transmission, coefficient of the random medium.

e The integrals in & in (2.17-2.18) are limited to & < ¢;*. Modes generated with
transverse slownesses that violate this condition are exponentially damped, so they
can be neglected. Recall that the random medium is layered so that scattering does
not change the slowness vector. In fact, we can limit the integral in k to a smaller
domain k < ¢;' — 6, for some § > 0 because the travel time for mode & to go from
0 to —L is Leo(r)/c3. Therefore, if the time of the experiment is limited to 7', then
only the modes with £ < 00_1(1 — 3T?/L?)/? can be recorded at the surface z = —L.
This limitation will allow us to neglect the contributions of the grazing modes (those
with & close to ¢ ') and to avoid other technical difficulties.

2.4.2. Special Case with a Homogeneous Medium. In this section we con-
sider the particular case when there is no random medium so that v = 0. The pressure
field recorded at the point &, = (x4, —L) at depth z = —L then has the integral rep-
resentation (see Appendix A.1):

P (t, &q; Es) = —ﬁ / fz(w)exp (—z% (t—n-(:cq—ws)—ico(n) ))w2dndw. (2.21)

We consider here the limit ¢ — 0. In the absence of microscopic random fluc-
tuations of the medium this is simply a high-frequency regime. We now exploit this
to obtain a simplified expression for the transmitted field by applying the stationary
phase method [18, Chapter 14]. We find that the leading order value for the integral
(2.21) is given by the contribution around the stationary slowness vector

1 Ty— Ty

coJI? + |z, — x>

and this gives a contribution that is concentrated around the critical time

\/L2 + |1’q - w8|2 o |£q — &

top = =
P co c

Ksp =

that is, the travel time from the source to the observation point. We find that the
wave energy at &, arrives only around the travel time |€, — &,|/co in the form of a
short pulse:

lim p®

(|£q — &
e—0

+ ss,a_:'q;a_:'s) -
Co

L !

e e——— S), 222
s —a ) (2.22)
where the prime stands for time-derivative. This is characteristic of wave propagation

in homogeneous media in the high-frequency regime.
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Fic. 2.3. Emission from a point source located at &s = (xs,0). The reflector position is
Y = (Y, —Ly). The receivers are located at depth —L: &q = (xq,—L) and £y = (x¢y,—L). The
medium is random n the region z € (—L,0).

2.5. The Field in the Presence of an Embedded Reflector. We consider
the same situation as in Section 2.4 but with a reflector placed below the random
medium. Figure 2.3 illustrates the geometry of the configuration: a point source is
located at the top surface &, = (x5, 0), the reflector position is ¢ = (y, —L,), and the
receivers are at depth z = —L: &, = (x4, —L), £y = (xy,—L).

We model the reflector as a local change in the density of the medium

p(:c, Z) = po + Pref19($7 Z) )

where € is a small domain around 4. The system that governs the propagation of the
acoustic waves can be written in the form

= =
POy JerE:FE*preflsz(m,Z)W,
1 0Op°
V- i =0.
K)ot~

2.5.1. The Born Approximation for an Embedded Reflector. We apply
the Born approximation (or single-scattering approximation) for the modeling of the
scattering by the reflector ¢ [32]: the total field

ut =g +ui +u,., p°=ps+pi+o; (2.23)

is the superposition of the primary field (4§, pg) that solves

T _
poa—to +vp8 :FE,
1 Ipg .
CdE =0
@ o TV =0

and of a secondary field (u5,p§) that originates from the emission of a secondary
source located at 3. The emission of the secondary source is proportional to the
primary field at the position of the reflector:

oS Os
VpS = —pretla(®, 2)—=2 , 2.24
Po—gp T VPL = —pret oz, 2) 5 (2.24)
1 aps
PLiv.a=0. (2.25)

K=(z) Ot
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Both the primary and secondary fields satisfy the pressure release boundary condi-
tions at z = 0. In the Born approximation the reminder (@, p) is negligible (see
Proposition 2.2 for conditions ensuring the validity of this approximation). Note that
the Born approximation concerns only the interaction of the wave with the reflector
at ¢. The multiple scattering of the wave with the random medium is taken into
account.

2.5.2. Integral Expressions for the Wave Fields. We first consider the pri-
mary field (4§, p§). The pressure field at the surface is zero p§(t, (z,0); Zs) = 0 and
the vertical velocity field is

ug (¢, (z,0); &) =

1 1+Ri},n(_L’0) fz(w) H'fac(w)
(2n)%e / k "R (-L0) 2%0(m) o

xe g R (@) 20, dk (2.26)

as shown in Appendix A.2. The pressure and velocity fields at the position & = (x, 2)
below the random medium (z < —L) are given by:

1 W .
i) =~ [ G (=L 0)e U 0 f (i, (227

1 ¢ (—=L,0) _ . .
ug(t, &, &s) = / Guorl )eﬂ?(tf"”'(z*mSHZ/CO(“))fZ(w)dewdn, (2.28)

(2m)3e Co(k)
1 kGE (—L,0) _ .. .
St BB, = — T D) it (@) +2/ () F ()P dudrs ,(2.29
vi (1, & ) (%)35/ pa— fo(w)wPdudss ,(2.29)

where 4§ = (v§,ug), as shown in the previous section, and GF, . is given by (2.20).
The secondary field is described in the following proposition.
PROPOSITION 2.2. When petVol(Q) = poorete? with ows < 1, then the Born

approzimation is valid and we have at the observation point £, = (x4, —L) (see Figure

c 202 — 0ot 740(’&)“ K Po p 5 e
pl(t5mQ?mS> - 2(27‘_)552 /< 00 + Co([i/)) fz((d)w gw,n/

(Tj,ﬁ(7L7 0))2
1- Ri;,n(_La 0)

x|zt — (R (~L,0)+ Jergen ] dudrdn! | (2:30)

where the two rapidly varying phases are

b1k, k) =—t+K-(x,—y)+ LCZ;(;)L +K - (y—=xs) + colgz,) . (2.31)
¢[[(K, Fi/) =—t+K- (wq - y) + LCZ;E;)L + K- (y - :I:s) + COL(IZ/) . (2.32)

Here E&N(—L,O) is the adjoint mode-dependent reflection coefficient of the random
section (for matched boundary conditions), which is described in Appendiz A.4 (see
Figure A.3).

Proof. We consider the secondary field solution of (2.24-2.25). We take a Fourier
transform with respect to the time and the transverse spatial variables defined by
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(A.1-A.2) to obtain

w w w
fpo—vl +z—r<ap1 = Prof— /vg (t,x,2)1g(x, z)e ig(t-rx) dtdx ,
€

] op
fpo%ﬁf + — p1 preftj /ufJ (t,z, 2)1g(x, 2)e’ g(t—rx) gt dx ,

1w, L w N 8u1

S — Ju— . €
Ke(m) e e Ty,

:0,

where 4] = (v§,uj). We assume that the scattering region € is smaller than the
wavelength, and we model it by a point reflector with scattering cross section of order
€20p0t, With oy small, so that Pret VOI(Q2) = Po0rere? and

pretla(x, 2) = 52p00ref6(m —y)o(z+ Ly).

Therefore, the secondary field (u$, p$) solves

05 i = P f gl BRI 1 L), (233)

. R B
- Pogul (?;1 = EfoZ(w; Lo)e "SR Yo(z + Ly), (2.34)
1w, . . . 0uf
R bl = 2.

KE(Z)Ep1+Z€K o+ 0, (2.35)

with the secondary source terms given by
ffm(w, .’ES) = — (';O—r)le / /gi ! i K- (y—ms)+Ly/co(k' ))fz(w)wgdn/ 7 (236)

' m)%e
7:O—ref

G e ISyt Ly /o) £ )wddi! . (2.37)

fls,z(w;a_fs) = ( ) Qo( )

Note that the problem (2.33-2.35) has the same form as the system (2.38-2.40) for the
primary field:

o iR = P faw)e (), (238)
e OB 2pe y —itwea,
po i B 2fr e, (239)
1w, W oug
g 25+ 208 2, (2.40)

but with a source term ff that is now below the random medium.
It is easy to check from (2.36-2.37) that E[|ff . (w; €,)|*] and E[|f§ . (w; &,)[?] are
of order o2 uniformly in e. In fact we have

/ E[|f5 o (w; &) lds = / B[ (1) des = 25| ()P

800

The fact that the parameter o.¢¢ is small ensures the validity of the Born approxima-
tion, in the sense that in the expansion (2.23) we have

(ﬁg,pg) ~1, (ﬁiapi) ~ Ovref » (ﬁiapi) ~ Ur2ef' (241)
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Let us consider the secondary pressure field p; at the observation point &, =
(x4, —L) as illustrated in Figure 2.3. From the analysis carried out in Appendix A.4,
we get

pi(t, Xy Xs) = / Vo(r (w, K, —L)e 8L/ _ 3 (0w g, —L)et s L/ 0]

xe 2 tmrmTa) 2 qudk (2.42)

with
a5 (w, k,—L) = 85(w, k), (2.43)
7e _ [ pe (Tj,n(vao))Q e
bi(w,k,—L) = (Rw,n(*L, 0) + m)sa(% K), (2.44)

N A 1 A w
S (w, k) = { CO(H)H . .fla,z(w; Z,) + fla,z(W; ;ﬁ'é)}e 2(=ry+Ly/co(r))
Po Co(k)
Thus, p5 is given by (2.30). O
2.5.3. Matched Boundary Conditions At the Surface. The preasure re-
lease boundary conditions are appropriate for geophysical applications. In different

contexts matched boundary conditions at the surface may be relevant. In this case,
the results are modified as follows. The primary field at &, = (x4, —L) is
1

Po(t: Bgi ) = — g / T2 o (—L,0)e st @amm) = L/al) § (o k) dwdr , (2.45)

~ 1 1€ o o
S(w,m) =3 - OlK) o f(w) + fw), (2.46)
Po
and the secondary field is
e S = 10 ref CO(K)H'K’/ Po G 5rpe
LTS Ts) = =5 — S(w, T . (—L,0
pl( y Lg; L ) 2(27’()552 /( 00 + CO(’{/) (w K’)w w,ka( )
X {e’%‘b’("”‘/) — éz,n(—L, O)ei%‘b”(""‘/)}dwdndﬁl , (2.47)

where the two rapidly varying phases are given by (2.31-2.32) again.

2.6. Cross Correlation of the Fields. In Subsection 2.6.2 we will give the
asymptotic behavior of the cross correlation C¢ defined by (2.9) in the limit e — 0 and
in the presence of a small reflector. We first give in Subsection 2.6.1 results concerning
the moments of the transmission coefficients that are needed for our analysis.

2.6.1. The Statistics of the Transmission Coefficients. The first proposi-
tion gives the moments of the transmission coefficient [18, Chapter 7]. This is useful
for computing the behavior of the coherent wave. The proposition shows that the
mean transmission coefficient T , decays exponentially with the rate exp(—L/lsca)
where lgea = 1/(w?y,) and 7, is deﬁned by (2.50). The characteristic length Iy, is
called the scattering mean free path in the physical literature.

PROPOSITION 2.3. For any test function ¢p(w, k), we have

/(,b w, k)T . (—L,0) dwdk = /(,b w, k)T (=L, 0)dwdk, (2.48)

w ’ynL)
2 )

TUS?%(—L, 0) = exp (zw\/v_ﬁWo( ) — (2.49)



16 J. Garnier and G. Papanicolaou

in distribution, where Wy(L) is a standard Brownian motion and

veo(k)?
/7!"% = 4C4 . (250)
0
The moments of the transmission coefficients are
2
E[TS, (—L,0)"] =2 exp ( . ;”MQ%L). (2.51)

The second proposition gives the moments of the power transmission coefficient
[18, Chapter 7]. This is useful for computing the behavior of the incoherent waves. The
proposition shows that the power transmission coefficient |ij,€|2 decays exponentially
with the rate exp(—2L/lioc) With lioc = 8/(w?7,). The characteristic length o is
called the localization length in the physical literature. In a randomly layered medium
the localization length and the scattering mean free path are proportional, but this is
not true for other types of random media.

PROPOSITION 2.4. The moments of the power transmission coefficients are

E[|T5 . (~L,0)[*"] =% &, (wyaL), (2.52)
where
l 2 2mpsinh(mwp)
W (D) = — - pA 2BV KM () dp, 2.53
&n(l) exp( 4)/0 e cost? () (1)dp (2.53)

with KM (p) =1 and forn > 2:

The third proposition gives the first two moments (mean and variance) of the
square modulus of the Green’s function |GE, ,[*. This is useful for computing the be-
havior of the incoherent waves in the presence of pressure release boundary conditions.

PROPOSITION 2.5. The mean of the square modulus of the Green’s function is
equal to one in the limit e — 0:

3 5 271
;%Eﬂgwﬂ =1 (2.54)
The variance of the square modulus of the Green’s function has the limit:

gi_% Var(|G5, .|) = gexp (10w?y, L) — g (2.55)
These results were obtained in [24]. The proof is based on the expansion of the
square modulus of the Green’s function in a series expansion (from (2.20)) and in
the evaluation of the expectation of each term of the expansion. It is important
to understand that the relation (2.54) is true only after statistical averaging. The
square modulus of the Green’s function |Gg, . |* has in fact large fluctuations when the
medium is strongly random as shown by the expression of the variance.
We can briefly comment on the fact that E[|GE, .[*| = 1. When the medium is
homogeneous it is straightforward to understand that the reflexion coefficient R°® is
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zero and the transmission coefficient T° is one so that the square modulus of the
Green’s function is equal to one. When the medium is strongly random, the reflexion
coefficient of the random medium is close to one, so the wave is trapped within the
waveguide formed by the deterministic surface at z = 0 and the random medium
below it. The wave is reflected back and forth and the internal intensity within the
random medium reaches high values. However, at the lower interface z = —L, it turns
out that, on average, the intensity is one. In a heuristic sense, the wave has no other
choice but to escape through the lower interface z = —L, but the transmitted wave
is highly incoherent when the size L is larger than the localization length. This is a
wave phenomenon that can be observed also in a purely deterministic situation, for
instance in the presence of a strong interface at z = —L instead of a random medium
in z € (—L,0). This case is addressed in Subsection 3.1 where we show that the
square modulus of the Green’s function has strong oscillations as a function of the
frequency w and the transverse wavenumber x, but its average in frequency is one.

2.6.2. The Primary and Secondary Cross Correlations. The cross corre-
lation C¢ of the signals recorded at the auxiliary array is defined by (2.9). In the
presence of a reflector at g, it can be written as the sum

Co(r, &g, @) = Co (T, B g, By ) + Cg (T, B, By ) + C5, (T, &g, By ), (2.56)

Here Cp, is the cross correlation of the primary field (2.27) at &, = (x4, —L) with the
primary field at £, = (x4, —L),

C;p(T, Ly, Ly) = E_Q/dars/dtpg(t,iq;fs)pg(t+7, Ly &s), (2.57)

Css is the cross correlation of the primary field (2.27) at &, with the secondary field
(2.30) at &,

CES(T, :Eqa:ifq’) :5_2/dws/dtpg(t,fq;fs)pi(t+7‘, Ty Ts), (2.58)

and Cg, is the cross correlation of the secondary field (2.30) at &, with the primary
field (2.27) at €,

Cop(T, T, Zyr) = E*Q/dms/dtpﬁ (t, 8q; Zs)pg(t + T, Zgr; Lss). (2.59)

The next three propositions give the asymptotic behaviors of the primary cross
correlation C5, and of the secondary cross correlations C5, and Cg,. The convergence
results hold true in distribution. When the limit is deterministic, then the convergence
also holds true in probability.

PROPOSITION 2.6. If xy = x4+ €€ and T = €5 then

T, T 1 ¢ Tws
eCop(T: &g, Tg') ﬂ5(€)%/|fz(w)|26 dw. (2.60)
Moreover
1 — —
g/V&I‘(C;p(T, .’Bq,mq/))demq/
e—0 6 5700(I€)2w2L R 4 o
T 5@2n)? / {QXP( 2l ) 1}|fz(w)| wdkdw. (2.61)
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The proposition shows that the primary cross correlation possesses a strong peak
when x, ~ x4 centered at 7 = 0. Otherwise it has small fluctuations distributed in
space and time lag that are of order /2.

Proof. We have

ce (mqamq’aT /lg |2 v (@ w/)+T)|f( )|2W2d"‘7dw-

Using the fact that |g(‘f,7,€|2 is self-averaging and has mean one we obtain (2.60). The
variance (2.60) follows from (2.55). O

PROPOSITION 2.7. The ps-secondary cross correlation centered at T = [|§ — & 4|+
|Zq — Yl]/co has the form:

Cgs(ly —Fol tEy — + Esa:EQa:Eq,)

Co
em0  dowet  |Ly — L|(§ —2g) - ( / 2 3
—- | f2(w)2w® exp (iws)dw.  (2.62)
O e A P T (iwe)
The ps-secondary cross correlation centered at 7 = ||y — &4| + |:ﬁf;> —yl|]/co has the
form:
Yy — Ey|l+ |2 Yy .
g (TBE
oy o L Ly (G- %) (3] — )
2(2m) 5 @& — g2
X / |fz(w)|2w3 exp (iw (s -2 72(5>W0(L)) — w272(5>L) dw, (2.63)
where :E((IS,) = (g, L) is the point obtained from &y = (xq,—L) by a symmetry with

respect to the surface z =0 and

7 8 — gl
o TAG L L7
The ps-secondary cross correlation is negligible elsewhere.

Proof. After integration in ¢ an xg, the expression of the ps-secondary cross
correlation is

C (T mqawq ZarefEQ /|fZ - ( )HI : H+ gop(l))’gé,ﬁ’2

= 2

y T » ,
x(ﬁ?wﬂnﬂ)—f(Rzﬁ(—L,mg%I—ﬁ;:—(—L,m)ﬁ?w”““‘Oaﬁdndnﬂw,

L-L ’ L-L
il ) = Sy Syt e Sy T
L—-L ~-L-1L
wII(K’ K’) K- (mq 7y)+ CQ(H)y -k (mq’ 7y)+ 700(Hl)y + 7.
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We then apply the stationary phase method. We find that the stationary points for
the terms with the rapid phases ¢; and r; are respectively:

’q/sp]:i Y —Zq ! I:i Ly —Y
> ’ sp, ’
o \/|y —x4? + (L — Ly)? ? o \/|mq/ -yl + (L — Ly)?
and
Ksp, 11 = i y; il = K;p,u = i mq; Y 5
CO\/ly_mql +(L_Ly) CO\/lmq’_yl +(L+Ly)

that give the first and second peak described in the proposition. O
PROPOSITION 2.8. The sp-secondary cross correlation centered at 7 = —[|§ —
Lyl + |2y — Yl]/co has the form:

C:p( ST ey + ss,:ﬁq,fﬁq’)
co
e _dover |Ly — LI (Y — %) - (By — Y)

i — = = =
202m)%; g —E P&y —yl®

/ |fo(w) P exp (— iws)dw. (2.64)

The sp-secondary cross correlation centered at T = —||g — a?ff)| +|&Ey —yl]/co has the
form:

+ Es,fq,fq/)
Co

cho iower Ly — LI (§— &%) (£ — §)

2mPe g - &P &y - P

X /|fz (w) 2w exp (zw( —s5—2 72515>WO(L)) - w27225>L) dw, (2.65)

where ngf) = (x4, L) is the point obtained from &, = (x4, —L) by a symmetry with

respect to the surface z =0 and
SR U
®a 403 (L + Ly)2

The sp-secondary cross correlation is negligible elsewhere.

Note that 7 — (Cps + C5,)(7, @g, Ty) is close to be an even function, but not
exactly. It has two quasi-symmetric peaks at +[|y — &,| + |Z, — ¥l]/co, which are
approximations of the causal and anti-causal Green’s function from &, to &, through a
scattering event at ¢. The phases of the cross correlation and of the Green’s function
coincide exactly, but the amplitudes are not equal because the illumination of the
auxiliary receiver array is not uniform and isotropic, so that the Helmholtz-Kirchhoff
identity that usually ensures the equivalence between cross correlations and Green’s
functions cannot be applied [21].

2.6.3. Separation between Up- and Down-Going Waves. As shown in
the previous subsection, there are small fluctuations and additional peaks in the cross
correlation that may affect the quality of the image. It is possible to remove these
fluctuations and additional peaks if the three-dimensional velocity components are
recorded (the vertical velocity field and the pressure field would be an alternative).
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Indeed, if the three-dimensional velocity field is recorded at the receiver array at depth

z = —L, then by taking a Fourier transform in time and lateral spatial variables
(defined by (A.1-A.2)) it is possible to compute the up-going field:
Pow, (k, —L); &) = <0;“) @ (w, (k. —L); &) + 55 - 6 (w, (k,—L): &) (2.66)
and the down-going field:
e, (L)) = — Ui (L)1) + 208 0w, (s, ~L)i). (267
The up-going primary and secondary fields at the auxiliary array &, = (x4, —L) are
Paolt, g3 ) =0, (2.68)

pu 1(t mq,

/ V/Colr (w, K, —L)e_i%(t_“‘(wq_mS)+L/c°(”))w2dnd42.69)

where aj is given by (2.43). The down-going primary and secondary fields at the
auxiliary array are

-1 s Cw
pz O(t’ :ﬁq, ié) = W /gé Hfz (w)e—l?(t—li‘(il?q_ws)_L/CO(H))deﬁdw, (270)
: T :
-1 \/ ‘w
Paa(t, g3 %s) = 37 / olr b‘E (w, k, —L)e st @ammo)=L/colR)) )2 4 dyp . 71)

where lA)i is given by (2.44). As a consequence, the cross correlation of the down-going
field with the up-going field completely eliminates the contribution of the primary
cross correlation, and the secondary cross correlation reduces to the cross correlation
of py, with pg , which eliminates the additional components present in pg,. We
obtain the following proposition.

PROPOSITION 2.9. Let us define

Cs’du(T, XLy, Ly) :{—:72/dms/dtpﬁ(t,:i’q;:i’s)pi(t+T, Ly &s). (2.72)

As e — 0, there is no term of order one in o.f, and the term of order o.of has only
one peak centered at T = [|§ — &q| + |€¢ — Yll/co:

Ca,du(k'j_ £q| + |£q’ — '!j|
Co
e—0 10ref |L 7L|(_»7£Q>

—l—ES,:Eq,:Eqr)

/ |fz |2w3 exp (zws)dw (2.73)

TP RS e
Let us define
Cr, @y ) =<2 [Ldow [ dtwi(t. @ w4 E0). (2.74)

As e = 0, there is no term of order one in o, and the term of order o..s has only
one peak centered at T = —[|§ — 4| + [Ty — Yl]/co:

Cs,ud( - |y — mq| + |mq’ — y| + e€s, jq, .’Eq/)
Co

es0 i0vet Ly — LI (§ — &) - (g — / ) 2w
— fz w” exp iws)dw. 2.75)
Soni T &Pl g J e (e (
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In order to exploit all the data set, one can therefore form the sum:
g2 =2 1 edu/=z = eud/ =z =z
C (mQamq/vT) = §[C ’ (mQamq/aT) +C* (m%mqla 77)} (276)

that possesses a peak with higher amplitude centered at 7 = [|§ — &4| + |Z¢ — Y]]/ co-
2.7. Detailed Analysis of Kirchhoff Migration.

2.7.1. Migration of the Cross Correlation Matrix. In this section we study
the migration of the cross correlation matrix. We use the cross correlation of the up-
going and down-going field (2.76) if the three-dimensional velocity field has been
recorded, or the cross correlation of the pressure field with itself if only the pressure
field is recorded. In the first case the cross correlation only presents a peak at (plus
and minus) the sum of travel times [|&, —§|+ |y — &£ |]/co which is perfect for imaging.
In the second case the cross correlation also presents peaks at (plus or minus) the sums
of travel times [|Z, —y|+| — ¥ — :El(;)H/cO and [|:E,(;s) — Y|+ |§ — &y ]]/co. These peaks
are randomly shifted and they are exponentially damped as shown by Propositions
2.7-2.8. As a consequence, if the up- and down-going waves decomposition is not
available, then strong scattering by the random medium is in fact favorable as it
cancels the additional peaks.

The Kirchhoff migration function for the search point % is

N,
1 T, — V7| + g% — &y
L) = 7 3. (Y ';'y ol g,.3,). (2.77)
4 q,q'=1

where Ny is the number of receivers at the auxiliary array.

If the receiver array at depth —L is a dense square array centered at @ 4 and with
sidelength a, so that we can replace the discrete sums by continuous integrals:

N,
1 = 1 / /
— N — dx dx,
Ng Z a’ xro—xAE[—a/2,a/2]? ! s —xA€[—a/2,a/2]? !

4 g,9'=1

then, denoting the search point by

¥ =g+ (&), (2.78)
we have
75 (55 =9 10pef / 317 (w)? ;Y xTA—Y
) st | VP ew (ict+ e =)
s 2 adiw .2 aaw
Y B2 ). 2.
xsme (200(Ly —L))Slnc (QCO(Ly —L)) v (2.79)

In order to simplify the expression we have assumed that the sidelength a is smaller
than the depth L, — L. If, in addition, the bandwidth B of the probing pulse is small
compared to the central frequency wp, then we have (2.11).
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2.7.2. Migration of the Surface Array Data. The data set is here the signals
(vertical velocity fields) recorded at the surface z = 0 at points &, = (x,,0) and
emitted by a point source at &5 = (xs,0). The Kirchhoff migration function for the
search point 4°

Is( —»S

ii (BT =& 5 5 ) (2.80)
2.2 0 T, Ts), .

where Ny is the number of sources and N, is the number of observation points at the
surface. In the following we analyze two situations: in the first one (I) the surface
array is finite; in the second one (II) the surface array is infinite.

(1) If the source and receiver array at the surface z = 0 are a dense square array
centered at x4 and with sidelength a, then, denoting the search point by (2.78), we
have

e/ o5y €20 0ref 37 W xA—Y
IS(y ) 2(27T)3L,§ /w fz(w)exp (2260(77+£ Ly ))
inc? —a&‘”) i 2(—‘152‘”) ( VI WL f—L)d 2.81
x sinc (200Ly sinc 2oL, exp Zw\/ico o(L) 12 . (2.81)

In order to simplify the expression we have here assumed that the sidelength a is
smaller than the depth L,. If, in addition, the bandwidth B of the probing pulse is
small compared to the central frequency wp, then we have (2.16).

(II) If the source and receiver array at the surface z = 0 are a dense array that
covers completely the surface, then we have

sy g ol [ W Tt
L) = S5 /w fz(w)exp(chonJrzw\/_OWO( ) 42L)
w2 ~ —92 w? € 2
X(Z—Lﬂw il WO(L)) exp[— — '| |ﬁ }do.(2.82)
CO 2\/500 CO(ZLTgL — ’Lw%WO(L))

Here we have assumed that the damping due to the random fluctuations is strong
wigyL/ct > 1. If, in addition, the bandwidth B of the probing pulse is small compared
to the central frequency wy, then we have (2.14).

2.7.3. Migration of the Auxiliary Array Data. The data set is here the
signals (pressure fields or vertical velocity fields) recorded at the auxiliary passive
array at points &, = (x4, —L) and emitted by a point source at &5 = (xs,0). This
is exactly the same data set as the one used in the function (2.10). The Kirchhoff
migration function for the search point %°

—»7—»5 —»Si—»
D W (i A A TINE) RS
0

slql

Ti (5°

where Ny is the number of sources at the surface and Nq is the number of receivers
in the auxiliary passive array. The recorded field p® is the sum of the primary field
p§ given by (2.27) and of the secondary field p§ given by (2.30), which contains the
information about the reflector at 4. If it is possible, the decomposition of the recorded
field into up-going and down-going waves can be useful to reduce the noise level: by
migrating only the up-going wave, only the first component in p§ in (2.30) is migrated.
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Fi1c. 3.1. Emission from a point source located at &s = (xs,0). The receiver is located at depth
—L: &g = (xq,—L). There is an interface at depth z = —L;.

If the source array at the surface z = 0 is a dense array that covers completely
the surface and if the auxiliary receiver array is a dense square array centered at @ 4
and with sidelength a, then, denoting the search point by (2.78), we have

10vof L 37 W A~y
7—2(27r)2(Lyy— 7 /w J2(w)exp (zco (2n+¢ T, L))
afiw . afow VAT yw?
2¢0(Ly — L))Smc<200(Ly - L)) P (WQ_COWO(L) - s—ch)
2

Y] - w?léf?
x(TchﬂwEWo(L)) exp {* C%(WZL—iwﬁWO(L))}dw' (2.84)
co

)
2c§

1k

Ti(5%)

X sinc

/N

In order to simplify the expression we have here assumed that the sidelength a is
smaller than the depth L, and we have assumed that the damping due to the random
fluctuations is strong wgyL/cg > 1. If, in addition, the bandwidth B of the probing
pulse is small compared to the central frequency wyg, then we have (2.16).

3. Imaging through a Strong Interface. In this section we depart from the
situation with a homogeneous background medium modulated by random fluctua-
tions, which is our main focus, and discuss the case of a background medium with a
strong and deterministic interface and without random fluctuations. This allows us
to contrast the wave multiples seen in a random medium with the ones obtained in
a homogeneous medium and generated by a jump in the background. In Section 3.1
we describe the primary field (the field without the embedded reflector). In Section
3.2 we describe the secondary field (the field scattered by the embedded reflector in
the Born approximation). In Sections 3.3-3.4 we analyze the migration of the cross
correlations of the auxiliary array data.

3.1. Primary Field. We assume that the density and bulk modulus of the

medium are stepwise constant (see Figure 3.1):

_ Kt ifz € (o0, —L)
e—1 _ 1 ) i
R=(z) = { Ky' ifze(-L;,0)

e 1 if z € (—OO, —Li)
Po(2) { ZO if 2 € (—L;,0) (3.2)

(3.1)

giving a jump in the impedance at the interface z = —L;, where —L; € (—L,0).
The pressure field at the surface z = 0 is zero. In these conditions we find by the
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method of Appendix A that the pressure and vertical velocity fields recorded at a
point & = (x, z) at depth z < —L have the representations:

ua(t7 =, fs) _ 1 € fz(w) —i%(t—n»(m—acs)—i-z/cl(ﬁ))w2dndw, (33)

v (2m)3e gw*“w/go(n)gl(n)e
pe(t, & &) = — : /giﬁ\/gi—gfz(w)eif(t”'(zmSHZ/Cl(“))dendw. (3.4)

(2m)3e

Here the Fourier-transformed Green’s function has the form

Ge o = Ti(K) exp (%(COEK) — ﬁ)Li) [1 — Ri(k) exp (Q%Li)} 71, (3.5)

where
() = o) —Gls) e 2V ()G ()
Ri(k) = RACENC) d Ti(k) = A0 (3.6)

are the mode-dependent reflection and transmission coefficients of the interface at
z = —L;. The Green’s function can be expanded as

G, = Ti(k) exp ( - %Li) i R (k) exp ((2j + 1)503(”%) Li). (3.7)
=0

Each term of the sum can be interpreted as the contribution of the waves reflected
back and forth j times between the surface z = 0 and the interface z = —L;, and
finally transmitted through the interface z = —L; and propagated till z = —L.

We next consider the pressure field at the position €, = (x4, —L) with £, = x, in
the limit ¢ — 0. We apply the stationary phase method and find that the value of the
integral (3.4) for the j-th multiple is given by the contribution around the stationary
slowness vector Kkgp ; = 0 and is concentrated around the time

L—L  (2j+1)L;
+
C1 Co

tspj = , (3.8)

which is the travel time of the ray going from the source s = (x5, 0) to the observation
point &, = (x5, —L) after j reflections between the surface z = 0 and the interface
z = —L;. Finally, we find that the wave is transmitted in the form of train of short
pulses that are received at the travel times {tg, j, 7 € N} and we have for any j € N:

) VGT0)R)(0)
2my/Coler (L — Li) + (25 + 1)co Li)

Beyond the power law decay due to the geometric spreading, the exponential decay
of the energies carried by the multiples can be observed due to the factor R{(0). This
exponential decay is typical of a deterministic interface. Note that the wave front
(4 = 0) possesses a fraction |T;|? of the total power, and that the multiples have the
fraction |R;|> = 1 — |Ti|?. Therefore, in the case of a strong interface, most of the
transmitted power is in the multiples.

We now highlight that some of the particular features of the surface wave energy
that originate from the pressure release boundary conditions, and which we have

fils)- (3.9)

lim p® (tgp i + €8, By, Ts) =
E—)Op (Sp,j k) q» S)
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discussed in the context of a random medium, are also present in the case with a
deterministic interface. The square modulus of the Green’s function |Gg, . |? is given
by

_ 1 - R (k)
|1 = Ri(k) exp (2i=—L;) |2’

eco(k)

[ (3.10)

where we have used the relation 72(k) = 1— R2(k). For a given slowness x, the square
modulus of the Green’s function displays an interesting behavior as a function of the
frequency w. It oscillates periodically between the two extremal values

1 — |Ri(x)|

. 14+ |Ri(k
min G52 = T g 2 = LU

T 1+ |Ri(R)] 1= |Ri(w)]

with the small period w, = emco(k)/L;. The interesting point is that its frequency-
average is equal to one whatever the value of the reflectivity of the interface R;(k):

(1G5.I"), = 1. (3.11)

Note that this conservation relation is valid only after frequency averaging, and that
the variations of the square modulus of the Green’s function within the period are
large when the interface is strong |R;(x)| ~ 1:

£ 4 _ 1 + R12 ("ﬁ)

Eq. (3.11) shows that the total energy emitted by a broadband source such as (2.6)
and received at the surface z = — L does not depend on the reflectivity of the interface.
With a weak interface |R;(x)| < 1, most of the energy is carried by the direct waves
(the term j = 0) which have strong amplitudes. With a strong interface |R;(k)| ~ 1,
the energy is distributed over a long train of short pulses which have small and expo-
nentially decaying amplitudes. Therefore, although the energy distribution amongst
the multiples depends strongly on the interface reflectivity, the total received energy
does not.

3.2. Secondary Field. We now assume that there is a point reflector at ¢ =
(y,—Ly) (see Figure 3.2) and compute the secondary field at €, = (x4, —L):

O 1 V Cl(“) N —i9 L e (k o P2 L el (k
pi(t’mq;ws) = (27T)3€/ 2 [a’i(waﬁ'a_l’)e EL/ ( )_bi(waﬁa_l’)e EL/ ( )}

xe R 2 dudk , (3.13)

with
d‘i(wa K, _L) = SZ((“)’ K’) ) (314)
. L;
7 _oie _Li T'l 2,25 ¢ (ln) ~
b (. L) = 2200 (— Ry(w) + () ) Si(w. k), (3.15)
1 — Ri(k)e™" = e0ta

Svs(w, F&) — {7&(’1)5‘/ Aaﬁ w: T 1 f 7Z(w; a—fs)} eif(—m»y-{-Ly/q(n)) ,
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Fic. 3.2. Emission from a point source located at &s = (xs,0). The reflector position is
Y = (Y, —Ly). The receivers are located at depth —L: Zq = (xq,—L) and £y = (xy,—L). There
is an interface at depth z = —Lj.

with the secondary source terms given by

fi o @, f—“’fef/ VQ gs e =)+ /e (6)) ()i’ | (3.16)

G e (W =z )t L/ (W) F ()l drk! (3.17)

fls,z(W, = ZUYe{ / W

This gives:

crh o ZUref \/Cl )K - H’
pl(tvmq,ms &_2/ < o1 Cl( )>f2( ) wka’

9 2ie Li_
T'l(/@) e”" e colk)
25 _Li
1 — Ri(k)e™ = =0t
where the two rapid phases are given by:
L,—L L,

« |ei2or(sk) _ ( — Ri(k) + )ei%¢11(”’n,)} dwdrde’, (3.18)

b1k, k') =—t+K-(x,—y)+ () +K - (y—xs) + ) (3.19)
b1k, k') =—t+ K- (xg—y) + % +K - (y—xs) + 01L(Z/) . (3.20)

Let us briefly analyze the case in which s = x, = y (the source point, the
receiver and the reflector are on the same vertical line) and L = L; (the receiver is at
the interface depth). Then the secondary field consists in a sequence of short pulses
that arrive at times
L, —L; ~Li

. + (1+25)=,

C1 Co

=2

tsp.j

for 5 =0,1,.... For j =0 we have

e S oy =0 - Uref\/a 1—‘1(0)(1 + RI(O))
Pi(tsp,o + €8, Byg; T5) — 2(2m)2v/Coer [coLi + c1(Ly — Li)] [c1(Ly — L1)]

F(s),

and for j =1,

Pi(tsp1 + €8, &q; Bs) —
1( p.1 1 ) 2(27T)2\/<_061 SCOLi + C1 (Ly — Ll)] [Cl (Ly — Ll)]
B 7:(0)?
[C()Li +c1 (Ly — Ll)] [QCoLi +c1 (Ly — Li)

cs0 0wt/ [ Ti(0)Ri(0)(1 + Ri(0))
[

] |79,
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3.3. The Cross Correlation. From now on we will assume that the receivers
are at the interface, which means L = L;. This models the situation in geophysics in
which sources are at the surface of the sea, and a sensor array records the signals at
the surface of the sea bottom. These two interfaces generate a lot of multiples that
are problematic for the standard imaging technique.

The secondary cross correlation between &, and £, has a peak centered at the
sum of travel times [|§f — &y| + [Ty — ¥|]/c1:

Cs(|g*5q| + |2y — Yl

+ Es,i'q,:ﬁq/)
Cc1

S iovet (= @) - (By — ) p1/ Y — &> — cily — x4
2027)3c} [ — &o|* [ €y — yI? PoCo
/|fz w)|Pw? exp (iws)dw, (3.21)

and another peak centered at —[|§ — &4| + |4 — ¢|]/c1:

CE

(7 1§ — &| + |2y — 9|

+ Es,fq,fq/)
C1

g ot () (Ey — ) 1/ ALTy — TP — Al — P
20m)E g — &4 &y — G poco

X / | f-(w)]?w? exp (— iws)dw. (3.22)

Note that the amplitudes of these peaks are independent of the transmission/reflection
coefficients through the interface. This comes again from the fact that the evaluation
of the cross correlation summed over the surface array that covers the plane z = 0
involves the integral in frequency of the square modulus |g§;1,{|2, which is a periodic
function in w with a small period of order ¢ and with an average equal to one. That
is why the reflectivity of the interface does not appear in the final expression.

3.4. Kirchhoff Migration of Cross Correlations. The analysis of the Kirch-
hoff migration of the cross correlation matrix then follows the same lines as in the
case of a randomly layered medium. The Kirchhoff migration function for the search
point ¢° is defined as in (2.10) by

IC —*S _ 2 Z C8<|mq S|+|y *mq| mq;mq) (323)

c
qqq’l 1

where Ny is the number of receivers at the auxiliary array. If the receiver array at
depth —L is a dense square array centered at « 4 and with sidelength a, then, denoting
the search point by ¥° = ¢ + (£€,7), we have

e [ =Sy €0 10ef .2 may .92 ma2
TeWw”) = 202m)33(Ly — L2 " (Al(Ly - L))SmC (,\1(Ly - L))
x/w3|fz(w)|26)(p <2i:—1(n+£~ T:A:z))dw. (3.24)
Y

Here we have simplified the expression by assuming Hypothesis (2.12) and the central
wavelength is A\; = 2mc; /wo.
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4. Imaging through a Random Medium in the Paraxial Regime. In this
section we analyze a scaling regime in which scattering is isotropic and weak, which
allows us to use the random paraxial wave model to describe the wave propagation in
the scattering region. In this approximation, backscattering is negligible but there is
significant lateral scattering as the wave advances and over long propagation distances.
Even though they are weak, these effects accumulate and can be a limiting factor
in imaging and communications if not mitigated in some way. Wave propagation
in random media in the paraxial regime has been used extensively in underwater
sound propagation as well as in the microwave and optical regimes in the atmosphere
[28, 39, 38, 26]. We formulate the regime of paraxial wave propagation in random
media with a scaling of parameters that allows detailed and effective mathematical
analysis [23]. Tt is described as follows.

1) We assume that the correlation length [, of the medium is much smaller than
the typical propagation distance L. We denote by €2 the ratio between the correlation
length and the typical propagation distance:

le 9
T ~E

2) We assume that the transverse width of the source Ry and the correlation
length of the medium [. are of the same order. This means that the ratio Ry/L is
of order ¢2. This scaling is motivated by the fact that, in this regime, there is a
non-trivial interaction between the fluctuations of the medium and the beam.

3) We assume that the typical wavelength A is much smaller than the propagation
distance L, more precisely, we assume that the ratio A/L is of order e*. This high-
frequency scaling is motivated by the following considerations. The Rayleigh length
for a beam with initial width Ry and central wavelength X is of the order of RZ/A
when there is no random fluctuation (the Rayleigh length is the distance from beam
waist where the beam area is doubled by diffraction). In order to get a Rayleigh
length of the order of the propagation distance L, the ratio A/L must be of order &%
since Ryg/L ~ &2:

Ao

4) We assume that the typical amplitude of the random fluctuations of the medium
is small. More exactly, we assume that the relative amplitude of the fluctuations is
of order 3. This scaling has been chosen so as to obtain an effective regime of order
one when ¢ goes to zero. That is, if the magnitude of the fluctuations is smaller
than €3, then the wave would propagate as if the medium was homogeneous, while if
the order of magnitude is larger, then the wave would not be able to penetrate the
random medium. The scaling that we consider here corresponds to the physically
most interesting situation.

4.1. The Random Paraxial Wave Equation. We consider the time-harmonic
form of the scalar wave equation

(02 + A)p+ 5 (1+ () =0, (4.1)

Here p is a zero-mean, stationary, three-dimensional random process with mixing
properties in the z-direction. In the high-frequency regime described above,

w 3 T Z
w— = plx,z) =€ ,u(;,?), (4.2)
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the rescaled function ¢° defined by
o= (20 (5510
p*(w,x,z) = exp (164 o a2

satisfies
1 2
0267+ 5 (mﬂc’wf +ALP g—Qu(w, E—Z)Qﬁg) =0.
Co [&4)

In the regime ¢ < 1, it has been shown in [23] that the forward-scattering approx-
imation in direction z is valid and the function ¢° can be considered to satisfy the
Schrédinger-type equation
2
LW w z
2i—0.¢° + AL ¢° + —pu(w, —2)¢8 =0.
o ecg €

Note that the random potential in this Schrodinger equation has the form of a white
noise in z, i.e. %M(E%), which explains the choice of the amplitude €3 for the per-
turbation of the index of refraction in (4.2). We introduce the fundamental solution
G* (w, (x, 2), (xo, zo)):

2

(@, )G =0, (4.3)

290,65 + A G+ 2
Co 9

— oM
ecg

starting from G° (w, (®, 2 = 20), (@0, 20)) = 6(x — x). In a homogeneous medium
(1 = 0) the fundamental solution is

Go (w, (, 2), (%0, 20)) = t exp (Zw|:c — $0|2). (4.4)

 2imco|z — 2ol 2¢o)z — 20|

In a random medium and in the scaling regime described above, the first two moments
of the random fundamental solution have the following behaviors.

PROPOSITION 4.1. The first order-moment of the random fundamental solution
exhibits frequency-dependent damping:

A 0 A Y0 (0)w?|z — 2

E[GF (w, (&, 2), (w0, 20))] =3 Go (w, (x, 2), (0, 20)) exp ( - w) (4.5)
0

where o) = [, E[u(0,0)(x 2)]dz.

The second order-moment of the random fundamental solution exhibits spatial
decorrelation:

E[G’E (w, (z, 2), (w0, zo))CAT"E (w, (', 2), (z0,20))]
w2z — z0|Y2(x — ')

= G (w, (, 2), (0, zo))éo (w, (&, 2), (0, 20)) exp ( - 1 ), (4.6)

where () = fol 70(0) — yo(xs)ds.

These are classical results [27, Chapter 20] once the the random paraxial equation
has been proved to be correct, as is the case here. The result on the first-order
moment shows that any coherent wave imaging method cannot give good images if the
propagation distance is larger than the scattering mean free path lsca = 8¢3/(70(0)w?),
because the coherent wave components will then be exponentially damped. This is
the situation we have in mind, and this is the situation in which imaging by migration
of cross correlations turns out to be efficient. The results on the second-order moment
will be used in the next subsection to analyse the cross correlation of the recorded
signals in a quantitative way.
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4.2. The Cross Correlation of Recorded Field in the Presence of a
Reflector. We consider the situation in which the medium is random in the region
z € (—L,0) and there is a reflector below the random medium placed at = (y, —L,),
L, > L (see Figure 1.2). Assume that there are point sources at the surface array
(€)=, where @, = (z4,0). When the source at &, emits the scaled pulse f(t/e*), the
signals p°(t, Z4; @s) are recorded at the points (a':'q)év:“‘1 of an auxiliary array, where
Z, = (x4, —L). We consider the cross correlation of the signals recorded at the
auxiliary array defined by:

T Ns

C (&g, &) = | Y p°(t, B B)p (¢ + 7, &y Bs)dt. (4.7)
0 =1

Using the Born approximation for the point reflector at ¢, we obtain the following
proposition.

PROPOSITION 4.2. In the random paraxial wave regime € — 0, when there is a
point reflector at §y = (y,—L,), then the cross correlation of the recorded signals at
the auxiliary array satisfies

2L, — 2L N —0 10pef A
Ca( y 4 o, /) ! 3 2
o +e%5, %4, Ly Im3co(L, — L)? w[f(w)]
1 _ 2 _ , 2
X exp ( —iw(s — % ly mq|Ly+|:'Z Zq| ))dw. (4.8)
This shows that
4 ’

- the cross correlation has a peak at time lag 7 = 2L— + 200%,

which is the sum of travel times from %, to ¥ and from Yy to &y in the paraxial
approximation:

IR oo 1 1
T(@0.9) + T Ey) = —\/(Ly — L+ My — g2 + /(L = L) <ty — g

2Ly —2L e |y*mq|2+|y*mq’|2 8
e R O(e®).
o 2 L, — L +0(e)

- the effect of the random medium has completely disappeared.
The conclusion is therefore that Kirchhoff migration with cross correlations of the
auxiliary array produces images as if the medium was homogeneous and the auxiliary
array was active. We formulate this result in the next subsection.

Proof. We first describe the different wave signals that can be recorded at the
surface array or at the auxiliary array.
1) The field recorded at the auxiliary passive array at &€, = (x4, —L) around time
L/cy is the field transmitted through the scattering layer in z € (—L,0):

L = = 1 i —iws e
ps(a +ets, &y &) = %/f(w)e G* (w, (zq, —L), (z5,0))dw.

2) Using the Born approximation for the reflector, the field recorded at the surface
array at @, = (x,,0) around time 2L, /cy is of the form

(L b el 5,3,) :ZUrefCO ///wf "3 GF (w, (2, 0), (2!, ~ L)

xGo(w, (z',—L),(y,— ))Go( (y, —Ly), (&, —L))G* (w, (z, — L), (x5,0)) dedz’dw.
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Using the reciprocity this also reads

(2L +€ s :Br,wé _ ZUrefCO ///Cdf zwsés(w’(wl’_L), (CBT,O))

xGo(w,(y,fLy),(m ))GO( (Y, —Ly), (z, ))GE( (m,fL),(a:S,O))dmdm/dw.
There is no other wave component recorded at &, around a time ¢y # 2L, /co.

3) The field recorded at the auxiliary passive array at £y = (x4, —L) around time
(2L, — L)/cy is of the form

2L, — L . _ 7:o—refCO ; —iws A
R s ) = P [[wfwe o olw (.- L), (@0, L)
><(A;’0 (wa (yv 7Ly)7 ((13, 7L))GE (wv ((13, 7L)a (.’135, 0))da:dw
In the Born approximation there is no other wave component recorded at €, around
a time to & {L/co, (2Ly — L)/co}.

As a consequence the cross correlation of the signals recorded at the auxiliary array
defined by (4.7) is concentrated around time lag 2(L, — L)/co and it is of the form

o ( 2L, L—i—E s :Bq,wq _ 10refCo ///w|f 2 e~ ( (y, ),(:qu,—L))

><Go( (. —Ly), (®,—L1))G" (w ( ,—L), (25,0)) G (w, (2g, —L), (5, 0)) desdzdw,

when the source array is dense and covers the full surface z = 0. Using Proposition
4.1 and the self-averaging property of the product of two fundamental solutions (one
of them being complex conjugated) [33, 34, 23] we get

9L, — 2L . o
C ( + E S IBq,Cﬁq 810> il of€0 /// 2 ZWSGO (wa (ya _Ly)a (IBq/, _L))

xGlo (w, (y,—Ly), (x, ))GO( , (@, —L), (xs, 0))@0 (w, (xq,—L), (s, 0))
W2Lyo(x

5 Zq) )dwsdwdw.
4cg

xexp(—

Using the explicit expression (4.4) and integrating in x4, it appears a Dirac distribu-
tion §(x — x,). The exponential damping term then disappears because v2(0) = 0
and we finally obtain (4.8). O

4.3. Kirchhoff Migration of Cross Correlations. The Kirchhoff migration
function for the search point 4°

Nq - -, _ -
() = — 2y — 9|+ 19° o]
IC = _2 Z ( amQamq’)a (49)
q

€o

/_
q,9'=1

where Ny is the number of receivers at the auxiliary array.
If the receiver array at depth —L is a dense square array centered at 0 and with
sidelength a, then, denoting the search point by

§° =g+ (%€, ¢"n), (4.10)
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we have

Te(S) 20 et [ a0 (2-2)
C(y )*> 47T3CO(Ly_L)2 w |f(w)| exp ZCOU

) afjw .2 aow
xsinc (2CO(Ly — L))smc (260(Ly —7) )dw. (4.11)

Assuming Hypothesis (2.12) we have

T 5y €—0 . io—ref .92 7T0J§1 2 7T0,§2
W) =~ Ier, — Lo (AO(Ly — L))Slnc (AO(Ly - L))
X /w3|f(w)|2 exp (21'&77) dw. (4.12)
Co

This shows that the migration of the cross correlation migration gives the same
result as if we were migrating the array response matrix of the auxiliary array (see
Appendix B). Indeed the imaging function (4.12) is exactly the imaging function
that we would obtain if the medium were homogeneous, if the auxiliary receiver array
could be used as an active array, and if the response matrix of the auxiliary array
were migrated to the search point %°. In particular the cross range resolution is
Xo(L — Ly)/a and the range resolution is c¢o/B.

5. Conclusion. In this paper we have shown in different strongly scattering
situations that the data recorded at a passive receiver array can be used in order
to improve migration techniques. As already noted, the kind of surface-auxiliary
array imaging configuration that we consider here, with and without scattering media
and interfaces, has been applied successfully in exploration geophysics. It is also
of interest, however, in other applications in imaging where mitigating the effects
of strong scattering is needed and could be implemented with the use of auxiliary
passive arrays. One such case is in high-frequency radar imaging where the “surface”
source array is near the ground, the auxiliary array is on a moving platform above
the troposphere, and the reflectors to be imaged are near-orbit satellites.
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Appendix A. Derivation of the Integral Representations of the Fields
in a Randomly Layered Medium. We consider the general model (2.3-2.4) for
the parameters of the random medium. We use the same approach as in [18, page
369] applying a propagator formulation. We first take a scaled Fourier transform in
time and transverse spatial coordinates:

P (w, K, 2) = / pe(t, @, 2)e’ s P dtda, (A1)

0 (w, kK, 2) = / us(t, @, z)et s ) dide, (A.2)
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Tas(0+) BE(0+) = a<(0%)

0 T N
a0 = (0"~ @y |B0) =B 0%) — Y
la(0) =0 [ (-1)%) =B (-2))

| e =o (-0

Fia. A.1. Boundary conditions for the wave modes with a source at z =07, a preasure release
boundary condition at z = 0%, and a radiation conditions at —oo (there is no reflector below z = —L
here).

We introduce the up- and down-going modes defined by

1

Co(k)
1

VCo(k)

The pressure release boundary conditions at the surface z = 0T is p° = 0, or equiva-
lently (see Figure A.1)

i (w, K, 2) = ( 7 (w, K, 2) + go(n)aa(w,n,z))e—ifm—%, (A.3)

b (w,k,2) = (- B (w0, 5, 2) + VG(R)ie (w, k5, 2) e F 0. (A)

i (w, k,07) = b (w, &k, 07). (A.5)

A.1. Derivation of (2.17-2.18). We consider the situation with a point source
at s = (xs,0). The jump conditions across the source plane at z = 0 are

+ . " + 2 5 ‘o
- = 2fem 8= [@])] = Sk fa(w)eT T
Po
which give:
alo- == %f)“i) T A (A.6)
iy = (= TR V)t (A7)
Using (A.5):
i (w, k,07) — b°(w, K,07) = —2¢2 O eTiER®s (A.8)
Co(k)
We also have the radiation condition at z = —L:

i (w, K, —L) = 0. (A.9)
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- To lTj,H(L,z)

Fia. A.2. Reflection and transmission coefficients.

We introduce the propagator matrix, that is the matrix such that, for any —L <
20 < 2<0:

ac(w, K, o) ac(w, K, z)
Pe . = |- . Al
(w, %, 20, 2) |:b8(w,ﬁ,20):| [bg(w,n,z) (A.10)
It is the solution of the linear system
dP¢
= M*(w, k, 2)P®, (A.11)
2

with the initial condition P¢(w, k, 29, 2 = z9) = I. Here the entries of the 2 x 2 matrix
M?(w, k, z) are given by
iweg(k) 2 2w =z S -
Miy = TQEV(_)’ M5, = Mfe™"= %0, Miy = M3, M3y = Mj;.
0
Note that P¢(w, K, 20, z) depends on & only through the modulus k = |&|.
We introduce the transmission and reflection coefficients (T} ., R, ) defined by
the relation

Pe(w, kL. 2) {T;K(O L,Z)] _ {RZ,K(;L,Z)} 7 (A12)

which corresponds to the scattering problem for a unit-power incident plane wave
incoming from the half-space (z,00) and probing the inhomogeneous layer in (—L, z)
with transparent boundary conditions (see Figure A.2). By inverting this matrix-
vector relation we get

1 _ PfQ(wa’ivaaz)

TE —L e RE —L :
(=L, 2) Psy(w,k,—L,2)’ wn(=L2) P (w, k,—L, 2)

(A.13)

From the relation (A.10) evaluated at z = 0~ and zp = —L, we get using (A.8) and
(A.9)

A 1 fZ(W) Y.
b (w. k. —L) = 2¢? A
o) = e e L0~ P m L0 ool

_ Tf},n(iLa 0) 252 fz(w) e—i%n‘ws,
1- Rfa,n(_L’ 0) CO(H)

(A.14)
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From (A.3-A.4) and the radiation condition (A.9) we obtain for z < —L:

VCo(k) b (w, i, —L)e S50,

ﬁE(CU,K/,Z) = -

Ll V)

0 (w, Ky 2) = ——b° (w, K, fL)eﬂ%m.
2\/ CO (Ii)
Substituting (A.14) into these equations give (2.17-2.18) with (2.20).
If the medium is homogeneous v = 0, then the propagator matrix is equal to the
identity matrix and we obtain from (A.14):
b (w,k,—L) = 252M.
Co(k)

This expression gives (2.21) in Section 2.4.2.

A.2. Derivation of (2.26). We consider the same situation as in the previous
subsection and we compute the vertical velocity field at the surface. Substituting
(A.9) and (A.14) into the relation (A.10) evaluated at z = 0~ and 2y = —L we
obtain:

2RZ,H(7L7O) 2 fz(w) —iYKr@s

~E 07 =
a*(w,k,07) 1,35}%(7@0)5 go(m)e ’

B 1- RZ,H(7L7 O)E Co(l-”v) ’

b (w.k,07) & RECRE

which in turn gives

> 1+ R . (—L,0) 2 (w) iy
ds(w,f{70+) = bs(wvn;OJr) = — g2 e teRTs
1 _Ra,n(_l’ao) go(ﬁ)
+€2Me*ifﬁms- (A.15)
Po

Substituting into

1
0 (w, k,0") =

- 24/ Co(x) [

af(w, k, 0%) + b° (w, K, 01)]

gives (2.26).

A.3. Conservation of Energy Relation. An important relation is the con-
servation of energy relation. Since M§, = M5, and M, = Mg, the entries of the
propagator matrix satisfy P5, = Pf; and P§, = P§,. Moreover, since M® has trace
zero we have 8Z(det PE) = (Tr ME)(det PE) = 0, and therefore det P* = 1. This
gives the conservation of energy relation

5 2 5 2 |P1€2(7La0)|2+1

RS (=L O+ T (L, 0) = 2
_ PLP5 (=L, 0) + Py Psy(—L,0) — PR P35 (—L,0)
- PpP5y (=L, 0
=1. (A.16)

~—
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. TT;K(—L,Z) lo
T1 légﬁ( L,z)
—L ) ...

FiG. A.3. Adjoint reflection and transmission coefficients (T‘j’méfjm),

A.4. Derivation of (2.42-2.44). We consider the situation with an incoming
up-going wave coming from the lower half-space:

af(w, k, —L) = S55(w, K). (A.17)

Here there is no other source. L
We introduce the adjoint transmission and reflection coefficients (775 ., R, ) de-
fined by the relation

P*(w, K, 2,0) [ Tj,fi("*o)] , (A.18)

1
E;,ﬁ(z,oﬂ a [ 0
which corresponds to the scattering problem for a unit-power incident plane wave
incoming from the half-space (—o0, z) and probing the inhomogeneous layer in (z, 0)
with transparent boundary conditions (see Figure A.3). By inverting this matrix-
vector relation for z = —L we get

1

PQEI(W) R, _La 0)
P, (w, k,—L,0)

PS5, (w, K, —L,0)

(A.19)

From the relation (A.10) evaluated at z = 0~ and zp = —L, we get using (A.8)
and (A.17):

T, (~L,0) = =T5,.(~L,0), R, (~L,0)=

Pg PSy(w, ke, —L,0) — P, Psy (w, %, —L, 0)
~E 0) = 11+ 22 ) vy ) 12+ 21 s vy ) ~E _L
@*(w, %,0) Pey(w, k,—L,0) — Poy(w,k,—L,0) (w, %, L)

_ (detPe(w,x,—L,0))T5 .(—L,0) _ I
- 1 —R37K(—L,O) a (wvﬁ/vi )

Using the fact that det P¢ = 1 we can simplify the previous expression:

~E Tf},n(vao) ~E
a (w,Kl,O): ma (w,h‘,, *L)
Moreover:
N 1
b (w,ky—L) = ————— [de (w,k,0) — Piy(w, k,—L,0)a" (w, K, —L)]

P, (w,k,—L,0)
(Tj,ﬁ(_L7 0))2

—wnr 7V LR (—L a° —-L). A2
e L0y Fee(-L0Ja s - L) (A.20)
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From (A.3-A.4) we obtain

4e AV R _ e nm
a°(w,k,—L)e o) — b (w, k, —L)e"= 0 |.

Co(x)
2

AE

p (wv K, 7L) =

) )

Substituting (A.20) and (A.17) into this equation gives (2.42-2.44).

Appendix B. Migration of the Array Response Matrix in a Homoge-
neous Medium. In this appendix we address the ideal situation in which:
1) the background medium is homogeneous with speed of propagation ¢y and there is
a small reflector embedded in this medium at ¥ = (y, —L,),
2) the response matrix of the array (a'c’q)év;ll is available. This means that we have per-
formed a sequence of Nq experiments. In the gth experiment a short pulse is emitted
from &, = (x4, —L) (modeled by a source term of the form f(¢) in the scalar wave
equation) and the signals p(t, @, ;&,) are recorded by all sensors &, of the array,

!
g =1,...,Nq.
The Kirchhoff migration function of the array response matrix for the search point
77 is:
1S (e~ G+ E -
L, — Y Ly — Y
7 - ( a a . ) B.1
im Y E: o &y By (B.1)

This function produces a good image of the reflector as shown by the following propo-
sition.

ProrposiTiON B.1. If the receiver array at depth —L is a dense square array
centered at x 4 and with sidelength a, then, denoting the search point by §° = §+(&,1),
we have

- o Oref . 7ra§1 . ﬂ-a{?
Tkw(9°) = 3273(L, — L)QSmCQ()\O(L - L))Slnc2 ()\O(Ly - L))
< [ h@en (2lmre T ) (B.2)

Here o,c is the scattering cross section of the reflector and we have simplified the
expression by assuming Hypothesis (2.12).
Proof. Using the Born approximation for the reflector, the recorded field is of the
form

Pw, B &g) = G(w, Ty, Fyr) + Oretw’ G(w, Fg, )G (w, §, ),

in the Fourier domain, where G is the time-harmonic Green’s function of the homo-
geneous background:

1 (,wr q,|)
= ————exp|i—|E—&|).
dm|E — &'| P Co

By the triangular inequality, we have |, — §°| + |€, — §°| > |€, — &,| and therefore
the direct field does not contribute to the migration function, only the scattered field
can contribute. Using the fact that the array is dense (i.e. the distance between
the sensors is smaller than or equal to half-a-central wavelength), we can we apply a
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continuum approximation which gives

IKM(gS) = W;f—w /CUQ.]EZ(W>

1 W 2
X[_z/ exp (z—(|mq—y|—|wq—ys|))qu} dw,
a” Jax,—xs€l—a/2,a/2]? Co

where we have also simplified the amplitude term by taking into account that a <
Ly, — L. Next we expand the difference

. . S .S §- (:B — y)
|€q — 9| — [Zg — Y |2n+7Lyq—L )
which gives the desired result. 0
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