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PASSIVE ARRAY CORRELATION-BASED IMAGING IN A
RANDOM WAVEGUIDE*

HABIB AMMARIT, JOSSELIN GARNIER!, AND WENJIA JINGT

Abstract. We consider reflector imaging in a weakly random waveguide. We address the
situation in which the source is farther from the reflector to be imaged than the energy equipartition
distance, but the receiver array is closer to the reflector to be imaged than the energy equipartition
distance. As a consequence, the reflector is illuminated by a partially coherent field and the signals
recorded by the receiver array are noisy. This paper shows that migration of the recorded signals
cannot give a good image, but an appropriate migration of the cross correlations of the recorded
signals can give a very good image. The resolution and stability analysis of this original functional
shows that the reflector can be localized with an accuracy of the order of the wavelength even when
the receiver array has small aperture, and that broadband sources are necessary to ensure statistical
stability, whatever the aperture of the array.

Key words. passive sensor imaging, random waveguide, cross correlation, wave propagation
AMS subject classifications. 35R60, 60H30, 76B15

DOI. 10.1137/120898073

1. Introduction. Sensor array imaging in a scattering medium is limited be-
cause coherent signals recorded at the source-receiver array and coming from a reflec-
tor to be imaged are dominated by incoherent signals coming from multiple scattering
by the medium. For instance, in a randomly perturbed waveguide, it is known that the
field becomes completely incoherent when the propagation distance becomes larger
than the equipartition distance, which corresponds to the distance beyond which the
source energy has been shared equally among all the propagating modes [10, Chapter
20]. As we will see, if the distance between the source-receiver array and the reflec-
tor is larger than the equipartition distance, then classical migration of the signals
recorded at the array cannot give a good image.

Sources can be expensive or difficult to implement, but receivers can be cheap
and easy to implement, so an imaging problem in which there are a few sources (all
of them being far from the reflector) and many receivers (some of them being close
to the reflector) is of theoretical and practical interest. If there is a unique source far
from the reflector (farther than the equipartition distance) and if the receiver array is
close to the reflector (closer than the equipartition distance), then classical migration
of the recorded signals fails again. This was shown is various contexts, and we will
show it again in the waveguide geometry. However, in such a situation, another
kind of migration can be used: from the work devoted to coherent interferometry
imaging [4, 5, 6, 7, 8] and ambient noise imaging [9, 12, 16, 17, 18], it is known that
migration of cross correlations of noisy signals can be more stable than migration of
the signals themselves. The migration of cross correlations of noisy signals recorded
by auxiliary passive arrays was proposed in [3] in geophysical contexts and analyzed
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recently in randomly scattering open media in [14], and we would like to address the
same problem in the waveguide geometry. Indeed the number of propagating modes is
finite in the waveguide geometry so that the statistical behavior of partially coherent
fields in random waveguides is very different from the open medium case [11, 10]. In
our paper, we show that if a receiver array can be placed close to the reflector to
be imaged, then the cross correlations of the incoherent signals on this array can be
used to image the reflector. We will give a detailed resolution and stability analysis.
We will show that the statistical stability requires a broadband source and that good
resolution and stability properties do not require the receiver array to span the whole
cross section of the waveguide, which is an effect specific to the waveguide geometry.

The paper is organized as follows. In section 2, we review the mathematical
background of the imaging problem in a random waveguide. In section 3, we describe
and analyze the classical migration functional using the recorded signals and show
that it cannot give a good image when the propagation distance is beyond the en-
ergy equipartition distance. In section 4, we introduce the correlation-based imaging
functional; it has two versions which correspond to the time-harmonic case and the
broadband case. In section 5, we analyze the resolution of the proposed imaging func-
tionals. Detailed analyses are provided for full aperture and limited aperture arrays.
These results are based on the statistical average of the imaging functionals. The
variances of these functionals are very important as well because they determine the
statistical stability of the imaging functionals. In section 6, we study the variances of
the imaging functionals. Some concluding remarks are listed at the end of the paper.

2. Mathematical formulation of the imaging problem.

2.1. The ideal waveguide. We consider linear scalar (acoustic) waves propa-
gating in a two-dimensional space. The governing equation is

1 9?
(2.1) Ap(t,x) — %a—tf(t,x) — F(t,x).
Here, p is the scalar field (acoustic pressure), ¢o is the speed of propagation in the
medium (sound speed), and F'(t, x) models the forcing term. We consider a waveguide
geometry, and we decompose the spatial variable x as (z, z). That is, z € R is along the
axis of the waveguide while z € D denotes the transverse coordinate, and D = (0, a) is
the transverse section of the waveguide. We assume that the forcing term is localized

in the plane z = 0:
(22) F(t,X) = f(t)(S(X - Xsource)7

where Xgource = (5,0) for some zy € D. We assume that the medium is quiescent
before the pulse emission, that is,

(2.3) p(t,x) =0, t<O0.
We consider Dirichlet boundary conditions at the boundary of the waveguide:
(2.4) p(t,x) =0, x€IDxR={0,a} xR.

Using the Fourier method, the scalar field can be written as a superposition of
waveguide modes. A waveguide mode is a time-harmonic wave of the form p(w, x)e~**
with frequency w, where p satisfies the time-harmonic form of the wave equation (2.1)
without a source term:

(2.5) D*p(w,z,2) + AL p(w, z, 2) + k*(w)p(w, x, 2) = 0.
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Here, A; = 02 is the transverse Laplace operator in the transverse section D with
Dirichlet boundary conditions and k(w) = w/co is the homogeneous wavenumber.
Consequently, (2.5) can be solved using the eigenmodes of A, that is, using the
orthonormal basis {¢;(x)};=12,.. of L?(D) given by

(2.6) —AL1¢j(x) = Aj¢5(x), x€D.

The eigenvalues are simple, satisfying 0 < Ay < A2 < ---. The eigenvalues and
eigenvectors are given by

(2.7) 6, (x) = Qsin(w), N =T

a

Using the method of separation of variables on (2.5), we see that the waveguide mode
p(w,x,z) can be further written as a superposition of p;(w,z,z) = gbj(a:)eizﬁf(“)z,
where

(2.8) BHw) = k*(w) = A;.
For a given frequency w, there exists a unique integer N (w) such that Ay ) < k2 (w) <
)\N(w)+1:

wa
2. Nw) ==,
(29) @)= =
Here and in what follows, |b] means the integer part of a real number b. The
modes {p;j(w,x,z) = gbj(a:)eiiﬁf(“)z}jy:(f) are propagating waveguide modes, and
{5; (w)}jv:(f) are called the modal wavenumbers. On the other hand, {p;(w,z,z) =

pj(x)etPi@)=} for j > N(w) are evanescent modes because they decay as z goes
to Foo.

2.2. The randomly perturbed waveguide. From now on we assume that
the waveguide is randomly perturbed and the scalar field satisfies the perturbed wave
equation

1 0%

(t,x) = F(t,x),

where ¢(x) is the randomly heterogeneous speed of propagation of the medium. We
consider the case where the typical amplitude of the fluctuations of the speed of prop-
agation is small, which we call the weakly random regime. When the correlation
length of the fluctuations is of the same order as the typical wavelength, the inter-
actions between the waves and the random medium become nontrivial. Due to the
small amplitude of the fluctuations, however, the effect of the interaction becomes
important only after a long propagating distance. B

More exactly we assume that a randomly heterogeneous section in z € [0, L] is
sandwiched in between two homogeneous waveguides: the speed of propagation is of
the form

(2.11) cz(i Z):{ (1+ev(z,2) if (z,2) € [0,a] x [0, L),

otherwise.

ooml = ooml =
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Here, v is a mean-zero, stationary, and ergodic random process with respect to the
axis coordinate z. It is assumed to satisfy strong mixing conditions in z. The relative
amplitude of the fluctuations of the speed of propagation is denoted by €. We assume
that the correlation length of the random perturbation is of the same order as the
typical wavelength A(wo) = 2meg/wo = 27/k(wp) for wy the central frequency of the
source. We assume that the propagation distance EO is much larger than the typical
wavelength. We will see that the interesting regime is when the ratio A/ Ly is of order
€2, so we introduce the normalized propagation distance Ly:

- Lo

Lo = pok
In this regime the cumulative effects of the interaction of the scalar wave with the
small fluctuations of the speed of propagation become of order one.

For a fixed frequency w, the Fourier transformed scalar field p(w, x, z) defined by

plw,x,z) = /p(t,x,z)emdt
satisfies the equation
(2.12) *p(w,z, 2) + AL plw, z, 2) + kK2 (W) 1+ ev(z, 2)]p(w, 2, 2) = f(w)d(z —x4)8(2).

To solve this equation, we make the following two simplifications that are justified in
[10, Chapter 20] or [11].
Ignoring the evanescent modes. First, we consider only the propagating modes:

(2.13) P(w, z, 2) Z oj(2)pj(w, 2).

This is valid because we are mainly concerned with the scalar field for z > 1 and
the evanescent modes decay exponentially fast. Furthermore, we parameterize the
complex mode amplitude p;(w, z) by the amplitudes of its right- and left-going com-
ponents. Let a;(w,z) and Z)j (w, z) be the amplitudes of these components, defined
by

1 . . db . .

(2'14) ﬁj _ (djezﬁjz + bje—Zﬁjz) , ap; = ﬁj (&jezﬁjz . bje—zﬁjz) '
1/ ﬂ] dz

Using these representations, one obtains a system of ordinary differential equations

(ODEs) for {a;,b;} [10, section 20.2.4] or [11, section 3.1]. The coefficients of the

system depend on the integrated quantities of the form

(2.15) Cou(z) = /D 65(2)1 (), 2)da

This system of ODEs is closed by the boundary conditions at z = 0 where the source
F is imposed and at z = Lo = Loy /€2 where there is no left-going component.
Forward scattering approximation. Second, we neglect the left-going (backward)
propagating modes, assuming that they do not interact with the right-going ones.
This is valid in the limit € — 0 when the second-order moments of v satisfy certain
conditions [10, section 20.2.6] or [11, section 3.3]. In this case, the rescaled amplitude

a5(2) = a;(w, z/€)

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/26/22 to 183.173.185.243 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

660 HABIB AMMARI, JOSSELIN GARNIER, AND WENJIA JING

of the right-going wave satisfies

da®

2.1 = —-nl (5)a
(2.16) dz e H e2) &
where a° denotes the N (w)-dimensional vector (a3, ..., d’j\,(w))’ and H" is a N(w) x
N(w) complex matrix with components

7.2
(2.17) H@ = EC) iy

o 2 /BB

Define the propagator matrix T¢(w, z, z9) to be the fundamental solution of the system
(2.16), i.e

(2.18)

dz (W7Z,ZO) - _H(a) (8 )TE(W z ZO)

with T¢(w,z = 20,20) = I. Then a (w,z) = T%(w, 2,0)a°(w, 0), where the initial
amplitude a°(w,0) is determined by the source F. In fact, integrating (2.12) across
the plane z = 0 and using (2.12), (2.14), we find that

Q —éAw T = w
al(w,())—zi ﬁz(w)f( Yor(xs), 1=1,...,N(w).

Consider an array of receivers located in the plane z = L of the random waveguide
section, where

(2.19) L= E%,
and 0 < L < Lg. Let T%(w) be the jl-entry of the propagator matrix T (w, L,0). It is
the rate of conversion of the initial [-mode into the j-mode in the plane z = L = L /&>
of the random waveguide section. In particular, we have

N(w) N(w) .

- 1
2.20) aj(w, L) = a5(w, L) = G(w)ag (w,0) = ————T7(w) f(w)dui(xs).
(2.20) a;j(w, L) (w, L) ; 1(w)ag (w, 0) ; NGO 1) f(w)u(zs)

Repeating the argument above, we see that the field beyond Z that is, a(w,z) =
{a;(w, 2)}= ( Vfor 2> L = L/£2, is related to a(w, L) = {a;(w, L)} (w) as follows:

N(w)

Z 1 (w, €22, L)a§ (w, L).

Since the random waveguide is stationary, { T5(w,z zo)}Nl(wl) has the same distribution

as {1 (w, 2 —20,0)};,= N ) . Therefore, we can apply (3.8) and (3.10) in Proposition 3.1
and conclude that T' (w 2z, L) = §;; in probability provided that z — L < 2. This
is equivalent to Saylng
a;(w,z) =~ a;(w, L) for0<z—L<e 2
Using this approximation and the expressions (2.13) and (2.14), we can write the
scalar field at z > L with z — L < 2 as

N (w) 1

2i/Bi(w)/Bj(w

(2.21) plw,w,2) = (W) () (s)e™7*.
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X
|
9))
0 I 2 Ly~

Fic. 2.1. Schematic of the imaging problem. A point source (circle) in the plane z = 0 emits a
short pulse that propagates through the random waveguide. The target (square) in the plane z = Z;

is a reflector. The receiver array (triangles) in the plane z = L records the signals.

2.3. Modeling the point reflector. In the imaging problem to be investigated
(see Figure 2.1), the goal is to locate a point reflector centered at x, = (z, z;) from
signals recorded at the receiver array in the plane z = L= L/, The reflector is
supposed to be at a relatively small distance (compared to ¢~2), that is,

-~ L 9
(2.22) a= +z, 1<z <Ke "
Note that we also assume that z, > 1, i.e., the distance between the reflector and the
receiver array is much larger than one (the order of magnitude of the wavelength), to
ignore the evanescent modes emitted by the reflector. The reflector can be modeled
as a local change in the density and/or the bulk modulus of the medium, so that the
sound speed is locally modified as

1
2(z,z)

1 1
(2.23) == (1+ev(z,2)) + 0—219r (z, z),
0

r

where (2, is a small domain around x, := (z,, z;) representing the center of the reflector
and ¢, is a parameter characterizing the contrast of the reflector. With this modifica-
tion, the right-hand side of (2.5) should have an additional term —(w/¢;)?1q,p(w, z, 2).
We assume that the diameter of the scattering region €2, is small compared to the
typical wavelength and that the velocity contrast is such that o, := ¢, 2|Q,| satisfies
oy < 1. Then we can model the scattering region by a point reflector

0—219r (x,2) = 0,0(x — xy).
T
Born approximation. The above setting allows us to solve the scalar field with the
presence of the point reflector using the Born approximation for the reflector. Given

a fixed frequency w, we have
(2.24) plw, z, 2) &~ pp(w, , 2) + ps(w, z, 2).

Here, py, is the primary field induced by the source F' propagating through the random
waveguide and computed in the previous section (see (2.21)), and ps is the secondary
field that is the first-order scattered field due to the additional source —w?c,8(x—%;)pp
at the reflector:

(2.25)  Aps(w, x,z) + k*(w)[1 + ev(z, 2)] Ps(w, 7, 2) = —w?0:8(x — X¢)pp (W, @, Z2).

Note that in the Born approximation one replaces the full wave field at the reflector
by the primary field in the right-hand side of (2.25).
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The primary field is solved exactly as in the previous section. Summarizing the
results there, one obtains that for z > L and z — L < £72,

(2.26) Bo(w, T, 2) = %) fw) T (W)
: P\*s by - . jl
=1 2i+/Bi(w)/Bj(w) !
The secondary field satisfies (2.25). Again, we solve this equation using the or-
thonormal basis {¢;(x)};=1 (w) and we ignore the evanescent modes. Since the

reflector is within a distance bmaller than =2 from the receiver array, for L<z< Zrs
the propagator matrix from z, to z can be approximated by the identity matrix in
probability, and we need only decompose the secondary source at the reflector into
waveguide modes. Using (2.25), the decomposition (2.14), and the fact that there is
no left-going wave from z > z;, we find that

¢;(z)u (w5) €77

.....

“ iw?o,
(2.27) bsj(w, 2) = —=¢;(2:)Pp(w, Tr, Zr).
2y/Bj
We note that there is no right-going secondary wave because we do not consider back-
scattering of the left-going secondary wave near the receivers. Finally, recalling the
expression of the primary field at the reflector (2.26), we obtain for z € [L, z;) that

)e—iﬁj(z—zr)

(w,z,2) Z oz \/—_
W wtof(w)
4B/ B/ B

3. Migration-based imaging functional. In this section, we introduce the
classical imaging functional for localizing the point reflector using the scalar (pressure)
field recorded at the receiver array at z = L. This imaging functional is based on the
migration of the array data to a search point (z%,%%). Our goal is to show that the
classical Kirchhoff migration functional does not give a good image when the medium
between the source at z = 0 and the receiver array at z = L is scattering.

The data of the scalar (pressure) field recorded by the receivers are

{p(t,z,L) | t € R,z € D}.

Note that we consider in this section the full aperture case: the receivers span the
whole cross section of the waveguide, and they record data at all times. We consider
the frequency- and mode-dependent data

ﬁj(w72 = E) = //p(t’x’Z — Z)¢J($)d$€thdt

According to the analysis carried out in section 2.3, it can be decomposed as

(2.28) = =T ()65 ()0 () (1) o (s ) e~ 03 3 et

7,l,m=1

pj(w,z = Z) = Ppj(w, z = Z) + Psjw, z = Z)

From (2.26) and (2.28) the primary and secondary contributions are

e e O a T
(3]‘) pp]( [ Ead L) - 2Z ﬁj(LU) o \/E (bl( 5)7
Alwz=~:—1 (z)ePi*rg(w, 2y, 2,
(32) pS]( ) L) ﬂ](w)qb]( ’1“) q( 9y Ty 1“)7
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with

N w2
L f(w)or B (@)%
q(w, zr, %) = § (@)1 (2r) P (25 ) ™
Lo 4B (w)V/Bi(w) T :

which can be interpreted as an illumination of the reflector. The secondary contribu-
tion ps; contains the information about the reflector, and its form (3.2) motivates the
definition of the Kirchhoff migration imaging functional:

N (w)

where the search point is (z5,35), with 35 = L + 25.
A simple case is when the source term is time-harmonic, i.e., F(t,x) = 6(x —
Xsource ) (1), with f(t) = e7%0t and

flw) = 216(w — wo).

Then the data set is reduced to {p;(wo, z = L),j=1,...,N(wo)} and the Kirchhoff
migration functional has the form

N(wo)
(34)  Ixu(a®,2%) = N(iuo) > Bilwo)d; (2%)e =50 p (wo, 2 = L),
j=1

We need to compute the mean of the imaging functional in order to characterize its
resolution properties and its variance in order to characterize its stability properties.
These statistical moments depend on the moments of the propagator matrix which
were studied in [10, Propositions 20.6 and 20.8] or [11, Propositions 6.1 and 6.3].

ProproSITION 3.1. The first-order moments of the transmission coefficients have
limits as € — 0, which are given by

(3.5) E[T} (@)] <50 ifi#1.
(3.6) E[T};(w)] 20, e Di(w)L otherwise.

The second-order moments of the transmission coefficients have limits as € — 0, which
are given by

(3.7) E[T% (W) T (w)] <=2 e~ Qu@)L ifj#1,
(3.8) E[T5 (w) T w)] =% T (w, L),
(3.9) E[T5(w)T5,, (w)] =% otherwise.

The functions '7;-(l)(w, z) are the solutions of the system of linear equations

a7’
(3.10) ST (T -T), T =0) =

d
SRy
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The positive coefficients D; and Q1 and the matriz Fﬁ) depend on the correlation
function of the random process v. Furthermore, we have

(3.11) sulp|IE[T;l(w)HSCG*L/Lequip7 sup
75 Js

where Lequip 5 the equipartition distance for the mean mode powers introduced at the
end of section 20.3.3 in [10] (or at the end of section 4.2 in [11]).

The results of the first-order moments describe how the wave loses its coherence
as it propagates in the random waveguide. The results of the second-order moments
describe how the wave energy becomes equipartitioned on the waveguide modes.

When L is larger than the energy equipartition length Lequip, then the first-order
moments of the transmission coefficients are vanishing. Based on this observation, we
have

(3.12) E[Zim (25, 2%)] ~ 0.

It turns out that the fluctuations of the imaging functional are much larger than its
mean. This can be seen by studying the standard deviation of the imaging functional.
When L is larger than the energy equipartition length Lequip, then the second-order
moments of the transmission coefficients are vanishing except E[|T7;|?], which converge
to 1/N. Based on this observation, the second-order moment of the imaging functional
for a time-harmonic source is

Flwo)|2®_ zs) | 1
B[z (0%, 9] = L2 g, 03)
2 2
+ (w ZTN> O ()W (25, 25 2y, 20) 2
20.N
(313) (W % >Sm(§[}(xs7 _Zs§xra _Zr)\:[j(wsazs§xra _Zr)) >
where, for any integer j, we have defined
1L
(3.14) j(2) = 5 D i (),
n=1
1 N s
S _S. _ = S\ ,iBn (zr—27)
(3.15) (S, 2500, 2,) = Nz¢n(xr)¢n(x Je .

n=1

The first term on the right-hand side of (3.13) is the contribution of the primary
field. The second term is the contribution of the secondary field. The third term is a
crossed contribution.

These results show that when the waveguide is randomly perturbed and long
enough (longer than the equipartition distance), then the illumination of the reflector
becomes incoherent and Kirchhoff migration, which is based on coherent effects, gives
a completely unstable and noisy image.

The analysis is complete in the time-harmonic case. The analysis of the broadband
case (when the support of the source spectrum is not reduced to a single carrier
frequency) goes along the same lines, although it is necessary to use the asymptotic
expressions of the two-frequency second-order moments of the transmission coefficients
(see [10, Proposition 20.7] or [11, Proposition 6.3]): due to the loss of coherence, the
mean of the imaging functional is zero while its variance is not.
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4. Correlation-based imaging functionals. In this section, we introduce a
new imaging functional for localizing the point reflector using the scalar field recorded
at the receiver array at z = L. This functional is based on the correlation functions
of the recorded signals, which we stress in the first subsection.

4.1. Correlation of the scalar field. Let A denote the positions of the re-
ceivers in the plane z = L. The data of the scalar (pressure) field recorded by the
receivers are {p*(t,z,L) | t € R,z € A}. For simplicity, we have assumed that the
receivers record data at all times. From these data one can form the cross correlation
of the recorded field:

(4.1) C(r,m1,20) = /]_D(t,xl,L)p(t—l—T, 2o, L)dt, x1,29 € A.
R

In the Fourier domain, it has the form

1 —_ ~ ~ .
(42) C(Ta xlaxZ) = % / ﬁ(waivh L)ﬁ(w7$27 L)eilw‘rdw, x1,Ty € A.
R

Using the decomposition p = py, + ps in (2.24), we can decompose the above cross
correlation function into four parts. Let C,, denote the cross correlation between
the primary fields at the two receivers. Thanks to the formula (2.26), it admits the
expression

(4.3)
Cop (T, 21, 72) = — / % L TR W)T (@) () Py (1) (2)
TR S it VBB Bm (w) g S

¢l (xs)d)n (xs)ei(ﬁm_ﬂj)ze—iu)wa.

Let Cps denote the cross correlation between the primary field at the first receiver
and the secondary field at the second receiver. Recall that the secondary field contains
information about the waves emitted from the reflector at x, = (z,,2;), with z, =
L + z. Due to (2.26) and (2.28), it admits the expression

(4.4)
N (w)

w0y T3 (@) T (@) () 651 ) g (2)

Cps (T, 21, = .
’ () /q,j,l,%;71_1 1674, ﬁlﬁnﬁjﬁm(w) 7
d)l (xs)d)n(xs)(bq(xr)(bm (xr)ei(ﬁm*ﬂj)zei('@‘l+'87”)Zr67iWwa-

Similarly, let Cg, denote the cross correlation between the secondary field at the
first receiver and the primary field at the second receiver. One verifies that

(4.5)
N(w)

—iw?o, e A
T3 (W) T (@)]f (@) 2 Pg (1) b (2)

Cop (T, 21, =
p(T 71,72) /qJ,l%n—l 1674, ﬁlﬁnﬁjﬁm(w) 7
D1(0) b ()6 (525 (20) ot (Bm—=Bi) L g—=i(By+Bj) 2 p—iwT g

Finally, the cross correlation between the secondary fields at the two receivers is
much smaller than those above and its contribution is ignored. We also neglected the
contributions from the error terms of the decomposition (2.24). These are justified
because 0, < 1 consistently with the Born approximation.
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Recall that the source in the acoustic model is due to the force F(t,x) = f(t)d(x—
Xsource ), Where Xgource = (Zs, 0) indicates the location of the source. In the rest of the
paper, we will consider two special cases as follows.

4.1.1. Cross correlation for broadband pulse. We first consider the case
where the source is given by F(t,x) = f(¢)d(Xx — Xsource), With

(4.6) () = fo(e™t)e ",

Here, wy is the carrier frequency. In the Fourier domain, we have

f) = 2 h(252).

Eoz

Here, fo is assumed to be a function with compact support or fast decay.

When « > 2, the bandwidth has no effect and the situation is equivalent to the
time-harmonic case that we address in the next section.

When « = (0,2), the pulse is said to be broadband and the bandwidth plays a
role in the propagation in the waveguide for a propagation distance of the order of
L = L/e2. Although the analysis can be carried out in general, we restrict ourselves to
the case a € (1,2) because when o < 1, the number of propagating modes N (w) varies
with w over the bandwidth and the analysis is a little bit more delicate. Nevertheless,
the overall picture does not change in the latter case.

Henceforth, « is a fixed number in the interval (1,2). Let w = wp + e*h. Then

flw)=Zfolh),  TjH(w) =Tj(wo +£%h),

in terms of the new variable h. Further, we have the following Taylor expansions:

1 1

ﬁj(bd) - Bj + 5a63h + 0(5a)7 \/ﬂ]ﬂmﬂlﬂn(w) - \/ﬁjﬁmﬁlﬁn N

O(e”).

Here, ﬂ; is the derivative of 3; at the carrier frequency wp; further, the reduced
wavenumber §; is also evaluated at wg. Using these formulas, the cross correlation
functions become

N ; 2
Cop(T, 21, 32) & ! / > MT_ﬁ(wo + e%h) T (wo + €“h) ¢ (1)

gmee Jstm,n=1 /B]'/Bm/Bl/Bn

qu(xg)qbl(xs)qbn(xs)ei[ﬁm(woJrsah)fﬁj(“0+€ah)]zefi(woJrsah)Tdh?

cpsz/ EN: iwgoe  |fo(h))? T (wo + € R) T (wo + €¥R) b (1) g (w2) i ()
q,7,l,m,n=1 1671-5‘76& ﬂjﬂmﬂlﬂn 7

¢n(xs)(pq(l,r)qsm(xr)ei[ﬁm(Wo-‘-fah)—ﬁj(W(H-Ec‘h)]1:61'([311-‘-[3771)%ei(ﬁfﬁ-ﬁ;n)fahzre—i(wo+€ah)"'dh7

N .2 ¢ 2
Com [ Y ot UL g5 e )T (0 + =By 1) 2) ()

a l
q,7,l,m,n=1 167T6q6 ﬂ]ﬂmﬂlﬂn J

Gn() g (2:); (xr)ei[ﬁm(wo+5ah)—ﬁj (Wo+€ah)]Le—i(ﬁq+ﬁj)zre—i(ﬁf1+ﬁ§-)Eahzre—i(wo-ksah)Tdh.
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4.1.2. Cross correlation with time-harmonic source. A simple case is when
the source term is time-harmonic, i.e., F(t,x) = §(X — Xsource) f(t), with f(t) = e~ iwot
and

flw) = 216(w — wo).

In this case, the wave field has the form p(t,z, z) = p(z, 2z;wo)e”“°f. The definition
of the correlation function should be modified to
(4.7)

1 /7 ~ ~ .
C(r,x1,2) = T/ p(t,x1, L)p(t + 7,22, L)dt = e *°"p(x1, Ly wo)p(x2, L;wp).
0

The second equality holds because the integrand above is in fact independent of ¢.
Using the decomposition (2.24) and the expressions (2.26) and (2.28), we obtain the
following expressions for the cross correlations:

1 Neo) 1

C ) ) = = T 5
op (T, T1,22) 4j“§:n_l B, BB B

d)l (‘TS)(bn(J?S) i(Bm— IBJ)L *lwm—
N(wo)

-2
Cps (T, 1, 22) = woor L e, -
ps (T, 21, 2) q,j,z,;n:l 80, VBB 51(wo) T (wo) @5 (1) g (w2)

D1(T) b (T ) b (T3 ) o (@ ) (B =B L i (BatBim) 22 o —itwoT

T5(w0) T (w0) 05 (1) (22)

N(wo) .9

Cap (7, 21, 2) = — %% L 7% ()T .
p (7,1, 22) qu;n—l 88, AP B 5(wo) T (wo) g (1) P (2)

b1(xs) Pn(Ts)Pq (xr)¢3 (zr)e’ = BJ)L HBatBi)ze gt

4.2. Imaging functionals using cross correlations. We are now ready to
present the imaging functionals, which consist in migrating the cross correlations of
the recorded signals. The imaging functionals are designed according to the settings
of receiver arrays. We consider two cases.

Full aperture receiver array. The ideal case is when the receiver array spans
the whole cross section, i.e., A = D. Then given the data, for any pair of modes ¢;
and ¢;, we define

(4.8) cil(r / / C(1, 21, 29)d; (1) p1(x2)day dws.

Due to the orthogonality of {¢;};=1,.. ~, the function C7' is the jl-mode of the cross
correlation function C.
A search point for the reflector will be denoted as (x

versal coordinate and 35 = L+ 25 is its axial coordinate. Equivalently, 25 is the axial
coordinate starting from the receiver array. We define the imaging functional Zga as

(4.9) Tpa (25, 25) = Tpay (25, 25) + Tpa_ (25, 25),
N(WO) S

(110) Tae(a®,2%) = F s Z 3B} (e2)n(eD)C (& (85 + B0).

S,79), where 29 is its trans-
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The choice of multiplication by ;3 is suggested from our analysis of the correlation
functions in the next section.

Limited aperture receiver array. A realistic situation is when the receiver
array covers only part of the transversal section, i.e., A = [ay, az] for 0 < a1 < az < a.
Consequently, the exact jl-component of the cross correlation cannot be extracted.
In this case, we design the imaging functional Z; s as

(4.11) ILA(J:S,z) ILA+(JJ z )—|—ILA (JJS,ZS),
N(UJO)

(412) Tuas®,2%) = F s | 3 oulan)on(a®)os o210,

S

z

(Bay + kw0)2) (D + k(w0))C (£ == (8 + By), a1, 32 ) s oo
0

Again, these definitions of imaging functionals are based on the analysis of the corre-

lation functions in the next section. We remark also that it is possible to show that

when A = D, the second functional Zp 4 is very close to Zgpa and we have in fact

N(wo)

. . s
Tra+(2%,25) |acp=F (Z)O)Q Z ﬁ?ﬁlz(wO)ij(xs)(bl(ajs)C]l(:|: Z—O(ﬁj+ﬁz)).
=1

5. Resolution analysis of the imaging functionals. In this section, we ana-
lyze the imaging functionals proposed above to search the reflectors in the waveguide.
Due to the random perturbations of the long section z € [0, L] of the waveguide,
the values of the imaging functionals, which depend on the waveguide parameters
through the data, are random. Hence, we analyze the mean of the imaging functional
and show that it achieves its maximum at the reflector location. We also analyze how
this mean decays from its maximum; this information provides the resolution of the
proposed imaging functionals.

We emphasize that the above observation on the mean of the imaging functional
itself is not enough to claim that the functionals are effective because it is not certain,
a priori, that the one realization in practice is well reflected by the mean. Statistical
stability (i.e., the analysis of the fluctuations of the imaging functionals) is needed to
secure this claim. This will be investigated in section 6.

5.1. The case of full aperture receiver array with time-harmonic sourc-
es. We first consider the ideal case where the receiver array A spans the whole cross
section, so the imaging functional Zgy is chosen. The key tool for analysis of the mean
of Zga is Proposition 3.1.

As shown by Proposition 3.1, when L is larger than the energy equipartition
length Lequip, the main contribution from terms of E{T};7y,,} comes from when
j = m and [ = n. Following this observation, we have the following limits for the
cross correlations:

N
1 |
BlCon(r 1, 22)) AL S 0,y e

Jj=1

where ®_; is defined by (3.14) and we have also used the fact that 7;-(” converges to
1/N in the regime L > Lequip-
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Following along the same lines, we have

.2 N(wo)
]E{Cps(T,xl,xQ)} — Zonr‘I)_l(xs) gf) (331)(;5] (er)gbq(a:r)gf)q(fQ)
8 q,j=1 Bjﬂq
(51) ei(5j+5q)zr6_iWOT
and
g2 (I), . N(WO)
E{Cp(, 1, 22)} — —0" 1) — g (11)bq (22) 65 ()5 (2)
& a,j=1 Bifa
(52) e*i(BqJFBj)Zre*ion.

In fact, the migration imaging functional Zpa is designed from the above character-
ization of the cross correlation function. From the calculations before, we find that

(I),l ({Eb)
43,

where d;; is the Kronecker symbol. We also find

E{Cglp(T)} —

—iwoT
dje” "o,

iwgor®_1(wg) 1

E{Céi(T)} — ] 8,61 ¢j (xr)¢l (wr)ei(ﬁj+ﬁl)zT6_iw07,
J
) —iwlo,®_q(zs) 1 s o
E{C\(T)} — zwoch 1(a~)ﬂﬂl¢j(xr)¢z(a¢r)e (B;+B1)z g—iwoT
J

Therefore, for a search point (25,z%), with 25 = L + 25, we have the following.
From now on, A = 27/k(wp) denotes the carrier wavelength.
PROPOSITION 5.1. Ifa>> A, 25,2, > )\, and 25,2, € (0,a), then

. 2
/ 2 cos oei(ﬁ cos 0+E sin 0)d0‘| } ,

2

2
S .8\ . WO
(5.3) E[Zpa(2”,2%)] ~ a7 %e{

where we have introduced the normalized cross range offset & = 27 (z, —25) /X and the
normalized range offset ij = 2m(z — 25)/\.

Therefore, the imaging functional Zpa works well for detecting the point reflector
(2, z;). In particular we can see that both the range and cross-range resolutions are
of the order of the wavelength .

Proof. Note that a > X\ means that N > 1. Calculations show that

N
E[Zpat (25, 2%)] » ———= _@ : % Zﬂg¢2 Je 12032

wioy®_1 () wior @1 (z5)
8 8

where ¥ and ®; are defined by (3.15) and (3.14). The first term does not contain
information about the reflector and can be viewed as a background field. In fact,
its contribution is negligible because the fast oscillations in the complex exponential
(2r, 25 > \) average out and there is an overall factor 1/N. For the second term, we

(5.4) + (25,25 2, 2)? — (25, 25 2, — )2,
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can use an integral approximation for the sum in the continuum limit (N > 1). That

is,

N . . S
(S, 25 2y, 2,) = E 2sin 2 <) sin 2Ms J. eV - ()=
) [l S lad § A N )\ N

N . )
1 2 =S 92 . -S _ N
_ (COS<M%> ‘Cos(w ij ))emﬁw .

1 _ 8 s . S
1/ (cos<727r(wr a )y) —cos<727r(xr+x )y)> eV IS gy
a Jo A A

Since the phase becomes zero when 25 = z., this function peaks at 25 = z. and

Q

25 = x,. The integral considered above can be written as, with the second term
neglected,
1 - ~ 1 _
i IV 1=y*+Ey) 4 ei(ﬁ\/l—yz—ﬁy)dy - i ei(ﬁ\/l—y2+£y)dy
2a 0 2a _1
1 (2

_ cos oei(ﬁ0059+§~sin0)d0.
2a

us
2

Similarly, the sum in the third term can be approximated by

1 [t om(zy — 25 27 (zy + 25
WS, 25 e, — ) _/ (COS(My) _COS<My)>
a Jo A A

ioma 12 zet2S
e 2w/ 1—y x dy

Note that this function does not have a peak comparable with the previous function.
In fact, stationary phase calculation shows that it is of order O(1/(a\/k(z: + 25))),
where k = 27/ .

The evaluation of E[Zpa ] follows along the same lines:

]E[IF —(xs’ zs)] N M li iﬁjqﬁ(xs)ewﬁjzs]
4N N =

B wio,®_ ()
8

and we find a peak at 25 = z, and 25 = z,.
Finally, we have

2 & orzs j\ N1 1 11 T
_ —1ain2 s J <0z [ = —
(5.6) D_q(zs) = N ;:1 B;  sin ( 3 N) = a/o mdm 5o

which completes the proof of the proposition. |

Remark 5.2. To eliminate the 3; on the denominator, we multiplied by the exact
B; factor in constructing the imaging function. Alternatively, we can differentiate the
cross correlation function to remove the denominator; see (4.12). If we do so, the
above approximation will lead to the integral

wior ®_ ()

(5.5) -

\Ij(xsa_zs;xr7zr)2+ \Ij(xs7_zs;xra_2r)27

/E COSZ 961(17 cos 0+ sin H)de

us
2
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Fic. 5.1. Plots of the functions g(77) and h(f) which give the normalized form of the point
spread function in the range direction (g(7), top picture) and in the cross range direction (h(€),
bottom picture).

in the square brackets of (5.3). This function should be compared with (5.7) in the
next section.

5.2. The case of limited aperture receiver array. Next, we consider the
realistic setting where the receiver array covers only part of the transverse section,
namely, A = (a1,a2) and 0 < a; < as < a. For a search point (2°,7%), with
BI=L+ 25, we have the following result.

PROPOSITION 5.3. If ay —a; > A, 25,2, > a, and 25,2, € (0,a), then

™

(5.7) E[ILA(xS,zS)} ~ mwik?or(as — a1)” %e{ l/z

2
3905 COSZaei(ﬁcose+$~sin9)d9‘| }’
a

us
2

where we have introduced the normalized cross range offset & = 27 (z, — 25) /X and the
normalized range offset 7j = 2m(z, — 25)/\.

This proposition gives the form of the point spread function of the mean imaging
functional, which is the normalized form of the peak centered at the reflector location.
The range and cross-range widths of the peak are the range and cross-range resolu-
tions. Since the variables ¢ and 7 are normalized with respect to the wavelength, we
see that both the range and cross range resolutions are of the order of the wavelength,
which is the diffraction limit. The form of the peak can be seen in Figure 5.1, which
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plots the transverse and longitudinal shapes of the point spread function

(5.8)
[ .= 2 N
h(é) = %e{ /,1 cos? Geiésmedﬁl } = 7@%5)27
(5.9)

- 2

2
cos? Heiﬁcosecw] } = 2J](7)* - l/2 cos? O sin(7 cos 0)dh |

(ME]

/

where we have used Formula 9.1.20 in [1] to express h and g in terms of the Bessel
function Ji. h and g are even functions maximal at 0, and stationary phase calcula-
tions also show that

us T
2 2

~ &1 1 —sin(2
e
Proposition 5.3 also shows that the resolution of the mean imaging functional does
not depend on the aperture of the array as — a;. This is a consequence of the wave-
guide geometry since multiple reflections at the boundaries of the waveguide generate
multiple replicas of the receiver array in the plane z = L, which gives an effective
aperture that is large enough to reach the diffraction limit.

Proof. Since the two functions above can be analyzed in the same manner,
we focus on one of them, namely Zjo . As before, the cross correlation C can be
treated componentwise. For the function Zy,a, the main contribution comes from
the primary-secondary component Cps, which we focus on for the moment. Let Z,
denote this main term, i.e.,

ﬁé>1 27Tsin(~2f]) .
n

. N
Ton=—57 [, 3 owle)oe (s @)y a)

j’q'=1

S
(Ar1 + k2)(Ar2 + kQ)CpS (z_o(ﬁq’ + Bj/)a X, $2)dx1dx2-

Then from (5.1) and the fact that A,,¢; = —A3¢; and k? = X2 4 37, we verify that

wio, ® 1 ()

N
T O BiBadi(e)dy (2%)y(a) gy (%)l 0

q,3,9',3'=1

e_mj/wq/)zs/ b3 (1)1 (1) g (2) bt (w2)daxy s
_A2

E[IH)S] —

If A = (0,a), the last integral will be d,; 4, and we are back in the case of the
full aperture array. In the current situation, this integral has to be dealt with more
carefully. The above limit can be further written as

(5.10)

wior ®_q(ws)
8

N 2
¥ > ﬁquj(xr)@l(xS)eW“ﬁf/zs)/flcﬁj(xl)aﬁjf(xl)dﬂ] |

J,3'=1

Introducing the difference index [ = j — j/, the double sum above can written in terms
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of 7/ and [. The integral over x; can be calculated explicitly as follows:

/ Gjryi(21) Py (v1)dwy
a2 -/ -/
— / gsin<70 + l)ﬂ-xl) sin(j—Wm)da:l
a @ a a
az .
1/ COS(TFZx1> _COb(ﬂ'(Zj + )y )d "
ata, a
a2 — a1 |: ( a2+a1 > (71’[ ag—a1)>
cos
a

( (2; +2)(a2+a1)) . C( (25’ +l2)(§ Q—al))].

For most 5/, the first term above dominates. Hence, the number of indices [ so that
the above quantity is significant is roughly of order a/(as — ay).

Using the explicit expression ¢;(x) = /2/asin(jnz/a), we rewrite the function
inside the brackets in (5.10) as

., -/ /.S -/ . -/
/ 1 Z 4@;1 sin(ﬂ(J + l)a:r> sin(ﬂj x ) sin(ﬁ(j —|—l):r1) Sin<ﬂ'j a:1>
AN 7@ a a a a

elﬂj'(zr_zs)ei(ﬁj/‘*'l_ﬁj/)Zrditl.

Using the explicit expression §; = y/k? — (jm/a)? and the fact that the total number
of modes N is |a/(\/2)] = |ak/7] and assuming that ak/m is an integer for simplicity,
we see that for [ < N,

(5'11) ﬂ] '+ ﬂ] N o

Using this expansion and some trigonometric identities, we approximate the integral
above by

/ 4ﬁj’+l |: . (ﬂ—jlxr) <7Tlxr) (ﬂ-j/xr> s (Wl$r>:| . (Trjlxs>
Z 3 sin cos| —— | + cos sin sin
A% a N a a a a a

2 7

.

k L
PRI
e ﬂj/NN
. o mj T wlzy C(miey . [(wlay i2m\[1-(a0y2 2525
sin“( —— | cos| —— | + cossin sin e ~) dzy.
a a a a

Define n = 2% — 2, and ¢ = 25 — z,. Substitution of some further trigonometric

identities transforms the above integral into
(5.12)

T ) 2 ) (22 (2
R(j',f,w}
k:zr)

-/
) 7 i J/N
2 1=(5)23 T G R
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Here, R(j’,&,1) consists of products of trigonometric functions, and for each product,
one of the trigonometric functions is evaluated at 7j'x,/a, 7j'z1 /a, or 7j'(x, +25) /a.
Assuming that 2, /a and 1 /a are of order one, we observe that comparing with 75'¢/a,
which is explicitly written above and in which £ can be of an order much smaller than
one, 75’z /a varies much faster as j’ varies. In other words, 75’2, /a can be viewed as
a fast variable, and 7j'¢/a with £ < a is a slow variable. Similarly, in the expression
of the complex potentials and §;; for fixed [, the variable j//N with N > 1 involved
is also a slow variable. Consequently, the contribution of R(j’,&,1) to the sum over
4’ is negligible comparing with those of the terms explicitly written. This two-scale
analysis also shows that the above integral is much smaller for large £ comparing with
(L.

We consider the regime N > 1 and use the continuum approximation to rewrite
the sum over j’ as an integral with respect to the variable ¢ = j'/N. We further
assume 1 < | < N, which is equivalent to saying a > (a2 — a1) > A; the second
relation validates the linearization (5.11) and allows us to replace ;,4; by 3/, while
the first relation justifies the usage of Poisson summation formula

Zcos(—”“”f) cos(_”m)e‘”«ﬁ(%”

. a a

[5(W(xr+xl) - = +2m7r>
a

r — t T r t T
a

a V1—t2a
T t T
+5<W(x to) 1 Z—+2m7r)]
a

and
<7Tl$r> (ﬂ'lfl‘l) —im— L (Z2)
E S1n Ccos 1-t
p a a
™ m(xy + 1) Tt 2
= — 5 —_— —_
21 ( a vVi—t2a + mﬂ-)

Note that we have used the fact that k/N = 7/a again. For each fixed m, let
S (1,205 20,m), @ = 1,...,4, denote the four Dirac distributions. Define also 7 =
2/, € = 2w&/A. Then we have cos(mj’¢/a) = cos(£t); the integral above becomes

1
| vice
0

2a2

/ (VI 27— t) 2(51 + 82) (21, y; 26, M)
A

mEeEZ

+ etV 1=£27j4t€) Z (03 + 04) (1, @y 20, m)dxy | dt.
MeEZL
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If we extend the domain of ¢ to (—1, 1), the above integral simplifies to

kr (L o
T / V1—t? [/ et (V1= i+t Z (03 + 04) (1, Ty; 2, m) | dt.
-1 A

2a2
meZ

Integrate over x; first. The two Dirac distributions restrict the range of integration
of ¢ to the following intervals, respectively:

(a1 +2ma) — z, t - (a2 + 2ma) — z,
Zr TVt Zr ’
(—az2 + 2ma) — z, - t - (—a1 + 2ma) — z,

Zr _\/1—t2_ Zr

To interpret these conditions, imagine that the boundaries of the waveguide are two
mirrors, and then the array (a1, a2) has an image (—az2, —aq) in the lower mirror;
the two mirrors then generate a replica of images (a1 + 2ma, as + 2ma) and (—as +
2ma, —aq + 2ma). If we define an angle 6 by

t
0 = arctan —, € (—1,1),

V1=’

then the above restrictions of the Dirac measures can be restated as

Ty + a1 + 2ma Ty + as + 2ma

arctan =1 "7 <9 < arctan =2 "
Zr Zr

T, — as + 2ma Ty — a1 + 2ma

arctan —~ 2 T =77 < 6 < arctan L
Zr Zr

The first one restricts the angle # to those formed by the reflector and the array
(a1,a2) and the images of this array. The second set restricts the angle 6 to those
formed by the reflector and the image array (—as, —a;) and the replicas.

To analyze the resulting integral, we consider the simplest setup, where (a1, as) is
centered in the cross section; the reflector is also centered in the cross range direction,
i.e., z; = a/2. Further, we assume the large distance regime z, > a.

In such a setting, with the notation a. = (a1 + a2)/2 and w = (a2 — a1)/2, the
integral above boils down to

C032 061(17 cos O+ sin H)do

2a
meZ

k arctan(ma-+ac+w—z,)/ze
/arctan(maJracwm,-)/zr
Since w < z;, for each fixed m, the integral is over a very small angle section. Hence
we can approximate the integral by the value at mean angle times the length of the
angle section. The mean angle 6, in the angle section is arctanma/z,. We further

check that cosf,, = 1/4/1+ (ma/z:)?. Consequently, with a/z set to Az, the sum
becomes

k2w i exp{i(ij + mAzE)(V1+ (mAx)?) "}

2a % a (14 (mAx)?)?
oo if/VItaZ+ifz/VIta? 3 ~
~ ﬁag — 3 / e/ o/ dr = ﬁ g2 — &1 /2 cos? Petil cosO+iEsing g
2a a oo (1 + 22)2 2 a x

ol
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Finally, let us verify that the primary-primary and secondary-primary cross cor-
relations do not have significant contributions to the imaging functional Zpa. Let
Z1pp and T, denote these two terms, respectively. Similar to (5.10), the expectation
of 7., converges, as € — 0, to
(5.13) ,

wio,®_4 (B 24 B, 25)
_T ZBJQSJ o)y (%) Pimth, /9253 z1)pj (w1)dwy |

JJ/ 1

This function has the same form of (5.10) and can be analyzed in the same way. The
key of these two functions is that the phase function in 7y, is a sum. As a result,
the variable 7 in (5.12) cannot be defined and has to be replaced by z. + 2%, which is

of order a. This renders e2™V1=0"/N?(z=+2")/X fast varying no matter how close 25
is to z;. Due to the averaging of fast oscillations, there is no significant contribution
from Zgp.

For the primary-primary component, the analogue to (5.10) reads as
(5.14)

2
—i®_q(xg) 1 L (2mx O\ on1o(i)2=2
E[Zipp] — szzﬁf l/Aéf’j(l’l)N;bm< Y N )€ ()% dzi| -

Again, in the sum over j/, only fast variables are involved. In the regime N > 1, the
contribution of the function above is negligible.

The term Zp o can be analyzed similarly. Combining the main contributions in
Tra+ and Zp s, we obtain the desired result. a

5.3. Imaging with broadband sources. As we will see in section 6, the imag-
ing functionals are not statistically stable if the source is time-harmonic. Hence it
is required to consider a broadband source (4.6). We show that the results obtained
above for the means of imaging functionals apply to the broadband setting as well.

Using Proposition 3.1, the main contribution of the two moment of mode coupling
matrix at the same frequency comes from the case when 57 = m and [ = n. Therefore,

N
o — O_1(2s (b z ¢ x H —iwoT 1 £ —ie™T
E ¢ Cpp(,7_7$17$2) 1( ) Z ]( 1) J( 2) hr%e %/|f0(h)|2€ hdh

Similarly, for the primary-secondary field, we have

zwofl) (xs)0y Z ¢g T ¢J(*Tr)¢q(3’2)¢q(3’r)
q,j=1 Bqﬂ]

lim awﬁﬁﬂae—w% [ ifstpei e g,
71'

E EQCPS(T, X1, {EQ) —

e—0

For the secondary-primary field, we have

—iwi®_1 (xs)0y Z Gq(21) g (1) D5 (22) 5 (2+)
8 Babj

lim e z(,é’qu,BJ)zrefzon /|f0 |2 —i( B +,8 )e O‘hz,efza thh.

E EQCPS(T, X1, {EQ) —
q,j=1

e—0
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From these limits, we see that as long as z;, the distance between the reflector
and the array, is much smaller than e ™%, the integral in h above can be approximated
by the energy of the source (square L? norm of fo). The rest of the parts of the
limiting expectation of the cross correlation functions are exactly the same as the
time-harmonic case. Consequently, the resolution analyses in the previous subsections
based on the mean value of the cross-correlation migration imaging functionals remain
the same.

6. Stability analysis of the imaging functionals. The key tool is the follow-
ing proposition, which analyzes the asymptotic behavior of the fourth-order moment
of the transmission coefficients in the limit ¢ — 0; see [10, section 20.9.3] or [11,
section 8.4].

PROPOSITION 6.1. The expectation of four transmission coefficients at the same
frequency has a limit as € — 0. In the regime L > Lequip we have

W Zf (.]al) = (man) = (j/al/) = (m/an/)a
) N L>Lequp | e if (7,0) = (m,n) # (5/,1') = (m/,n'),
lim BT 15, Ty Tom] = MO I ) (17 —
e—=0 N(N+1) Zf(.]a )_(mvn)#(.]v )_(mvn)a
0 otherwise .

Let « € (0,2) and h # 0. The expectation of four transmission coefficients at two
frequencies w and w + e“h has a limit as € — 0. In the regime L >> Lequip we have

# if (j,1) = (m,n) and
(4", 1) = (m/,n'),
0 otherwise.

lim E[T5T;;

L>>Lequip
mn -

(W)TJ‘E’Z’T:;L’TL’ (OJ + 5ah)]

The previous section shows that the mean of the imaging functional has a peak
centered at the reflector location. The width of the peak is of the order of the wave-
length. However, the imaging functional will give the reflector location only if it is
statistically stable, that is, if the standard deviation of the fluctuations of the imaging
functional is smaller than the mean amplitude of the peak.

6.1. Time-harmonic case. We address the full aperture case in which the
imaging functional is defined by (4.10). By using (5.4)—(5.5) the mean of the imaging
functional is
(6.1)

S .S wior S .S 2 1 1
E[IFA(JJ ,Z )] == <I>_1(J:S){§Re(\ll(x L 275 Ty 2y) )+O(@) —|—O<—)},

Nwio,

where ®; and ¥ are defined by (3.14) and (3.15). Here the following hold:

— The term with the real part comes from the contributions of the cross correlation
of secondary (reflected) and primary waves Cps and Cy, that contain W (25, 25; x,, z;)
(second term in (5.4)) or ¥ (25, —25; 2,, —2,) (third term in (5.5)).

— The term O(1/(k2%)) comes from the contributions of the cross correlation of
secondary (reflected) and primary waves Cps and Cy, that contain W (2, —25; 2,, 2,)
or W (25, 25 1, —2z) (third term in (5.4) or second term in (5.5)). In such a case there
is at least a product of these two terms, which gives the 1/(kz%) decay.

— The term O(1/(Nw?o,)) comes the contributions of the cross correlation of
primary waves Cpp (the first terms in (5.4) and in (5.5)).

The expression (6.1) is valid provided N is large enough so that Nw3o, > 1.
Then it is true that the mean imaging functional is dominated by the first term on
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the right-hand side, which is a peak centered at the reflector location. The mean
amplitude of the peak at the reflector location is

2o,

Ppeak = —¢71($s)¢0(xr)2~

In the continuum approximation N > 1, we have (5.6) and

N

2 . 2rxy J ) N>1 1
2 Do(z,) = — 2 L)L 2
(6.2) o) @N;;mn( i) e
and therefore
2
TWEOy
(63) Ppcak = 8&3

The second moment of the imaging functional can be computed using Proposition
6.1 in the regime € < 1 and L > Lequip:

N
B[\ Tea (%, 29 = g B lZea )]

wiolN
Wﬂ)dﬂ1(a:s){<1>1(a:s><1>_1(a:r)lxlf(ars,zs;xr, )l

(6.4) + Re(W(25, 2% 21, 2,) )+o(kls> +o(m>}.

Here the following hold:

— The term O(1/(k2%)) comes from the contributions of the cross correlation of
secondary (reflected) and primary waves Cps and Cy, that contain W(2%, —25; 2y, z;)
or W(z5, 2% 1, —2) (in such a case there is at least a product of these two terms,
which gives the 1/(kz%) decay).

— The term O(1/(Nwgo,)?) comes from the contribution of the cross correlation
of primary waves Cpp, that can be computed in a more quantitative way:

1 4 1
0) = D4 (25)2 — ).
(W%ﬁ> N%@%“”>+%N%@Q

The variance of the imaging functional at the reflector location is therefore

Var (Zea (2r, ) = Ppoak{l Lo @) | O( ! ) + O(%

RER )}
In the continuum approximation N > 1, we have (5.6), (6.2), and

(65) 1r_Nz@ (B d) 2 [V

and therefore
1 172
_ p2 - -0
(6.6) Var (Zpa (@r, 2:)) = Ppcak{2 +3 S }

To summarize the following hold:

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/26/22 to 183.173.185.243 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

PASSIVE ARRAY IMAGING IN WAVEGUIDE 679

— The typical amplitude of the fluctuations of the imaging functional for (25, 25) =
(@r, z) (i.e., at the reflector location) is Pyeax (as shown by (6.6)).

— The typical amplitude of the fluctuations of the imaging functional for | (2%, 25)—
(e, 2)| > Ao (e, away from the reflector location) is Pyeax ((Ao/|25—2|) /2 A(Ao| 25—
2,])%? + \2/(No,)) (as shown by (6.4)).

The second result shows that the fluctuations of the image far from the main peak
location are of the order of A\3/(Na,) relative to the amplitude of the main peak. They
are due to the contributions of the primary cross correlation. Provided the number
of modes is large enough, N > \2/o,, they are small.

The first result shows that the amplitude of the peak at the reflector location
has relative fluctuations of order one. This is due to the fact that the reflector is
illuminated by a field whose amplitude is randomly spatially varying, so that the
reflected energy is proportional to the squared amplitude of the primary field at the
reflector location, which is a random quantity. This is the origin of the statistical
instability in the time-harmonic case.

6.2. Broadband case. We know that the frequency coherence radius 2. in a
waveguide with length L/e? is of the order of €2 (see [10, Proposition 20.7] or [11,
Proposition 6.3]). As a result, as soon as a broadband source with a bandwidth
larger than €. is used, then the field is the superposition of decorrelated frequency
components. As a consequence the field is self-averaging in the time domain.

More exactly, from the expressions of the cross correlations in the broadband case
given in subsection 4.1.1, the mean and the variance of the imaging functional are of
the form

E[Zea (%, 25 / ahlfo()? S BTSTE, (wo + )] cjpmn(aS, 25),

Jlmn

Var(Tra (a5, 2%)) = / dhd' o (WP S

Jlmn,g’ U m!

{IE[T_j‘SlT6 (wo +e*h)T5,TE, . (wo +“R)]

m/’ n’(

— E[T T, (wo + eB)|E[T5y TE,,, (wo + €¥1)] }cj,l7m,n(xs, Ve i (25, 29),

where ¢ ;.0 (25, 2%) is shorthand for the deterministic coefficient that contains the
phase and mode amplitudes.

First, since E[T T, (wo + €®h)] is independent of & to leading order (because
a > 0), the mean satisfies

E [IFA (xs’ ZS)] broadband ~E [IFA (irs’ ZS)]

narrowband’

as already noticed.

Second, the term in the curly brackets in the expression of the variance is vanishing
if e*|h — h'| is larger than the frequency coherence radius €).. So the double integral
in (h,h') is reduced to a domain that has the form of a thin diagonal band, whose

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/26/22 to 183.173.185.243 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

680 HABIB AMMARI, JOSSELIN GARNIER, AND WENJIA JING

thickness is limited by the frequency coherence radius ).. As a result we obtain that

Var(Zea (e, 29) ~ [[ dhdb!|fo(m) P fo()?
e*|h—h'|<Q. 3, lm,n, g’ 1 m! n’

{E[TﬁTﬁm (@0) T30 TEm (wo)]

_ E[T_jElTE (WO)}E[T;Z’T;’W (wo)} }Cj7l)m7n(xs7 ZS)Cj’,l’7m’,n’ (xs7 28)7

mn

or more simply

2

narrowband B ’

Var (Zpa (27, 2%)) ~ Var(Zpa (2°, 2°))

broadband
where B ~ &% is the bandwidth of the source that is larger than the frequency
coherence radius €, ~ £2. We had seen that the use of broadband sources does not
affect the resolution of the imaging functional, but it ensures its statistical stability.
Provided the bandwidth is larger than the frequency coherence radius, the typical
amplitude of the fluctuations of the imaging functional is smaller than the amplitude
Ppeak of the main peak at the reflector location, and therefore the reflector can be
localized.

7. Conclusions. In this paper we have shown that migration of the cross corre-
lations of the data recorded by a passive receiver array can allow for diffraction-limited
imaging of the reflector in a random waveguide even though the sources are very far
from the reflector, provided the receivers are close enough to it. The statistical sta-
bility of the imaging functional is ensured by the use of broadband sources. The
resolution properties are ensured by the waveguide geometry: even when the receiver
array does not span the whole cross section of the waveguide, the width of the point
spread function of the imaging functional is of the order of the wavelength, provided
the diameter of the array is larger than the wavelength.

This paper has addressed the case of a two-dimensional waveguide with Dirichlet
boundary conditions, but the conclusions should be qualitatively the same for fairly
general situations, when addressing three-dimensional waveguides, with Neumann,
Dirichlet, or mixed boundary conditions, with random fluctuations of the index of
refraction or of the boundaries as in [2, 15].
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