SOURCE LOCALIZATION IN RANDOM ACOUSTIC WAVEGUIDES
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Abstract. Mode coupling due to scattering by weak random inhomogeneities in waveguides leads to loss of coherence of
wave fields at long distances of propagation. This in turn leads to serious deterioration of coherent source localization methods,
such as matched field. We study with analysis and numerical simulations how such deterioration occurs, and introduce a novel
incoherent approach for long range source localization in random waveguides. It is based on a special form of transport theory
for the incoherent fluctuations of the wave field. We study theoretically the statistical stability of the method and illustrate its
performance with numerical simulations. We also show how it can be used to estimate the correlation function of the random
fluctuations of the wave speed.

1. Introduction. The problem of source localization with a remote array of sensors in a waveguide
has been the topic of many studies in underwater acoustics. The localization is often done with matched
field and related coherent methods [1, 18], that match the acoustic pressure p(t,Z) received at the array
with its mathematical model, for hypothetical source locations in a search domain. Matched field methods
deal well with additive noise, but they are sensitive to inaccuracies in the model of p(¢, Z), due for example
to unknown perturbations in the waveguide geometry and the sound speed. Although such perturbations
are typically small [10], they can have a significant cumulative effect on sound transmission at long ranges
[10, 9, 14].

In this paper we study theoretically and numerically source localization in waveguides with random
inhomogeneities. In the absence of such inhomogeneities, energy propagates through guided wave modes
that do not interact with each other. Scattering by the random inhomogeneities induces mode coupling.
When the coupling effects are weak, they can be approximated via a first order perturbation analysis of the
eigenvalue problem for the modes [15]. Alternatively, the matched field algorithms can be improved with
some statistical signal processing that mitigates the effect of the inhomogeneities on the array data [19, 13].

We study source localization at very long ranges, where the cumulative effect of the random inhomo-
geneities is strong, and there is little coherence in the field p(t, Z) received at the array. We show through
analysis and numerical simulations how coherent imaging methods fail to give useful results in such scat-
tering regimes, and introduce a novel incoherent source localization approach. The analysis is based on the
asymptotic theory of wave propagation in random waveguides developed in [14, 9, 12, 11]. The asymptotics
is in the amplitude scale ¢ < 1 of the random fluctuations of the wave speed, and for very long distances of
propagation.

In general, the waveguide effect can be due to confining boundaries, or to the transverse sound speed
profile. We consider waveguides with confining horizontal planar boundaries, and assume for simplicity
random fluctuations of the sound speed in range and depth (cross-range), so that we can reduce the problem
to two dimensions. The general three dimensional problem does not introduce essential difficulties in the
analysis [14], but it is prohibitively expensive for the numerical simulations.

The wave propagation study in [14] is more comprehensive of phenomena associated with random fluc-
tuations of the sound speed in oceans, because it incorporates radiation in the ocean floor modeled as a half
space. It is complicated by the fact that aside from the discrete (trapped) modes, there is the continuum
(radiation) spectrum. However, it turns out that asymptotically, the statistical properties of the trapped
mode amplitudes can be described independently of the amplitudes of the radiation modes [14, section 3].
Since the behavior of source localization methods depends on the statistics of propagating trapped modes,
we expect that our analysis and results extend to the more general setup in [14].
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The paper is organized as follows. We begin in section 2 with the formulation of the source localization
problem in waveguides, and we describe three coherent source localization methods: synthetic back propaga-
tion of the time reversed array data in an unperturbed (deterministic) waveguide; matched field and coherent
interferometry. The numerical simulations in section 3 illustrate how these methods fail to localize sources at
long ranges in random waveguides. The remainder of the paper is concerned with a theoretical explanation
of the results in section 3, and with the formulation and analysis of a novel incoherent source localization
approach. The mathematical model of the array data is in section 4. We use this model in section 5 to obtain
a detailed theoretical explanation of the failure of coherent source localization methods. Section 6 introduces
our incoherent source localization approach, based on a special form of transport theory developed in [12, 11]
for the incoherent wave fluctuations. We study the statistical stability of our method with respect to the
realizations of the random medium, and illustrate its performance with numerical simulations. We also show
how it can be used to estimate the correlation function of the random fluctuations of the sound speed. We

end in section 7 with a summary.

2. Formulation of the source localization problem. We consider a two dimensional waveguide
with range axis denoted by z € R and transverse (cross-range) coordinate = € (0, X). The acoustic pressure
field p(t, Z) satisfies the wave equation

— V. F(t,7), (2.1)

for time ¢ > 0 and & = (z, z). Here ¢(¥) is the sound speed and

—

F(t,7) = f(£)5(F — 7.)e. (2.2)

models a point like source at @, emitting a pulse f(¢) in the range direction €., toward the array. Before
the pulse emission, the medium is quiescent

p(t, &) =0, t <0. (2.3)
We assume as in [12, 11] pressure release boundary conditions at the top and bottom of the waveguide
p(t, @) =0, z € {0,X}. (2.4)

We could consider other conditions, such as dp/dx = 0 at x = X, corresponding to a rigid bottom, but there
is no essential difference in the analysis.
Let us take the Fourier transform

Plw, @) = /ei“tp(t,f) dt (2.5)

Y P, 7) = A(w)ﬁa(f— ), (2.6)

Aplw, 7) + -

with derivatives in the sense of distributions. In ideal waveguides, the sound speed varies only in the
transverse direction and energy is transmitted by independent guided modes, the orthogonal eigenfunctions
of the symmetric differential operator 92 + w?/c?(z). We consider waveguides with random inhomogeneities,
caused for example by internal waves, where ¢(Z) has an (z,z) dependent fluctuating part, with weak
amplitudes of the order 1% — 3%, as is typical in underwater acoustics [10, 9, 14]. Wave scattering in such
waveguides leads to mode coupling and loss of coherence of the acoustic pressure field, and impedes source
localization at long ranges.
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Fia. 2.1. Schematic of the source localization problem setup.

The schematic for the source localization problem is in Figure 2.1. We have an array A at very long
distance z4 from the source, with receivers at transverse coordinates r. The receivers record the acoustic
pressure field p(¢,7, z4) over some time window, and the problem is to estimate the location Z, of the source
from the array data.

Note that we use consistently a coordinate system with range origin at the source, so that Z, = (z4,0).
The unknowns in the source localization problem are therefore x, and z 4.

2.1. Coherent source localization. We define here three coherent source localization functions.
Then, we illustrate in section 3 how they fail to give useful results because of strong cumulative scattering
in random waveguides, at long ranges. The detailed theoretical explanation is in section 5.

The first coherent source localization function is given by

d _ N
() = / o S~ o1 20) G o0s 7, 2.0 ), (2.7)

where the bar denotes complex conjugation, and éo (w,x, z; %) is the Green’s function of Helmholtz’s equa-
tion in the unperturbed waveguide. Expression (2.7) models the time reversal of the pressure field p(¢,r, z.4)
recorded at the receivers, and its re-emission in the fictitious unperturbed waveguide, where we “observe”
the wave field at the search point Z*®, the hypothetical source location. If the array records up to time T,
the Fourier coefficients of the time reversed p(T —t,7,24) are p (w,r, 2.4)e™”. Functional (2.7) amounts to
observing the time reversed field at time lag 1" after its re-emission, when it is expected to refocus.

In the absence of the random fluctuations, Z(#*) = ZI%(#*), the time reversal function, which focuses
at * = #,. In random waveguides, Z(Z®) does not model the time reversal process, because the back
propagation is synthetic, via the unperturbed Green’s function @0. Time reversal is an experiment where
the back propagation is done in the actual random waveguide, and focusing can be observed around &, with
improved resolution and in a statistically stable manner, as proved in [12] and demonstrated experimentally in
[16]. Time reversal cannot be used for source localization, and back propagation in the fictitious unperturbed
waveguide does not work well, as we show in the next section.

Coherent interferometry (CINT) was introduced in [4, 5] for imaging in random, open environments. It
back propagates to ° cross correlations of the traces of the acoustic pressure at the array, instead of the traces
themselves as in Z(Z®). The cross correlations are over suitable time and receiver offset windows, and they
introduce a statistical smoothing in the imaging process for achieving stability [6]. The optimal smoothing is
determined by two decoherence parameters intrinsic to the data: the decoherence length X, and frequency
Qg4 [5, 6]. The decoherence length is the receiver offset |r — /| over which p(w,r, z4) and p(w,r’, z4) become
statistically uncorrelated. Similarly, Q4 is the frequency lag |w — w’| over which p(w,r,z4) and p(w’,r, z.4)
become uncorrelated. It follows from [14, 9, 11] (see also lemmas 5.1 and 5.2) that in random waveguides,
at long source-array ranges, there is no decorrelation over the receiver offset,

E {ﬁ(w,r, ZA)E\(w,T/,zA)} % E{p(w,r,z4)} E {ﬁ(w,rl,zA)} , forall r7" € (0,X),
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but there is rapid decorrelation over the frequency (€24 is small). Thus, CINT reduces to back propagating
the cross correlation of the received traces across the array, over long time windows Xo, (t) of support Q;l,

s dw [ dw' N = s — ~ e
TOINT (%) :/%/ﬁx% (w —w')z Plw,r,24)Gol(w, T, 2.4; T )Z (w1 24)Go(W' 1! 24, 7). (2.8)
reA r'e A

When we replace X, /(27) with the Dirac § distribution, we ignore frequency correlations and we get
the conventional (Bartlett) matched field function

IMF(fS) :/;l_w
™

There are better matched field methods for source localization, that include some signal processing to mitigate

2
ZF(WJU ZA)@O((U,T, Z.A;fs) . (29)
cA

additive noise or mild clutter effects [1, 15]. Nevertheless, all these methods rely on a coherent p(t,r, z.4),
and their behavior should be similar to (2.9) at long ranges from the source, where cumulative scattering by
the random inhomogeneities is strong.

3. Numerical simulations. We use numerical simulations to illustrate the performance of source lo-
calization methods in random waveguides. We simulate the array data p(t, r, z.4) by solving the wave equation
as a first order velocity-pressure system with the finite element method given in [2], in two dimensions. The
setup is illustrated in Figure 3.1, with the source at (z4,0), and the array A at range z4. We use two
perfectly matched layers (PML) to the left and right of the computational domain to model the unbounded
waveguide in z.

We take fluctuations of the sound speed of the form

2

Wof) =1+ ev(Z), (3.1)

with (&) an isotropic, statistically homogeneous random process with mean zero and Gaussian correlation

E{u(@w(@)} = 27: £2e*“f—£ﬁ£. (3.2)

We generate the process numerically using random Fourier series [8]. The correlation length is £ = 0.25m
and the perturbation parameter ¢ ranges between 1% — 3%. We choose a constant background speed ¢, to
simplify the back propagation in the unperturbed waveguide, by computing explicitly @0 (w, T, 24; T%).

The range 24 is long, of order e~2, and the Fourier coefficients p(w, 7, z4) of the array data decorrelate
rapidly in frequency (Qq4 = £2€0) as shown in [14, 9, 11]. To explore the effect of the bandwidth and central
frequency on source localization, we let the source excitation be a short pulse ¢(t) (a sinc function, with
Fourier transform given by the indicator function of the frequency bandwidth), with bandwidth 1.5 —4.5kHz
measured at 6dB. Then, we define f(¢) as the signal with Fourier transform

Flw) = FF(@) = @)1 (“’ “"°) , (3:3)

o
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F1a. 3.2. The trace of the acoustic pressure computed at the receiver location (r = X/2,z4) for (clockwise from top left):
e=0,e=1%, e = 2% and e = 3%.
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FIG. 3.3. From left to right: Z(*), ZMF (2%) and ZCTNT (%) for the source at x, = X/4. Row one is for one realization
of the medium and row two for another. The results are for e = 2%, central frequency 2.09kHz and bandwidth 0.375kHz.
The CINT images are computed with Q4 = 0.045kHz. The abscissa of the images is range scaled by A and the ordinate is
cross-range scaled by Ac.

where 1[_p p) is the characteristic function of interval [-B, B]. That is, e (w) is the windowed @(w) in the
frequency interval |w — w,| < 7B, for various choices of w, in the band of @, and ¢ € [0,2]. The scaled
bandwidth B is some O(1) factor of w,. We refer to the case ¢ = 2 as narrow band, because the bandwidth
£2B is of the same order as the decoherence frequency, and the support of the pulse f¢(t) is a time interval
of length similar to that of the travel time. Broad band signals with o < 2 have a time support that is much
smaller than the travel time, and we can observe at the array the arrival of different waveguide modes.

All the lengths are scaled by the central wavelength A. = 0.5m of the pulse ¢(t), computed with
¢, = 1.5km/s. The computational domain is the rectangle of transverse side length X = 20\, and range
length 500\.. The source is 4)\. away from the left PML at either z, = X/2 or x, = X/4. The array is at
range z4 = 494\, from the source, and its aperture A consists of various intervals in [0, X].

The numerically simulated array data is the computed pressure p(t,r, z4) at receiver transverse coordi-
nates r distributed uniformly in A, at distance 0.095\. apart. We compute p(¢,7,2.4) in the time window
t € (130, 333)ms, which contains the direct arrival at 7 = z4/¢, = 164.7ms and the arrival of sufficiently
many other guided modes after that. The time sampling is at the rate of 15us.

We show in Figure 3.2 the time trace of p(t,r = X/2,z4) for the source at z, = X/2, and various
perturbation parameters €. The picture on the top left is in the unperturbed waveguide (¢ = 0). Since
the source emits a short pulse (), we can clearly distinguish the arrival of the modes at the array. In the
perturbed waveguide, we note the significant effect on the traces of scattering by the random inhomogeneities,
specially in the cases e = 2% and 3%. This is the regime we are interested in, where the random fluctuations
cause strong mode coupling and the array data is almost incoherent.
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FIG. 3.4. Left column TMF (2%) for two realizations of the random medium. Right column ZCTNT (2%). The plots are for
xx = X/4, e = 2% in (i)-(i1i) and € = 3% in (w). The central frequency is 2.69kHz in (i), 2.99kHz in (ii), 3.13kHz in (i) and
2.09kHz in (iv). The bandwidth is 0.375kHz. The CINT images are computed with Qg = 0.045kHz. The abscissa is range in
Ac and the ordinate is cross-range in Ac

3.1. Numerical results. We illustrate the performance of the three coherent imaging functions Z(2*),
IME(7%) and ZCTNT () in Figures 3.3 - 3.6. The source is at cross-range coordinate z, = X/4 = 5)\..
All the methods work well for weak fluctuations ¢ < 1%, so we do not show here the images. The results
in Figure 3.3 are for ¢ = 2%, central frequency w,/(27) = 2.09kHz and bandwidth eB/(27) = 0.375kHz,
that is B ~ 9w,. We show the images for two realizations of the random medium. Both matched field and
CINT locate correctly the source and the images do not change significantly from one realization to another.
Function Z(#°) does not behave as well, and we start to see its statistical instability.
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FI1G. 3.5. Left column MY (2%) for two realizations of the random medium. Right column TCTNT (25). We take . = X/4,
e = 2%, central frequency 2.69kHz and 0.375kHz bandwidth. In (i) the aperture is A = [0,12X.] and in (it) A = [0,8\:]. The
CINT images are computed with Qg = 0.045kHz. The abscissa and ordinate are range and cross-range in Ac.

Figure 3.4 illustrates how both matched field and CINT deteriorate as the data loses its coherence. The
progressive loss of coherence occurs as we increase the central frequency w, and the scaled range Z = g2z 4.
In our case z4 is fixed at 494 )., so we increase Z by increasing €. We note in Figure 3.4 that matched
field and CINT locate correctly the source, in both realizations of the random medium, at ¢ = 2% and
wo/(2m) = 2.69kHz (case (i)). However, as w, increases, both methods deteriorate (cases (ii)-(iiz)). Matched
field gives no range resolution and there are many spurious peaks. There are spurious peaks in the CINT
images too, although they have some range information. The results are even worse in case (iv), where we
increase € to 3%.

The images in Figures 3.3 and 3.4 are at full aperture A = [0, X|. The results are naturally worse for
partial apertures, as seen in Figure 3.5 for the same bandwidth as in case (i) in Figure 3.4, and partial
apertures A = [0,12);] and A = [0, 8)\], respectively.

Finally, we show in Figure 3.6 the images obtained with all three coherent source localization functions
for fluctuations e = 2% and ¢ = 3%, full aperture, and the entire extra wide band of 1.5 — 4.5kHz. We note
that the extra wide band does not help much in the source localization, specially at ¢ = 3%.

3.2. Summary of the results. The numerical results in Figures 3.3 - 3.6 show the progressive degra-
dation of the performance of coherent source localization methods in random waveguides. When wave
scattering is weak, the methods work well. As we increase € (i.e., the scaled range Z) and the central fre-
quency w,, the random inhomogeneities have a stronger and stronger cumulative effect, and the wave field
at the array loses its coherence. Consequently, none of the coherent methods work, although CINT appears
slightly better because it gives some range information. Nevertheless, the CINT range resolution is very
poor, over an interval of order 50\, which is not centered at the correct range z4. We explain this behavior
with analysis, in section 5, where we show that wave scattering causes a strong dispersive effect that is not
accounted for in the back propagation in CINT.

In order to localize the source at very long ranges, with almost incoherent array data, we need to exploit
systematically the dispersive effect induced by the random inhomogeneities. This requires a mathematical
model, that allows us to cast the source localization problem as one of parameter estimation for the source
coordinates and possibly the statistics of the random fluctuations. Such a model was derived in [14, 9, 12, 11].

7
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FIG. 3.6. From left to right: T(°), TMF (#%) and ZCTNT (Z%) for the source at x, = X/4, full aperture and the extra wide
band signal ¢(t), with bandwidth 1.5 — 4.5kHz. In (i) we show two realizations at € = 2%. In (ii) we show two realizations at
e =3%. The CINT images are computed with Qg = 0.09kHz. The abscissa and ordinate are range and cross range in Ac.

We use it in section 6 to formulate and analyze our incoherent source localization method.

4. Mathematical model of the waveguide. In an ideal waveguide, the sound speed varies only in
the transverse direction and energy is transmitted by guided modes, the orthogonal eigenfunctions of the
symmetric differential operator 92 +w?/c?. Then, p(w, ¥) is given by a mode expansion, using separation of
variables in (2.6).

We consider waveguides with weak random inhomogeneities, and model the sound speed as

2 _{ 1+ev(d), ze[0,L/e?], (4.1)

2(T) 1, z € (—00,0) U (L/e?,00) .

Here ¢ < 1 is the perturbation parameter and v(Z) is a bounded mean zero random process, stationary and
ergodic in z, with enough long range decorrelation*, as stated in technical terms in [17, section 4.6.2]. We
write that the fluctuations are supported in the rectangle [0, X] x [0, L/e?] because we consider very long
(~ £72) distances of propagation to get strong scattering effects. If we observe p(t, %) for time ¢t < 7/£2, we
obtain by the causality of the wave equation that it is not influenced by the medium beyond range L /&2, with
L =~ c,7, so we may as well assume a uniform sound speed for z > L/e2. The bound z = 0 on the support
of the fluctuations may be motivated by the forward scattering approximation. It is shown in [14, 9, 12, 11]
that the statistical coupling between the forward and backward going modes is negligible when the random
fluctuations are not too rough, that is if the autocorrelation of v(Z) is smooth enough in z. Then, we can
neglect the waves scattered to the left of the source, as if we had an unperturbed medium for z < 0.

4.1. The pressure field in unperturbed waveguides. Note that in (4.1) we take a uniform back-
ground speed ¢, to simplify the analysis and obtain frequency independent modes ¢;(x) in the unperturbed

*This technical assumption is needed later to apply averaging methods for stochastic differential equations [11, chapter 6].

8
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20, T
_%JE) =p;9i(x),  z€(0,X),
$;(0) = ¢;(X) =0, j=12,... (4.2)

The theory can be carried out for variable backgrounds ¢, = ¢,(z) [14, 9] with some slight complications
induced by the frequency dependence of the eigenvalues and eigenfunctions of 88_;2 + %
In the constant background case we have

. N\ 2
oi(z) = %sin(%); Nj:(%]), j=12... (4.3)

and the pressure field in the unperturbed waveguide is given by

- dw L i
po(t, T) :/%po(w,x)e L (4.4)
with Fourier coefficients [11]
f N(w)
pale ) = L2 2 )@+ b )g (e (4.5)
J>N(w)

and for z > 0. Here §;(w) are the modal wavenumbers

(&) —p;,  j=1,2,...Nw),
Bj(w) = (4.6)
wi— ()% > Nw),
2X

A = 2m¢, /w is the wavelength, and N(w) = | %X | is the number of propagating modes, defined as the largest

integer satisfying py ) < (27/A)? . The modes indexed by j > N(w) are evanescent.
4.2. The pressure field in random waveguides. The Fourier coefficients p(w,Z) of the random
pressure field can be written as an expansion in the unperturbed eigenfunctions, with random amplitudes a;

and b; of the forward and backward propagating modes, and random amplitudes &£; of the evanescent modes
[11, section 20.2.1],

+) Ei(w,2)g(x) o (47)

J>N(w)

N (w)
. T) = ’\w aj ( ) ZBJ (w)z bj(OJ,Z) (x e_ir@j(‘*’)z
= )} 2 | et S

Here z > 0, and we now scale it as z ~ z/&2 to get significant coupling of the modes by cumulative scattering
in the random medium over very long ranges.

After some algebraic manipulations detailed in [11, section 20.2.4], involving the projection of (2.6) on
¢;j(z), and expressing the evanescent amplitudes in terms of a; and b;, we obtain a system of differential

Flred = e @) [ed] -

for the vector valued random processes

equations

a®(w,z) = (al(w,z/EQ), . ,aN(w)(w,z/sz))T,

b%(w, 2) = (bi(w, 2/€2), . .., by (ws 2/€%) T, (4.9)
9



defined for z > 0. The source at z = 0 gives

B;(W)¢j(x*), j=1,...,Nw), (4.10)

and the field is outgoing at the range limit L/e? of the fluctuations, b®(w, L) = 0. The forward and backward
propagating mode amplitudes are coupled in (4.8) by

a;(w,0) = a,;(w;z,) =

P(:9) (w, 2) —D(w, 2)P®a) (w, 2)
Plw,z) = (4.11)
—D(w, 2)P(®)(w, 2) P(a:a)(w, 2)
and
E(®) (4w, 2) —D(w, 2)E(®9)(w, 2)
E(w,z) = ) (4.12)
~D(w, 2)E@ (w, 2) E@9)(w, 2)

where D(w, 2) = diag (e 21 («)7 72N (@)=) The N(w) x N(w) matrix P(+®) in the leading coupling
term is given by

w2 O ,
P 0,2) = 22 _ Gla) sz, (4.13)
€/ Bj(w)Bi(w)

in terms of the random stationary processes

b'e
Ci(z) = / v(z, z)o;(x)éi (x)de, 5l=1,2,... (4.14)
0
The second order coupling in (4.8) is via the evanescent modes, through the matrix
E(a a) w, 2) = iw? Z / Jl’ 2)Cu(z + ) otB1(w) (z+8) =B (w)z— By (w)]s| (4.15)
Ol'>N(UJ) —o0 Bl/ ( )ﬂl(&})

4.2.1. The forward scattering approximation. It follows from the diffusion approximation theorem
[11, section 6.5] applied to equations (4.8) that (a®(w,z),b®(w, z)) can be identified in the limit ¢ — 0 with
a diffusion process in C?N(“) solving a system of linear stochastic differential equations [11, section 20.3].
Assuming a smooth correlation function of the random stationary processes (4.14) (i.e., z-autocorrelation of
v(Z)), the coupling between the forward and backward propagating modes becomes negligible as ¢ — 0, and
we can make the forward scattering approximation [11, section 20.2.6]

%a‘f(w,z) = [ p(ee) (w —) + E@®®) ( ,;)} a®(w, 2), 2> 0,

a®(w,0) = ao(w;z.) = (@01 (W z4), .. .aoyN(w)(w;x*))T . (4.16)
Since the stochastic differential equations (4.16) are linear, we write
a®(w,2) =T (w, z)a,(w; ), (4.17)

using the random N (w) x N(w) transfer matrix T°(w, z), the fundamental solution of (4.16). It satisfies the
stochastic system of differential equations

0 1 wa z o z
ETE(LU,Z) = {E]P’( a) (w, 5—2) + E®9) (w, ?)] T%(w, ), z >0, (4.18)

and the initial condition
T%(w,0) =1, (4.19)

with I the identity matrix.
10



4.2.2. Mathematical model of the array data. Let (r,24 = Z/€?) be the receiver coordinates,
with r taking values in the array aperture A C [0, X]. The mathematical model of the array data is

e N(w)
dw ¢ (w B (w iwlti B (W) 22
Pt 2) = / S > ‘( )Tﬁ(w, Z)¢;(r)di(y)e™ B DZ/ (4.20)
A7 = Bi(w)

where p°(t,r, Z) = p(t,r, Z/e?) and we renamed as fs (w) the Fourier coefficients of the pulse. To study the
role of the bandwidth on the focusing and statistical stability of source localization, we scale the bandwidth

relative to ¢ at central frequency w,, and define

~ 1 ~ (w—w
fw) = — ° 4.21
Fo) = = (252). (4.21)
for 0 < 2. The Fourier transform fB of the base band pulse fp is supported in [— B, B], and the time support
of the source signal

/ dw ’\ —iwt _ e—iwoth (Eat) (422)

is ~e77/B. As we mentioned in section 3, in the narrow band case (o = 2) f¢(t) is spread out over a long
time, comparable to the travel time e 2Z/c,. The support of f¢(t) is much smaller than the travel time in
broad band cases (o < 2), so that we can distinguish at the array a train of pulses corresponding to arrivals
of different modes.

We restrict our study to o € (1,2]. This choice is convenient in the analysis because we can freeze the
number of propagating modes in (4.20) to N(w,), and obtain the simpler model

N (wo)

pe(t,r,Z) ~ Z

1631161 ) [ () T 2) e r 20 a23)
with phase given by

Z Z Z
Bj(wo + Egh)g ~ ﬂj(WO)g + hﬂ;(WO)Ez——

P

(4.24)

In the case o = 1, the phase has the extra dispersive term h?/28/(w,)Z. The ultra wide bandwidth case
o < 1 is a bit more tedious to analyze, and it does not improve the images, as seen in Figure 3.6.

Although the array has finitely many receivers, we assume from now on that their spacing h,. is small, so
that the sums ) ., appearing in the expression of the imaging functions approximate the scaled integrals
hit f 4 dr. Since the integrands involve the eigenfunctions ¢; (r), the continuum aperture approximation
made in this paper is valid for receiver spacings h, that are small enough to capture the oscillations of the
highest frequency modes used in the imaging functions. A complete analysis of the role played by the density
of the array sensors in the imaging process involves SNR issues. It is expected that denser arrays give better
results in the presence of additive, ambient noise. In this paper we do not consider such SNR analysis, and
concentrate solely on the random medium effects on the imaging process.

5. Coherent source localization methods. We give here a detailed analysis of the deterioration of
the coherent source localization methods illustrated with numerical simulations in section 3.1. The analysis
uses data model (4.23) to estimate the mean and variance of the source localization functions in the asymp-
totic limit € — 0. The mean shows how the images are expected to focus. The variance determines the
statistical stability of the methods with respect to the realizations of the fluctuations of the wave speed.
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5.1. Back propagation in homogeneous waveguides. The Green’s function of Helmholtz’s equa-
tion in the unperturbed waveguide, for a hypothetical source at #* = (2%, 2°), is given by

R N (w)

GO(M,I,Z;fS) ~ 5 Z (b ( )(bj( ) 5 (w)(z==%) (51)

j=1

at large z — z°, where the evanescent modes can be neglected. The source localization function follows from
(2.7), in the continuum aperture approximation, after scaling with the distance between the receivers,

/ /drp (w,r,24) éo(w,r,zA;fs)

N(wr))

:u— Z b (x / eiBi(w)(za—2 )Adr¢j(r)]§(w,r,zA). (5.2)

2
%

S~—
I

5.1.1. Unperturbed waveguides. When the waveguide is indeed homogeneous, p is the same as p,
given by (4.5), and Z(#*) becomes the time reversal function

N(WO)
45 dw == iB(w)Z* —iB(w
TINE) R Y Mads(a)a?) / o [ () MBI, (5.3)
=1,

Here we recalled the long range scaling z4 = Z/c? and let 24 — 2° = Z° /&2, with Z® of order one. We also

introduced matrix
My = /A 65 (N)u(r)dr, (5.4)

depending on the aperture A. In the ideal full aperture case, M is the identity by the orthonormality of the
eigenfunctions ¢;(z). For partial apertures, with A proper subsets of [0, X], M couples the modes in (5.3).
Naturally, the best source localization is for a full aperture,

N (wo)
_,S W — Wo iBi(w s_ 2
ITR() ~ Z b3()63 (a /gmofB ( = )e Bz~ 2) e

N(“"O)

4 Z (b] T, ¢J s) i35 (wo)(Z* *Z)/Ezf_B (B}(Wo)(zs _Z)/€2fa') ) (55)

We show in Appendix A that ZT%(7*) focuses at ¥, = (z,,0). Because of the O(1) support of the carrier
pulse fp, each term in (5.5) peaks at search ranges z* satisfying |2°| = |Z — Z%|/e? < O(¢77\,). However,
ZI'R has much better range resolution, due to the rapid phase in (5.5) and the summation over the modes.
Explicitly, we show in Appendix A that for a large enough number N (w,) of modes,

N (wo)

ITR (= a,, 2 Z T C A P CACRIP ARV

focuses with range resolution O(\,). Furthermore,

IR (2%, 25 = 0) ~ E)ES) sinc [27r(:ci\o— :v*)] ; (5.6)

has cross-range resolution (distance from the peak to the first zero) equal to the diffraction limit A,/2.
12



5.1.2. Random waveguides. As noted in section 2.1, (5.2) is not the same as time reversal in random
waveguides, because the back propagation is synthetic, via the unperturbed Green’s function @0. Time
reversal works well in random waveguides [12, 16], but it cannot be used for source localization. Moreover,
the back propagation in the fictitious unperturbed waveguide does not work well, as illustrated in section
3.1, and as follows from the analysis below.

Let us present for simplicity only the full aperture case. The results are worse for partial apertures, as
seen in Figure 3.5. Using model (4.23) in (5.2), we get

N(WO)
) & 1 Bi(w,) (x® dh = o iB;(wote” h) L2524
(&) ~ 1 j;l Bj(wo)(bj(x )¢z(17*)/ fB(h) T (wo +€7h, Z)e e (5.7)

This is a randomly fluctuating function, with modes coupled by the transfer matrix 77, and we estimate its
expectation and variance for e < 1 and o € (1,2). The statistical stability is worse in the narrow band case
o=2.

5.1.3. The statistical mean. To estimate E {Z(2%)}, we recall the relevant results from [11, section
20.3], summarized in the following lemma:

LEMMA 5.1. In the asymptotic limit € — 0, the expectation of the transfer matriz is given by
hm E{ Sw, Z) ) =05 e Di(w)Z2+i0;(W)Z (5.8)

where &j; is the Kronecker delta symbol and D;(w), O;(w) are parameters dependent on the frequency and

correlation function of the fluctuations. Explicitly,

Diw) = [T @) ~THw)| /2. Ojw) =T (@)/2+ (), (5.9)
where
I (@) = W /. " cos[(B(@) — Aiw)) 2 EACHO)Ca(2)} =, G AL
Z (W) (5.10)
V£4=1
il >—°"742/°°sm[<ﬁ<w>—ﬁ(w))z]E{o Oz, 1
L S Tm@ae gy A #O)Cale) e 521
N (w)
I == > T5w), (5.11)
U£4,1=1
() *7(”4 - i z z or all g
@) = o | OO s for il i (512)
4
Ki(w) = S / 0 (2)} cos (B (w)z) e Pr @Izl gy .
)= 3 TG [ ECh O cos (5,0)2) &z, (5.13)

and j,l=1,...,N(w).

Note that coefficients Fgf) (w) are nonnegative for j # [ by Bochner’s theorem, because they are propor-
tional to the power spectral densities of the stationary random process Cj;(z) given by (4.14). Therefore,
1"5-;) (w) < 0. Similarly, I‘%) (w) are nonnegative since they are proportional to the power spectral densities
of C;(z) evaluated at zero dual argument to z. Thus, D;(w) > 0 and the expectation in (5.9) decays expo-
nentially with Z and w. This decay means that the wave field loses rapidly its coherence, and the energy is

13
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Fi1G. 5.1. E{Z(z*%,0)} for the source at xx = X/2 = 10\ and various €.

transferred to the random (incoherent) fluctuations. Coefficients O;(w) account for the dispersive effect of
the random medium on the mean field. Dispersion is induced by coupling of the propagating modes (1"5;) (w))
and by coupling with the evanescent modes (k;(w)).

The expectation of (5.7) becomes

N(wo
ﬂs wo)—10; (wo i3 (wo (2°-7) —— s —c
E{Z(i*)} ~ Z 6 (%) (Y [P (o) 105 (woll 24185 (o) 72 0 (81 (05 ) (27 — 2) 277 . (5.14)

It is similar to (5.5), except for the exponential damping and the oscillations caused by the random medium.
This does not affect the range focus, which is almost the same as in section 5.1. We plot! in Figure 5.1
E{Z(x*,0)}, and note that it peaks at x,, but the peak value decreases rapidly (exponentially) as we increase
g, that is as we increase Z. The exponential decay of F {Z(Z,)} is also captured by the upper bound

N(Wo)
- 1fBO)| _pnwo)z 2 ClBO)] Do)z
[EA{Z(@)} < == Fe JZ:; 9 (wn) ~ = : (5.15)
where C'is an O(1) constant, and Dyin(wo) = min;—; n(w,) Dj(Wo)-

5.1.4. The variance. Now, let us compute the variance
V(@) = E{IZ@)I*} - |E{Z(@)}
at the peak ¥ = 2, of E{Z(2*)}. It is given by
N(“"O)
. 1 Bi(wo)Br (wo) dh [ dh’ =
V(Z4) = — 0@ ) P (xh) Py :v*@/x*/ /_fB X
( ) 16]-1;:1 ﬂ( )ﬂj( ) ( ) ( ) 3’ )
[E {T (wo + 7R, Z) T (wo + €71, Z)} — B{T5(wo+£%h, Z) }E{ o (wo + €I, Z)H . (5.16)

so we need two frequency second moments of the transfer matrix in the limit ¢ — 0. They are given in [11,
Proposition 20.7] and we repeat them in the next lemma:

LEMMA 5.2. The transfer matrixz decorrelates rapidly in frequency
E{ (w0, 2)T5, (', Z) } ~ E{T5(w, %) }E{ e Z)}, Jor [w — | Jwo > O(2). (5.17)

TThe plots are for the setup described in section 3, with the source at z, = X/2. The central frequency is at 2.09kHz and
the unscaled bandwidth is 0.375kHz. Note that z 4 is fixed at 494\., and therefore a larger € amounts to a larger scaled Z.
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At two nearby frequencies,

lim E {T (w, 2)Toy (w — €h, Z)} = 8356w | W (w, 7, 2)e =01 2 g 4

e—0
— i(w -/wf(l)w 1|0 (w)—0./(w
(1= 0;j0) dj05e [P +Dy0@) =T )] 24i[05 )0, e (5.18)
where the Wigner transform w W, T, % solves the system of transport equations

J i=1,...N(w)
Jj=1,...N(w

[ + B5(w ) ]W(l (w,T,2) Zl"m [W(l (w,T,2) — W§l)(w,7, 2)|, (5.19)
n#j

for z > 0, with initial condition W;l)(w, 7,0) = 0(7)d;1. These solutions are measures,
(©)
WO (w,7,2) = 6 T D76 (1 - §(w) 2) + W (w,7, 2), (5.20)
with a Dirac mass at j =1, and continuous density Wj(l)(w, 7, 7).

Because of the O(¢?) decoherence frequency, we can restrict the support of the integrals in (5.16) to
|h — W'| <e277Q < B, and obtain after changing variables

I ~
h—;h ~= h, h—h/wg2_‘7h,
that
N (wo) 5
1 (wo) dh 1~ 12
i@ 7@5-(%)@5 ()b (@ )or (@) [ S| Falh)
EWRINE sy ri LUSCUNCAERY 4 20
Q
dh N

/QE {E{ (“0+50h+52h/2 ) = (wo+s"h 2h/2,z)}_

E{T5 (wo+e7h+2%h/2,2) } E{T5, (wo+27h —=%h/2,2) }].

Here we assumed a smooth pulse to make the approximation fB(h:I:EQ*"ﬁ /2) ~ fB(h). The variance follows
from Lemmas 5.1 and 5.2, and the continuity in frequency of coefficients (5.9)-(5.13)

2Nwo)

2 o
v m S S S ) e WL o 80)2,2) +
7,l=1
22— UQ 2 N(wo)
Hf H Z ¢2 ,T* ¢2 (.’L'*){|:(1 — 55 )6 ”/(wo)Z 1] %
7,3'=1
(D3 (wo)+ D1 (o) =i0; (wo) +iO s (wo)lZ . 5ijre r (wo)Z}7 (5.21)

where

I8l = [ 5 [Faw)| = [ atifator.

Note that the second sum in (5.21) is exponentially decaying and negligible at large Z, so we can write
V(&) ~ &> | B> F (wo, Z, m,), (5.22)

where

22)83 (@)W (wo, B} (wo) Z, Z). (5.23)

N(wo

1

0727 * =7
Flwo, Z, y El
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5.1.5. Statistical stability. Let us use (5.15) to bound the relative standard deviation

V(f*) 1—2 D Z l/2
V> O(w,)et T FePminwWe)Z FL2(y 7 1), (5.24)
|E{Z(Z.)}

where C'(w,) is an O(1) coefficient that does not depend on Z. We show below that for long enough ranges,
F =0I1/(ZN(w,))], so the bound in (5.24) becomes

V@D -, lsl%eommwz

N(wy)Z

(5.25)

This illustrates how the bandwidth £? B, the number N(w,) of propagating modes, the central frequency
w, and the scaled range Z affect the stability of the imaging function. For a fixed central frequency and
range, the stability improves in deeper waveguides that support more propagating modes, and for broad
band pulses. However, the improvement is marginal since the relative standard deviation is likely to remain
large due to the exponential factor ePmin(«0)Z ~ Ag we increase Z and w, (i.e., Dmin(wo)) the method becomes
statistically unstable, as illustrated in Figures 3.3 and 3.6.

Long range estimation of F: Let us recall from [11, section 20.6.2] that the matrix I'(¢)(w,) =
(Fﬁ) (wo)) in the right hand side of (5.19) is negative semidefinite, with null space in the span of (1,1,...,1)7.
Its largest eigenvalue that is less than zero is denoted by —1/L., where L. is called the equipartition distance,
because it quantifies the range scale over which the entries in the matrix exponential

e—0

Uji(wo, Z) = {ef“)@oﬂ} = lmE {Tﬁ(wo, 2)T% (wo, Z)} - / dr W (w,r, 2) (5.26)
J
tend to the limit uniform?* distribution

1
Uji(wo, Z) — ——

sup N(wo)

1y <0 (e—Z/Le) . (5.27)

We are interested in the limit of W;l)(wo, 7, Z), whose Fourier transform V/\Z(l)(wo, h, Z) satisfies

W (@, h, Z) = {exp KihB’(wo) +TO (wo)) z} } (5.28)

i’
for B'(w,) = diag (ﬁi (Wo), - - .B;v(wo)(wo)). It is estimated in [11, section 20.6.2], and the convergence is at
the same rate as in (5.27). The continuum density tends to a Gaussian profile

1 1 _—8"(w0)2)?

W (w,, T, 7) ~ e 22@oZ | 7> L., 5.29
5 ) N(wo) \/2m02(wo)Z (5.29)

traveling at mean group velocity
N (wo

)
B (wo) = ﬁ 8 (wo) (5.30)

j=1

and of variance 02(w,)Z, estimated in [11, section 20.6.2] to be of the order

or, &
2 2
Oe (w0> ~ - [ﬂ; (wo) - B/(Woﬂ . (531)
N(w,) 4
J=1
fThe long range limit of vector Ui, -- UNJ)T in (5.26) is in span{(1,1,...,1)T}, the null space of I'(®) and the normal-

ization constant 1/N comes from the fact that T¢(w,, Z) is a unitary matrix so the energy is conserved [11, section 20.2.6].
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Thus,

[27702(w0)} 1/2 N( w") (8% (wo) =B (wo))?

Flwo, Z,20) 4Ne(w )V Z1/2 Z ¢2 (€)0F (w)e 2oECa 7,

with decoupled sums over j and I. Assuming a large N = N(w,), we get

Zﬁl wo) 97 (2.) NAQNZFSIH (l 27Tx*) S—W/ dﬁ/@sm ( mc*),

which is O(1). The sum over j is

~ —

™ Jo m 7

and since Z/0?(w,) ~ Z/L. > 1, we have a Laplace type integral [3, section 6.4], that can be estimated in

2 (6% (wo) =6 (wo))? 1 sin® (fw—x) _z / 2
7 (8] __z 1 2
*)e 2n§(wo) 2 ~ 2 d 7%6 2“3(“’0) [CO/ 1-¢ B (WO)} (532)

the vicinity of ¢ satisfying

2¢,

_/ 1—¢e2 =g/ iii/ 1_ﬁ~i
V Wo) = N2 TR

We get that (5.32) is O(Z~/2) and thus F = O [1/(ZN(w,))]-
5.2. Matched field and coherent interferometry. The CINT function follows from (2.8)
/ R
107 (@) = [52 [ (25) [arpten o) Balin o @) [ T o)l i) 539
A A

Since the decoherence frequency is Q4 = 22, it back propagates cross correlations of the received traces
over long time windows x,, (¢2t), of support (¢2Q2)~1. The conventional (Bartlett) matched field function is

I]WF(fs) _ / ;l_w

™

’ (5.34)

/ dr]?(w, T, ZA)(A?O(w, T,z Z°)
A

Now, let us compute the statistical mean of (5.33) and (5.34), to understand how CINT and matched field
are expected to focus.

5.2.1. The statistical mean. Substituting (4.23) and (5.1) in (5.33)-(5.34), and setting 24 = Z/&?
and 24 — 2° = Z% /&2, we get

N(wo) ’
PEONT@) = S | SR oo )op ) [ 51 [ G Fan Talt)

J 1,3, l'=1 J,( O)
R h—h / z[ﬁ(w +5°'h)75 (wo+eh' )](
Xa \ 2= E{ 7(wo + 7R, Z)T5, (wo + €N/, Z)}e it e ' (5.35)

for the CINT function and

N (wo)

MF () = 7(000) ooy sy [ AR5 2
B{TM (@)} = lzl B Coyler )8 @) [ 52 |Fa] x
E{T (@o +€7h, Z) T (wo + €%h Z)} i[85 ote W)=y (wote M EFD (5 56
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for matched field. This is in the best possible case of full aperture, and for o € (1,2). The results are worse
for partial apertures, as illustrated in Figure 3.5.
To estimate (5.35), let us change variables

h+h ~
‘; ~sh, h—h ~ e,
We obtain from Lemma 5.2 that
CINT e~ UHf ||2 N(%) 2 (0
E{T (7°)} ~ Z ﬂ 2.)d3 (z )/dTW (Wo, 75 Z) X (B}(wo)Z® — 1) , (5.37)
7,l=1 J

where we neglect the terms that decay exponentially in Z, and let fp (h+ 52_Uﬁ/ 2) ~ fB(h). Now, recall
that X, (h) is supported in the frequency interval [—, Q], which means that y,,(¢) has time support ~ 1/Q.
Assuming Q > 1, so that e277Q < B, we get

2Nwo)

EB{ZOVT (7)) ~ UHf H (@) 03 ()W, (wo, B (wo) Z°, Z). (5.38)

Similarly, we estimate the expectation of the matched field function (5.36)

o N(wo)
E{IMF —»s }N ”fB” Z

7,0=1

(20)0%(@*) U} (wo, Z), (5.39)

ﬂ;

with U (w. Z) given by (5.26).

5.3. Conclusions. Although the mean CINT and matched field functions do not decay exponentially
in Z and/or w,, as was the case with E{Z(Z*)}, they are not useful in localizing the source because they
do not focus at #,. The matched field function (5.39) does not have any range information and it does not
focus in the transverse direction. Indeed, recalling (5.27), we get that as Z/L. grows,

ME HfBH = & <xs>
E{TMF (7)) ZB 0)OF (24 Z (5.40)

and there is no focusing in z°. That is to say, the function does not exhibit a peak at z° ~ z*. Returning
to the results in Figure 3.4, we note that while ZM ¥ (#*) localizes the source in case (i), where Z ~ L., it
gives no range or cross-range information in case (iv), where Z a2 2.2L.. This is what our analysis predicts.

The CINT function does not focus any better in the transverse direction, but it has some range informa-
tion through the evaluation of Wj(l) (wo, 7, Z) at T = fB%(w,)Z°. However, due to the dispersion induced by

the random medium, Wj(l)(

Wo, T, Z) peaks far away from 7 = % (w,)Z. This means that each term in (5.38)
peaks at a different Z*, and the range support of F {ICINT(:T:S)} is spread out, as in case (iv) in Figure
3.4. Explicitly, as Z/L. grows, the peak of Wj(l) (wo, T, Z) approaches 7 = ' (w,)Z, and the j term in (5.38)

gives a large contribution at range

B’ (w,)
B; (wo)

The range support of (5.38) is then between Z*(1) and Z*(N(w,)), which is a large interval.

7°(j) = 22 7.

To calculate the variance of Z¢/NT and ZMF | we need the fourth order multi frequency moments of
T3 (w, Z), which are given in the next section and in Appendix C. However, since we have already shown
that the mean CINT and matched field functions do not focus at the source, there is no point in analyzing
their statistical stability.
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6. Incoherent source localization. We introduce in this section an incoherent source localization
method. As we have learned from the analysis in section 5, the mean field E {p(w, r, z.4)} decays exponentially
in Z = 224, signaling the rapid loss of coherence of the pressure field recorded at the array. We have also
seen that expectations of cross-correlations of the traces persist at long ranges, and this is why we use them
to obtain a statistically stable source localization. Matched field and CINT work with cross-correlations as
well, but they do not focus because the cross-correlations back propagated with the Green’s function @0 do
not add coherently. We estimate instead the source location by minimizing a certain misfit function.

If we took frequency correlations into account, like in CINT, we would work with

d dh - . d
]:(wo, t,r, 7"/) = / _w 62 / _Zf)\(w, T ZA)I/;(W _ E2h, 7q/, ZA)e—zht ~ / _W 52 ~
|w Jw—

—wo|<e B 2 2

for receiver transverse coordinates r,7’ € A, and for broad band pulses with o < 2. Otherwise, we would
work with the cross-correlations

d = d _
72/dt]~'(wo,t,r,r’) :/ —wp(w r,24)D(w, ", 24) z/ —wE{ p(w,r, ZA)ﬁ(w,T’,zA)},
lw— Jw—

UJO‘<E“B 27T we |<5(TB 27T
(6.2)

like in matched field. The integrands in (6.1) and (6.2) decorrelate over w offsets that exceed O(g?) [11,
Section 20.6], and this is why we can approximate the integrals over the broad band by their statistical
expectation. We give more details in section 6.1.2, where we also show that the self-averaging does not hold
for narrow band pulses with bandwidth ¢2B.

Now, let us use Lemma 5.2 to compute the expectations in (6.1) and (6.2). We obtain after calculations
that are similar to those in section 5.2.1 that

N(wo)
e~ "Ilf MRS

Flwort, 1) )65 ()65 (" WP (wo t, Z), (6.3)

and

2Nwo)

[t F ety = =2 Z 28,65 () [ WOt 2 (6

The approximation assumes a long enough range to neglect the exponentially decaying terms in the second
moments in Lemma 5.2, and a bandwidth ¢?B with o € (1,2).

Equations (6.3) and (6.4) show how the cross-correlations of the data traces carry information about the
source location. The cross-range x, appears the same way in (6.3) and (6.4), in the argument of ¢?. The
scaled range Z is in the Wigner transform. Because the time integral of the Wigner transform approaches
1/N(w,) as the range grows, as shown in (5.27), the cross-correlations (6.2) are not useful for determining
the source range. The range Z determines the time peak location of W§l)(wo, t,7), and this is why we can
estimate it from the cross-corelations (6.1).

The source localization described below is in two steps: First, we show in section 6.1 how to determine
the range Z and the correlation function of the random fluctuations of the wave speed, using the cross-
corelations (6.3). Then, we show in section 6.2 how to estimate the source cross-range x,. Because the use
of frequency correlations does not give additional information about z,, we estimate the cross-range with
the simpler function (6.4). We study with theory and numerical simulations the estimation functions, and
show that the cross-range localization requires that Z be at most ~ L.. The range estimation can be carried
out for much larger distances of propagation. We also study the statistical stability of the estimation, which
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requires fourth order multi-frequency moments of the transfer matrix, computed in Appendix C in the limit
e — 0.

6.1. Range estimation. The information about the scaled range Z is encoded in the cross-correlations
F(wo,t,r, ") in a complicated way, via the Wigner transform W;l)(wo,t, Z). To untangle it, we use the
receiver coordinates and project F(w,, ¢, 7,7’) on the waveguide modes

/dr(bj(r)/ dr' ¢;(r') F(wo, t,r,7") :/ d—MEQ/@P?J(w ZA)?(w—EQh,zA)efiht, (6.5)
A A o

—wo|<e’ B 2 2

where

~

Pj(w,zA)zAdrﬁ(w,r,zA)¢j(r). (6.6)

Recalling the theoretical model (6.3), and assuming for a moment the ideal case of a full aperture
A = [0, X], we obtain by the orthogonality of the eigenfunctions that

2 o 2
/dr(bj(r)/ dr' ¢;(r') Fwo, t,r,r") ~ Hf I
A A

The range Z could be determined from (6.7), if we knew the transport speed. In weak random media, the

N(w,)

Z ﬂl ”" (@)W (wot, Z). (6.7)

transport speed is close to B;- (wo), and Z can be estimated from the maxima over the search ranges Z* of the

migrated projected cross-correlations (6.7) with travel times 3}(w,)Z°. We are interested in strong random

media, where the transport speed is different than [33 (wo), and must be estimated as we search for range Z.
Our estimation is based on the “dispersion function”

R(<,]) :Adr¢j(r)Adrl¢j(rl)f(wovt:B}(WO)QT‘?TJ)? (6'8)

where ( is the scaled range at which we migrate approximately the cross-correlations with the incorrect speed
ﬁ;- (wo). Therefore, R((,j) peaks at ¢ = (;, which in general is not equal to Z. The algorithm described
below estimates Z by comparing the dispersion function R((, j) with its theoretical model RM (¢, j; Z#), for
a hypothetical source at search range Z°. More specifically, it approximates Z by the minimizer over all Z*
of an objective function that measures the misfit between R(¢,5) and R ((, j; Z%). The transport speed is
computed using the transport equations stated in Lemma 5.2, assuming a known correlation function C of
the fluctuations of the wave speed. In fact, we solve these equations to compute the Wigner transform that
enters the theoretical model RM (¢, j; Z*). If the correlation function C is not known, it can be estimated
from the misfit between R((,j) and RM (¢, j; Z%), as well.

To state the algorithm, we need the following proposition proved in Appendix B. It applies to broad and
narrow band pulses, and to partial apertures, where there is additional mode coupling due to the integrals

quZ/Ade(T)%(T)-

PROPOSITION 6.1. The theoretical expected model of (6.8) is given by

N (wo)

2 o 2

BRI} = 2D YT a2, S 2w W o, )6, 2) (6:9)
q,l=1 q
in the broad band case o € (1,2). In narrow band o = 2, we have at long ranges
N(WO)
. 1 Bi(w /
PARG) =1 D M s ) [ AW, By () = 7.2)
/ dfgsinc (Bt) fu(r +1/2)f(r — t/2). (6.10)
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6.1.1. The estimation algorithm. We now introduce an algorithm that estimates the scaled range
source Z based on the dispersive effect induced by the random medium.

ALGORITHM 6.2. This algorithm assumes a known correlation function of the random fluctuations, so
that we can compute the matriz T\ (w,). It also assumes a fized bandwidth w € [w, — £ B, w, + £ B] of the
pulse f(t). The estimation involves three steps:

Step 1. Given the array data, compute R((,7) using (6.8), for modes j =1,2,...,N(w,) and ¢ in a search
interval that includes its peaks (;.
Step 2. Determine the set S of modes for which

[R(¢od)| = max[R(C.)] > (6:11)

with § a user defined tolerance.
Step 3. Estimate Z by Z*, the minimizer of the objective function

0(2°) Z/dg

JjeES

(€.5)  RM((j;2°)
CJ) RM( ]]‘waj;ZS) ,

(6.12)

where RM ((, §; Z*%) is the model of the expectation of (6.8) for a hypothetical source at range z° = z4— Z° />
from the array, and CJM is its peak. The integral in (6.12) extends over the search domain.

Proposition 6.1 shows that in theory, all the range information is in W,gl), which we approximate by
taking the inverse Fourier transform of the matrix exponential (5.28). Since we do not know the source
cross-range, we cannot define RM by (6.9) or (6.10). Instead, we replace in these formulas ¢?(x,) by the
constant 2/X, and get

20 2 N(wo)
RM (¢, j; 2°) = —— LB 2|\);f3|\ > qugl(( ))W“’(wo,ﬁ;(wo)c,zs) (6.13)
q,l=1 q

in broad band, and

e Al
V(G5 2% = 5 > M 23 [P B = 7,2)

Jjq Bq wo
/ d?gsinc (Bt) fe(r +t/2)f(r —1/2) (6.14)

in narrow band. This should have minimal effect on the range estimation, which is based on the variation

of R(¢,7) in ¢. The cross-range xz, affects the actual peak value R((;,j), which is why we normalize R in

the objective function. We also filter out the modes for which |R((;,j)| is below the threshold ¢.
Algorithm 6.2 assumes that we know the correlation function

Clz,2',z—2") = E{v(z,2)v(d,2")}

of the fluctuations. When we do not know C, but have apriori information about how to model it, we can
estimate it together with the source range.

ALGORITHM 6.3. This algorithm is based on the apriori model

CM(z —a' 2 — 2505, 0°) =a®O[(x — 2’ 2 — ) /1] (6.15)
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of C, where © is a given function of O(1) support. It is parametrized by the search amplitude o® and the
search correlation length €°.

Steps 1 and 2 are identical to those in Algorithm 6.2.

Step 8. Estimate Z = Z* and the correlation function C ~ CM(x — o' 2 — 2'; %, £*), where (Z*,a*,0*) is

the minimizer of

R(CJ)  RM(C4: 2% 05 0%)
R(Gd)  RM(CM, 5 2%, a5, 69)

(6.16)

O(Z°,a°,0°) = Z/dg

jES

Here RM(C,7; Z%,a%,0%) is the model of the expectation of (6.8) for a hypothetical source at range z° =
za — Z%/e%, and for fluctuations with correlation function (6.15).

The essential assumption in this algorithm is the model of the correlation function of the fluctuations
v(Z), which are supposed in (6.15) isotropic and stationary in range and cross-range. In principle, the
algorithm could handle fluctuations that are anisotropic and not stationary in cross-range, so that CM
depends on more than two parameters. We do not have such results. In any case, it is expected that the
more parameters there are in the model, the more difficult the estimation.

An essential question that arises is how sensitive is the estimation to the accuracy of the model (6.15).
Our numerical experiments suggest that the range estimation is not too sensitive to the model C*. For
example, in a simulation with e = 3%, central frequency 2.39kHz and bandwidth 0.375kHz, Algorithm 6.3
returned essentially the same source range Z* ~ Z for three models of C. The first is Gaussian

CM(z -2’2 — 2;0°, %) = a’e 20 ; (6.17)

like the one used in the simulations of the array data. The second model is exponential

CMz -2’ 2 — 2505 0°) =a’e” | (6.18)

and the third is

CM(z—a 2 -2 0% 0%) =a° (1+ 7 > e (6.19)

We note that, at high spatial frequencies, the Fourier transform (power spectral density) of (6.19) has power
law behavior typical of multiscale random media.
With the Gaussian model we obtained

o =~ (2n0*) 7t =2.55m 2 and * ~ ¢ = 0.25m,

as expected from (3.2). Naturally, the algorithm returned different parameters o* and ¢* with the second
and third models, but they all satisfied the normalization relation

/d:E’CM(gE’) ~ /d:E’C(f) =1.

This is not surprising, as it is not the correlation function per say that appears in the transport equations,
but integrals of it multiplied by the waveguide modes and slowly oscillating cosine functions, as seen from
Lemmas 5.1 and 5.2.
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6.1.2. Statistical stability. To estimate the variance of the range estimation function (6.8), we need
the fourth order moments of T¢(w, Z) at nearby frequencies. The transfer matrix decorrelates at frequency
offsets that exceed O(g?) [11], so we need to consider only O(g?) frequency shifts. We derive all these
moments in Appendix C, but we use only those for a subset of indexes, relevant to the variance calculation
at full aperture. The variance at partial aperture follows similarly, and we do not include it here to simplify
the exposition.

The model of the estimation function (6.8) at full aperture is

de 82_0(:) —_ 52_0&/’ o) Bl(wo)ﬁl’(wo)
h— Pl*o) Pl \™o)
e (e =5 ) T (- )“Z_ By (@) o)

2 2 - ,
ou(x)du ()T <w +e%h+ ?u Z> T, <w0 +e%h — %w Z> @ (Z=0)B;(we) (6.20)

R(¢C

327T

and its variance

V(6,9) = B{IRC )P}~ IE{REC )P
is estimated in the following proposition, proved in Appendix D.

PROPOSITION 6.4. The variance V((,7) of the estimation function at full aperture satisfies

VG &0
BRG]~ B’

(6.21)

where ¢; is the peak of |E{R(C,j)}|. Since e*Q is the decoherence frequency of T¢(w, Z) and ° B is the
bandwidth of the pulse f¢, this implies that the estimation function is statistically stable in the vicinily of its
peak in broad band, where £ B > ¢*Q. The function is not stable in narrow band regimes.

The proposition says that even though it may appear from the mean field model computed in Proposition
6.1 that we can estimate the range in narrow band, the estimation will not be reliable, because the range
estimation function R(¢,j) changes unpredictably with the realization of the random medium. We need a
broad band regime in order to obtain statistically stable results. This conclusion is validated by extensive

numerical simulations.

6.1.3. Numerical results. We present here numerical range estimation results, in the setup described
in section 3. The unknown source is at location Z, = (5., 0), at unscaled range z4 = 494\, from the array.

We begin in Figure 6.1 with results at full aperture, ¢ = 3%, central frequency 2.09kHz and bandwidth
0.375kHz. This is the case considered in plot (iv) of Figure 3.4, where matched field and CINT do not work.
We show in the top left plot in Figure 6.1 how the amplitude of R((;, ) varies with j and indicate the
threshold value 6 = 0.2 used in our estimation. The set S contains the mode indexes j with peak amplitudes
above this threshold. The middle picture in the top row is a plot of R(¢,7)/R((;,7), for j € S. This is
computed from the array data and enters the objective function at Step 3 of the estimation algorithm. The
abscissa in the plot is (/2 in units of A\.. The ordinate is the mode index in S. Note how the dispersion
effects induced by the random medium causes R((, j) to peak at different ranges than the true one, indicated
by the vertical black line.

The right picture in the top row of Figure 6.1 shows RM (¢, j; Z*, a*, £*) /RM( JM,j; Z* a* %), forj €S
and the optimal parameters returned by the algorithm. The optimization is done with the MATLAB function
fmincon. Compare this picture with the ones in the bottom row, where we fix two parameters at the optimal
values, but vary the third one. In the left picture we set Z°% — Z* = 20e2)., and note the resulting range shift.
In the middle picture, we set £* = £*/2 and see a different dispersive behavior (the peaks have a different
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FiG. 6.1. Range estimation results for e = 3%, central frequency 2.09kHz and bandwidth 0.375kHz. Top row:Left: R((;,7)

and the threshold § = 0.2 for determining the set S of indexes. Middle: R(C,7). Right: RM(C,4; Z*, a*, £*). Bottom row:
RM (¢, 55 Z%,a5,0%) for optimal Z°,a°, 05, unless specified otherwise. Left: Z° = Z* — 20e%\c. Middle: €5 = £5/2. Right:

a® = 1.34a*
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FiG. 6.2. Cross-sections of the range estimation objective function O(Z%,a®,£%). In each plot we fiz two parameters at
the optimal values and display the variation in the third parameter. The true value of the parameters is indicated in red. The
results are at full aperture. Top row: two realizations at € = 2%, central frequency 2.69kHz and bandwidth 0.375kHz. Bottom
row: two realizations at € = 3%, central frequency 2.09kHz and bandwidth 0.375kHz.

distribution around the true range value). The right picture is for o® = 1.34a* and shows again a different
dispersive behavior.

In Figure 6.2 we show cross-sections of the objective function Q(Z*%, a*,£%) for two realizations of the
random medium, and at full aperture. The top row is for e = 2%, at central frequency 2.69kHz and bandwidth
0.375kHz, which is the case in plot (i) of Figure 3.4, where both matched field and CINT work. The bottom
row is for e = 3%, at central frequency 2.09kHz and bandwidth 0.375kHz, which is the same as in plot (iv)
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Fi1c. 6.3. Cross-sections of the range estimation objective function O(Z*%,a®,£%). The results are at partial aperture, at
e = 2%, central frequency 2.69kHz and bandwidth 0.45kHz. Top row: two realizations at A = [0,8\¢]. Bottom row: two
realizations at A = [0,4X;].

of Figure 3.4, where matched field and CINT do not work. Figure 6.2 illustrates that the objective function
has a clear minimum around the true value of the parameter indicated in red. The figure also shows that
the results are essentially the same in the two realizations of the medium, as stated in Proposition 6.4.
Figure 6.3 shows cross-sections of the objective function O(Z?%, a®, ¢%) at partial aperture. Here e = 2%,
the central frequency is 2.69kHz and the bandwidth is 0.45kHz. The top row is for 40% aperture A = [0, 8]
and the bottom row is for 20% aperture A = [0,4).]. The analogue plots for the medium with ¢ = 3% and
central frequency 2.09kHz are in Figure 6.4. The results are almost the same as in Figure 6.2, except for the

bottom left picture where the estimated o is slightly off.

6.2. Cross-range estimation. Since the cross-range information appears the same way in the cross-
correlations of the array data traces, whether we exploit frequency correlation or not, we base the estimation
on the simpler model (6.4). Specifically, we work with | dtF(w,,t,r, ') and use the receiver coordinates to

define the cross-range estimation function

dw =~

X(4) z/dt/Adr@(T)/AdT’ & (M) F(wo, t,m,7") 252/ —Pj(w,zA)?j(w,zA), (6.22)

w—w,|<eo B 2T

with ISJ- defined by (6.6). The estimate of x, is the minimizer over ® of an objective function that measures
the misfit between X'(j) and its model XM (j; 2%), for a hypothetical source at #* = (2*, Z*). Here Z* is the
range estimate obtained as explained in the previous section.

The model is

9—¢ N(wo) ﬁ (w )ﬁ’(w ) B dh ~
M (%) = = S MigMyg | ¢z($s)¢l'($s)/ S| fB(h)]? x
a.lq V=1 Ba(wo)By (o) B 21
eif—;[ﬁq(woJrs(’h)*ﬁq/(wo+5<’h)]E{ z;:l(wo + €Uh7Z*)T(]8’l’ (wo +¢%h, Z*)} 7 (623)
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Fic. 6.4. Cross-sections of the range estimation objective function Q(Z*%,a®,£5). The results are at partial aperture, at

e = 3%, central frequency 2.69kHz and bandwidth 0.45kHz. Top row: two realizations at A = [0,8\¢]. Bottom row: two
realizations at A = [0,4A;].

where by Lemma 5.2,
— w / (1) w i w)—0,r(w)|Z*
E{ (w Z )T 1 (w Z*)} ~ (1_5qq’)5ql5q’l’€ {Dq( )+Dq ( ) ( )]Z +1 [O ( ) Oq ( )]Z +5qq/5qu[(W, Z*),

with Uy (w, Z*) = [dt Wél)(w,t, Z*) given by (5.26). Equation (6.23) becomes

j; x° 62_0 " dh > ES s s iZr w “h)—B,(w -
Xty S [ SRR § S (0= B ) My M ) () T 7]
a 7.q'=1
~ [Pawo)+ Dy (@0) T (w00)] 2 4404 w0) ~ O, (w0 2* N(w,) L Bulw )
q q Z quﬂ ¢l( Va(wo, Z%) p, (6.24)
q,l=1
and it simplifies to
M 2ﬂun2”% . .
XM (ji2°) = Z &)U (wos Z¥) (6.25)

in the case of full aperture and for broad band pulses. Although it may appear that the broad band does not
play a role in (6.25), we need it to get statistical stability. The variance calculation for X(j) is essentially
the same as that for R(Z*,j), and we do not repeat it here.

6.2.1. The estimation algorithm.

ALGORITHM 6.5. The cross-range estimation is based on the minimization of the objective function

o X () M (o) |
0@ =3 |- S T <A S| (6.26)




where

< X(- ZX < XMzt |S|ZX (j; z°) (6.27)

|S| JjeS JjeS

are averages over the index set S, with cardinality |S|. The set S of indexes included in the optimization is
decided on the behavior of the model XM (j; x*) for different source locations. We show below, with numerical
simulations, that the higher modes may not distinguish between different source cross-ranges, as they are most
affected by the random medium. If XM (j;2°) does not show sensitivity to x°, we exclude j from the set S.

It is easy to infer from (6.25) that at long ranges, where Z > L., we cannot estimate the cross-range
of the source. This is because Uj; ~ 1/N(w,) and XM becomes essentially independent of z*, as confirmed
by the numerical experiments given below. However, the range estimation works at such long distances, as
shown in the previous section.

Since it is only ¢l2(:105) that appears in the full aperture model (6.25), we cannot determine x* uniquely,
but find instead two possible cross-ranges, symmetric with respect to the axis of the wave guide. The general
model (6.24) may suggest that we can resolve this ambiguity with partial apertures, because of the coherent
terms (the sum over ¢ # ¢’ in (6.24)). However, these terms decay exponentially with the source range,
and they are not expected to improve much the estimation. In fact, the numerical results show that partial
apertures make the cross-range estimation quite difficult.

e&?e#g—e—@rﬁ”e o ,,6/
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FiG. 6.5. XM (j;2%) for e = 2%, central frequency 2.69kHz, 0.375kHz bandwidth, and full aperture. In the left plot
we compare XM(j;xS) for x5 = BA. and 10\.. On the right we take more values of x°, equal to 0.5Ac, Ac, 2Ac and 5S¢,
respectively.
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FIG. 6.6. XM (§;2%) for ° = 5\c and 10\, for e = 2%, central frequency 2.69kHz and 0.375kHz bandwidth, and partial
aperture. Left: A =[0,12)¢]. Right: A =[0,4\.].

6.2.2. Numerical results. We present here cross-range estimation results in the same setup as in
section 6.1.3. The unknown source is at @, = (5., 0), at unscaled range z4 = 494\, from the array.
We begin in Figure 6.5 with an illustration of the model function X (j; %), for a medium with & = 2%
fluctuations, at central frequency 2.69kHz, bandwidth 0.375kHz and full aperture. This is the case considered
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Fia. 6.8. Cross-range estimation results at € = 2%, central frequency 2.69kHz and bandwidth 0.375KHz. We plot the
objective function O versus x° and €5. Top left: full aperture A = [0,20\.]. Top right: A = [0,12X;]. Bottom left: A = [0,8Ac].
Bottom right: A = [0,4)\;].

in plot (¢) of Figure 3.4, where both matched field and CINT give good results at full aperture, but not
at partial aperture (Figure 3.5). We plot XM (j:2*), for various source cross-ranges. Note the different
oscillatory patterns for various z°®, and at the lower index of the modes, which are included in the set S
used in the optimization. It is because of these different oscillatory patterns that we can estimate the source
cross-range, independent of where it is in the interval (0, X).

The plots of XM (j;2°) for partial apertures are in Figure 6.6, where 2° = 5\, and 10\.. They show
that as we reduce the aperture, the cross-range estimation becomes ambiguous, because the oscillations of
XM corresponding to different source locations are similar.

In Figure 6.7, we show the effect of the random medium on the model function X (j;2*). Here we fix
r® = x, = 5\, and plot in the left picture how XM (j;x*) changes as we increase the central frequency, from
2.09kHz to 3.13kHz. In the right plot we fix the central frequency at 2.69kHz but increase ¢ from 2% to 3%.
We note that as we increase the frequency and/or ¢, the oscillatory pattern of XM (j;2°) is damped due to
the stronger effect of the random medium. In fact, X (j;2°) becomes less and less sensitive to z* and the
cross-range estimation becomes more and more ambiguous.

Figures 6.8 - 6.9 give the cross-range estimation results. We note that aside from z,, we can also estimate
the correlation function, although this is better done in conjunction with the range estimation. Here we use
the true Gaussian model of the correlation function and we illustrate the estimation of the correlation length
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Fic. 6.9. Full aperture cross-range estimation results at € = 2% and 0.375kHz bandwidth. The central frequency is 2.69kHz
in the left plot, 2.99kHz in the middle and 3.13kHz on the right.

£%. The estimation of the amplitude parameter o® appears to be ambiguous.

Figure 6.8 is at € = 2%, central frequency 2.69kHz and bandwidth 0.375kHz, where matched field and
CINT work at full aperture (case (i) in Figure 3.4) but not at partial aperture (Figure 3.5). The top left
picture in Figure 6.8 shows the estimation at full aperture. The true values of the estimation parameters
are indicated in red. The estimation returns the correct correlation length and source cross-range, except
for the ghost that is symmetric with respect to the wave guide axis, as expected from the theory. The ghost
is removed at partial apertures, because there is still enough coherence in the data (recall the discussion at
the end of section 6.2.1). However, we note that the estimation becomes more difficult as we reduce the
aperture, and it is ambiguous at A = [0,4\.] (bottom right plot). This is expected from the behavior of
XM (j; %) illustrated in Figure 6.5.

Figure 6.9 shows cross-range estimation results at full aperture, for bandwidth 0.375kHz and central
frequencies 2.69kHz, 2.99kHz and 3.13kHz. These are cases (i), (i¢) and (i77) in Figure 3.4. The cross-range
estimation works well but we note that the ratio of the peak and minimum of the objective function O(Z*)
approaches one as we increase the frequency, indicating that the estimation becomes more difficult. This is
expected from the behavior of the model XM illustrated in Figure 6.7.

7. Summary. In this paper we study with analysis and numerical simulations the problem of source
localization in random waveguides, given measurements of the acoustic pressure at a remote array A of
receivers. We describe in detail the deterioration of coherent source localization methods, due to cumulative
strong wave scattering by the random inhomogeneities in the waveguide, and introduce a novel incoherent
source localization approach.

We consider three coherent methods: synthetic back propagation of the time reversed array data in
deterministic (unperturbed) waveguides; matched field and coherent interferometry. The first method is the
same as time reversal, when the source localization occurs in unperturbed waveguides. Time reversal works
well in random waveguides, but it cannot be used for source localization, because we cannot implement the
back propagation in the true medium, which is unknown. We find that synthetic back propagation in the
unperturbed waveguide is not useful, because it lacks statistical stability with respect to the realization of
the medium. Explicitly, we show that the mean of the estimation function focuses at the correct location,
but its amplitude decays exponentially with range and central frequency. This is because the wave field
loses rapidly (exponentially) its coherence, and the energy is transferred to the fluctuations, the incoherent
field. Consequently, the relative standard deviation of the estimation function is very large and the method
is unstable.

The matched field and coherent interferometric source localization functions are not useful for localizing
sources at long ranges either. Both methods use cross-correlations of the array data, which have a nontrivial
long range mean. However, since they do not account for the strong dispersive effect induced by scattering
in the waveguide, they do not focus at the source location.
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To localize the source from almost incoherent array data, we need to exploit systematically the dispersive
effect induced by the random medium. This requires a mathematical model, which allows us to restate the
problem as one of parameter estimation for the source coordinates and possibly the correlation function of
the random fluctuations of the wave speed. We use here the asymptotic model derived in [14, 9, 12, 11]. The
asymptotics is in the amplitude scale of the fluctuations, which is typically 1% — 3% in underwater acoustics
[10], and for long distances of propagation. We show how to use the model to formulate a statistically stable
incoherent source localization approach. We analyze the method in detail and assess its performance with
extensive numerical simulations.
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Appendix A. Time reversal refocusing in unperturbed waveguides. Begin with expression
(5.5) of the time reversal function. Based on the O(1/B) support of fg(t), we can change variables

Z° —7Z =—e>n° e 2°=z4— 2%/t ="y,

and obtain

N (wo)

Iy (% e ") ~ Z% (2) s (@*)e™Pa /<" T (=Bl (wo)n°) - (A1)

This is a sum of highly oscillatory terms, and we expect that when N(w,) is large enough, there will be a
lot of cancellations unless 3;(wo)n® ~ n® /A, < O(¢?). Indeed,

N .
TR (2%, e%n®) ( J 2ma ) sin (% 27;I*> —ie T 314 fs 7‘2
j=1 o /1 — _2

o (2750 (2 20 ) o )

when N = N(w,) = [2X/Xo] Z 77 > 1, and we can interpret the sum over §; = j/N as a Riemann sum
for the integral over ¢ € (0,1). Then, it follows from the method of stationary phase [3, chapter 6] that ZI'F
is large for n° /X, ~ &7 so that z° ~ \,. At the true source range (z° = 0), we have

N (wo)

A S o K G e B G|
- fQB/io)SinC {27T($/\0— iﬂ*)} (A.2)

in the limit N(w,) > 1. O

Appendix B. Proof of Proposition 6.1. Recall model (4.20) of the array data, and set z4 = Z/&2,
to obtain from (6.6)

fe w N(WO) . 2
]Sj(waZA) ~ ! ; ) Z Mg g(( ))gbl( ) q‘il(cu,Z)ezﬁ‘?(“’)z/‘E . (B.1)
a,l=1 4
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Then,

R(CD) = [ LRw.¢.9) (B2)
|w—w,|<eoB T
where
~ ) dw’ ~ =,
R(w7<a.]) = 2_Pj(waZ.A)Pj(w aZ.A) (B3)
lw—w'|<e2Q 4T
is given by
R S MMy [ BV o lper-sgca [ (o ch2)
— (T g )e e q w
7 q L' /=1 Jr Bq(wo) By’ (wo) A Q2
fT( 2h/2) TS (w +e2h/2, )—l (w - &%h/2, Z) M2 () +By (W] /2-iReB (), (B.4)
after the change of variables (w + w’) / 2~ w and w — w' ~ £2h. Taking expectations and using Lemma 5.2,
IS T Bilwe) 0] ’
E{R(w7<5.])} ~ Z Z M_]qﬁ ( )(bl (I*) dTWq (w,T,Z)\I/(W,Bj(W)C—T), (B5)
q
where
Q 7
dh ~ - .
U(w, 1) :/ S (w+52h/2) 7e ( —52h/2) ekt (B.6)
a2

and we neglected the exponentially decaying terms in Z.
Now, let us evaluate (B.6) using the definition (4.21) of f€, and for ¢ € (1,2]. For broad band pulses,

we can approximate
- ~ 1~ (w—w, 2°h 1~ 0
fE(WiEQh/2)—_fB<w Wo , € ) L (w w)
e’ e’ 2 e’ e’

~ ([w—w 2
(552)
[3)

sinc(§2t), o€ (1,2). (B.7)
7 (w 15%/2) - 6—12]?3 <°" ;2“’0 + g) :

and obtain

[¢) —20
U(w,t) ~ °

In the narrow band case o = 2

and

1 _ Q gn -
U(w,t) ~ 8—4/61151/dthB(tl)fB(tz)el(‘“*wo)(tl*tz)/iz/ 7 pihl(titt2) /2]

—-Q 2T

4 _ ,
= Qe /dtl /dt2fB(tl)fB(t2)el(w—wo)(tl—t2)/€ sinc [Q (tl ;t2 - t)] . (B.8)
T

Thus, the theoretical expected model of (6.8) is given by

— UN(WO) N
E{R(C,j)} ~ 5242 S oz Bilwe ¢l /dw/dTW w, T, Z)

W — We
(=1 7 Ba(w fB( g7 ) .
—sinc [Q (ﬁ;(w)c — T)}
g2 o N(wo)
=P ST e P W o, ). 2) ®9)
q,l=1 q



in broad band, and by

E{R(c,j)}:fT M? Bl x/ /dTW (w, T, Z) X

/ dt; / dthB(tl)TB(t2>ei(w_w0)(t1_t2)/€2 %sinc {Q <t1 ; 2o (w)C)}

~ ﬁl(wo)
1 2 MG )

O (xy) / AW (wo, B (wo)¢ — T, Z) X

/ dfgsinc (Bt) fu(r +1/2)f(r — t/2). (B.10)

in narrow band. (J

Appendix C. The fourth order multi-frequency moments of the transfer matrix. We wish to
calculate the fourth order multi frequency moments

E{TS, (w+&°h, Z)TE (w — %0, Z)T5 \ (w — 24", Z)T5 p(w + 21, Z) }

for frequency offsets h, h', @ and &’ of order one. For this, we use that T satisfies stochastic equations
(4.18), and write that

o 0 0 , z/a ) By 2
thzf; 2 pe e _yRBITE = E Cip(2/€7) ei(Bp—Bi)z/e

Civ 2/5) Cprr (2/€% + 5) =B |sl+iBys-+i(8,—B;)z/ (
. , C.1)
e 3 [

for z > 0, where

TS (w +€%h, 2) = eihzﬂ;'(“)Tfm(w +&2h, 2). (C.2)
At z = 0 we have the initial conditions

ij(w+a2h70) = Tfm(w-l-EQh,O) = 5jm (03)
Then, we can write

E{T%, (w+%h, 2)T5, (w — €20, 2)T5 ((w — €207, 2) T pr(w + €21/, 2) } = e WBHRBIHtw'B,+1 51 )z o
E{V5p(w,h0,0,0"}, (C.4)

where we let

Vigp(w, h, b, 0,&") = T5,, (w+ e2h, Z)T5 (w — €20, 2)T5 v (w — %3, Z)T5 pr(w + €21, 2), (C.5)

and suppressed the indexes m,n, M and A in the notation. These indexes are parameters in the differential
equations (C.1), but they influence the initial conditions (C.3).
The stochastic system of differential equations for V5, ;, follows from (C.1), and we write it in compact

form as
0 1
5, VaL = ZFn + G, 2> 0,
Vi |Z:0 = 0jmOindImMILN, (C.6)
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where

. 9 N 2
FjsL = - Z Jp Z/E l(ﬂp_ﬂj)z/az ;lJL Clp(Z/E ) e P Prjzfe" Va
265 = | VBB BB

Can(3/2%) —i(py-p1)e/e? CrpG/E) i(s,-p1)e/
i(Bp z/eye 4 =T ) AN ez(ﬁp Br)z/e Ve (C?)
,—Bpﬁj jlpL /—BpﬁL jlJp
and
it & oo 75,|S‘C’pl«(z/52+s)
GJIJL_Z[hB +WBI+ ﬁ]"’hﬂL} glJL+4C4Z dse™"™ Tx
O p=1UI'>N" ">

9 2
G B/ gispavitey-pireietye, | CUCIE) migyamitp,-po=/ o

vﬂpﬂj P V pﬂa

2
C‘”,(Z/E ) —lﬂps i(Bp— IQJ)Z/"5 Ve CLW(Z/E ) lﬂp5+i(ﬂp_BL)z/€2V§lJp

_l’_
VBoBs L JBuBL

We are almost ready to apply the diffusion approximation theorem [11, Theorem 6.5], to obtain E {V;fl J L}

(C.8)

in the limit e — 0. We need to do one more step, and write (C.6) as a system of differential equations for
vector V& € R2N 4, with components

V(ELfl)NE'Jr(Jfl)NQJr(lfl)NJrj = ReV?lJL? VJ%4+(L71)N3+(,]71)N2+(l71)N+j = ImV?lJL' (C.9)
Equations (C.6) become

%VE = é]—' (v(,2/€%), 2/ VE+ G [v(-, 2/€%),2/e*] V7, (C.10)

with matrices F,G € R2V"¥2N" following obviously from (C.7) and (C.8).
We obtain from [11, Theorem 6.5] that as ¢ — 0, V¢ converges in distribution to the diffusion Markov
process V with generator QQ given by

Qep(v) = Zh_r)nOO = / ds/ dzE{F(v(-,0),s)v -V [F(v(-z2),s+ 2)v-Vyo(V)]} +
17
Zlgr;o 7/0 dsE{G(v(-,0),s)v - Vyeo(v)}, (C.11)

for an arbitrary smooth function ¢. To get the limit of E {VJ

of Q on ¢(v) = vy and p(v) = v,y N4, where ¢ = (L — 1)N? 4+ (J — 1)N? + (I — 1)N + j. Then, the result
follows from Kolmogorov’s backward equation [7].

E-UL} as € — 0, it suffices to compute the action

We obtain after tedious but straightforward calculations that

lim B {V5;.} = Vigr(w, h, b, @,&, 2), (C.12)

e—0

where

0
EvleL [i (B} + @B + &' By + W' BL) + Qjusr] Vi — (1 — 5JL)FJLVLZJJ

(1-— 5JL)FJ1 VgL + 615 Z F( )V opJ L+ 074 Z F( )VplpL +

p#£j,p=1 p#£j,p=1
oL Z F Vjp]p—l—(S]L Z F(C)lepp (C.13)
p#l.p=1 p#J.p=1
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for z > 0, and
rf}g - r§}> - P§1L> +5 (F(S) + F(S) rl(f) - r“’) T (C.14)

The initial conditions at z = 0 are

leJL(wuhahlaajudlaz = O) = 5jm5ln5JM6L./\/' (015)
Proposition D.1 follows now easily from (C.13)-(C.15). O
Appendix D. Proof of Proposition 6.4. We need the following result:

PropPOSITION D.1. Consider arbitrary indezes j,1,I',n,n' =1,... N(w). As e — 0, we have

2(5 +h o 2(5— h _ 25 +h 20 — h
E{ ﬁ(w+a(“72),z T%, w—¥,z Tz, w—%,Z s, w+5(“72>,z =

e~ @B 2y (w0, 0,8 h, Z), (D.1)

where {Vjjaq}; o1 n(w) @4 Vidia}jze-1, Ny Satisfy the closed system of equations

%ijqqzi[(w+w>(5 +By) + (

Z P(C) Vipgq — quq Z F Vijpp ijqq)+

) (5 ﬁ )} Jjjaq P;Z) [qujq + quqj] +

p#j,p=1 p#q,p=1
N N
Sig | Y T8 Vs — Vigis) + > L' Wipip = Visis) |+ Ga=1,-..N(wo),
p#j,p=1 p#£j,p=1
0 . w —I— o' (c)
%qujq =1 (B + Bg) + h(ﬂ B Viaia — Tjq Vijaq + Vaasil +
N N
Z F;f)i’) (Voapa — Vigja) + Z Féf} Vipip = Vigja) » J#q
p#j,p=1 p#q,p=1

for z >0, and initial conditions

0) - ]léjl’ 5qn5qn’
) 0;10q10jnOgn - (D'2)

The proof is in Appendix C. Note that the initial conditions (D.2) are identically zero unless ,1’, n,n’
satisfy one of the following conditions

=1 and n=n, (D.3)

This means that of all moments (D.1), only those with these indexes are not zero. Note also that in
Proposition D.1 and in Appendix C we suppressed the initial condition notation in V;;;;. We restore it now
by writing
w
Vijii ~ V]]]Zn :
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We obtain from (6.20), Lemma 5.2 and Proposition D.1 that
3(2-0) Cdh (P do [P D s ~
i (@+0")(Z2—¢)Bj(wo) h o+ h
VG /B27T/Q27T/Q27T/Q27T fB< T2 (w+ >>X
I5 < ( )> /B <h (w +h)) /B (

N(wo) 7 7
Z %¢l ($*)¢l’ ($*)¢n ($*)¢n/ (‘T*)]:ll’nn/ (Wo + Eghv w, ‘D/7 h)

L' nn'=1

where

Fitrmm (w, 0, h) = e 2B (56,0 + (1 — 1) S1 Gy VZ;}" ( ,@,& b, Z) -

e 1@+ 20, 61,6, W (0,0, 2)W " (w0, &, Z). (D.5)

J

The expression of the variance becomes

£3(2—0) e s e
V(¢ ) = /B%/Q%/Q%/sz (@+3")¢B( )fB<h+ 5 (w+h)>><
2—0 _ — 2 & _
fB( ( ))fB(h—€2 (@I+h))f3(h+g2 ((:J/—h)>><
N(wo)

>, Al “’")m D) [V + (1= 8V = W (0,2, 2)W," (00,6, 2)] - (D6)

3339 3337
l,n=1

where the arguments of VJ”J%‘ and V;;‘Jl;‘ are (wo,(b,(b’,iNL, Z). The expectation of R((,j) is computed in

Proposition 6.1, and we rewrite it here as

2(2 o) do ~ e2 — £2 o,
EIR ~ = h4 5 h— —& ) e85 (wo)
|E{R(C,5)} /B2W/Q27TfB(+2W)fB( 2w)e 1ol
2
N(WO)
Bi(wo) o !
3 T )¢l( IW (we,@,2)] (D.7)
1=1 IV
Now, let us recall from (5.29) that as Z increases,
7 7a0) ~ 1 108 (wo)Z—@202Z/2
W (wo, @, Z) — N(wo)e (wo) /2, (D.8)
It is difficult to get an explicit limit of VJ”J J’;" for arbitrary values of E, @ and &’. Their maximum is attained
at h =@ =& =0, where we have from [11, section 20.9.3] that
2
ui
0,0,0,0, 7 , D.9
Vijij (@ )= N(wo) [N(wo) + 1] (D.9)
1
lnn
0,0,0,0,7 , L#n, D.10
VJJJJ (W ) — N(wo) [N(wo) + 1] 7& n ( )
nin 1
Vi (w,,0,0,0, Z) — 1 #mn. (D.11)

N(wo) [N (wo) + 1]

Using these results and writing the probabilistic representation® of the transport equations obtained by
taking the Fourier transform over (& + @’)/2 and (& — @’)/2 in Proposition D.1, for h = (&0 — &’)/2, we can

§The probabilistic representation is obtained with a procedure similar to that in [11, section 20.6.2], but for a jump Markov
process {Jz,Q:}.>0 with state space in [1,... N(wo)] X [1,... N(wo)], and with generator given by the right hand side of the
equations in Proposition D.1.
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also obtain that

il (wo,a),a)’,ﬁ _C _2“/) s VIR (10,0, 0) @+ (o) 2= (27 +(@)?) 0l 22,
The choice h = (@ — @")/2 simplifies the problem in Proposition D.1, because we can set by symmetry
Vjaia = Vijqq- The equations are much harder to analyze in the remaining cases, but we observe with direct
numerical computations, which solve the system of equations in Proposition D.1, that VJ”J’;? and VJZ?JZ? remain
of the same order as W;“Wj").

Let us look closer at the sum in (D.6) and estimate it at h = @ = @' = 0. We have that as Z grows, this

sum approaches

2 2

N
Bl 2 -11 Bl
N(N +1) ;ﬁj‘bl(“@* N2 Z ¢l z) N+1N2 Z ¢l )
whereas the sum in (D.7) satisfies
N(wo) () N ﬂ
1
W We, 0 =0,7) — —
e w2

That is, the sum in (D.6) is a factor of (N — 1)/(IN + 1) = 1 of the sum in (D.7), in the vicinity of
h=&=3a& = 0, where the terms attain their maximum. Therefore, we cannot expect a small ratio
V/|E{R}|?, unless we are in a broad band regime with o < 2.

For o < 2 we can approximate (D.6) as

N(w,)

3(2 G’)Q ) B (wo
v@J)m—TEr—/ & Pl |4§:‘%“‘3w)@ ¢2%./92W/Q§;

—i(O+a" " (wo dh llnn Inin (D ~, 117 (n) ~,
e~ H@+E)CB( ){/Q 50 Vil + (1= 6m) V57| = W (wo, @, Z)W;™ (w0, &', Z) (D.12)

and (D.7) as
Nl Mmm%mm
BRE ~ | [ & > Bl sl
Q g~ g~
d AD oo () o
/‘ﬁ/"iWWW%WWW%&@WR%%@, (D.13)
—Q 27T el 27T J J
where

B R 2 B —~
V dh|fB(h)|2] < 23/ dh|fs(h)|*
-B —B

by the Cauchy Schwartz inequality. We conclude by comparing these expressions and the fact that Vinn»

3933
and V" are of similar magnitude to W(Z)W(n) that

vie) (e
max<|E{R<<,j>}|2‘O( ) (D14

as stated in Proposition 6.4. [J
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