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Abstract

We consider imaging with passive arrays of sensors using as illumination ambient noise
sources. The first step for imaging under such circumstances is the computation of the cross
correlations of the recorded signals, which have attracted a lot of attention recently because of
their numerous applications in seismic imaging, volcano monitoring, and petroleum prospect-
ing. Here, we use these cross correlations for imaging reflectors with travel-time migration.
While the resolution of the image obtained this way has been studied in detail, an analysis
of the signal-to-noise ratio (SNR) is presented in this paper along with numerical simulations
that support the theoretical results. It is shown that the SNR of the image inherits the SNR
of the computed cross correlations and therefore it is proportional to the square root of the
bandwidth of the noise sources times the recording time. Moreover, the SNR of the image
is proportional to the array size. This means that the image can be stabilized by increasing
the size of the array when the recorded signals are not of long duration, which is important
in applications such as non-destructive testing.

Key words:Correlation-based imaging, noise sources, resolution analysis, signal-to-noise ratio.

1 Introduction

We consider passive array imaging using as illumination ambient noise sources. We compute the
cross correlations of the signals recorded at the array of sensors and form an image by backprop-
agating or migrating them to a region of interest containing reflectors. In this paper we assess
the quality of such images in terms of several parameters that affect it. There are two types of
analyses that must be carried out. The first one is a resolution analysis of the imaging functional
[11] and the second is an analysis of the signal-to-noise ratio (SNR), which is done in this paper.
Our main result is that the SNR of the image is proportional Ngy/BT for an array of N sensors
placed at a distance of half a central wavelength or more, with B the bandwidth of the noise
sources and T the recording time. The analysis and the numerical simulations are carried out in
two space dimensions but the result is the same in three dimensions. This result is interesting
and perhaps unexpected because of the linear increase of the SNR of the image with the number
of sensors, which can be closely spaced. Thus, when recording times are not very long, as may
be the case in non-destructive testing, the stability of the image (its SNR) can be improved by
increasing the size of the array.

Passive correlation-based imaging exploits the fact that information about the Green’s function
in the background medium can be obtained from cross-correlations of noise signals. This was first
shown experimentally in [20] where the authors observed that the Green’s function in a closed
cavity can be retrieved from passive noise recordings due to thermal noise. The analysis in [20]
is based on the modal expansion of the displacement field. Another theoretical explanation of
this phenomenon was given in [16] using stationary phase analysis. The precise result is that the
derivative of the cross-correlations of the recorded signals equals the symmetrized Green’s function
between the sensors. This can be obtained in open systems using the Helmholtz-Kirchhoff identity
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Figure 1: Schematic of passive array imaging with ambient noise sources: the grey regon is the
spatial support of the noise sources, the triangles are the sensors, and the square is the reflector.

[10, 19], provided that the noise sources surround the region of interest. In the case of closed
systems, i.e., cavities, the sources can be spatially localized provided the cavity is ergodic [1, 6].
The first application of these ideas to imaging was in helioseismology [7] and, more recently, in
passive seismic imaging of the surface velocity of the earth [13, 15]. Other potential applications
include volcano monitoring, petroleum prospecting, and structural health monitoring [17, 5, 18]. In
this paper, motivated by applications in structural health monitoring, we study theoretically and
numerically the quality of the image obtained by migrating cross correlations of noise recordings
with a passive array of sensors. A schematic of the source, array and reflector configuration is
shown on Figure 1. The support of the ambient noise sources is limited to the grey region on
the left of the image. The sources could either be natural noise sources (air, vibrations, etc)
or controlled ultrasonic sources generating noise signals on the surface of the structure under
investigation. The array of passive sensors is depicted by triangles in Figure 1 and is assumed to
be embedded in the structure. The black square represents a defect (hole, crack, etc) that we wish
to detect and image. The parameters used in our numerical simulations are given in section 5 and
are chosen to be close to the experimental ones reported in [14], where the monitoring of aircraft
fuselage and wing structures is considered.

Reflector imaging with ambient noise sources was first considered in [10] where it was shown that
it can be done by migrating cross-correlations of recorded signals. We refer also to [12] for an
experimental demonstration of passive correlation-based imaging of a buried scatterer. For the
configuration of Figure 1, stationary phase analysis shows that the cross-correlation of the signals
recorded at a pair of sensors has a peak at the sum of the travel times between the sensors and
the scatterer [10]. This is the same as for usual active array imaging and therefore the Rayleigh
resolution limits are valid [4]. This means that the cross range resolution for a linear sensor array
with aperture a is given by AL,/a. Here L, is the distance between the sensor array and the
reflector and X is the central wavelength. The range resolution for broadband noise sources is
given by co B~! where cg is the speed of propagation and B is the bandwidth of the noise sources.
This paper is organized as follows. Using the wave equation, we formulate in Section 2 wave
propagation with noise sources and state the basic properties of cross correlations between signals
recorded at different sensors in Section 3. The imaging problem is presented in Section 4 where we
also recall briefly the resolution analysis. We carry out in detail the signal-to-noise ratio analysis
of the image. Our numerical results presented in Section 5 are in very good agreement with the
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theory, illustrating both the imaging resolution limits and the SNR analysis.

2 Acoustic wave model with noise sources
To model wave propagation phenomena we consider the linear acoustic wave equation

1 Q*u(t,z) . _
@ ae 4@Vt 2) = n(t @), (1)

in two dimensions, « = (x, z), in a medium with p(x) = 1 and p(x) given by

(@) = cola)2. (2)

Here u(t, ) is the displacement field and ¢q() is the smooth and known speed of sound in the
background medium. In most of our simulations we assume that the propagation medium is
homogeneous and therefore the velocity cg is constant. In (1) n(¢, ) models the noise sources. It
is a zero-mean stationary (in time) random process with correlation function

E {n(tl, :cl)n(tg, :Eg)} = F(fl - tg)K($1)5((I}1 — .’132). (3)

The process n is delta-correlated in space and K characterizes the spatial support of the sources.
The time distribution of the noise is characterized by the correlation function F(¢; — t2). The
Fourier transform of F

F(w) = / F(t)e™tdt

is the power spectral density of the noise sources. The details of how we simulate the noise source
n(t,x) are given in Appendix A.

The solution of (1) in a homogeneous medium can be expressed in terms of the time-harmonic
Green’s function for the wave equation which in the two-dimensional case is given by

Clw.m.y) = LHY (T (@,9)). (@)

where T (x,y) = |z — y|/co is the travel time between points  and y and Ho(l) is the Hankel
function of first type and zero order.

3 Cross correlations of noise signals

Let u(t, 1) and u(t, x2) be the solution of equation (1) at &1 and x5 the locations of two sensors.
The quantity that we compute in practice is the empirical cross correlation of these two signals
over the time interval [0, 7] with time lag 7,

1 T
Crranes) =1 [ utteutt + ran, o)
0

Note that C'r being a convolution it can be efficiently computed using the Discrete Fourier Trans-
form as we explain in Appendix B. What is important for imaging is that the empirical cross
correlation Cr is a statistically stable quantity, in the sense that for a large integration time 7T it
is independent of the realization of the noise sources. More precisely, we have the following results
(the first two items are proved in [10]).

1. The expectation of the empirical cross correlation Cr (with respect to the distribution of the
sources) is independent of T":

(Cp(T, @y, 22)) = CV (1,21, x5), (6)
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where the statistical cross correlation C(!) is given by

i D(w, @1, 22)F(w)e ™ dw, (7)

C(l)(7—7x17w2)
D(w,z,2) = / G(w @1, 9)C(w, @2, 9) K (y)dy, (8)

and G(w,,y) is the time-harmonic Green’s function given by (4) when the medium is homoge-
neous.
2. The empirical cross correlation Cr is a self-averaging quantity:

Cr(r,z1,22) =y CW (1,1, z2), 9)

in probability with respect to the distribution of the sources.
3. If the noise sources have Gaussian statistics, then the covariance of the empirical cross corre-
lation Cr is:

COV(CT T, @1, ®2), Or(7', @3, T4))

=57 /D (w, 1, 23)D(w, wg,w4)lﬁ‘(w)2e*i“(7/77)dw

wa,:c ﬁww,w F 2_’”(T+7)dw 10
torr [ Dlorar,20)Dlo,za 2 Ew) (10)
when BT > 1 (here B is the bandwidth of the noise sources, i.e. the width of the power spectral
density ). Therefore errors may occur when the averaging time is not sufficient to ensure that time
averages approximate statistical mean values. The signal-to-noise ratio of the cross correlation is
proportional to /7. This error will propagate in migration formula in reflector imaging.

4 Passive sensor imaging with cross correlations

In this section, we assume that the background medium is homogeneous or smoothly varying and
that there is a point reflector embedded in the medium at z,.. We consider an array of Ny passive
sensors located at (x;)1<j<ng. The recorded signals are denoted by u(t, ;) for 1 < j < Ng.

We consider here the configuration where the noise sources are spatially localized and the sensors
are located between the sources and the reflectors (see Figure 1). This configuration is called
daylight and for this case the high-frequency analysis carried out in Appendix C shows that there
is a peak in the cross correlation between the receivers x; and x; at the sum of travel times
between x; and z, and between x; and z,. Using this result, the appropriate imaging functional
migrates the array data with the sum of travel times to the search point z:

Z Or(T(z,21) + T (2, ;), x5, %) (11)

7,l=1

4.1 Resolution analysis

We consider here the behavior of the mean of the imaging functional Z”. Note that the empirical
imaging functionals are equal to their means when the integration time T is very long so that
Cr =00,

The resolution analysis of the daylight imaging functional is carried out in [11] when there is
a point reflector at z,. The cross range resolution for a linear sensor array with aperture a is
given by AL,/a. Here L, is the distance between the sensor array and the reflector and \ is the
central wavelength. The range resolution for broadband noise sources is equal to cgB~! where B
is the bandwidth of the noise sources (i.e. the width of the function ). The range resolution for
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narrowband noise sources is AL?/a%. The peak of the imaging functional is obtained at z = z,.
It is independent of 7" and the peak amplitude is proportional to N3 in terms of the number of
receivers N and proportional to [ F(w)dw in terms of the power spectral density [11].

The resolution analysis [11] shows that the results obtained in the case of noise sources are basically
the same as the ones obtained for array imaging with deterministic sources [3, 2] always under the
hypothesis that the integration time T is long enough.

4.2 Fluctuation analysis

Here we consider the behavior of the variance of the imaging functional ZP. This means that we
study the fluctuations of Z° when the integration time 7" is not long enough to ensure the validity
of the self-averaging relation Cp = C'(1),

When migrating the cross correlations, the fluctuations come from Cr — C™") and we have

Nr
Var(ZP(z)) = Y Cov(Cr(T(z, )+ T(z,x;),xj, 1),

g =1

OT(T(szl’) + T(Z, wj')a Scj’awl’))

¢

Nr
Z Cov(Cro(T(z, @) + T(z,;), z;,2),

g, V=1
CT,()(T(Z, acl/) + T(Z, Zlij/)7 T, azl/)),

where Cr is the cross correlation of the signals recorded when there is no reflector. The last
approximate equality comes from the fact that the fluctuations of the cross correlations due to the
finite integration time are dominated by the contributions of the waves that have not interacted
with the reflector (the waves scattered by the reflector are much weaker in our regime). Using
(10) we find

Var(ZP(z)) = Vi + Vir, (12)
1 i
R T 2 iw[T (z,@)—T (z,2;)] 13 .
Vi = 27T F(w) [ Z € l D(w,wl,m])}
7,l=1
Ngr
% |: Z e*iW[T(val)*T(Z’mj)]ﬁ(w,:Bl, 33]):| dw, (13)
=1
Vo= L ]P“( )2 % iw[T(z,wz)+T(Zamj)]b( ) 2d (14)
II_Qﬂ'T v il 16 W#El’w] -
=

In order to estimate the order of magnitude of the variance, we assume from now an ideal situation
in which the noise sources surround the region of interest and they cover the surface of a large
ball Q that contains the reflector and the array. We will discuss later on (both with theoretical
and numerical arguments) the robusteness of the results. In this ideal situation we can use the
Helmholtz-Kirchhoff identity:

A w = . A
Im(G(w,wbwj)) = . G(w, 1, y)G(w, zj,y)dS(y),
o0
which is an asymptotic identity valid when the radius of the ball €2 goes to infinity and which

follows from the second Green’s identity and the Sommerfeld radiation condition [10]. We get

V= C% F(W)Q‘ Nr eiw[T(z,acl)—T(z,a:j)]lm(é(w " w)) ’2dw (15)
T=onT | w2 JZJ:I XL )

Ve = Cg F(UJ)Q |: Ngr eiw[T(z,ml)—O—T(z,mj)]lm(é(w - 1;)):|2dw (16)
= orr | w2 2 et

jl=1
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If the medium is homogeneous, then
A 1
m(G(w, x;, ;) = ZJO(WT(:B[,(BJ'))7

where Jj is the zero-order Bessel function. In the following we carry out calculations in two cases
and then we discuss the main results.

Case 1 If the distance between sensors is larger than the wavelength, then only the diagonal
terms j = [ contribute in the expressions of V; and Vj;, which gives

2 N2 n 2
~ w0 _CONR F(w)
Vi = 327TT / w2 ‘Z ‘ 39T / 2 (17)

C
Vir= 5o /

which is smaller than V;. More precisely,

(18)

Ng

c? 2
sz[T(z z;)—T(z,2z;)] ) N
Vi =~ 397 T lel / w2 J dw = 16T leZI v (2[T(z, x;) —T(z, :Bl)]),

where ¥ is the inverse Fourier transform of w — F(w)?/w?, whose width is of the order of the
bandwidth B. If distance between sensors is larger than ¢/B, then only the diagonal terms j =1
contribute to the double sum and we find

2 in 2
CONR IF((U)
Vi~ . 1
1 327rT/ 2 W 19)

Case 2 If the array is dense (i.e. the distance between sensors is smaller than the wavelength)
and occupies the line [—a, a], the search point z is at distance L with L > a > A, then

Nrgr

S ) T i (G, 7)) > o /_a/_a S g o‘x_dexdy

J,l=1
/ a-lsl/z ., ( ||)
ds/ due co L Jo(—
1602 arisl/2

R

N2 [lsin 2wa® (1 _ 5 2

~ —R/ ( waQ( ))Jo(ﬂs)ds
4 0 (,gLS €o

~ Nico _ NpA

T daw 8w a’

since wa?/(Ley) < wa/cy, wa/co > 1, and [~ Jo(s)ds = 1. This gives for noise sources with a
power spectral density centered at A:

2 n74 2 " 2
cgNp A /F(w)
~ — di 2
Vs fgmra | w2 (20)
V[I ~ 0. (21)

This formula is in continuation of the discrete case: if we (formally) apply it to the case of a linear

array sampled at \/2, i.e. 2a = NrA/2, then one finds V; ~ g‘;ﬁ% F(w“g)z dw which has the same
order of magnitude as (17).
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4.3 Signal-to-noise ratio analysis

Here we assume that the bandwidth B of the noise sources is smaller than their central frequency
wp, or we assume that the noise sources are broadband but we filter the recorded signals to keep
only the frequency components in a band centered at wy with width B. Then, in terms of the
bandwidth, the peak amplitude (that is proportional to [ IF’(w)doJ) is proportional to B, and the
variance of the fluctuations (that is proportional to f F(;—Q)de) is proportional to B as well.

The previous results show that, when the receiver arrays are sampled at more than half-a-
wavelength apart, then the variance of the daylight imaging functional is proportional to N3B/T,
while the peak amplitude is proportional to N3B (and independent of T'). Therefore the signal-

to-noise ratio defined by
<ID (zr)>

SNRP = ————~/__ (22)
Var(ID(z))1/2
is proportional to
SNRP ~ NpVBT. (23)

When the receiver arrays are densely sampled, then the variance of the daylight imaging functional
is proportional to NA(A/a)?B/T, and therefore the signal-to-noise ratio is proportional to

SNRP ~ VBT (a/\). (24)

4.4 Robustness of the results

Here we discuss the robustness of the results with respect to different kinds of perturbations:

- addititive measurement noise: the method is very robust to additive measurement noise as it is
based on the processing of the cross correlations of the recorded signals, and the calculations of
the cross correlations naturally eliminate the additive noises which are uncorrelated for different
receivers.

- source distribution: in the previous subsections the analysis is carried out with the hypothesis
that the sources surround the region of interest and cover the surface of a ball. This allows us to
apply the Helmholtz-Kirchhoff identity which considerably simplifies the analysis. However this
hypothesis is not necessary for the results to be true. In the case of spatially localized source
distributions, one can use other approaches such as a high-frequency analysis and the application
of stationary phase arguments [10]. Furthermore the forthcoming sections will present results from
numerical simulations in the configuration of Figure 1, in which the sources are indeed spatially
localized.

- medium noise: we assume in this paper that the background medium is known. It turns out that
the method is sensitive to the knowledge of the background medium, in the same way as Kirchhoff
migration with active array data is. It is necessary to know the travel times between receivers and
search points with an accuracy of the order of the wavelength, otherwise the main peak can be
blurred and/or shifted.

5 Numerical simulations

In our numerical simulations, we solve the wave equation (1) with the source term

Ns
n(tz) =S g(@ — 2,)f(t). (25)

The signals (f5(t))1<s<ns emitted by the point sources are independent and identically distributed
stationary signals as described in Appendix A with the power spectral density F(w) given by

F(w) = exp ( - (w_Bi;JO)Q) + exp ( - (60-537?0)2)7 (26)
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where wy is the central angular frequency and B is the bandwidth. Our numerical setup is shown
on Figure 1. Our simulation parameters are chosen to be close to the experimental values reported
in [14] where the problem of monitoring aircraft fuselage and wing structures was considered. The
spatial support of the ambient noise sources is limited in the grey region on the left of the image
and the sensors are denoted by triangles and are assumed to be embedded in the structure under
control. The black square represents a defect (hole, crack, etc) that we wish to detect and image.
In (26), wo = 27 fy and B = 27Afy with fo = 500kHz and Afy = 106 kHz. The function g is
Gaussian

g(x) = Bexp (—alz|?),

with a = —In(107%)/r%, 8 = \/a/m, r = A/2, and ) is the wavelength associated with the central
frequency fo. The speed of propagation is ¢g = 3km/s so that the wavelength A\ = ¢y/ fo is equal
to 6 mm.

To solve the wave equation (1) we use the code Montjoie (http://montjoie.gforge.inria.fr/).
Montjoie is designed for the efficient solution of time-domain and time-harmonic linear partial
differential equations using high-order finite element methods. This code is mainly written for
quadrilateral/hexahedral finite elements, partial implementations of triangular/tetrahedral ele-
ments are provided. The equations solved by this code, come from the “wave propagation”
problems, particularly acoustic, electromagnetic, aeroacoustic, elastodynamic problems. For the
numerical examples considered in this paper we solve (1) in time domain using 7th order finite
elements in space and 4th order finite differences in time.

We added the computation of cross-correlations and imaging functionals in Montjoie. For the
Fourier transform, we use GSL Fourier transform [9] and/or FEFTW [8], depending on what is
installed (these two libraries are interfaced in Montjoie, so that the user does not have to code
depending on the library he uses).

The numerical setup for the daylight test case configuration is shown on Figure 1. We analyze in
this subsection the signal-to-noise ratio (SNR) of the daylight imaging functional as a function of
the number of receivers Ng, the recording time 7', and the bandwidth B.

The considered domain is the rectangle [0,50A] x [—15A,15A], with a square hole located at
[44X,46A] x [=A, A]. The noise sources are made of Ng = 200 point sources located at (€s)1<s<Ngs
which is a collection of random points belonging to [0,4A] X [-15), 15)]. We use Ni = 61 receivers
x; located at (5, (j —31)A/2), for j € {1,..., Ng}.

To give a quantitative result on the image of the scatterer, we compute in this section the signal-
to-noise ratio (SNR) as follows. Let ZP(z) be the averaged absolute value of the image over a
square of size 2\ x 2\ centered at z. The SNR is computed as

ﬁ(z*)

SNR = —————
max,,+ L (2)

; (27)

where z* is the point where the image admits its maximal value and z # z* means that squares
of size 2\ x 2\ centered at z and z* do not intersect.

SNR versus number of receivers We put on Table 1 measured SNRs for different configura-
tions of receivers, and we plot the associated daylight images on Figures 2 and 4.

The results in Table 1 and the images on Figure 2 show that the role of the number of receivers
is twofold. First, as predicted by the resolution analysis, the cross-range resolution improves
by increasing the number of receivers, because this also means that the receiver array diameter
increases. This is illustrated in Figure 2 by the focal spot on the scatterer that becomes tighter
and gives a more accurate estimate of its size. At the same time, increasing Ny improves the
SNR of the image, i.e., the amplitude of the ghosts in the image decreases, as predicted by the
theoretical formula (23).

The results in Table 1 and the images on Figure 4 allow us to distinguish the two effects, cross-
range resolution enhancement and SNR reduction. Indeed they show that reducing the spacing
between receivers while fixing the number of receivers does not modify the SNR (provided the
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Figure 2: Daylight imaging with 200 sources. The distance between two consecutive receivers is
d = A/2. The recording time is 7' = 480 us. The number of receivers is Ng.

distance between receivers remains larger than half-a-wavelength), as predicted by the theoretical
formula (23), but it does reduce the cross-range resolution, since the array diameter decays.

Configuration of receivers | SNR
20 receivers, 6 = \/2 1.74

30 receivers, 6 = A/2 2.52

40 receivers, § = \/2 3.06

50 receivers, 6 = \/2 3.67

60 receivers, 6 = \/2 4.31

20 receivers, d = A 1.79

30 receivers, § = A 2.37

Table 1: Configurations and SNRs. The recording time is T = 480 us. The spacing between
receivers is d.

We have also computed the regression equation of the measured SNR versus the number of recievers
and plotted it on Figure 3. The regression equation is

SNR = 0.063Np + 0.54, (28)

with Np the number of receivers. One can see that the SNR does linearly depend on the number
of receivers as predicted by the theory (see Eq. (23)).

Figure 3: Plot of measured SNR versus number of receivers Ng (blue dots) and regression line
(black line). Note that there are two markers at Ng = 20: they correspond to 20 receivers A-apart
from each other, or 20 receivers \/2-apart from each other. The same holds for N = 30. It can
be seen that the SNR does not depend on the spacing between receivers (when it is larger than
A/2), but only on the number of receivers.

We note also that the number of ghosts in the image, i.e., the number of regions where the noise
is high, depends on § (see figures 4(a) and 4(b)). The distance § = A\/2 gives a slightly better
image although this is not reflected at the SNR value as computed by (27).
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Figure 4: Daylight imaging with 200 sources. The recording time is T" = 480 us. There are Np
receivers and the spacing between receivers is §.

SNR versus recording time We put on Table 2 measured SNRs for different recording times
T, and we plot the associated daylight images on Figure 5. We clearly see on Figure 5 that the
quality of the image improves from left to right as the recording time increases. To quantify the
dependence of the SNR on T we also compute the regression equation and we plot it on Figure 6.
Regression equation is

SNR = /0.0029T — 1.9133, (29)

it shows that the SNR does linearly depend on the square root of recording time as predicted by
the theory presented in Subsection 4.2 (see Eq. (23)).

O 10y

|
|
fi Ml
LT

- |
‘ A‘H "llll‘.uw fi " it

:
.

2 i/ I

. Jil
o |

.

.

)

\
“‘M‘ fii ‘ ‘NL || ‘ ”"U
\

& b b b o w

&

3 o 5 50 55 o 0 50 55 s o 5 50 55 s ) 5 50 55

(a) T =1920 us (b) T = 3840 ps (¢) T = 5760 us (d) T = 8640 us

Figure 5: Daylight imaging with 200 sources and 21 receivers. The recording time is T'.

Recording time | SNR
T = 1920 us 1.93
T = 3840 us 3.04
T = 5760 us 3.75
T = 8640 us 4.81

Table 2: Configurations and SNR for 21 receivers and 200 sources. The spacing between receivers is
A/2. Note that here we use a different realization of noise sources compared to the results reported
in Table 1 as for long recording times we considered only 21 receivers to reduce computational
cost.

SNR versus bandwidth We apply here a treatment to the cross correlation in the Fourier do-
main in order to analyze the role of the bandwidth. More exactly we apply a band-pass filter H(f)
to the recorded signals to retain only the frequency components centered at the central frequency
fo = 500kHz with a bandwidth Af: the filter has the form H(f) = 15,—af/2,fo+af/2/(|f])-

We plot on Figure 7 the Fourier transform of w(t, ) for different positions of receivers (we only
plot for the positive frequencies). One can see that the spectrum of the received signal is in the
bandwidth [0, 2fy]. Moreover, we observe that most information is concentrated for 0.5fy < |f| <
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Figure 6: Plot of measured SNR versus recording time T (blue dots) and regression line (black
line). There are 200 sources and 21 receivers. The spacing between receivers is A/2.
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Figure 7: Plot of F (u) (-, z;) versus f/ fo.

1.5fy, so that a band-pass filter with Af > fy plays no role, but a band-pass filter with Af < fj
indeed removes low and high-frequency components.
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Figure 8: Daylight imaging with 200 sources and 61 receivers. The spacing between receivers is
A/2. We filter the data using the band-pass filter H(f) = 1i5,—ar/2,fo+as/2/(|f])-
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As predicted by the theory bandwidth affects both the image resolution and the SNR. The range
resolution is ¢y /B and therefore as the effective bandwidth (here A f) decreases the image becomes
less focused in range. Loss of resolution is also accompanied with loss in SNR and we observe that
the amplitude of the ghosts in the image increases as the bandwidth decreases.

Af | % of signal kept | SNR
fo/24 33.90% 0.333
fo/12 52.17% 0.70
fo/8 61.09% 1.21
o6 73.18% 1.48
o/l 84.83% 1.04
fo/2 98.56% 3.63

7o 100% 431

Table 3: Configurations and SNR for 61 receivers and 200 sources. The spacing between receivers
is 6 = A/2. The recording time is T' = 480 pus.

0 01 02 03 04 05 06 07 08 09 1

Figure 9: Plot of measured SNR (blue dots) as a function of the relative bandwidth Af/fy and
regression (black line). There are 200 sources and 61 receivers. The spacing between receivers is
d = A\/2. The recording time is T' = 480 us.

We plot on Figure 9 the value of the SNR, with respect to the bandwidth Af (blue points) and
the regression equation given by (30) (black line).

SNR = /23.1Af — 0.7402. (30)

SNR does linearly depend on the square root of bandwidth as predicted by the theory proposed
in Subsection 4.2 (see Eq. 23).

Conclusions

In this paper we have considered the problem of imaging by backpropagating or migrating cross-
correlations of passive noise recordings with an array of sensors. Motivated by the application
of structural health monitoring, we have studied an imaging configuration where the sensors are
located between the sources and the reflectors to be imaged (daylight illumination). The quality
of the images obtained was analyzed both in terms of resolution and SNR. Our analysis shows
that the important parameters for imaging are:

1. The number of sensors Nr. Both cross-range resolution and SNR linearly improve with Ng.

2. The bandwidth of the noise sources B. Range resolution improves linearly with B, while the
SNR is proportional to v/B.
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3. The recording time T. The SNR of the cross-correlations, and therefore the SNR of the
image as well, is proportional to v/T.

Our numerical results are in very good agreement with our theoretical analysis.
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A Simulation of the noise source term

In this section, we give a precise sense to the noise sources n(t,x). Given Ng € N*| we take an
independent and identically distributed (i.i.d.) random sequence of Ng points (x;)1<s<ng chosen
uniformly in a given bounded domain €2, and we take an i.i.d. random sequence of Ng functions
in time (fs)1<s<ns- Let g : RY — R be a positive radial decreasing function. We build the noise
source n(t, x) as

Zfs(t)g(w —1133)- (31)

It is then easy to show the following.

Proposition A.1. Assume that the family of functions (fs)i<s<ns Satisfies the following two
relations,

E{fs(t1)fs(t2)} = F(t1 —t2), (32)
E{fs(tl)fs’(t2)} = 07 S, 75 S, (33)

and the points (xs)1<s<ns are chosen independently and uniformly in the bounded domain 2, then
1
B (nftr,an)n(ta 22)) = Flt — ta) gy [ a1~ wlg(e — o), (34)
Q

where || is the volume of Q.

Corollary A.2. In relation (3/), if g = 9§, then relation (3) is satisfied with

Time-dependence of the noise source term Here, we make precise how to build the random
functions fs in (31). To do so we use the classical representation formula for the Fourier transform
of a stationary random signal f,(t) with power spectral density F:

fow) = F@)in, ),

where w () is a real white noise (a Gaussian process with mean zero and delta correlated covariance
function: E{ws(t)ws(t')} = d(t —t')). If the real white noises (ws)1g<s<ne are independent, then
the functions (fs)1<s<nvg satisfy hypotheses (32), (33) of Proposition A.1.
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B Numerical computation of cross-correlations

To implement numerically (5) in an efficient way, we first define @ : R — R the extension of u to
a 2T-periodic function by

_ u(t,z) forte[0,T],
it @) = { 0 for t € [~T,0].

One can see that

1 T
Cr(r, @y, T2) = T/ a(t, 1)Ut + 7, 22)dt. (36)
-7

Assume now that we know u(¢,x1) and u(t, €2) on a finite number N of discretization points ndT,
with 0 < n < N and 6T = N~!T. If we introduce t,, = (n — N)dT, and call @(x),, the value of @
at time ¢, and at point x, using a quadrature formula allows us to rewrite (36) as

IN—
C (:1:1,:1:2 N+k = Z ’l] ocl 1152 j+k- (37)
j=0
Here, for the second index, we take the remaining in {0,...,2N — 1} modulo 2N and we use that

(@) = w(x2)y =0for 0 < k< N.
To compute numerically (37), we use Discrete Fourier Transform (DFT) as defined in the GNU
Scientific Library [9],

2N-1 n
Z Uk exp( 2271'2N) (38)

We apply now the DFT on (Cr(x1,x2)x) and use the fact that @ is real-valued to get,

(=n"
N

F(Cr(wy,22)), = F(a(wy)),, F (a(2)),, - (39)
We implemented the cross correlation computations as a part of Montjoie
(https://gforge.inria.fr/projects/montjoie/). We use the Seldon library
(http://seldon.sourceforge.net/) to deal with the various vectors we have to use. Our choice
of implementing this in Montjoie is due to the fact that numerical simulations of section 5 have
been done using this code. We use OpenMP (http://openmp.org/wp/) for parallelization of the
program.

We have implemented both formulas (37) and (39), the first implementation is to check the validity
of the second one.

C Passive sensor imaging

In this appendix we carry out the analysis of the statistical cross correlation C'") when the back-
ground medium is homogeneous with background speed ¢y and there is a point reflector at z,. If we
assume that the reflector is weak and small, then we can use the point interaction approximation
for the Green’s function [11]:

2
G, (w, :c,y) = é(w,a},y) + %orlfé’(w, x, zr)é(w,zr, y) (40)
0

Here G is the Green’s function (1) of the background medium, that is, in the absence of reflector,
o, is the reflectivity of the point reflector, and I2 is the effectlve scattering volume. The statistical
cross correlation is given by

C(l)(T, ml,xg) = C(()l)(T,wl, 582) + Cr(l)(T, 1131,%2), (41)


https://gforge.inria.fr/projects/montjoie/
http://seldon.sourceforge.net/
http://openmp.org/wp/
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where C’él) is the statistical cross correlation in the absence of the reflector, that is, equation (7)

with the background Green’s function (4). V) contains the additional terms due to the presence
of the reflector:

Oy
2

2 _
CH(r,21,20) = cr2 //dydwK(y)ng(w)G(w,wl,y)G(w,azg,zr)
0

—iwT

x@(w,zr,y)e

2 _
Urlr2 // dydwK (y)w’F(w)G (w, z1, 2 )
2meg

G(w, 2, y)

xé(w,asg,y)e_“‘”, (42)

+

where we have retained only the terms of order O(c,l2) consistently with the Born or lowest order
scattering approximation.

In the high-frequency regime, that is, when the coherence time of the noise sources is smaller
than the typical travel times, the statistical cross correlation has peaks at specific lag times that
can be used for imaging. More exactly, the stationary phase analysis of C(()l) shows that this
cross correlation has a peak at the inter-sensor travel time T (x1,a2) [10]. The stationary phase
analysis of C’r(l) when the noise sources are spatially localized and the sensors are between the
sources and the reflectors (daylight illumination) shows that the singular components of the cross

correlation Cr(l) are concentrated at lag times equal to (plus or minus) the sum of travel times

T(w27 zr) + T(wl, Zr)~

Proposition C.1.

In the daylight illumination configuration, in the high-frequency regime, the cross correlation
Cﬁl) has two singular contributions at lag times equal to plus or minus the sum of travel times
T(xa,z:) + T (21, 2:). The peak centered at plus the sum of travel times has the form:

2
oyl Kg, 2,

167T |zr —wl‘%|zr —;1;2|%

Cr(l)(TathQ) =

F(r — [T (22, 2) + T (21, 2)]), (43)

where Ky , is the power released by the noise sources along the ray starting from x with the
direction of z — x:

Kos = /OOO K(az + %l)dl. (44)

The peak centered at minus the sum of travel times has the form:

2
orl; Ka, 2,

_1671' |zr —mﬂ%‘zr —m2|%

Cr(l)(ﬂichwz) =

F(T + [T (x2, 2) + T (1, zr)]). (45)

Note that Ky, », is not zero only if the ray going from 2, to x; extends into the source region,
which is the daylight illumination configuration.

Proof C.2. We consider the high-frequency regime in which F(7) = F(7/e) where ¢ is a small
parameter that characterizes the ratio between the coherence time of the noise sources and the
typical travel time. We consider the first term in the right-hand-side of (42):

arlf L =W AW
Cf,ll)(T7w1?$2) = 2770262/ dydwK(y)wQF(w)G(g,ml,y>G(g,w2,zr)
0
~ W _jer
xG(g,zr,y>e .

We use the asymptotic behavior of the Hankel function

1
m>1 22

Hél)(r) =~ T3 exp (ir—i%),
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which gives

12 in/4 AT e 3
05711) (7', T, 1:2) Lll // dydw w?2 (W) (y) 61;77)(1/)7
25 m3cier ly — z1||y — z:||z: — x2]]

Nl

where the rapid phase is
To(y) = =Ty, x1) + T (y, zr) + T (2, x2) —
The dominant contribution comes from the stationary points (w,y) that satisfy
Vy(wTo(y)) =0,  0u(wTo(y)) =0,
which reads
VyT(y,®1) =VyT(y,2),  7=-Ty,z1) +T (Y, 2)+7T(z z2)

The first condition imposes that @1 and z, are on the same ray issued from y. The second
condition then reads 7 = £7 (z,, 1) + T (2r, ®2), with the sign + (resp. —) if y — 1 — 2, (resp.
Yy — z; — x1). For the daylight illumination configuration we have y — ;1 — z,. Using the
change of variable y € R? — (s,u) € Rt x R,

y=x + |z — z|(ser + séueg),

with e; = (1 —2;)/|1— 2| and e3 L ey, and the parametrization 7 = T (@1, 2:) + T (x2, 2;) +&71,
we find

|T1 — 2| o 2
= -y — O ,
To(y) 52005(14—5)” et + 0(e7)
and therefore
rl2 — ~r ;
C(ll)(T 1, x2) 05 5 //d dw K@ + |:c1 z ‘Slel)e_””l,
2T — @] 72|z — @2

where we have used the identity

w2 o
/e_ITdu =\2me ‘%,

The second term in (42) can be addressed in the same way, which gives the desired result.
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