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ABSTRACT
The time-reversal imaging with multiple signal classifioat
(MUSIC) method for the location of point targets was first & *
proposed by Devaney et al. In this contribution, a recursive 2 ® Largets
time-reversal MUSIC algorithm is proposed in order to im- %§ P
prove the detection and the location of close targets. The e Py

considered approach is based on the recursively applied and
projected (RAP) MUSIC method which was first introduced
for magnetoencephalographic (MEG) data processing.

1 INTRODUCTION Figure 1: Experimental setup.

Time-Reversal (TR) imaging for target detection based on
multiple signal classification (MUSIC) method was proposedsensors (used as emitter) are considered small relativeto t
in [1, 2, 3]. This technique shows its capabilities to detectvavelength so that the incident field can be defined as
and locate point targets (whose size is smaller than the-wave
length). However in some cases this approach is not able to qnc(r) =RG(r,R), (1)
detect close targets.

In this contribution, a time-reversal recursively appliedwhereR is the source excitation ar@is Green's function.
and projected (RAP) MUSIC imaging approach is proposed. |n this contribution, the (distorted wave) Born approx-
Sequential MUSIC algorithms are known to outperform injmation, which leads to neglect the multiple scattering be-
general the classical MUSIC approach when the source sigeen targets, is considered. In this case, the effect of the
nals are highly correlated [6, 8]. The RAP-MUSIC methodtarget on the incident field is considered small so that the to
was first proposed for magnetoencephalographic (MEG) daig field g can be approximated by the incident figfef. In
processing in [6, 7]. The general idea is based on a recursiVfic ase. the total (incideml® plus scatteree®) field, for

prc_)cedure n Wh'c.h each source I found as the global ma 2ach excitation and at a given positigrean be expressed as
imizer of a recursively adjusted cost function. The changes

are made after each source detection by projecting thelsigna M
space away from the subspace spanned by the found sources. diey —
The proposed approach is tested against an electromag- &) WZlG(r, Xon) TG (%X R )& (1), @
netic device, however it can be easily extended to acoustic
applications. _ _ _ whereG is the two-dimensional free-space Green’s function.
The paper is organized as follows. In section 2, the for-  Note that a more exact model formulation through for
ward scattering model and the multistatic matrix are preexample the Foldy-Lax multiple scattering model can also
sented. Section 3 gives an overview of TR imaging withpe considered [4, 5]. But, from previous work on TR MU-
MUSIC and presents the TR imaging method based on RARs|C, the performance of these approaches for target latatio
MUSIC. Some simulations and comments are proposed i8eems to remain unchanged under a Born-approximation or
section 4. Finally, section 5 gives some concluding remarksa non-Born-approximation (multiple scattering) [4]. So we
could also expect not a lot of modifications in our final result
2. PROBLEM STATEMENT using our TR RAP-MUSIC with a ‘Foldy-Lax’ formulation.

2.1 Scattering formulation 22 Timereversal matrix

The considered experimental setup (see figure 1) consists

narr N transceivers (i.e. h antennais an emitter an . . )
an array ol transceivers (i.e. each antennais an emitter a IS defined as the value of the scattered field detected @tthe

areceiver) located &,1 =1,...,N. - . . o
The medium is assumed to be of infinite extent, homogelransceiver (used as receiver) due to the unit excitatioineat
jth transceiver (used as emitter), is given by

neous and characterized by the wavenunkper
The emitters are individually excited and generate an M
) ne , . )
electromagnetic wave"® that illuminatesM point targets of Kij = z G(R, Xm) TnG(Xm: R}), 3)
m=1

‘dﬁ]e N x N] multistatic response matrix, whose entri;

scattering strength,, and located aK,, m=1,...,M. The

©2007 EURASIP 409 EUSIPCO, Poznan 2007



15th European Signal Processing Conference (EUSIPCO 2007), Poznan, Poland, September 3-7, 2007, copyright by EURASIP

then, wherec is the subspace correlation coefficient (see [7]) de-

M fined as
K= z ngmngnv 4)
m=1

ck(r) :subcorr<l'lé gi(r), I‘Ié3 S). (9)
where g7 denotes the transpose gf, which is the N- -t K

dimensional Green function column vector: M+ denotes the orthogonal projector given by

G(Ry, Xm) ~ AH = AH
G(Rz, Xm) ﬂé =1 -Gk 1(G_1Gk-1) Gy, (10)
Om = : : 5) K
G(RN,X{T]) and R i} .
Gk-1=[ga(r1) - 95(rk-1)]- (11)
Finally, the time-reversal matrix is defined as The image of the observed medium (see results presented
in section 4) at iteratiok is obtained by using the pseudo-
T=K'K, (6)  spectrum defined as
. . . 1
where T stands for the adjoint operator. PRAP-MUSIC(1) _ _ (12)
1-c(r)

3. TIME-REVERSAL RAP-MUSIC IMAGING

3.1 Timereversal MUSIC algorithm (overview) P tends towards infinity whem= 1 (the two considered sub-

) . . . i _ spaces have at least a common subspace) and towards 1 when
Time-reversal imaging using MUSIC was first proposed in; _ g (the two subspaces are orthogonal).

[3]. This signal subspace method assumes that the number The process can be stopped when at iterdtimnc-value
N of point targets in the medium is lower than the numberg greater than a given threshaig, i.e. it is not possible to

of transceivers. _ _ detect another target:
The general idea is to localize multiple sources by ex-
ploiting the eigenstructure of the time-reversal matrix. max(c(r)) < G, (13)
r

Performing the SVD on the time-reversal matrix, the
spaceC of voltage vectors applied to thé-transceiver ar-
ray can be decomposed into the direct stim S& B, where
the signal subspacis orthogonal to the noise subsp&:eS
is spanned by the principal eigenvectprof the TR matrix
having nonzero eigenvalues aBds spanned by the eigen-
vectorsy; having zero eigenvalues. 4. SIMULATIONS

Let N be the number of nonzero eigenvalues, i.e. thdn the proposed simulations, a comparison between MU-
estimated number of targets inside the medium. It followsSIC and RAP-MUSIC is proposed for a simple and common
from the orthogonality of the signal and noise subspacés thaetup.
the target locations must correspond to the poles (peaks) in  Note that all the presented image-results are normalized

wherecy, in our simulations, has been fixed to 0.9. This
value seems to be efficient in all our simulations (even those
which are not presented in this paper).

the MUSIC pseudo-spectrum: and that noise (around 20dB) has been added to the ana-
lytically obtained forward data signals before the TR RAP-
MUSIC 1 MUSIC and the TR MUSIC treatment.
PPN = — ; ()
> | < g5 (r) > |2 4.1 Comparison between TR MUSIC and TR RAP-
m=Ne+1 MUSIC

where, for allm=Rc+1,...,N, < y, gy(r) >= 0 whenever 4.1.1 Configuration |
r is the actual location of one of the targetgy(r) is the Inthis part, the configuration (see figure 2) is mad&lef 9

free-space Green function vector. transceivers equally spaced and separatetl 2y Only two
targets separated by are considered. The work frequency
3.2 Timereversal RAP-MUSIC algorithm is 200MHz and the scattering amplitude of the targets is 1.

The recursively applied and projected (RAP) MUSIC methodyo S0 1t case, the two targets are dleary detected
uses each successively located source to form an intermedi=" g re 4 shows the result obtained at the first stage of
ate array gain matrix and projects the array manifold and thg,e TR RAP-MUSIC approach. From this step (equivalent to
estimated signal subspace into its orthogonal complem_er‘sne result obtained with MUSIC) one can clearly detect both
MUSIC is then performed in this reduced subspace 1o findy gets. The location of the target with the higher ampétud

the next source. N can be detected and this information is used to process the

_ Shortly, thekth (k=1,..., N;) iteration of the proposed et step. Figure 5 shows the solution at the second step of

time-reversal RAP-MUSIC algorithm is: the algorithm. In this case the higher peak from the previous
. step has been suppressed which leads to clearly locate the
Fie=argmax(cq(r)), (8)  second target.
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Figure 2: Configuration I: the and the blackl stand respec-
tively for a target location and an antenna location.
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Figure 3: Obtained result for the configuration | using the TR

MUSIC approach.
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Figure 6: Configuration II: the and the black® stand re-
spectively for a target location and an antenna location.
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Figure 7: Configuration II: time-reversal MUSIC result.

detected and, consequently, the algorithm is stopped.

For both algorithms, the two targets are clearly detected

and located which confirms previous comments [6, 7] stating

that for non-correlated targets the TR MUSIC approach and

the TR RAP-MUSIC algorithm lead to equivalent results.

4.1.2 Configuration Il

The considered configuration is the same as configuration I,

however the targets are separatedA8 from each other
(see figure 6). For both algorithms the number of targets in-

side the medium is assumed to be known.

In this case the TR MUSIC appr_oach is not able to detect
Figure 4: Obtained results at the end of the first iteration the “{VO targets as can be seen on figure 7 .
the TR RAP-MUSIC approach for configuration . Figure 8 and 9 show the results obtained respectively at
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Figure 5. Obtained results at the second iteration of the TR , i )
Figure 8: Time-reversal RAP-MUSIC result: configuration

RAP-MUSIC approach for configuration .
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Figure 9: Time-reversal RAP-MUSIC result: configuration Figure 11: Configuration III: the and the blackl stand
Il < iteration 2. respectively for a target and an antenna location.
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Figure 10: first detected target (subtraction between figure ] ) )
and figure 9) using the time-reversal RAP-MUSIC algorithm. Figure 12: Configuration II: time-reversal MUSIC result.

iteration 1 and 2 of TR RAP-MUSIC. Figure 10 corresponds
to the subtraction of the result at iteration 1 from the restul
iteration 2, i.e this figure show the first detected target.

So, in particular, at the end of iteration 1 the location iy
of one of the two targets is found as the maximumcof
Performing an other iteration of the RAP-MUSIC algorithm
leads to the detection of the second target. Finally, if edthi
iteration is performed, no more targets can be detected.

These results clearly show that RAP-MUSIC, contrary to
MUSIC, is able to clearly detect and localize both targeds (s
figure 10 and 9). Of course highly noisy data could also lead ARSI AL AR L
RAP-MUSIC to fail.
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4.1.3 Configuration Ill Figure 13: Time-reversal RAP-MUSIC result for configura-

] L ) _ tion IlI: iteration 1.
The last configuration is made of three targets with scateri

strength 1, 4 and 5 and = 11 transceivers. Two of these
targets are separated By'3 and the last one is around 6
(see figure 11).

From the TR MUSIC approach (figure 12) only two of ’
the three targets can be seen. From figures 13, 14 and 15, o
the TR RAP-MUSIC leads to clearly detect the three targets
even if the location, highlighted by a'in the results, of the
two last ones is not perfect (see comments in 4.2).
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4.2 Timereversal RAP-MUSIC imaging analysis

In this part some complementary remarks are given in order L L
to detail the algorithm behavior. T et 8

In fact for noisy data, as shown before, RAP-MUSIC is
able to detect two really close targets. However, in SOMgigre 14: Time-reversal RAP-MUSIC result for configura-
cases, the location of these targets can be damaged (see §gn |1: iteration 2.
ures 14 and 15). One of the steps of RAP-MUSIC being
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Framework for EEG and MEG Source Localization,”
IEEE trans. Biomedical Engineering45(11), 1998,
1342-1354.

[7] J.C. Mosher and R.M. Leahy, “Source Localization Us-

Figure 15: Time-reversal RAP-MUSIC result for configura-
tion Ill: iteration 3. 8]

based on a maximization, when two targets are close and the
data blurred the maximum can be not find at one of the tar-
get positions which leads to a wrong projector construction
In some cases the two targets will be clearly detected with a
shifted position but in others cases the detection anditotat
will fail.

As this can be a problem in some applications, comple-
mentary work could be develop taking, for example, advan-
tage of the recursive procedure in order to solve the ambigu-
ity and thus to obtain a perfect location of the targets is¢he
particular challenging cases.

5. CONCLUSIONSAND FURTHER WORKS

In this contribution, a time-reversal recursively appleattl
projected (RAP) MUSIC imaging method was under consid-
eration. The proposed results show that RAP-MUSIC out-
performs the classical MUSIC approach when targets are
strongly correlated. However, we noted that errors could ap
pear in target locations when considering highly noisy data
Further work will focus on this point.

Moreover, like for the MUSIC algorithm, this approach
is limited for M < N and the obtained results depend on the
noise signal subspace estimation. However, because of the
recursive approach, RAP-MUSIC is less sensitive about this
estimate (when the signal subspace rank is overestimated)
than MUSIC.
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