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The iterative time reversal processing represents a high speed and easy way to self-focus on the
strongest scatterer in a multitarget medium. However, finding weaker scatterers is a more difficult
task that can be solved by computing the eigenvalue and eigenvector decomposition of the time
reversal operator, the so-called DORT method. Nevertheless, as it requires the measurement of the
complete interelements response matrix and time-consuming computation, the separation of
multiple targets may not be achieved in real time. In this study, a new real time technique is
proposed for multitarget selective focusing that does not require the experimental acquisition of the
time reversal operator. This technique achieves the operator decomposition using a particular
sequence of filtered waves propagation instead of computational power. Due to its simplicity of
implementation, this iterative process can be achieved in real time. This high speed selective
focusing is experimentally demonstrated by detecting targets through a heterogeneous medium and
in a speckle environment. A theoretical analysis compares this technique to the DORT formalism.
© 2004 Acoustical Society of AmericdDOI: 10.1121/1.1636463
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I. INTRODUCTION vector of the time reversal operator. Using this basic idea that
each target is associated to an eigenvector of the time rever-
Over the past decade, acoustic time reversal mifTdrs sa| operator it is possible to record the whole time reversal
(TRMs) have been studied widely in medical imagity, operator and compute its eigenvector decomposition. Thanks
nondestructive testingand underwater acoustiéS.An ex- g this numerical eigenvector decomposition, a selective fo-
tensive overview of TRM applications can be found in Ref-cusing on each target can be achieved. Using this technique,
9. A time reversal mirror is an array of transducers able tqnown as the DORT methdd~5 Chamberset al. have
work both in transmitting and receiving mode. When a TRMgpn, that the spectrum of the time reversal operator can be
receives the signal coming from an acoustic source or re‘ﬂecc'omplex and very informativ¥® However, the DORT
tor, it time-reverses the received signals and re-emits therpnethod is not a real time method because it requires the

into the mgdlum. The resulting wave.front focuses baCk,Or}neasurement of the XIN interelement impulse responses
the acoustic source or reflector location. When the medium ) . .
nd the computation of the eigenvectors decomposition is

: . a
contains several reflectors, the time reversal process can be.. . :
iterated in order to focus on the brightest target as demonqUIte time consuming.

Recently, Kimet al1”!® have found an elegant way to

strated in Refs. 10 and 11 in ultrasonic acoustic Iaborator;(/j tect multiole t s i q ¢ ide without
experiments and by Kupermaretal. in underwater etect multiple targets in an underwater waveguide withou

acoustic$'2 The potential of such an iterative time reversal requiring experimental acquisition of the time reversal opera-

processing was also demonstrated experimentally for medfOr- The basic idea is first to iterate the time reversal process
cal applications by achieving real time tracking of kidneyi” order to learn how to focus on the strongest scatterer. Then

stones in lithotripsy treatments. an algorithm of variance minimization based on the inver-
The main limitations of the iterative time reversal pro- sion of the cross-spectral density matrix allows one to know

cess are the impossibility of finding weaker targets and thé0W to steer a null on this point. This set of signals avoids
progressive monochromatization of the signals. At each illu2ny reverberation at the strongest target location and thus can
mination and reception the signals’ bandwidth is narrowed€ used to focus on the secondary targets. The second bright-
by the limited bandpass of the transducers. Thus, after sonf$t target is then selected by iterating the time reversal pro-
iterations, the transmitted and received signals become a¢€ss. The prior advantage of this nulling method is that it
most monochromatic. does not require the fastidious acquisition of the time rever-
In order to achieve selective detection and focusing orsal operator. However, it suffers the same limitation as the
each scatterer inside an unknown multitarget medium, anierative time reversal processing: The emission signals’
other approach was developed by Pratial. As is demon-  bandwidth is narrowed after each iteration resulting in al-
strated in Ref. 13, the echoes of a single target are an eigemost monochromatic signals at the end of the process. Fi-
nally, it requires the numerical inversion of the cross-section
dAuthor to whom all correspondence should be addressed; electronic maigenSity matrix. The detection of targets presenting important
gabrielmontaldo@yahoo.fr weight differences is limited by the fact that the strongest
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FIG. 1. Configuration of the example. The TRM is composed of an array of = e
120 elements and a multichannel electronic able to send fully programmable @) (e) H
wave forms and record the backscattered echoes. Three targets were embe
ded in the medium for this example. =

target picks up the energy focused on weaker targets anc _

finishes by dominating after some iterations. . )
In this article, we propose a new real time technique for Distance in mm Distasice fn ring Pl it

multitarget selective focusing that does not require the ex- @ ® @

perimental acquisition of the time reversal operator and it§G. 2. The iterative proceséa) Backscattered echoes of the three scatter-

numerical decomposition. This technique achieves the operass after a plane wave emissidh) Detection of the strongest scatterer by

tor decomposition simply by using a particular sequence ofterative time reversalc) Eigenpulse‘of t_he first spatteréd) Backscattered

filtered waves instead of computational power. The generagchoes of the two scgtterers after fllten_ng the fII.'St @aeDetection of the

. . ’ . ;  “Second scatterer by time reversal and filteritig Eigenpulse of the second

idea of this new approach is to use the time reversal iterativecatterer(g) Signal of the third scatterer after filtering the first and second

process in order to focus on the brightest target. These signe. (h) Detection of the third scatterer by time reversal and filterii.

nals are then used to derive a broadband cancellation filtdrigenpulse of the third scatterer.

which allows one to cancel the echoes of the found target.

The selection of the next brightest target is done by iterating ~ The process identifies each target step by step beginning

the time reversal plus the cancellation filter. This process caffom the most reflective one to the weakest one. The selec-

be extended to the following of multiple targets detectiontive identification of a new target is made in three steps.

using the cancellation filter that cleans up the targets already

detected. The drawback of temporal spreading induced duf?- First step: Time-reversal processing

ing the iterative time reversal selection is also overcome by A plane wave is emitted in this medium. The backscat-
introducing a “pulse compression operator.” This operatortered signals are composed of three wave fronts of different
uses the spread signals coming from the iteration to recongmplitudes corresponding to each tarffég. 2(a)]. If these
struct a set of sharp pulsed signals focusing on the selecteggnals are time reversed and reemitted through the medium,
target. the resulting wave fronts focus on each target and the bright-
In Sec. Il, the basic principles of the process are exest target is more illuminated than the others. Consequently,
plained and illustrated with some preliminary experimentalits contribution in the backscattered echoes is more impor-
results. In Sec. lll, the theoretical formalism of the method isiant. After a few iterations this time-reversal process permits
presented and its similarities with the DORT method aregne to select the most reflecting scatterer. However, at each
highlighted. In Sec. IV, the process is applied to detecting interation the signals are filtered by the limited bandwidth of
real time several scatterers through an aberrating medium byie transducers and it results in a progressive temporal
alsq in a_noisy “speckle environment” as is the case in medi-spreading of the emission signals. In Figh2we can see the
cal imaging. received signal after eight iterations of the time-reversal pro-
cess, the strongest scatterer was selected but the bandwidth

was clearly reduced. The second step of the process allows
Il. THE ITERATIVE DECOMPQOSITION one to overcome this problem.

0 50

In order to explain the iterative decomposition method, L W .y
we consider a simple homogeneous medium containing threl: Second step: Building an “eigenpulse” signal by
scatterers made with a steel wire of 0.4 mm diameter. pulse compression

The experiments are conducted in the ultrasonic range in  The bandwidth narrowing suffered during the time re-
a water tank. The acoustic waves are emitted and receivedersal process is a real drawback in most applications. An
with a standard linear array made of 120 elements working atasy solution consists in reconstructing a wideband wave
a 1.5 MHz central frequency. This array is connected to dront at each iteration by detecting the arrival time and am-
multichannel system made of 120 independent electroniplitude law of the signals received on each transducer. The
channels containing A/D and D/A convertds) MHz sam-  arrival time and amplitude law is then used to reemit a wide-
pling, 20 MHz bandwidth We acquire the signals in a win- band pulsed signal identical on each transducer with the cor-
dow of 25 us. The experimental setup is presented in Fig. 1responding amplitudes and time delays on each of them. It
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target by iterating the time reversal process. Figufgs—2i)
describe the final eigenvector decomposition that was found
for the third and weakest target.

The complete process does not require any hard numeri-
cal computation, the cancellation and pulse compression op-
erators are easy to calculate, and the combination of steps
IIB and 11 C was found sufficient to select multiple targets.
FIG. 3. (a) After the iteration of the time reversal process the signal is The speed of qe':eCtlon IS _dIrECtly linked to .the travellng_tlme
spread in time(b) Selection of a wave front. Using a simple algorithm it has of the waves in the medium. For short distances as in the
a defect(c) After emitting this wave front, we obtain a narrow pulse without human body, this method can be implemented for real time
defects in the identification of the wave front. selective focusing. For example with a propagation distance

of 15 cm a step of iterative time reversal process takes only
allows one to avoid the bandwidth spreading of the signald ms, the maximum detection and the cancellation filter can
during the iterative process. The arrival time and amplitudebe done in 3 ms. Running the complete detection of the three
can be measured by using a simple maximum detection techargets of Fig. 1 takes nearly 50 ms. With this short time of
nique for each transducésee Fig. 3. In general, the use of detection it is possible to track moving multiple targets.
a simple algorithm for the “pulsed wave front” construction We will demonstrate experimentally in Sec. IV that this
(for example, a maximum detectipoan induce some errors process is robust not only in a noisy environmétike
in the arrival time estimation. For example, if the signal isspeckle noise for medical applicationisut also through an
composed of several sinusoids as presented in K&.tBe  aberrating medium. For this purpose, this technique can also
maximum detection can be limited by ar2incertainty{Fig. be seen as a phase aberration correction technique using the
2(b)]. It results in the reemission of an incorrect wave frontbright spots embedded in the medium.
at the next illumination. However, most of the energy of this
incorrect wave front is focused on the good location and the
maximum detection on the next backscattered echoes bd!- THEORETICAL APPROACH
comes easier and more accurate. Thus, a few iterations of thee The iteration of the time reversal
time reversal process combined with the pulse compression

allow one to obtain a correct pulsed wave front or “eigen- : : - S
& 9 ers capable of working both in transmitting and receiving

pulse” signal[Figs. 3c) and Z¢)]. ) . ) .
In most of our configurations this part of the process wasmOOIe and a linear medium of propagation containing a few

not critical to the convergence of the method. Even if thepomt like scatterers. The propaganor_n medium is heteroge
. . N . . neous but we suppose that the amplitude and phase pertur-
maximum detection at the first iteration does not give th . : . .
S . o ation are not very different for different frequencié=.,
good wave fronfi.e., it has a lot of “phase gaps” as in Fig.

3(b)], after the emission of this incorrect wave front a non-Stror_:_%g g:sgglr?\r/:cgsg:jaglg Zcri;[ittt):dcgnstf:yﬁ:nsducers ar-
negligible part of the energy focuses on the target and the 9 y

backscattered echoes are short pulses for which the maxicy are fungtlons of space and t|re§c e'(>§,t), wherex de-
mum detection gives a better wave front. notes the dlﬁerent positions qf theilndlwdual transdu.cgrs.

A complete time reversal iteration has two steps: first, a
signale=e(x,t) is emitted and the echoes backscattered by
the mediumr=r(x,t) are recorded by the array. Second,
these signals are time reversga, —t) and they are reemit-

The basic idea for selecting a new scatterer is to apply #ed by the array. The backscattered echoes are recorded by
“cancellation operator” able to clear up all the signals com-the array and correspond to the first set of iterated signals
ing from the previous detected target. The details of thise()=e(1)(x,t). The original set of signals and its first itera-

We consider a system composed of an array of transduc-

C. Third step: Canceling the detected scatterer and
selecting a new one

operator will be explained in Sec. Ill. If we start with a tion are related by the time reversal operator of the medium
backscattered signal containing the echoes of the three scat-and can be written in a compact form
terers[Fig. 2(a)], after applying the cancellation operator we D—pe &

obtain the filtered signals shown in Figd2 As we can see,
the echoes of the strongest scatterer have been canceled. This Note thatH denotes the application of a spatiotemporal
new set of filtered signals is now used as initial illuminationlinear operator to the signak(x,t). The notationH will
for the iterative time reversal process. The cancellation filterefer to the matrix representation of this operator. The eigen-
is applied at each step during the iterative time reversal promodes of this time reversal operatdrare a set of signals
cess proposed in Secs. Il A and Il B. Consequently the firsi;= v;(x,t) that verifyHv;=\;»;, where\; is the associated
target is not illuminated, the second target generates theigenvalue. In a free space medium with some punctual tar-
brightest echoes and it is progressively selected by the iterayets, the eigenvectors are monochromatic cylindrical waves
tion procesgFig. 2e)]. focused on the targets. Assuming that the sound speed and
The signals backscattered by the second target are terabsorption heterogeneities are due to a random screen lo-
porally spread and can be “pulse compressed” as describechted closed to the array, it introduces only different ampli-
in Sec. Il B[Fig. 2(f)]. Finally, the cancellation filter permits tude gains and time delays on each transducer of the array.
one to cancel the first and second targets and selects the thifthen the eigenmodes can be written as

778  J. Acoust. Soc. Am., Vol. 115, No. 2, February 2004 Montaldo et al.: Iterative time reversal processing



1 , ' e st : This matrix is diagonal and contains the eigenvalugs. If

09 | //“-“«wff/ \\‘\A/v-\—'\ (@ A we rank the pairs of indek o first by the scatterer indeix
8 osf / N and after by its frequencw, we can see this matrix in a
£ o7l - N\ graphical representation as
g //" \ - -
< 0.6 [/ N )\ll . . 0
0% 10 20 30 4‘0 50 60 )\1
}\ln
’ | Hiojor= (®)
iow,jo
g o (b) / ] A2y
£ N A Ao
E 4r \\ // b 0 )\Zn
3 \“\\_‘__ /_,,// 1 In this case we assumed that there are only two scatter-
2 w0 o s a0 o w  ersinthe medium. Using this representation of the time re-

versal operator, it is easy to see what happens in an iteration
of the time reversal process. We start with an arbitrary exci-
FIG. 4. (8) Amplitude A(x) and delayr(x) for the first scatterer of Fig. 1.  tation e(x,t) and decompose it in the eigenvector base

Distance in mm

. e(X,t)=2, €, Vi.(X1), 7

B =A )X olt+7,(00]), @ (D=2 €iuri(x0 )
where7;(x) is a time delay law depending only on the scat-wheree;,, are the weights of each eigenvector. After apply-
terer location and medium aberrations ah@x) is the am-  ing the time reversal operator, the new coefficients of the
plitude of the signal coming from the scatterer and receivec},ignms af&?i(i)=)\iweiw and aftem iterations the coefficients

on the transducer located>atA;(x) andi(x) describe com-  pecomee(V=2\!" e, . After each iteration, the coefficient of
pletely the eigenmode associated with scatter&s an ex-  the strongest eigenvalue is strengthened in comparison to the
ample, Fig. 4 represents the experimental amplitude and timgecondary scatterers and the time reversal converges toward
delay law associated with the first target corresponding to thgye eigenmode corresponding to the strongest eigenvalue.

Fig. 1 setup. An eigenmode associated with this particular  As the response of the transducer and the cross section

target at 1 MHz frequency is presented in Fig. 5. of the scatterers depend on the frequengy, has different
Note that the eigenmodes,,(x,t) and their eigenvalues vajues for different frequencies. After each iteration, the co-
\i,, must validate efficient of the strongest eigenvalue is strengthened and the

3) time reversal converges toward the eigenmode corresponding
_ ) to the strongest eigenvalue. Experimentally, the bandwidth of
and the orthogonal relationship the signal is narrowed at each step of the iterative process

and the signal spreads in time.
f f Vi*w(xut)ijr(X,t)dX dt= 5ij5ww’ . (4)

Hviw:)\iwyiw!

We can build a matrix representation of the time reversal . . . .
operator in the base of the spatiotemporal eigenmodes as B- Iteration with an intermediate operator

As was previously seen, the iterative time reversal per-
Hiw,jw’:f f v, (X, OHpj,/(x,t)dx dt (5  mits one to identify the brightest scatterer embedded in a
medium but it presents some inconveniences. First, it is not
possible to find weaker targets. Second, as the eigenvectors
7’ . : are monochromatic waves, the iterative time reversal ex-
- pands the length of the signals and it is not possible to apply
a large number of iterations. A modification of the time re-
versal process is introduced to overcome these limitations.
The main idea is to apply an intermediate oper&oafter
each iteration of the time reversal process. Thus, if we start
4B with a set of emission signakyx,t), the new set of signals
after the iteration will be

eV=HOe=He, (8)

whereH=HO is the effective iteration operator. We can de-
fine the matrix representation & in the base of eigenvec-
tors ofH in a similar manner to Eq5),

20

Tiempo en us

40

Distance in mm

Oiw,jw':J J V}kw(x,t)Oijr(X,t)dX dt, 9

FIG. 5. Eigenmode of the first scatterer for a frequency of 1 MHz.
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If we have a signag(x,t), we can build a functiofP(t)
that gives the weight of the echoes of the first scatterer in the
signal at each time as

Space

P(t)=ffe(X’,t’)wl(x',t’—t)dt'dx'

Amplitude

=f e[x’ t—7(X")JAL (X" )dX". (13

Space

At each timet, the multiplication by the wave form function
selects the echoes of the first scatterer at tinfeerforming
the integration we obtain an amplitude of the echoes of the
first scatterefFig. 6(b)].

With the amplitude we can rebuild the echoes of the first
scatterer performing the correlation betweR(t) and the
~(d) wave form functionsee Fig. &c)],

Space

Time

FIG. 6. lllustration of the filter operator. From the original ima@e we

calculate the weight of the first scatterer at each instant with Etp).13 ’ Y r_

Performing the convolution of this weight with the wave front function we P(t)wa(x,1=t)dt"=A () P[t+ 75(x)]. (14
obtain the echoes of the first scattef@r Subtractingc) from (a) we obtain

the echoes of the other scattéds.

) ) ) o SubstitutingP(t) by Eq.(13), the echoes of the first scatterer
Decomposing the signa(x,t) as in Eq.(7) itiseasy to e

calculate that the coefficients?) after the iteration are

el(i)zz ﬁiw’jwre]'wr y (10)
Jo Al(X)f Ar(x")e[x’ ,t+ 7y(x) — 7 (x")]dX".
where
ﬁ' PN H " AN 11 . .
lo.jo g o ko Ot o e Finally we subtract these echoes from the sige(xi,t)

to obtain one without echoes from the first scattdieg.

An eigenvectob;,, of theH;,, j,,» matrix associated with )1 As a conclusion the cancelation operator is

an eigenvalugs verifies=;,,/Hi, j, bj. = B0, . After iter-
ating n times, the process amplifig®’ times this eigenvec-
tor. The strongest eigenvalue is finally selected after some

iterations of Eq.(10). The use of an adequate opera@r Fle(x,t)=e(x,t)—A1(x)j A (X" )e[X t+ 74(X)
allows us to transform the convergence of the time reversal
process from the strongest eigenvaluetbto the strongest — 7 (x")]dX’. (15)

eigenvalue oH.

Calculating the elements of this operator with the matrix

formalism introduced in Eq9), we obtain
This operator solves the first problem of finding weaker

scatterers in a multitarget environment, it permits one to
clean the echoes of a brighter scatterer previously detected in

C. The cancellation operator

1

order to find the next one. Flojo =(17061)6ij 640 - (16)

The calculus of this operator starts with the knowledge
of the time delayr;(x) and the amplitudé\;(x) of the scat-
terer, with these data we can build a “wave form function” The complete deduction of EGL6) is given in the ap-
as pendix. Note that the diagonal elements of the matrix defined

in Eqg. (16) are equal to 1 except for all the frequency com-

W1(X,1)= oL t+ 71 (X) 1Ag(X). (12 ponents of the first target which are equal to zero. After
wheredis the Dirac’s function. In this example we chose themultiplying by the diagonal matriXd;,, ;,,», we obtain the
wave form function for the first scatterer. matrix representation of the operaidFi,
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N1 0 where 1, . is a matrix of 1 for all values ob andw’. The
N complete calculus of Eq19) is given in the appendix. This
= operator can be seen as a mask set to 1 in a square corre-
HELl— Nin sponding to all frequency components of the first scatterer
- Aoy and 0 elsewhere. After the multiplication of the mask matrix
N by the diagonal matriH;,, ;. , we obtain the matrix repre-
2. sentation of the operatd¢iM*,
- 0 )\.zn- - -
- 0 0- )\ll 0
A
0 12
0 HM1Z N1z
X A
1 21 N
1 0 22 N
0 1 L ) ) 23
- T 1 1 1 0 0
0 0
1 110
0
1 110
0 X
= \ 0 0 0O
21 N 0
2 0 -0 0
0 )\Zn _ B - _
Due to the cancellation of the diagonal values of the first
eigenvector, the second scatterer presents the strongest ei- N2 N2 Np O
genvalue inHF?!, and iterating the operatddF?!, it will Nz Aiz Agz O
converge to the second brightest scatterer. =
0O 0O 0 O
0
D. The pulse compression operator 0 0 0
One problem of the iteration with the time reversal is ) ) , ’ . )
that the signals are enlarged in each iteration. In Sec. IIBwd "€ €igenvector  of  highest eigenvalue s

proposed to send only one wave front in order to compresQ‘ll’)\l,--
the signals. The wave front can be described by the function
(12). We can estimate the time delayx) and the amplitude

A;(x) using a maximum detection at each poinWith these

estimates it is possible to build a contracting filter that gen-
erates a wave front multiplied by the weight depending on
the signale(x,t) as

Mle(x,t)zwl(x,t)f fwl(x’,t’)e(x’,t’)dx’dt’.

Xi:E Nig-

,A1m,0,...,0) and its eigenvalue is

(20

In conclusion, the compression operator allows one to
select all the frequency components of a same scatterer and
add them. As all the frequency components are summed the

TABLE I. Scheme of the applied operators and their function.

Action

(17)
The integral [ [ wy(x’,t")e(x’,t’)dx dt’ gives the weight SteP  Operator
of the wave front in the signa(x,t) at timet=0 as in Eq. 1 H"
(13).

After performing the integration and substituting 2 HM!
w;(X,t) by Eq.(12) we arrived at a simple expression for the 3 (HEY"
contracting operator,

Me(x,t)= Ay (X) [t + 74(X)] 4 (HEY™E

5 (HF2FYHn
Xf A(x")e[x",— m(x")]dx". (18
Calculating the projected matrix for this operator as in Eq.6 (HF?FS)"™™*
(9) we obtain 7 (HFE2RY

Mo =06101i 100 (19)

After n iterations of time reversal processing, the
first target is selectedr,; andA, are estimated.
Building the first “eigenpulse.”r; andA; are

then reevaluated.

Filtering the first target, the second becomes the
strongest.r, andA, are estimated aftar iterations.
Building the second eigenpulse; andA, are
reevaluated.

Filtering the first and second scatter. The third
becomes the strongest; and A; are estimated
aftern iterations.

Building the third eigenpulser; andA; are
reevaluated.

Filtering the first, second, and third targets.

The fourth becomes the strongest ...

iwjo’
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FIG. 7. Target detection in a biologi-
cal phantom(a) Signal received after
a plane wave illumination, we can see
some echoes of the target with an im-
portant noise of the structure of the
phantom.(b) Detection of the echoes
of the nine targets(c) Echographic
image of the phantom due to the
speckle noise. The first three targets
are difficult to resolve(d) Calculation

of the target position from the detected
echoes. Crosses are the measured po-
sitions, the circles are given by the fur-
nisher of the phantom, and the tri-
angles are the positions calculated
from the maximum of thé scan. The
maximum detection in thé scan is
not able to give the positions and num-
ber of scatters for the first three scat-
terers well.

Time (us)

Depth (mm)

1 20 30 40 0 10 20 30 40

Axial position (mm}) Axial position (mm)

temporal spreading is avoided and a narrow pulse that folV. EXAMPLES OF DETECTION IN INHOMOGENEOUS
cuses on the target is possible to obtain. MEDIA
This technique is similar to applying an inverse filter to

(x) and A;(x) are independent of the fre-

1 N ! Buency and this method is able to detect the targets.
operators=" andM* to other targets we obtain two sets of *  Thg first application is to find nine nylon wires of half

operators: the filter operatoFs which cancel the echoes of wavelength diametef0.4 mm) in a biological phantom with
the ith scatterer and the pulse compression operalits 4, important “speckle noise” structure.

which compact the echoes of scatteren a narrow pulsed Figure 7a) shows the echoes of the phantom when it is
signal. These two kinds of operators are used to detect all th@uminated with a plane wave. We can see the echoes of
targets successively as summarized in Table I. As a finadome targets superposed to a structural speckle noise coming
observation, this system has some similitude with the DORFrom a random distribution of small scatterers. The iterative
method. method is able to identify the nine echoes as is shown in Fig.

The DORT method starts with the measurement of they(p).
interelement response matrix. This matrix is a representation Due to the speckle noise a standard echographical image
of the time reversal operatét. Performing a numerical de- is not able to resolve the first three scatterers of the left-hand
composition of this matrix we obtain the complete set ofside of the imagéFig. 7(c)]. Using the time delays detected
eigenmodesy; ,(X,t). Adding all the eigenmodes of a
same target we can build a pulse that focuses on the target
asv(x,t)=2,vi,(x1).

However, in the DORT method the decomposition is
achieved frequency by frequency and an eigenpulse can be
built by recombining the DORT eigenvectors but there is a
relative phase ambiguity between eigenvectors of different
frequencies. This problem makes the recombination of the
eigenvectors nonunique.

This final result is similar to the “eigenpulses” obtained
by the iterative decomposition but substituting the numerical
calculation by a specific convergence of the time reversal
process over each target. FIG. 8. Identification through an aberrating mask.

L

120 elements array Aberrating 3 scatterers
at 1.5 Mhz mask of

L
—>
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Time in ps

20 30
Distance in mm

FIG. 11. Simulation of the echo of a single target through the aberrating
mask used in the experience of Fig. 9. We can see the resemblance between
this simulation and the eigenpulses detected in Fig. 9.

of the mask thé3 scan shows a lot of “virtual replica” of the

Disiince i i Distaiis; in-oum scatterers, and then it is impossible to know how many real
© @ scatterers there are in the medium and how to focus on each
FIG. 9. Identification of three scatterers through an aberrating mask. one. . . . )
Echoes of the three scatters after a plane wave excitatdn(c), and (d) After the application of the iterative method the three
Identification of the three scatters. scatterers were identifigdrigs. 9b)—(d)]. The wave fronts

are composed of a succession of small arches. We have done

by the iterative method we can calculate the position of eacft Simulation of the aberrator by finite differences in order to
scatterer. Figure (@) shows the calculated positions, the po- Veriy the form of the eigenmodes. In Fig. 11 we show the

sitions given by the furnisher and the ones obtained takin%imul@tion of the first scatterer that has the same fqrm as Fig.
the maximum of theB scan of Fig. 7c). . This last example clearly demonstrates the efficiency of

The maximum detection in the-scan image can be ap- the method in a strongly aberrating medium. These experi-

plied to the last six scatterers where the resolution is enougfi€ntal examples show a good stability of the method. A

to isolate each target. However, for the first three scatterers [filUre Of this iterative method was detected when two tar-
is impossible to give the good number of targets and theipets of very different size were located close together. In this

respective positions directly from the classiBascan image. case, the cancellation operator is not precise enough to clean
A possible application could be the identification of mi- UP completely the echoes of the strongest target and conse-

crocalcifications in the breast, if a suspicious area is detecte@€ntly the detection oscillates between the two targets.

by a conventional image, an automatic detection of punctual
scatterers could give extra information to detect the calcifi-
cations.

The final experience consisted in putting an aberratin
mask between the array and the scatterers. The mask is mgééCONCLUSION
of a soft polymer composed of semicircles of 1 cm each, the
scatterers are the same as in the experiment of Figeé
Fig. 8. Figure 9a) shows the echoes of three scatterers whe

A new real time technique has been proposed for selec-
tive focusing on multiple targets. It is based on the combina-
we insonify them with a plane wave tion of' the it_erative Fime reversa! process yvith very simple
In Fig. 10 we can see thB scan 'Of the three scatterers op_eratlons like maximum det_ectlon and signal s_ubtractl_on.
' ) . This method enables one to find and auto focus in real time
through the aberrating mask. Due to the particular geomet%n multiple targets using two intermediate operators. The
cancellation operator permits one to cancel the echoes com-
ing from targets already detected and the iterative time re-
versal process achieves the adaptive focusing on a new tar-
get. A pulse compression operator based on the use of a
maximum detection algorithm serves to overcome the prob-
lem of signal temporal spreading induced during the iterative
time reversal process. Theoretical similarities with the DORT
method have been highlighted. Instead of achieving the ei-
genvector decomposition using time consuming computa-
tional power, the new approach builds it experimentally in
real time by simply using wave propagation. This high speed
5 10 15 20 25 30 35 40 selective focusing technique has a potential application in
. . microcalcification detection in breast, nondestructive testing
Distance in mm and underwater acoustics. For all these topics the real time

FIG. 10. B scan of the scatterers through the mask, there are a lot of *virtuaiC@pPability could be interesting for tracking moving multiple
images” of the scatters that do not permit to identify the scatters. targets.

0
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]
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APPENDIX

Mle(x,t)=A(X) [ t+ 7(X jA X'
We consider a simplified medium containing only a dis- (D =A () t+ 7(x)] 1(X')

crete number of scatterers. The aberrations induced by the
medium are assumed to be restricted to an amplitude and

time delay law independent of the frequency. This amplitudeysing Eq.(A3), the action over an eigenvecter,, is
and time delay law differ from one scatterer to the other. The

xe[x',—7y(x")]dx’. (A9)

eigenmodes associated with a target are monochromatic Mlvjwr(X,t)ZAl(X)5[t+ T1(X)]6y; . (A10)
waves with an amplitude and phase perturbation assumed to ) o
be constant over the transducer bandwidth, The matrix representation is calculated as
Vio(X,1) = Ai(x)exp(j o[ t+ 7i(X)]), (A1)
e | , ML .w,zf f v (DML, (x,Ddx dt, (A11)
where the index denotes the target number aadis the )

frequency of the eigenmode;(x) is a time delay depending
on the array location of the elements of the armyx) is the
amplitude of the signal received on each spatial point. Thus, 1
7,(x) and A;(x) fully characterize the wave front coming fojo’
from the target. The eigenmodes must validate the orthogo-
nal relationship

using the orthogonal relationsh{2) we obtain

This operator is independent of the frequenciesnd’. In
order to show this propriety we multiplied EA.6) by 1,,,,

f f Vi*w(X,t) ijr(X,t)dX dt= 5” 5mw’ . (AZ)
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