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The D.O.R.T. methodin French, Deomposition de I'Oprateur de Retournement Tempora a
scattering analysis technique using arrays of transducers. The method was shown to be effective in
detecting and focusing on pointlike scatterers in Predal. [J. Acoust Soc. Am99, 2067—-2076
(1996]. Here the D.O.R.T. method is extended to other geometries, applying it to an air-filled
cylindrical shell embedded in water. It is shown that the diagonalization of the time-reversal
operator permits the various elastic components of the scattered field to be extracted. For the
considered cylinder, these components are mainly three circumferential wa@e#&1, and SO

Lamb modes Each Lamb mode is shown to correspond to an invariant of the time-reversal
operator. The dispersion curves of these waves are calculated from the invariants. In particular, the
cutoff frequency of théd1 mode is found and provides the thickness of the shell. Finally, resonance
frequencies of the shell are deduced from the frequency dependence of the eigenvalues of the
time-reversal operator. €998 Acoustical Society of Amerid&0001-49668)03408-7

PACS numbers: 43.30.Jx, 43.40.Rj, 43.6QPtB]

INTRODUCTION pulse methods® have proven to be useful. In these methods,
the phase velocity of the wave is deduced from the vibra-
Detection and identification of a scattering object by re-tional modes of the shell at its resonance frequencies. Optical
mote sensing techniques is an important problem in a varietyemote sensing techniques have also been used to generate
of applications. Among them, the reconstruction of internaland detect circumferential waves. These techniques have the
flaws in ultrasonic nondestructive testing and target classifigreat advantage of providing a local measurement of the
cation in underwater acoustics have been widely studied. Thigeld.? More recently, this problem was studied with time-
scattering of acoustic waves by an elastic body that has dieversal mirror<:®
mensions greater than a wavelength is a complex phenom-  Acoustic time-reversal mirrors have been widely used
enon. The incident wave is converted into several modes thaiince they were first described in 1989° A time-reversal
propagate in and around the object. These waves radiate infirror consists of an array of transmit/receive transducers.
the surrounding medium and contribute to the scattered fieldcach element of the array is connected to its own electronic
In order to understand the scattering process and relate it tgrcuitry: a receiving amplifier, an A/D converter, storage
the characteristics of the scatterer, it is necessary to identifsnemory, and a programmable transmitter. All the channels
and separate the various contributions to the signal. In somare processed in parallel for the transmission and reception
cases, the modes propagate at different velocities so that theif the ultrasonic waves. Such a system is able to transmit an
contribution to the signals occur at different times, and thewltrasonic wave, to detect the backscattered wave, and then
can then be distinguished with time-domain techniques usingp synthesize a time-reversed version of this wave. This pro-
highly resolved broadband pulses. However, signals frontess is performed in less than 1 ms, which can be considered
various modes may overlap in time, rendering their identifi-as real time for most scattering media. The time-reversal
cation difficult. This is the case for the problem that we mirror converts a divergent wave into a convergent one. One
examine in this paper, the scattering of ultrasound from aronsequence is that it can be used to focus on a reflective
air-filled cylindrical shell immersed in water. The goal of target through an inhomogeneous medium. If the medium
this paper is to show how the construction of the invariantontains several scatterers, the process can be iterated in or-
of the time-reversal process permits the separation and ideder to focus on the most reflective oh¥.
tification of the modes which contribute to the scattered field. ~ As shown by Thomas this system can also be used to
The construction of these invariants is an essential part of thetudy scattering by an elastic shell. He has investigated the
D.O.R.T. methodin French, Deomposition de 'Opeateur  two-dimensional2-D) problem of a thin, air-filled cylindri-
de Retournement Tempoyel cal shell with dimensionsa=10 mm, b/a=0.95, and
Methods for identifying and separating the variouska~125 under normal incidend@ is the outer radiip the
modes that contribute to the signal backscattered from a cyinner radii, andk the wave number in the loading medium
lindrical shell have been the subject of many theoreticalTwo waves propagating around the shell were detected: the
works!? Experimental methods such as “The Method of first can be considered asSg Lamb wave and the second as
Isolation and Identification of Resonance&nd the short anA, Lamb wave. As the contributions of these circumfer-
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ential waves occur at different times, they could be selectedcattering medium and they carry valuable information about
temporally with a proper time window and then time re- this medium. The D.O.R.T. method consists of the determi-
versed. This process allowed each wave to be generatethtion and analysis of these eigenvectors.
separately. The points at which the incident wave converti
into circumferential waves were determined and the phase’
velocity of each wave was deduced from the distance be- An array ofN transducers placed in front of a time in-
tween these points. This method is limited to the case irvariant scattering medium is considered as a linear and in-
which circumferential waves do not interfere and thus can beariant system oN inputs andN outputs. TheN received
time resolved. In the case considered by Thomas, the fresignalsr(t), 1<I<N depend on théN transmitted signals
quency range included the cutoff frequency of the secon@mn(t), 1=m=N through the linear relation
antisymmetrical Lamb waveA;. This highly dispersive N
wave interfgrs withA, and Soland could not easily be dis- nt=> knt)®eny(t), 1<I<N. (1
tinguished in the scattered signals. As we shall see now, the m=1 t
D.O.R.T. method solves this problem and allows one to tre
all three modes simultaneously.

The D.O.R.T. method was derived from the theoretical

The transfer matrix and the time-reversal operator

alt-|ere,k|m(t) is the impulse response function from the ele-
mentm to the element. These interelement response func-

study of iterative time-reversal mirroré and anplies to de- tions take into account all the propagative effects through the
y ' PP medium under investigation as well as the acousto-electric

tection and focusing with large arrays of tran§dugers. Th'?esponses of the two elements. In the Fourier domain(Hq.
method shares some of the principles used in eigenvectar

. . . . lifi i ix fi la:
decomposition techniques for passive source detelfigh. ' P'e> UsiNg @ matrix formula
However, these last techniques assume statistically uncorre- R(w)=K(w)E(w), 2)

lated sources and requires averaging of the measured daWhereE(w) andR(w) are the vectors of the Fourier trans-

while the D.O.R.T. is active anq determ|n|st|p._ , . forms of the transmitted and received signdigw) is the

The D.O.R.T. method consists of determining the invari-\ s« N transfer matrix of the system
ants of thg time reversal process. The calculation is per- o matrix relation between transmitted and received
formed offline after the measurement of the response funCs'ignals leads to an expression for the transmitted signal after

tions of the array in the presence of the scattering medium.#[wo successive time-reversal operations. ERbe the initial
is not a real-time procedure; however, it can still be applie nput vector signal. The output signal is thBA= K E°.

in many experimental situations. Its practical advantage is The time-reversal operation is equivalent to phase con-

tr;a:]'t ‘?'095 not rec}wrg the comp;lexdprogran_”lmatéle r(]am|tte.r gation in the frequency domain, so that the new transmitted
of the time-reversal mirrors. As already mentioned, the mai ignal E! is the phase conjugate of the previous received

interest is that it allows one to separate scattered waves théfgnal RO
overlap in time and cannot be separated by time windowing.

This method was applied to selective focusing in media con- El=K*E°".
taining several targefs:?° It was shown that foN pointlike
and well-resolved targets of different reflectivities, the num-
ber of independent invariants is equal kb Furthermore, RI=KE=(K*KE%)*.
each invariant provides a phase and amplitude law to b%*
applied to the transducer array in order to focus selectively
on one of the targets.

In the first part, we review the principles of the D.O.R.T. |
method. In the second part, the D.O.R.T. method is applieq
to the detection of Lamb waves on a thin cylindrical shell. It
is shown that although the signals due to the various Lam

W?V?E overlta_pk)J '? t'r?e’ theg_ c_gn ?one(;hele_ls_;s] bg_ separ aledal positive eigenvalues. An eigenvector corresponds to an
into the contribution trom individual modes. 1he dISPErsion;, 4 iant of the time-reversal operation. Two invariants cor-

Curves _and the resonance spectrum of the various modes afr@spond to contributions to the scattered field that are inde-
determined experimentally.

pendent solutions of the wave equation. Each of these waves
can exist alone even though they are usually superimposed in
the experiments.

The new received signal is then

K is called the time-reversal operator.

As a consequence of the well-known reciprocity theo-
rem the response from element numbeto element number

is equal to the response from element numibter element
umberm, so that the matriX is symmetrical. The symme-
try of K implies thatK*K is Hermitian positive. In conse-
ence, it can be diagonalized in an orthogonal basis and has

I. PRINCIPLE OF THE D.O.R.T. METHOD

The D.O.R.T. method relies on a matrix formalism de-
scribing the scattering experiment. For a given transduceé_ The D.O.R.T. method
array and a given scattering medium, the time-reversal pro-
cess is characterized in the frequency domain by a complex The first step of the D.O.R.T. procedure is the measure-
matrix. This matrix is obtained from the interelement im- ment of the interelement impulse responses of the system.
pulse response functions which can be measured straightfofhis measurement can be done with any multiplexed system
wardly. As shown further, this matrix is Hermitian and its by NXN transmit—receive operations. The components of
eigenvectors are independent invariants of the time-reversé#he transfer matriXX are obtained by a Fourier transform of
process. These invariants are related to the structure of treach signal. The second step is the diagonalization of the
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= V+
LINEAR
ARRAY
WIRE 1
E
=
=
<}
=
WIRE 2
FIG. 1. Experimental setup for two symmetrical wires. A T R B B R

Transducer number.

time-reversal operatd*K at a chosen frequency. The ei- FIG. 2. Modulus of the components of the two eigenvectors versus array
) element(transducer 73 failed

genvalues distribution contains interesting information on
the scattering medium. In the case of pointlike scatterers, the

number of significant eigenvalues is exactly the number ofl. APPLICATION TO LAMB WAVES

scatterers pr'ovided they are resolved by the system. .Morg_ Circumferential waves and time reversal

generally, this number corresponds to the number of inde-

pendent secondary sources in the medtfnd:?° The third A circumferential wave propagating in a thin hollow
step is to backpropagate each eigenvector. This can be dof¥linder (b/a=0.95) can be considered a Lamb wave. It is
either numerically or experimentally. In our case, the propagenerated at a given angle of incidertwith respect to the
gating medium is homogeneous and the numerical backlormal to the surface. According to Snell’s law, this angle

propagation can be computed. satisfies the relation
. Co
sin(0)= —,
Cy

C. Experiment with two scatterers in a symmetrical . o .
geometry wherec, is the sound velocity in water ang, is the phase

velocity of the Lamb wave. While propagating around the

The resglts p.resente.d in Sec. |l can be.|IIum.|nated _by,th%ylinder, it radiates into the fluid at the opposite angle with
results obtained in the simple case of two identical pointlike

scatterers in a symmetrical geometry. The calculation of the
eigenvectors for two pointlike scatterers was presented in a Field produced by transmission of the two eigenvectors.
recent papet.In the case of two identical scatterers placed
symmetrically with respect to the array of transducers, the
expression of the eigenvectors simplifies. Egt(w) be the
response of scatterer numbdi = 1,2) to transducer number

—-—V+

I (1=I=<N). We have shown that the two eigenvectors are §
Vy=(HI+H3, . HiyHH3Y) g
and
V_=(HI;—H3;,... Hiy—H3y). .
They correspond to the phase conjugate of the sum and dif- s 25 s 25 05 15 25 35
ference of the responses of each scatterer to the array. Distance from the array axis (mm).
In the experiment, a linear array of 128 transducers
spaced 0.417 mm and of central frequency 3 MHz was used.  **] » :X*

The target was made of two wires placed perpendicular to
the array in a symmetrical geometry at the depth of 92 mm  +y
and separated by 2 mffig. 1). The time-reversal operator

is measured for this configuration and its diagonalization at 3
MHz reveals two main eigenvectoys, andV_ . The modu-

lus of the components of those two vectdFig. 2) corre- 57
spond to the interference pattern of two sources oscillating in

phase ¥, ) and opposite phasé/(). The numerical back-

314

Phase.

propagation o/, andV_ at the depth of the wires confirms 33 25 s 03 58 2 33

this interpretatior{ Fig. 3(@ and (b)]: the field is focused at Distance from the array axis (mm).

the position of thelwires, where the phase of the field is equatg, 3. Ampiitude and phase of the field produced by transmission of the
for V, and opposite/ _ . two eigenvectors.
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FIG. 4. Generation and radiation of a Lamb wave on a thin hollow cylinder.

A
\J

respect to the normal to the surface. For a plane wave of
incident directiom\, two Lamb waves are generated at points
A and B symmetrical with respect tb (Fig. 4). These waves ) , )
radiate from B and A back to the source. From the directiors MHZ With 60% bandwidth. The sampling frequency of
of observationA, the radiated wave appears to be emittedrece'ved S|gna_ls is 20 MHz. The steel cylmdey of diameter
from a pair of secondary sources in A and B. The dis’[ancg0 mm and thickness approximately 0.6 mm is placed per-

das between generation and radiation points A and B ispendicular to the array of transducer at a depth of 80 mm
given by the simple relation symmetrically with respect to the array axiBig. 6). For
such cylinder and frequency range, the radiation of three

Lamb waves should be observel;, Sy, andA; as shown
on the dispersion curvefig. 7).

FIG. 6. Experimental setup.

dpg=D 2
AB=LUY —,
Cy

whereD is the diameter of the cylinder. )

Using an array of transducers, a wave can be focused # Analysis of the echo
the surface of the cylindeffFig. 5. As the wave is locally A short pulse is launched by the center element of the
plane within the focal zone the same approach as before caarray. The echo of the cylinder is recorded on the 96 ele-
be used: A Lamb wave is generated at point A if the Snell’'sments(Fig. 8). The first wavefront corresponds to the strong
law is satisfied. Turning around the shell, the Lamb wavespecular echo. The signal observed later is the elastic part of
radiates from the opposite point B toward the array. Afterthe echo. Between 15 and 25, two pairs of wavefronts
one time reversal, this wave radiates towards the array fronwith interference fringes can be distinguished. Those wave-
point A. Thus it appears that this wave is invariant under twofronts correspond to the radiation of two circumferential
successive time-reversal processes. Consequently, it shoulhves that have turned once around the shell. The one com-
be associated to an eigenvector of the time-reversal operatorg first is identified as th&, Lamb mode and the second as
K*K. In fact, due to the symmetry of the system, the focusthe A, Lamb mode. Interfering with those well-defined
ing in A and B are both associated to the two same eigenwavefronts is the contribution of the highly dispersifg
vectors just like in the case of two symmetrical pointlike wave.
scatterergSec. | D.

2. Separation of the modes

B. Experiment I
P To separate these contributions we now apply the

The array is linear and made of 96 rectangular transduch.O.R.T. method. After the measurement of thex96 in-
ers. The array pitch is 0.417 mm and the central frequency is
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FIG. 5. Lamb waves are invariants of the time-reversal process: A wave
. ) . 0,5 1 15 2 2,5 3 3,5 4
focused on point A generates a Lamb wave which radiates towards the array
from point B. After two successive time-reversal processes of this Lamb Frequency x Thickness (MHz x mm)
wave, the transmitted wave is similar to the first one, consequently this wave
is associated to an invariant of the time-reversal process. FIG. 7. Dispersion curves of Lamb waves for a steel plate.
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FIG. 8. Echo of the shell received by all the elements of the array after Off axis di )
transmission by the central element. s distance fn-mm

FIG. 10. Pressure patterns obtained by backpropagation of eigenvectors 1,

. . 3, and 5.
terelement impulse responses, the whole process remains nu-

merical. Only the elastic part of the signal is used to calculate .
the time-reversal operatdbetween 15 and 2&s). At 3.05  Waves can be plotteFig. 11). These curves are very close
MHz, the diagonalization of the time-reversal operator had® the theoretical curves obtained for a steel plate of thick-
six main eigenvalues. The modulus of the components of€SS 0.6 mm. In particular, the determination (_)f the cutoff
each eigenvectofl—6) is represented versus the array ele-frequency of the wavé\; allows us to tell the thickness of
ment (Fig. 9). The interference fringes are easily observed he shell.
They are equivalent at one frequency of the interference pat-
tern observed on the echoes. As in the experiment on tw@. Resonance frequencies of the shell
wires (1.4), it means that an eigenvector corresponds to the
interference of two coherent point sources.

The numerical backpropagation of each eigenvector a

The eigenvalue associated to one particular wave de-
Ipends on the frequency, it is proportional to the level of the

lows us to determine the distance between the soufigs cpntnbunon Of. the wave .to. the scattered field. The genera-
ion and reradiation coefficients of the wave are responsible

10). Each pair of sources corresponds to one particular Lam . . . X
. ) X or these fluctuations. Moreover, if the dynamic and duration
wave. At this frequency, the first and second eigenvectors are .
. : of the recorded signals allow us to detect several turns of the
associated to the wav®,, the third and fourth to the wave ;
! A wave around the shell, a fast modulation of the correspond-
A,, and the fifth and sixth to the waw,. . : o : .
S . ing eigenvalue is induced, the maxima corresponding to the
The same calculation is done at several frequencies from . :
resonance frequencies of the shell. In the experiment, the

2.2 to 4 MHz so that the dispersion curves for the threewaveAO is attenuated so fast that only one turn can be ob-
served. But several turns @&f; and S, waves contribute to
the scattered field. To take into account these multiple turns
the time-reversal operator was calculated usingu4®f the
signal. Then the eigenvalues were calculated from 2.2 to 3.8
MHz. The first six eigenvalues of the time-reversal operator

are represented versus frequeriEyg. 12. The two curves

First and second eigenvectors.

1 1I6 3‘1 4‘6 6‘1 76 ;l ' 20 +
Third and fourth eigenvectors.
@
\;'_ 15 +
g
N’
=
5 10+
2
[3)
>
[
2] &
é 5 pbbsbpadasshat b as & LTSN i&-_,f,t_
0 t } } i
transducer number 2,4 2,8 32 3,6 4
Frequency (MHz)
FIG. 9. Modulus of the components of the first six eigenvectivosn top to
bottom 1-2, 3-4, 5-§ FIG. 11. Dispersion curved/ ,(w) theory and D.O.R.T. method.
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Another limit that we encountered was due to the elec-
tronics of the system. The programmable generators we used
were built for the time-reversal mirror and could only deliver
20 V peak to peak on each channel. To measure the interele-
ment responses, a more classical generator should be used to
get up to 100 V on one channel. This would provide a much
better signal-to-noise ratio. Together with the measurement
of longer signals, it should allow a more precise determina-
tion of the resonance frequencies of the shell.

Ill. CONCLUSION

The D.O.R.T. method is a new approach to inverse scat-
FIG. 12. Eigenvalues of the time-reversal operator obtained from the elastitering. It allows one to sort various waves contributing to the
echo of the shell. scattered field and provides information that was previously
unavailable. The method was applied to an air-filled

A 1(w) and\,(w) correspond to the wav@,. Their maxima  Stainless-steel cylindrical shell. The circumferential pseudo-
occur at the resonance frequencies of the shell correspondidgmP Waveshy, Sy, andA, were separated. The dispersion

to this wave. The width of the peaks is mainly due to thecurves of these waves were obtained allowing determination
length of the recorded signals which allow us to see onlyPf the thickness of the shell. The eigenvalues of the time-
three turns of theS, wave around the shell. Similar observa- r€versal operator provided the resonance frequencies associ-
tions can be done for the wave . This wave is associated ated withS, andA; waves and close resonance frequencies

resonnance peaks are well defined although the contributiofovide & higher signal-to-noise ratio for the interelement
of the waveA, is weaker than the one &,. response signals. Furthermore, the generalization of the

To confirm this interpretation, the first eigenvalug ) m'etho'd to separate trgnsmit and reqeivg arrays qf transducers
is compared to the spectrum of tBg wave. This last spec- WI||. widen the domain of t'he application of this methqd
trum was obtained by a time-reversal operation as describeffhich should now be applied to other types of scattering
in Ref. 7. A signal of 4Qus was used to perform the FFT so Problems.
that only three turns around the shell could be seen. The
agreement between the two curves is gdeig. 13. ACKNOWLEDGMENT
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