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Depth and range shifting of a focal spot using a time-reversal mirror in an
acoustic waveguide

Stéphane Conti, Philippe Roux,” and Mathias Fink
Laboratoire Ondes et Acoustique, ESPCI, 10 rue Vauquelin, 75005 Paris, France

(Received 23 October 2001; accepted for publication 18 March)2002

We present a technique based on time reversal to focus an acoustic field at any depth and range in
a waveguide. We take advantage of the signal received from an acoustic beacon in the guide to build
a time-reversed modified version of the field that refocuses at a different point in the waveguide.
This method is based on the application of the images theorem in the guide and, as in the classical
time-reversal experiment, it does not requar@riori knowledge of the waveguide characteristics.
Ultrasonic laboratory experiments and underwater acoustic simulations are presented and compared
to classical time-reversal focusing results. 2002 American Institute of Physics.

[DOI: 10.1063/1.1479208

Time reversal is a well-known technique to refocus anthis representation is that the wave front issued from a point
acoustic field on its original source. A time-reversal experi-source in free space and received on the time-reversal mirror
ment implies the use of a source-receiving array—the soean be approximated by a parabola whose curvature depends
called time-reversal mirrofTRM)—that will transmit back on the source location. By changing the parabola before time
into the propagation medium a time-reversed version of theeversal, we then create a set of signals that refocus at an-
incident field. The advantage of this technique is to naturallyother point in the waveguide.
create a set of signals that refocus at the source while taking The first stage to get this result is the extraction of the
into account the heterogeneity of the propagation mediumparabola from the field received on the time-reversal mirror
Time-reversal focusing has been demonstrated in the waveguide. Experiments have been done with 116
ultrasonic$?and in underwater acoustiche robustness of transducers centered at 1.5 MHz with a 50% frequency band-
this technique leads to interesting applications in noisy owvidth. The waveguide, limited by a steel-water and an air-
fluctuating environments such as the océan. water interface, is 6 cm deep and 45 cm long. Figue s

The aim of this work is to go beyond a classical time-a spatial temporal representation of the field issued from a
reversal experiment by adding another step. Knowing théoint source and received on the TRM. The successive re-
incident field from a point source in a waveguide, how couldflections of the incident field on the interfaces correspond to
we refocus not only at the source but also at any other point
in the waveguide? In other words, we look for a set of sig-
nals that will shift the time-reversed focal spot in depth and
range in the waveguide. Such a result would be of great
interest in underwater acoustics as far as imaging or detec-
tion is concerned. The ability to focus at any point in a wave-
guide is a first step in making an image of the medium. A
second step would be target detection in the studied zone.

Songet al® have experimentally achieved at sea a 10%
range shift of the focal spot along the axis of the waveguide
by translating the center frequency of the incident field be-
fore time reversal. In ultrasonics, a technique based on time-

. Depth (cm)

Depth (cm)

reversal has also been developed to steer an acoustic beam A(b)
around the focal spot through an aberrating 1&y@ur am- E 2
bition is to shift the focal spot in range and depth in a wave- E
guide without changing the frequency bandwidth of the inci- §
dent field. ©

The idea of this work comes from the application of the
method of images in the waveguide. The incident field re- Time (us)
ceived from the source on the time-reversal mirror in the

: : : - : IG. 1. Spatial temporal representation of the field after propagation in the
guide is equivalent to the field generated in free space by \fgvaveguide. Time is along theaxis, the position of the TRM transducers is

set of virtual sources that are the images of the actual SOUrGgong they axis. The guide length and depth are, respectively, 45 and 6 cm:
with respect to the waveguide interfaces. The advantage @#) field received on the TRM after emission of a short pulse from the
sourcej(b) field obtained after having extracted the parabolic wave front and
folded the parabola back in the waveguide for a focus on the initial source;
AWork partly done while at the Marine Physical Laboratory, UCSD, La (c) field obtained after having extracted the parabolic wave front and folded

Jolla. the parabola back in the waveguide for a focust@ cm compared to the
YElectronic mail: philippe@mpl.ucsd.edu initial source.

0003-6951/2002/80(19)/3647/3/$19.00 3647 © 2002 American Institute of Physics
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the two branches of the parabola that are folded in the wave-
guide. To unfold the parabola, the idea is to place side by
side the replicas of the field received on the TRM in the
waveguideFig. 2). In other words, we obtain on the images
of the actual TRM the field emitted by the images of the
actual source with respect to the waveguide interfaces. In
Fig. 2, we observe several parabolas coming from the images
of the source after propagation in free space. However, we
are interested in the parabola issued from the actual source in
the waveguide.

We obtain this parabola by applying a parabolic tempo-
ral window on the replica matrix with the following algo-
rithm (Fig. 3).

Depth (cm)

(1) A first parabolic temporal window is determined on the
field received on the TRM by fitting the first wave front
[Fig. 1(a) between 20 and 22s].

FIG. 2. Spatial temporal representation of the field emitted by the sourc¢2) We apply this parabolic filter on the replica matfixig.

and its images and received by the TRM and its images with respect to the 2 between 20 and 4ﬁs) The evaluation criterion of the
waveguide interfaces. Time is along tReaxis, the position of the TRM ’

transducers and its images is along yhaxis. The guide length and depth temporal window is the total energy of the windowed
are respectively 45 and 6 cm. signal.

(3) We vary the parabola parameters and, for each set of
parameters, we measure the evaluation criterion of the
parabolic filter.

(4) The best parabolic filter corresponds to the maximum of
the evaluation criterion.

Time (us)

The next step consists in modifying the parabola param-
eters to change the location of the focal spot. In the far field
(R>y,), a shift in depth is achieved by delaying the signals
of the filtered replica matrixAt(ygy) =(yo/c)(Ay/R) where
Yo is the position of the transducer on the replica matiis
the range between the TRM and the souikg,is the depth
shift, andc is the sound speed. It is interesting to note that
the time delay is linearly dependent on the transducer posi-
20 25 30 3 40 tion. A shift in range is performed by artificially contracting

Time (us) or dilating the array size. The contraction parameter which

modifies the parabola curvature is= \(R+AR)/R where
FIG. 3. Spatial temporal representation of the “useful” parabolic wavefront

b o7 . . e AR is the range shift of the focal spot. A contractioar (
after application of a parabolic time window on the replica mafsie Fig. . ) . .
2). This parabola corresponds to the field issued from the source and re=1) Shifts the focal spot toward the TRM; a dilatatioa (

ceived on the TRM images in a free space medium. Time is alongales, ~ >1) moves the focal spot away from the array. With the

the position of the TRM transducers and its images are alonyg &élxés. The parabola, the time-reversed field is obtained by folding the
guide length and depth are, respectively, 45 and 6 cm. !

Depth (cm)

]
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FIG. 4. Directivity pattern obtained after a classical
time reversaldashed lingand with the depth shifting

. technique (solid line); (a) depth shift=—2cm; (b)

b i v,h:.w.‘f"' Kk depth shift=0; (c) depth shift=+2cm. The guide
ST length and depth are, respectively, 45 and 6 cm.
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FIG. 5. Directivity pattern obtained after a classical
time-reversaldashed ling and with the depth shifting
technique (solid line); (a) depth shift= —10 m; (b)
depth shif=0; (c) depth shif=+10m. The guide
range and depth are, respectively, 2500 and 100 m.

(a) Depth (m) Depth (m)
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FIG. 6. Directivity pattern obtained after a classical
time reversaldashed ling and with the range shifting
technique (solid ling); (a) range shift +500 m, (b)
range shifes —500 m; (c) range shif& +1000 m. The

e ™, i % Aﬁ'l ‘\'\ A »«‘v"/ initial guide range and depth are, respectively, 2500 and
~ s 5 “uid N ! W , f
- kg ol et ol 100 m
0 50 100 0 50 100 0 50 100
(a) Depth (m) ®) Depth (m) ©) Depth (m)

parabolic wave front back inside the wavegu[ddgs. 1b) 3. The larger the frequency bandwidth and the smaller the
and Xc)]. After time reversal, the field naturally refocuses atsource-array range, the easier is the determination of this
the desired point. parabola. Indeed, in a narrow-band regime or when the

Two kinds of results follow. First, we show experimen- source-array range is large, acoustic propagation in shallow
tally a +/—2 cm depth shift of the focal spatia 6 cmdeep,  water is better described by modes than by rays. It then be-
45 cm long ultrasonic waveguid&ig. 4). These results are comes difficult to separate in time the successive reflections
to be compared to the focal spot classically obtained by timef the incident field on the waveguide interfaces and the
reversal when the source is placedtdt=2 cm. Even if the  parabolic wave front as described in free space is not observ-
focusing quality is degrade@.g., the focal spot is larger and able. The analysis of the time arrival of the successive ech-
the side lobes are highethe interest of this technique relies oes in the waveguide shows that depth and range focusing is
in its ability to focus at any depth in the waveguide with only possible whenH?B/Rc>1, whereH is the depth of the
one point source. Second, we performed numerical simulaguide andB is the frequency bandwidth of the acoustic sig-
tions in a shallow water environment. The acoustic channehal.
is range independent, 100 m deep and the sound speed pro- In conclusion, we have shown that the field issued from
file is constant in the water column. The source-array rangan acoustic beacon provides enough information to refocus
is 2500 m. The TRM is made of 50 transducers centered ahe field at any depth and range in a waveguide. This relies
1500 Hz with a 50% bandwidth. The array spans the wholen time-reversal invariance and does not requreriori
water column. Figures 5 and 6 show two examples of thé&knowledge of the waveguide characteristics. This technique
depth shift and range shift of the focal spot. Once againgould be a way to perform acoustic imaging in an oceanic
these results are compared to classical time reversal when tlsballow water environment.
source is placed at the shifted position. We observe a degra- o o )
dation of the focal spot compared to those obtained with a 1 he authors are appreciative of William Kuperman, Di-
classical time reversal at these positions. Last, in the case §fCtor of Scripps Institution of Oceanography’s Marine
a down-refracting sound speed profile,+d—10 m depth Ph_yS|caI Laborgtory, for. sponsoring S.C. during his intern-
shift is still achievable but the level of sidelobes is higher. ShiP at the Marine Physical Laboratory.

We can also investigate a more complicated problem:
what happens when the TRM does not span the whole water
column? Results obtained recently show that this focusingtm. Fink, Phys. Todays0, 34 (1997).
technique is still workable if we add an information to the 2\'\;'\/ ;inll(. Sci. Am-\?VSJéG; ($9€k9_9. N Sona. T Akal. C. Ferla. and b. R
system: for a depth limited array, you need to know the po- Jéck'sor‘:’pi"zggast: sbc.oAr%oI;Sés '(19'98;.)”9' -Akal, L. Ferla, and D. R.
sition of the array in the water column. Similarly, in a range- +g £ Egelmann, T. Akal, W. S. Hodgkiss, S. Kim, W. A. Kuperman, and
dependent waveguide such as a wedge, the knowledge of thei. c. Song, IEEE J. Ocean. Endo be publishel
slope of the bottom relative to the surface should be suffi-ST(-) C-sts?zgig\év- A. Kuperman, and W. S. Hodgkiss, J. Acoust. Soc. Am.
_Clent to achleve depth and ran_ge focusing. P_raCt_Ica”y Speak@c.%orme(andal\)l. Fink, IEEE Trans. Ultrason. Ferroelectr. Freq. Control
ing, the shift of the focal spot in the waveguide is based on 43 167(1996.
the measure of the parabolic wave front as described in Fig’s. Conti, Master degree, Paris University, 2qQhpublishegl
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