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Temporal and spatial focusing properties of time-reversal mir(@iRMs) are studied in a
waveguide. The experiments are done using an ultrasonic TRM in an idealized waveguide. The
width of the focal spot, and the spatial and temporal sidelobe levels are experimentally and
numerically analyzed with respect to the characteristics of the waveguide-TRM system. An
algorithm is developed to compute directly in the time domain the time-reversed field. This
algorithm is based on the application of the mirror theorem to both the source and the TRM placed
in the waveguide. Because time reversal is a stable and robust process, some of the ultrasonic results
can be extended to ocean acoustics. Applications to underwater acoustic transmissions as well as
ultrasonic medical imaging are discussed. 2800 Acoustical Society of America.
[S0001-49660)04205-3

PACS numbers: 43.30.Pc, 43.20.Gp, 43.35/.D8B]

INTRODUCTION et al'?1® and Dowlingd**® have developed the theory of
phase conjugatiofthe Fourier conjugate of time reversal
Time-reversal invariance in acoustics means that for evpcean acoustics. At the same time, Feuilladel® com-

ery burst of sound emitted from a source—and possibly repted numerical time-reversal experiments in shallow water

flected, r_efracted, or scattered by any propagauon med|um—Where spatial focusing was studied. Finally, Kuperman
there exists a set of waves that precisely retraces all the

S Seft all” and Hodgkis=t al'® demonstrated time-reversal ex-
complex paths and converges at the original source, as |

: ; . . periments in an underwater acoustic channel. At a 445-Hz
time were going backwards. Based on this concept, time:

reversal cavitie’s” and time-reversal mirror§’lRMs)~® have frequency, they used a 24-elements TRM to perform focus-

been developed to focus ultrasonic pulses through strongl{'9 and multipaths compensation up FO 30 km. On_e of their
heterogeneous media such as multiscattering nechagtic important results was to show that time reversal is a very
cavities® or waveguide€. The advantage of time reversal, robust and stable process which is not very sensitive to noise
compared to any other technique, is that it provides a robudr ocean variability. Thus, when performing a time-reversal
set of waves without any signal analysis, which compensategxperiment, the focusing in a “real” environmerithe

for the transfer function of the medium. Thus, TRMs lead toocean and an idealized systefan ultrasonic waveguigeare

a spatial focusing and a temporal compression. Spatial focusjuite comparable. Working with ultrasound may then be a
ing means that the time-reversed field focuses back exactly good way, particularly cheap and easy to set up, to study
the source. Temporal compression means that the time&ime-reversal properties in a waveguide very generally.
reversed signal at the source is similar to the signal previ-  The paper is structured as follows: In Sec. I, we describe
ously emitted by the source. Recently, we have shown that ge experimental setup and the basic results obtained after
TRM takes advantage of the heterogeneity of the medium @ reversal in a waveguide. In Sec. Il, we represent the

improve the focusmg quality ‘fit the sourcEollowing these TRM-waveguide system with its analog in free space and we

results, the aim of this paper is twofold: on the one hand, we . ) i

. . . deduce from this representation a simple way to compute,

carefully study the spatial and temporal focusing prOpertIeSdirectl in the time domain, the acoustic focusing after time
of an ultrasonic TRM in a waveguide; on the other hand, we y ' ) 9 )

ﬁversal. In Sec. lll, we experimentally and numerically

show that some of these results may be extended in oced : )
acoustics with some applications to acoustic transmission ifjtudy the focal spot and the sidelobe levels as a function of

an underwater acoustic channel. However, time reversal ithe characteristics of the system: the length and the
underwater acoustics is not a new field. In the sixties, Parbeight(H) of the guide, the wavelengifx), and the number
vulescuet al 1> performed experiments in shallow water at of transducergN) of the TRM. In Sec. IV, we study the
sea with one transducer working in a time-reversed modgemporal compression after time reversal as a function of the
They observed temporal compression and they explained treame parameters. These results lead to the application of
major results by the method of images we will use in Sec. ltime reversal to acoustic transmission in an underwater
Nevertheless, their experiments did not embody the spatialcoustic channel as well as to medical applications in ultra-
focusing property of TRMs. More recently, Jackson sonics. Finally, we present our investigations of the influence
of a nonstatic interfacésuch as waves at the surface of the
3Electronic mail: Philippe.Roux@espci.fr ocean on the quality of the time-reversal focusing.
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FIG. 1. Schematic of the acoustic waveguide: the guide lefigtllanges

from 40 to 80 cm and the water deptH) from 1 to 5 cm. The central
acoustic wavelengtfi) is 0.5 mm. The array element spacing is 0.42 mm. (ji)
The TRM is always centered at the middle of the water depth.

|. EXPERIMENTAL SETUP AND FIRST RESULTS

In this section, we describe first the basics of a time-
reversal experiment and we show that the time-reversal fo-
cusing properties are greatly improved when the TRM is
placed in a confined medium.

The setup for a time-reversal experiment in a waveguidqiii)
is presented in Fig. 1. The water channel is bounded by two
interfaces. A point-like ultrasonic source is located on one
side of the waveguide and can be used either as a source or
as a receiver. A time-reversal mirror is located at a distanc%v)
L from the source. A complete time-reversal experiment is
divided in three stages: first, the transducer source located at
Stransmits a pulse. In the second stage, the incident field is
recorded, time-reversed, and transmitted back into the wave-
guide. In the last stage, the time-reversed field is measured in
the source plane by the source transducer, which is used as a
receiver. This mobile receiver can be translated around the
initial position S along they axis to measure step by step the
time-reversed pressure fiefg(y,t). In this case we are in-

Several comments are to be made about the experimen-
tal setup:

The length of the source and the length of the array
elements arel=12 mm, which is significantly larger
than the wavelength and the width of each element.
However, these transducers cannot be considered as
line sources because the propagation distaniseal-
ways much larger than the far-field distariRgyeq Of
each of them Rygeg~d?/4\=72mm). Thus, the
source and the TRM lie in each other’s far field and
the acoustic radiation is inversely proportional to the
range, as for a point-like source.

The steel density is 7.9 and the longitudinal and trans-
versal wave speeds are;=5800m/s and c,
=3200m/s, respectively. With these parameters, no
energy penetrates into the bottom for grazing angles
smaller thanf.=65° (grazing angles are measured
with respect to a horizontal ayisThis critical angle is
much larger than the angular directivity of our ultra-
sonic transducers, which means that no energy is dis-
sipated into the bottom.

The TRM is always centered at the middle of the
water depth, whatever the number of transducers
used. However, the source transducer will not always
be placed at the center of the waveguide.

The sidewalls of the tank are at more than 30 cm from
thexy propagation plane. Given the waveguide length,
this means that the first echoes from the tank bound-
aries, if any, would arrive much later than the last
recorded echoes reflected by the waveguide interfaces

[see Fig. 2a)].

Figure Za) shows the transmitted field recorded by the
array after propagation through the waveguide. After arrival

terested both in the temporal compression and in the spati&f a first wavefront corresponding to the direct path, we no-
focusing of the time-reversed field in the plane of the initialtice the arrival of a set of multipath signals corresponding to
source. The quality of the temporal compression at théhe multiple reflections of the incident wave on the inter-
source can be deduced from the cupy¢0,t) and the direc- faces. Figure @) represents the signal recorded on one
tivity pattern of the time-reversed beam is obtained from theransducer of the TRM. After time reversal, FigaBshows
curved(y) = max{py(y,t)}. a remarkable temporal and spatial focusing of the time-
The waveguide is made of two plane-parallel interfaceseversed field at the initial source. Two major points are to
(one steel/water and one air/water interfacéhe length of  pe ynderlined: from the temporal point of view, multipath
the guide ranges froh =400 mm tolL =800mm, and the  gffects are compensated. The signal measure8 iat the
water depth fromH=10mm toH=50mm. The TRM is a 5 equide is nearly identical to the one you would find after
128-transducer linear array identical to the source transduceé. time-reversal experiment in free spadg. 3b)]. This

The width of an individual element is 0.39 mm, and the : .
: . means that the transfer function of the waveguide has been
spacing between two elements is 0.42 mm. Thus, the maxi- :
. completely compensated by the time-reversal process. Sec-
mal aperture of the array is 50 mm. The number of elements . . . .
nd, from the spatial point of view, the time-reversal focus-

used during a time-reversal experiment is then adjusted t8 i !
the water deptifor example, only 96 transducers are used"d IS much smaller than the one observed after a time-
for a 4-cm-depth waveguidieThe mirror works at a 3-MHz ~ reversal experiment with the same TRM in free spefeig.
central frequency with a 50% relative bandwidth-a6 dB 4). Thus, time reversal takes advantage of the presence of
(central wavelength 0.5 mm). Each transducer element hasinterfaces in the medium to improve spatial focusing.

its own amplifier, an 8-bit A/D converter, a storage memory,  Following these first results, we study now the temporal
and an 8-bit D/A converter working at a 20-MHz sampling and spatial properties of time-reversal focusing in a wave-
rate, which permit us to retransmit a time-reversed version ofjuide and some of its applications in ultrasonics and ocean
the recorded signals. acoustics.
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. . L ... FIG. 3. (a) Spatial-temporal representation of the time-reversed field mea-
FIG. 2. (a) Spatial-temporal representation of the incident acoustic f|eldSured in the plane of the point sourcd:=74cm; H=40mm:

receiveq by the TRM atter p.ropagation thrqugh the guide; 40 mm; L source depts20 mm; a 96-transducer TRMp) bold line: zoom of the

=74 cm; source dgpchQ mm; (b) Temporal signal measured on one trans- time-reversed signal measured at the point source betwé&eand +5 us

ducer of the array; receiver depttt0 mm. (receiver deptk20 mm); dashed line: time-reversed signal measured at the
source in free space.

Il. FREE-SPACE REPRESENTATION OF TIME
REVERSAL IN A WAVEGUIDE image of the point sourcA. We experimentally confirm this
. o . result by recording the field on the TRM after propagation
_ The goal of this section is to give a free-space represe through the waveguide and by time-reversing this field in
tajuon of the TRM-Wavegu@e system and to Qeduce_ fro ree space, meaning we remove the waveguide and transmit
t.hls repres'entatlo.n an algonthm to compute directly in thethe time-reversed signal in a medium without interface. The
time domain the time-reversed field at the source. . time-reversed field then focuses at the source but also on the
We restrict our work to the study of a Pekeris virtual images of the source with respect to the interfaces

waveguide” In the experimental co n_f|gurat|om, Is always (Fig. 6). The directivity pattern is asymmetric because the
much smaller than the characteristic lengths of the wave-

guideL andH. Ray theory can thus be applied to describe

acoustic propagation. In this case, Snell's laws imply that Depth (mum)
each waveguide interface acts as a mirror for acoustic rays 0
The application of the method of imad@sllows us to trans- 0
pose the forward and backward propagation in a waveguide
between a point source iA and a TRM inB into a free-  £§ -101
space configuration. To understand this transposition, we d 2
scribe time reversal as a two-stage process: the forward ang 20
backward propagation. § 304

In a first stage, the signal is emitted frofnand is re- y
ceived on the TRM irB after propagation through the wave- 5 40
guide. The rays then appear to be emitted from a set of

virtual sources in free space. These sources are the images _. -50-

the aCFuaI SOUI’CQ with respect tc,’ th,e 'gwde mterf&E&g; 5. FIG. 4. Directivity pattern of the time-reversed field in the plane of source:
The S'Ignal received on each 'nd'Y'dual trar.‘Sducer of th&he dotted line corresponds to free space, the full line to the wavegdide;
TRM is the superposition of the signal coming from each=40 mm;L=74cm; a 96-transducer TRM; source depft0 mm.
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propagation
—t direction

FIG. 5. Application of the method of images to the point source in theFIG. 7. Application of the method of images to the TRM in the waveguide.
waveguide.

, ) are the images of the actual TRM with respect to the same
source is not centered at the middle of the water depth: for f’hterfaces(Fig 8)
source at deptly,, the images are located atyo*2kH, Theoretically the number of images is infinite. However,

wherek is an integer. i i ) this number is experimentally limited by two different ef-
In a second stage, the time-reversal field is sent back, s in ocean acoustics and in ultrasonics:
from the TRM inB and we measure iA the time-reversed '

field after back propagation through the guide. Frapthe () In ocean acoustics, the number of echoes observed in

TRM is now equivalent in free space to a set of virtual a waveguide is limited by the reflection coefficient at
TRMs, which are the images of the actual TRM with respect the bottom interface. In first approximation, this leads
to the wave guide interfacd&ig. 7). This result has already to an attenuation as a function of range equal to
been shown by the fact that the focal spot after time reversal o m
in the waveguide is much smaller than the one obtained with R(fgrazing = R1( grazing* (= 1)™, @)
the same TRM in free spacsee Fig. 4 In other words, the where Ry (0yazing is the reflection coefficient mea-
smaller focal spot is due to an increase of the effective TRM sured at the water—bottom interface for a plane wave
apel’ture_ due to the presence Of V|rtual TRM |mages N the and a grazing anglegrazing,n Corresponds to the num-
waveguide. o _ _ ber of reflections on this interface, antdthe number

Thus, the application of the method of images is two- of reflections on the water—air interface. For a given
fold; it increases the effective number of sources in th¢=T for- grazing anglefyazing, the larger the number of reflec-
ward propagation stage and also the number of TRMs in the tions (n), the longer the propagation range and the
backward propagation stage. This allows us to describe the
complicated TRM-waveguide system with a simpler free-
space system created by a set of sources and mirrors. These -2H+x0: R *R,
sources are the images of the actual source with respect to 2H+x1
the interfaces and are placed in front of a set of TRMs, which

-x1
Depth (mm)
40 20 0 20 40 60 80 100 120 140

0 T 1 Il Il I Il | | |
x1
-10
- 2H-x1
)
=2 2H-x0'R
5 20T 2
E ; 2H+x01 R *R,
&30+ 1 2H+x1
! 1
< i h
ol | A
=T i | 1 FIG. 8. Representation of the time-reversal—free-space system analog to the
; E E time-reversal-waveguide system: on the left are located the images of the
S04 ¢ ! ! actual source, at =xy+2kH; on the right are located the images of an

actual TRM transducex, at =x,+2 pH. The coefficientR]*R]' corre-
FIG. 6. Directivity pattern of the time-reversed field after back propagationspond to the attenuation of every source relative to its position. In the case
in free space. The bold lines correspond to the waveguide actual interfaces a water—air interface, we hav@l=—1. A ray is plotted between the
and the dashed lines to the images of the interfades;33 cm, H sourcex, and the receiver @ —x; . The grazing angle at the interfa@eis
=32 mm, a 66-transducer TRM; source depft® mm. equal to the launch and the reception angles.
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stronger the attenuation. The reflection coefficieft
may be complex for a reflection below the critical
angle 6, or because of absorption in the bottéf.
Basically, this reflection coefficient implies that long-
distance propagation in ocean waveguides occurs
within a cone whose half-angle is equal to the critical (3)
angled..

In ultrasonics, attenuation due to reflection is negli-
gible in the case of a steel-water interface. However,
the size of each transducer is no longer small com-
pared to the acoustic wavelength. This leads to an
angular directivity angfy;) which affects the acous-
tic field both in transmission and in reception. For a
launch or a reception angley;, (with respect to the
horizontal axi$, the angular directivity is approxi-
mated by an attenuation coefficient equal in the far

(i)

field to
. kaSin(‘%ir))
sin————
NG i) Y sin ) @

2
wherek is the acoustic wave number at the central

I, and each point=(0yy), with ye[0,H] in the plane

of the source for the backward propagation. Do not for-
get the attenuation coefficient of each emitter and the
directivity angle of each emitter and each receiver ac-
cording to their positions.

Compute the time-reversed field at pointsing the for-
mula

S(r,t):§k: > 2 G, 0@G(r,; , T—t|r,,0)
p i

f(T-t), 3

wheref(t) is the transmitted signal anflis such asG
=0 for t>T. The first sum refers to the source images
and the second to the TRM images.

In the case of a uniform sound-speed profile as in the

Pekeris waveguide, the acoustic propagation between the
sources and the receivers is described by the 3D free-space
Green’s function, which leads to the simple formula

S(t—|rpi—ryl/c)

G(rpi tlre,0)~R(0)and(9) Fo—ro]
P,

4

frequency of the transducer and the size of the transwith

ducer. Once again, the angular directivity limits long-
distance propagation within a cone whose half-angle
depends on the transducer characteristics. Note that in
the case of a Pekeris waveguide, we hagg

— — —1
‘9dir_ agrazing_ #=cos L

|rp,i_rk|)

Note that the angular directivity is squared in E4). because
the field is transmitted and received by transducers with the
It is interesting to see that the propagation cone in ousame characteristics.
ultrasonic time-reversal experiments-30° at —10 dB) is If the sound speed is not uniform in the waveguide, then
similar to the one measured in underwater acoustics witlalong with each source and TRM there exists a sound-speed
classical bottom characteristicgtypically 15-35° for  profile symmetric with respect to the interfaces. In this case,
continental-shelf sedimentsThis is the reason why time- a ray code must be used to compute the free-space Green's
reversal provides similar results in ultrasonics and in underfunction taking into account acoustic refraction.Off
water acoustics. course, time reversal and E@®) remains valid but the new
In the free-space visualization, each image of the sourc&reen’s functiorG(r, ; ,t|r,,0) depends dramatically on the
and the TRM is weighted according to its attenuation coefsound-speed profile and must be calculated numerically.
ficient and the angular directivitisee Fig. 8 Thus, the im- The biggest advantage of this algorithm is to work di-
ages further away from the waveguide have a lower contrirectly in the time domain and to use symmetry properties due
bution to the field. to the waveguide geometry to compute the acoustic focusing
According to this representation, a time-reversal experiafter time reversal. Thus, in the case of a wideband source,
ment consists first of transmitting a pulse by all of thethe computational time is greatly reduced compared to the
sources and second, of time-reversing this field back by thenore classical monochromatic-modal formulation of acous-
combined TRMs. This leads to a simple algorithm, in thetic propagation in a waveguide.

= agrazing (Fig. 8).

time domain, to compute the acoustic focusing after time
reversal: 0

(1) According to the waveguide characteristics, construct the
free-space analog system with the images of the source
and the TRM. For a source at coordinatgs=(0.y,),

the images are at coordinatgs= (0,=yo+ 2kH), where

k is an integer. For a TRM made o&f transducers at;
=(L,yi), with ie[1N], the TRM images are atp;
=(L,=*y;+2pH), wherep is an integer(see Fig. 8.
Compute the Green’s functior(rp;,t[ry,0) between
the sources at, and time 0, and the TRMs af,; and
time t for the forward propagation. Similarly, compute
the Green’s function&(r,t|r,;,0) between the TRMs at

)

p.is

2422 J. Acoust. Soc. Am., Vol. 107, No. 5, Pt. 1, May 2000

Furthermore, two points are to be underlined:

We have restricted our application of ray theory to a
Pekeris waveguide. We have not investigated the clas-
sical ray theory problems encountered in a depth-
dependent sound-speed profile, such as caustics, for
example. Ray theory is a big topic, well-known and
available in many references. The aim of this article is
not to give a tutorial on this subject but to show that
ray tracing is a convenient tool to study time reversal
directly in the time domain. Furthermore, even if
caustics may dramatically affect the forward propaga-
tion between the sources and the TRM by changing
the energy distribution in the waveguide, their pres-

P. Roux and M. Fink: Time reversal in a waveguide 2422
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FIG. 9. Directivity pattern of the time-reversed field obtained experimen-
tally (bold line) and numerically(thin line) for a ten-transducer TRM. The

TRM spans the whole water depth=40 mm; source depth20 mm; L

=T74cm. FIG. 10. Directivity pattern of the time-reversed field numerically computed
in an underwater waveguide with different bottom velocitie;

gentralfrequencyzoo Hz, —6-dB frequency bandwidth50 Hz, L

ence does not break time-reversal symmetry and thus,’ 5, ="\ 7700 5= 2000 kg/n, bottom attenuation0.2 dBA.

they do not influence the way the time-reversed fieldsgce deptk30 m, a 20-transducer TRM. The two=1800 m/s curves
focuses back at the source. correspond to two TRMs whose central position is shifted in depth by 1

(ii) We have described reflection at the water—bottom iny_vave_zlength. Since the frequency bandwidth i_s relatively small, the simula-
terface by the reflection coefficient calculated in thel©°" IS based here on normal-mode propagation.
case of a monochromatic and plane incident wave.

We have not considered the pulse distortion after rethe quality of focusing after time reversal. More particularly,
flection on this interface which occurs when the re-jt js obvious that the positions of the source and the TRM in
flection coefficient is complex. One way to take carethe simulation are not exactly the same as in the experiment.
of the pulse distortion is to modify the impulse re- Thys, the good agreement between experimental and numeri-
sponse(and so the Green’s functipms described by ¢4 results shows that time-reversal focusing is not very sen-

Cron et al*? With a complex reflection coefficient  sitive to small errors in the transducer locations.

_ . Indeed, time reversal is known to be a robust process in
RIO=Reeal ) 1Rimad 0). © general and a stable process in the particular case of an
the impulse response is no longer defined H{y) acoustic waveguide. Time reversal is robust because it acts
=R(6)(t), but by the equation as a correlatdt and is therefore not very sensitive to random

1 noise. The stability of time reversal in a waveguide can be
h()=Reea #) 5(t) ~ Rimad ) — - (6)  understood through a simple example: suppose the impulse

. . . . response of the guide is made of ten echoes due to ten re-
This induces a distortion of the wave, which leads to Aacti 7 .
. . . flections on the interfaces. After propagation through the
spreading of the signal and to a decrease of its ampli- . - ) .
. . .~ = waveguide, the incident field depends on the interference be-
tude. In order to take care of this wave distortion in ) .
A . e tween these ten echoes. It is well-known that the transmitted
our free-space configuration, we use the modified 3D, """ X :
i . field is strongly affected by any mismatch of the waveguide
Green'’s function L . 2
#(6) I —rd characteristics or the receiver locatiohSuppose now we
Gty r0)~ ang( Roeaf ) 5<t— pi— Tk ) time-reverse the field by a TRM made of 20 transducers. We
. | ¢ are interested now in the time-reversed field in the plane of
the source. Because of reciprocity, the impulse response be-
tween the TRM and the source is still made of ten echoes.
(7) This means that each TRM transducer time-reverses ten ech-
oes and that each of these ten echoes generates ten echoes.
For a 20-transducer TRM, the total number of echoes re-
ceived after time reversal at each point in the plane of the
Figure 9 shows a comparison between an experimentaource is then equal to 200X 10=2000. Once again, all
and a numerical directivity pattern obtained after time reverthese echoes interfere together and give rise to the spatial and
sal in an ultrasonic waveguide. The length of the guide is 74emporal focusing observed in Fig. 2. But, because of the big
cm, the water depth is 4 cm, and the source is placed at theumber of echoes interfering together after time reversal, the
center of the guide. The TRM is made of ten equally spacetime-reversed field appears not to be very sensitive to the
transducers which spread over the whole water depth. Thehase and to the amplitude of each of them. This means that
numerical result has been obtained using the algorithm dean approximated knowledge of the transducers locadanm
scribed above and the 3D Green'’s function as written in Eq9) or of the bottom characteristi¢gig. 10 does not change
(7). Numerical and experimental results are in good agreetime-reversal focusing, whereas it may dramatically affect
ment, confirming that a simple model is enough to describehe incident field. As a consequence, the advantage of the

| p,i

_ |rp,i_rk|
C

- Rimag( 0)
W(t
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FIG. 11. Experimental directivity pattern of the time-reversed field for five -0 -

positions of the sourcg, in the waveguidey,=2.5mm, yo=5 mm, y, FIG. 12. Experimental directivity pattern of the time-reversed field in three
=7.5mm, y,=10mm, y,=125mm; L=74cm; H=15cm; a 37- different waveguides. The receiver depth is measured with respect to the
transducer TRM. source depttyy: Yo=15mm for H=30 mm; y,=20 mm for H=40 mm;

Yo=25mm forH=50 mm. The TRM spans the whole water depth. The

. . . . . width of the focal spot does not change as a function of the waveguide
algorithm described above is that it combines a fast way tQgp, P 9 9

compute the time-reversed field and an acceptable accuracy
even if the actual environment is roughly simplified.

AL
A~—. (8
IIl. SPATIAL FOCUSING AFTER TIME REVERSAL IN A D
WAVEGUIDE
. ) o ) In the waveguide, the focal spot is smaller because the
The quality of the time-reversal focusing is determinedyefiections of the incident field on the interfaces virtually

by the characteristic parameters of the TRM-waveguide sySncrease the size of the TRM. The distarizeorresponds to
tem. Recall these parameters are the legtthe heighttH)  the effective aperture of the TRM defined by its images. We
of the guide, the wavelengtfh), and the number of trans- haye seen in Sec. Il that the number of images is limited by
ducers(N) of the TRM. In the following, we only work with o different effects in ultrasonics or in ocean acoustics: in
L/H>1 andH/A>1. ultrasonics, the field transmitted or received by each trans-
A. Position of the source ducer is weighted by its angular directiviffeq. (2)]. Ne-

glecting the reflection coefficient at the steel-water interface,

_ First, we remark that, besides these parameters, the Pgsg effective aperture of the TRM is then determined by the
sition of the source greatly affects the sidelobe structureproduct of the angular directivity of the source and the re-

Figure 11 represents five directivity patterns obtained in the.ejyer. 1n our configuration, all the transducers are the same
same waveguide configuration, which show that the sidelobg,4 e callg, the half-width directivity angle. Thus, the

levels are dramatica”y dependent on the depth of the |n|t|%ldth of the focal SpOt is independent of the Waveguide and

source position. _ is roughly equal to
In particular, sidelobes are more important when the

source is close to the interfaces. This can be understood eas-

ily by the free-space visualization of time reversal in the A
waveguide. Indeed, the effective source can be considered in
free space as the actual souatwlits images. Similarly, time ) o
reversal is performed now by the actual TRMdits images. /N @n underwater acoustic channel, propagation is also
This means that the time-reversed field will focus back oriMited inside a cone defined by the critical angle. How-
each source as seen in Fig. 6. Consequently, if the actu§|\/er,.attenuat|on in t_he bottom decreasgs the contribution of
source is close to an interface, the sidelobes of the closedf€ Nighest propagating mode as a function of rangghus,
image spill over into the “real” waveguide, which explains the width of the focal spot is slowly dependent.ofs shown

the results of Fig. 11. For ease of study, we will now alwayseXPerimentally by Hodgkisst al’® This paper roughly de-
place the source in the middle of the waveguide. fines the width of the focus as the ratio of the water depth to

the number of contributing modes if the sound speed is not
strongly dependent on depth. In analogy with B, this is

N

T 2tan6y) ©

B. Focal spot equivalent to

The directivity pattern obtained after time reversal in
different waveguides is presented in Fig. 12. This figure - A (10
shows that the focal spot does not depend on the waveguide 2tan 6’

parameterd. or H. According to diffraction laws, the width
(A) of the focal spot in free space depends on the length oivhere 6,, is the grazing angle of the highest contributing
the focusing arrayD) mode in a waveguide of length
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FIG. 13. Directivity pattern of the time-reversed field that puts into evidence — NL/H=1776, N=96

sidelobes for small TRMs centered in the waveguide: 5 transducers corre-

spond to a 2.5-mm-large TRM, 10 transducers to a 5-mm-large TRM, andFIG. 14. Experimental directivity pattern of the time-reversed field versus
20 transducers to a 10-mm-large TRMH=40mm; L=74cm; NL/H; the N transducers of the TRM span the whole water defith;
source deptk20 mm. =74 cm; H=40 mm; source depth20 mm.

C. Sidelobes level decreases ds increases down to a limit reached here
. ) o whenN~50, orNL/H~1000. Figure 15 represents the side-

_In free space, S|d_elobes d_ue to spatl_al aliasing a%obe level measured experimentally and computed numeri-
avoided when the spatial sampling of a ho_r|zor_1tal array Ii:tally as a function ofNL/H in different configurations.
greater than or equal t/2. The TRM used in this experi- g6 results confirm the sidelobe behavior observed experi-
ment Is a ve.rtlcal array with. spacing. T,h's IS enpugh o mentally in Fig. 14: the sidelobe level roughly follows an
neglect the sidelobes due to a poor spatial sampling becaugg o se’jinear decrease as a functiom\df/H before reach-
vertical wavelengths are usually much longer for acoustiGy 4 |imit for NL/H~ 1000. It is clear that the limit value of
waves propagating in a wavegwb‘quwever, Fig. 13 1ep-  tne parameteNL/H is not the same for ultrasonic experi-
resents three directivity patterns obtained after time revers%ents(where it probably depends on the transducer)sinel
in awavegui.de Which clearly show the presence of sidelobeﬁLI ocean acousticéwhere it surely depends on the bottom
due to spatial aliasing. These sidelobes appear when ”}f’roperty. Thus, the sidelobe level is a very important but
TRM becomes small compared to the water déptbecause o complicated issue. Here are two points that should be

of the_ new periodicity induced by the guide interfaces. VV‘:"theoretically and experimentally investigated in the future:
can visualize then a superarray made up of our small TRMs

with spacingH (see Fig. 8 According to diffraction laws, (i)  In our experiments, a saturation of the sidelobe level
this periodicity generates high sidelobes on each side of the is clearly observed foNL/H~1000 whenL/H or N

main lobe at distanc&(\L)/H, wherek is an integer. Ex- are increased. Increasirlg means more transducers
perimentally, we haveNL)/H=8 mm, which corresponds

to the position of the sidelobes observed in Fig. 13. In all 20*log(NL/H)

future measurements, the TRM will adequately span the wa- 25 30 35 40 45 50 55 60 65 70 75 £
ter column. L

T 1 i I T T T 1 1 1 1

We now try to quantitatively understand the dependence
of the sidelobes o, H, andN. The sidelobe amplitude is _
slowly varying versus water depth, which allows us to define &
the sidelobe level as its average amplitude around the foca="
spot. More precisely, we introduced in Sec. | the directivity £
pattern along they axis by d(y)=max{p,(y,t)}, where
p«(y,t) is the time-reversed beam in the source plane. We& -25
now define the sidelobe level §20 log o d(y)]) for y vary- %
ing over five wavelengths on each side of the focal spot. In=2
other words, the sidelobe level is the average envelope ex¥? 35+
pressed in dB around the focal spot. A heuristic study basec
on the free-space configuration has shown that one of the
relevant parameters of the sidelobe study is the numbel 1
NL/H.?* We confirm this hypothesis by experimentally and

numerically studying the sidelobe level as a function of theFIG. 15. Logarithmic decrease of the sidelobe level vet$ugH in differ-
three parameter, L andH ent waveguides: the first four curves are experimental results as a function
. ' - . . of the number of transducels: the average slope coefficient is equal to
Figure 14 represents directivity patterns measured in @ .g2; the dashed line corresponds to numerical results as a function of the

waveguide as a function df. This shows that the sidelobe waveguide lengtt. and confirms the saturation of the sidelobe level.

15+

e le

-+ H=22cmL=74 cm
<-H3cml=74cm QAN e — e = — — X
- H=Acml=74cm
-o- H=5ecmL=74 cm
- H=4 cmN=20
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and so more spatial information at a given range. In-  Time reversal by
creasingL/H means more reflections on the wave- one transducer
guide interfaces and so more temporal information on
each transducer. What is the coupling between spatial

and temporal information on the sidelobe level after
time reversal? D

(i)  What is the effect of the bandwidth of the emitted \ §transducer1
pulse on the sidelobe level? At first sight, a shorter S :transducerZ
pulse means a larger bandwidth and leads to lower ~.+Q+~—-— :

. . t transducer 3
sidelobes after time reversal.

Time reversal by

IV. TEMPORAL COMPRESSION AFTER TIME all the transducers
REVERSAL IN A WAVEGUIDE

We have seen in the Introduction how multipaths were
compensated after time reversal in a wavegufig. 3(b)].
Indeed. the time-reversal process enables the realization 5]&G 16. Temporal compression after time reversal in a waveguide obtained
R " . . separately for three different transducers and for the whole TRM.
an “optimal” spatial and temporal filter matched to the
waveguide transfer function. This is related to the reciprocity
theorem, which states that the positions of a source and reic transmission is to send a given signal through a shallow-
ceiver can be interchanged without modifying the resultingwater environment. If the emitted signal is long, the presence
field. Thus, if the waveguide transfer function is character-of interfaces leads to the appearance of multiple arrivals,
ized by its impulse response, or equivalently Green’s funcwhich interfere and damage the quality of the acoustic trans-
tion defined at point; and timet by G(r;,t|r,,0) from a  mission.

source at point and time 0, reciprocity means that How can a TRM improve acoustic transmissions? Sup-
~ ~ pose that the goal of a TRM &tis to send a signdi(t) to A
G(ri t[rs,0=G(rs,t|r;,0). (1D through a waveguidéFig. 1). First, A transmits a short pulse

) ) o supposed to be a Dirac impulgét). The TRM atB records
Under this assumption and assuming ideal transducers, thge pressure fielth (t) with te[0,T], which is the impulse

time-reversed field observed at the source location becomer%sponse of the waveguide between the source and each

N transducer of the TRM. After time reversal, we have shown
Ptr(rs=0,t)=2 G(r;,tlrs=0,0 that the time-reversed signal receivedAris similar to the
=1 emitted Dirac impulse, which means
@G(r;{,T—t|rs=0,0). (12)
Note that the waveguide Green’s functi@htakes into ac- 2 hi(t)®@h;(T—t)=65(t). (14
I

count the reflection on the interfaces and is therefore more
complicated than the free-space Green’s funct®defined
in Sec. . As a matter of fact, if each transduceof the TRM now
Each individual contributiomn in Eq. (12) is the autocor- transmits the signat;(T—t)® f(t), then the signal received
relation function of the impulse response between the poinat the source is
rs and the transduceérat pointr;: it is a symmetrical signal
with a maximum at the same time for each transducer.
However, for a given transducerthe sidelobes of E hi(t)@h(T—t)ef(t)=1f(t). (15
I

G(r;,t|rs=0,0®G(r; ,T—t|rs=0,0 (13

are located at different times that depend on the various mul-  Following this procedure, Fig. 17 shows the example of
tipaths between the source and the transducer. When we atlte transmission through an ultrasonic waveguide of a train
a sufficient number of transducers, the sidelobes interferef five pulses. The pulses were separated in time by a time
destructively and all the maxima add constructivelytat greater than the inverse of the transfer function bandwidth.
=T. Thus, if the TRM samples the whole water depth, theThe quality of the transmission depends dramatically on the
time-reversed field can be approximated by a Dirachumber of transducers used on the TRM: the transmission is
S-function (Fig. 16). The duration of the time-reversed signal good for 48 transducers and the signal is unreadable if the
at the initial source is then related only to the transfer functime reversal is done with only one transducer. Moreover, we
tion of the transducers, which is actually nonideal. remark that pointA is the only place in the waveguide to
receive the transmitted information because the time-reversal
field is only adapted spatially and temporally at this point.
The temporal compression observed after time reversahcoustic transmission using time reversal is then not only
in a waveguide has direct applications to acoustic transmisaccurate but also confidential because the transmitted infor-
sion in underwater acoustics. The issue in underwater acougation will remain obscure to anyone not close to pdint

A. Acoustic transmission using time reversal
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B. Amplification of the signal after time reversal in a is now working on shock wave generators using this prin-
waveguide ciple with a view to medical applications.

Another issue of temporal compression is the compari-
son between the amplitude of the time-reversed signal in th€. Time reversal in a nonstatic waveguide

yvaveguide.and in frge—space configuration. The presence of We now study the influence of a nonstatic waveguide on
interfaces in the guide leads to the generation of multiplg,,o temporal compression observed after time reversal. The

echoes, which means that each transducer receives and ﬂ\ﬁﬁveguide is 74 cm long and 4 cm deep. The 96-transducer

retransmits a much bigger energy than in a free-space M&RM spans the whole water depth. Waves at the air—water
dium where only one wavefront is expected. After time re-;

L all th itted by the TRM | (gnerface of the guide are generated like waves at the sea
versal, all the energy transmitted by the IS concentrateq(,  t5ce 1o create a dynamic interface. The waves propagate

on the focal_ spot. The amp_litude_ of the time-reversed field ak o the source toward the TRM and their frequency of ex-
the source is then much higher in a waveguide than the a Sitation is around 15 Hz, which corresponds to a 15-mm

plitude obteyned with the same TRMin freg spdfe. 18. avelength. The root-mean-square height of the waves is on
Two points are to be highlighted: both in free space an he order of the acoustic wavelength0.5 mm).
a Wavegl_Jide, the. amplitude of the time-reversed field in- First, we remark that the direct wavefront and the wave
creases linearly with the number of transducers on the T.RMthat reflects only once on the bottom are not affected by this
becguse each transducer receives and t.hen re'tr.ans.mns Hsturbance. Because these echoes are generally the most en-
proxma_tely the same energy whatever its _posmon n theergetic ones, waves at the sea surface have little effect on
waveguide. Generally, this is no longer true in ocean aCoUS5me reversal as predicted theoretically by Kuperreaal’
tics and, fo_r example, _in a strongly down-refracting Sound'On the other hand, as soon as the whole time-reversed field
speed 122%“'3 where incident energy is refracted to .thqs affected by the disturbance, it may have a consequent in-
bottom. ™" Next, we see t_hat the shallower the Wavfegu'de*ﬂuence on the time-reversal compression observed at the
the more echoes are received on the TRM ar.1d. t.he higher t"E{%xource. To explore the dynamic effects on time reversal, we
amplitude of the time-reversed signal at the |n|t|§1l SOUrCe. c<jact in our time-reversal window only the echoes which
As a maFter Of, fact, the temporal compression may bEhave been reflected at least once by the surface of the guide.
used to obtain a high-value pressure peak even with a IOV’I‘hen we perform time reversal in two configurations: an
electrical power input applied to the transducers. Our grou%dapt,ive and a nonadaptive mode. In the adaptive mode, the
time-reversed field is transmitted back into the waveguide as
fast as allowed by the electronics of the TRM. In the non-
adaptive mode, the time-reversed field is delayed before be-
ing retransmitted. The time delay is on the order of a few
seconds, which is long compared to the dynamic time scale

140 T~ free space L=74 cm

120 + =+ H=2cmL=74cm
- H=4 cmL=74 cm

100 +
§ of the surface waves. Figure 19 represents the time-reversed
% 80 1 field at the source for 100 shots in the adaptive and the non-
£ 60 - adaptive mode.

< In the nonadaptive mode, the medium has changed be-

407 tween the reception of the incident field and the transmission

of the time-reversed field. The temporal compression at the
initial source is then randomly affected by the surface. A
similar nonadaptive time-reversal experiment has already
been reported in Ref. 18 through an underwater acoustic
FIG. 18. Comparison of the maximum of the time-reversed signal measureg§hannel where the disturbances were probably due to internal
at the source versus in free space and in two different waveguides. waves evolving on a few minutes’ time scale.

20 -
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In the adaptive mode, the time-reversal process and thé. CONCLUSION

acoustic propagation is short enough2 ms to consider the We have presented in this paper experimental and nu-
nonstatic surface as frozen during this time interval. In this erical results on time-reversal properties in an ultrasonic
case, the surface waves act as a rough static interface and tvﬁl]%veguide As long as the basic differences between ultra-
temporal qompression aftert.ime reversal is similar to_the ON%onics and. ocean acoustics are understood, some of these
ggziav?: ?hgllpol\?vnsvavxz\r/elggigefnlgsttlk;e Sgt?/:/e‘:ér?cf lgs;:;: ggoz?ésults are applicable. to an underwater ac_ousti.c channel. We
: Y have shown in particular that the spatial sidelobe level
Compared to the internal dynamic time scale of the ocean . - the focal spot depends Nit/H, wherel andH are
(around a few minutgsit should be possible to perform a he length and the height of the guid’e aNdhe number of
good_ an_d stable time-reversal compression with a TR ransducers of the TRM. On the other hand, the temporal
Worﬁ?ngalllr;/tr\]/\?eagjggzi/fil rtr;:adszect of the nonstatic surface compression obs_erved aft_er fcime_ reversal may I(_aad o appli-
by a statis’tical study of the time-reversed amplitude at th cf'mons to QCOUS“C t_ran_sm|33|on n ocean acoust|c§ as well as
source in the adaptive and nonadaptive médg. 20. As %lgh-mtensny_focusmg in the mepllcal field. Followmg some
expected, we observe that the average amplituae iﬁ the norgcent works in _awedge wa\{egmﬁﬁegve plan to experimen-
o ) . . . ?ally and numerically study time-reversal focusing in range-
adaptive mode is four times weaker than in the adaptlv%ependent waveguides in the future
mode, which is itself close to the time-reversed amplitude '
obtained in a plane and static waveguide.
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