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ABSTRACT 
The objective is to focus an ultrasound beam on a 

target during lithotripsy. We propose to study the 
conception of a piezoelectric shock wave generator in 
which the focal zone is moved electronically to track the 
stone. For this purpose, we use the autofocusing property 
of time reversal mirrors (TRhQ to track in real time a gall 
bladder or kidney stone embedded in its surrounding 
medium. We show that TRM allows us to obtain a sharp 
focusing on one bright point of the stone. The time of 
flight profile is then determined and used in a 
minimization method to calculate the spatial coordinates 
of the stone. 

I Introduction 
Adaptive focusing of an ultrasound phased array 

would be extremely valuable to improve the efficiency of 
lithotripsy. In state-of-the-art lithotripsy, the 
determination of stone position is achieved with either an 
ultrasonic scanner or an x-ray imaging unit. Although the 
stone position may be accurately determined with x-ray 
systems, the focusing of the destructive ultrasonic wave 
through inhomogeneous tissue remains difficult. Sound 
speed inhomogeneities can distort and redirect the 
ultrasonic beam. An even more crucial problem is related 
to stone motion due to breathing. Indeed, the lateral 
dimension of the shock wave in current lithotripsy 
devices is less than 5 mm and the amplitude of stone 
displacement can reach up to 20 mm from either sides of 
the rest position. Hence, many shock waves miss the 
stone and submits neighbouring tissues to unnecessary 
shocks that may cause local bleeding. 

Different approaches have been investigated to 
overcome these obstacles. They are all based on a trigger 
of the high power pulses when the stone goes through the 
focus of the shock wave generator. To this end, the high 
power pulszs may be synchronized with the breathing 
cycle. Another solution is to use low amplitudes to drive a 
prefocused piezoelectric array as a transmitter and 
receiver in pulse echo mode. Thus, when the stone is 
located at the focus, the amplitude of the signal received 
is maximum and the hgh power pulses can be triggered. 
These approaches may reduce the number of shots needed 
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to dsintegrate the stone but increase considerably the 
time of treatment. 

TRM is an original approach to optimize focusing of 
a large transmitting transducer array through 
inhomogeneous medium[ 1-41. This technique detects the 
ultrasonic pressure field generated by an acoustic source 
embedded in heterogeneous medium with a set of 
transducer elements. The signals received by each 
element is digitized and recorded during a time interval 
T. These sampled signals are then read in a reversed 
temporal chronology (last in, first out) and retransmitted 
by the same transducers. It has been shown that time 
reversal process enables the transducer array to focus on 
the source location. This process can also be used to focus 
on a reflective target that behaves as an acoustic source 
after being sonified. 

However, in lithotripsy, the goal is to locate a given 
reflecting target among others, as for esample, a stone in 
its surroundings (other stones and organ walls). 
Moreover, the stone is not a point like rellector and has 
dimensions till ten times the wavelength. Another 
important problem for human applications is to use very 
short high power signals (bipolar and unipolar pulses) to 
prevent damage caused in the organs by cavitational gas 
bubbles, Thus generation of a shock wave steered on the 
stone requires three steps. Firstly, time reversal is used to 
focus on the stone a phased ultrasound array with low 
driving amplitudes. The second step is to determine the 
time of flight profile needed to focus the same ultrasound 
phased array with high driving unipolar pulses. The third 
step consists in the generation of these delayed high 
power pulses. In this paper we will only deal with the low 
power part of the project, i.e., the two first steps. The 
electronic circuitry needed to generate delayed high 
power pulses is not described in this paper [51. 

In the first part of the paper, we show that time 
reversal process is able to focus an ultrasound array 
driven by low vcltage on a stone of unknown location. 
Moreover, the iterative time reversal process permits to 
select the brightest point of the stone and so, to obtain a 
sharp focusing. In a second part, the determination of the 
time of flight profile is investigated. We show that time 
reversal mirrors provide a very simple and accurate way 
to obtain these times of arrival. However the time reversal 
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electronic circuit? is expensive and in  order to reduce the compression before the time reversal operation. A pc 
cost only a few transducer elements are connected. In the compatible 486 computer controls this time reversal 
last part, we present a method allowing to extrapolate the process. The prototype allows a complete 64 channels 
time delay profile to all the transducer elements of the time reversal operation in less than one millisecond. 
array. 

I1 Experimental device 
Time reversal experiments have been performed with 

a bidimensional transducer array working at a central 
frequency of 360 kHz. It is made of 121 prefocused 
transducer elements arranged on a spherical cup of 190 
mm radius of curvature, see Fig. 1. The total aperture of 
the array is equal to 200 mm. The piezocomposit 
technology provides a very low cross-coupling level 
around -40 dB. Each element was electrically matched to 
a 50 R load. 

Fig. I :  Array of transducer, the connected elcinetits 

In order to evaluate TRM process performance, we 
developed an electronic prototype made of 64 channels 
working in transmit-receive mode. Each programmable 
transmitter is driven by a 32 Kbl-tes buffer memory 
through a 8 bits D/A converter operating at 10 MHz 
sampling rate. Each converter is followed by a linear 
power amplifier which can deliver 20 V peak-to-peak 
waveform to a 50 R impedance. The aim of this 
electronic circuitry is to drive a transducer array with low 
voltage and so, thanks to time reversal process, locate the 
stone. In the transmit mode, 64 transmitters work 
simultaneously and are connected to 64 elements of the 
array of transducer previously described, Fig. 1. In the 
receive mode, each channel has its own A D  converter 
and so, recording a complete set of A-lines requires only 

ore numbered. 

XI1 Focusing on a gall bladder stone 
This experiment has been carried out on a gall 

bladder stone of approximately spherical shape. It has a 
diameter of 18 mm much bigger than the central 
wavelength 4 mm. The stone is set at a depth z=170 mm 
from the surface of the array and x=10 mm, J-20 mm 
away from the axis. 

In the first step, a pulse is transmitted by a single 
transducer element located in the center of the array. The 
echoes from the stone are recorded by the 64 transducers 
connected during 64 ps, Fig. 2. On each channel, the 
echo arriving in first comes from the reflection on thc 
surface of the stone. It is the specular reflection. One can 
remark that these echoes have the same temporal shape. 
They line up according to a wavefront characterizing the 
location of the stone. Approximately 10 ps aftcr this first 
signal, we can see a second echo on several channels. 
This is due to a creeping wave or to a secondary 
diffraction on the back side of the stone. 
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one emission. Logarithmic amplifier compress analogic _- 
signal and allows 85 dl3 instantaneous dynamic range. 
Data arc then digitized at a sampling rate of 10 MHz with 
accuracy of 8 bits. Exponentiation of the data is made in Fig. 2: RFsignals backscattered b-1) the stone. 

each buffer memory to correct the logarithmic 
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At the second step. the stone is removed and the 
recorded signals, Fig. 2, are time reversed and 
retransmitted. The time reversed wave propagates and its 
pressure pattern is measured with a hydrophone in the 
stone plane. At each location of the hydrophone the time 
dependence of the pressure is recorded. This perniits to 
plot the directivity pattern in the spatial domain which 
represents the maximum of the pressure field amplitude 
at each location of the hydrophone. Fig. 3. 

-------.- 

32ooo/ I A 

Lateral distances from the 
geometric focus (mm) 

Fig. 3: directivity pcttern ajier t ime xversal.  

It can be noticed that the pressure field is focused on 
a bright point of the stone. Indeed, the -6 clB beam width 
is equal to 5.9 mm whereas the gall bladder stone's 
diameter is about 18 mm and the dimension of the array 
point spread function at this location is 5 mm. We have 
also to take into account the dimension of the hydrophone 
1.5 mm. Thus time reversal process has focused the beam 
on a spot whose dimensions depend onlj. on the array 
geometry and the location of the stone. 

In order to explain such a focusing on a small portion 
of an extended target, we take into account only the 
speculars echoes whose amplitudes are much higher than 
the elastic response ones. From the scattering point of 
view, the target shell may be considered as a continuous 
set of target points of different scattering strengths. The 
first backscattered wavefront results from the interference 
pattern of the wavelets scattered by each elementary 
surface element of the stone. One of these surface 
elements would give a significant echo only if the 
wavelets scattered in its region interfere constructively on 
the transducer array surface. Such a bright point is 
located on a surface element for which the acoustic path 
is extremum. 

This stone has a spherical shape and the surface 
roughness is very small compared to the central 
\vavelength. In the case of a first illumination made with 
a single transducer there is only one bright point for each 
receiving transducer. Moreover a simple geometric 
analysis shows that all these bright points are located on a 

surface element with dimensions equivalent to a disk of 5 
mm. This experiment shows that even i n  the case of an 
extended target, the time reversal process selects the 
brightest point of its surface and the resulting beam 
focuses on a spot \vith dimensions of the order of the 
diffraction point spread function. W e  will see in tlie nest 
eqxr iment  that a single stone can have several bright 
points and therefore we have to iterate the time reversal 
process to obtain a sharp focusing. 

IV Iterative time reversal process. 
Ths  experiment has been performed on a kidney 

stone of approximate dimensions x=30 mm, y=20 mm 
and 2=20 mrn. This stone is much bigger than the one 
used in the previous experiment and its shape has 
irregularities of the size of the central ivaidength. The 
stone is set near the geometrical focils and a pulse is 
transmitted by a single transducer located at the center of 
the array, After the first illumination. the echoes from the 
stone are recorded by the 64 connected transducers 
during 92 p, Fig. 3,a. One can remark that the shape of 
the signal can be v c q  different from one transducer to the 
other. There are more than one bright point on the 
surface of the stone and the waves reflected by them 
interfere on the array plane. Moreover. elastic responses 
are higher than in the previous experiment. 

" " - -  
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Fig. I- RF signals bachcnttered by the stone at 
iterations number 0 (a) and 1 (b) 
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At -this step, the time reversal process is iterated. 
After the first time reyersed transmission, the new echoes 
from the stone can be recorded, time reversed and 
retransmitted and so on. Fig. 4.b presents echoes after 
one time reversal operation. 

In the second step of the experiment: the recorded 
wavefronts are time reversed and retransmitted a second 
time. The kidney stone is removed and the corresponding 
pressure patterns are measured. Fig. 5 sho\vs the 
directivity patterns along an axis parallcl to both the 
array aperture and the greatest dimension of the stone. 
The directivity pattern corresponding to the first iteration 
confirms that the wave sensed on the array comes from 
several bright points, there are one main lobe whose 
dimensions correspond to the limit of the diffraction point 
spread function and two others side lobes. On the nest 
iteration, the side lobes level decreases significantly but 
\\‘e can notice that even after four iterations i t  remains 
relati\dy high. Nevertheless, the focusing sharpness 
could be improved if more transducers were connected to 
a time reltrsal electronic channel 

U 5 I @  15  20 2 5  50 3 s  40 

Distance from the geornctric focus (nun) 

Fig. 5: clrrcctivih, pntterris nt iterntioris nuriiber 
0,2,1. 

In the two nest sections, we present a numerical 
method permitting to optimize the side lobe level in 
homogeneous propagating medium. Firstly. it consists in 
determining the time of flight between the bright point 
selected by the iterative time reversal process and each 
transducer. Secondly, an  optimization method compares 
this experimental set of time of flight to a theoretical one 
which depends on the coordinates of the bright point 
x,y,z. Thirdly, the ?,?, 2 estimated coordinates are used 
to calculate a theoretical time of flight law which permits 
to realize an optimal focusing in homogeneous 
propagating medium. Moreover, thanks to this method, 
we can extrapolate the time of flight law lo transducers 
not connected at a time rewrsal electronic circuitry. 
Lastly, unipolar pulses shifted from the corresponding 
delays could be used to steer a high power beam to the 
stone. 

V Determination of the time of flight law. 
In order to determine the arrival time of echoes from 

a point like target a number of authors have proposed to 
use crosscorrelation measurements. Indeed if the signals 
at each element are v e ~  similar, as it is for reflection 
from a point like target. then thc time offsets of the peak 
in the crosscorrelation function bctneen any two elenicnts 
is a direct measure of the arrival time difference. 

Hoivevcr. \\e have seen in the pre\ious section that 
specular echoes from an extended target may come from 
several bright points and so. be very different from one 
element to the other. Moreoier depending on the 
transducer element, one or two replicas of the specular 
echo can be observed, Fig. 4,a. In order to niinimiLe the 
differences between received signals. ive \vi11 only use the 
first 4 1 neighboring channels in crosscorrelation 
measurements, Fig. 1. They line up on 4 diameters of 11 
elements and the crosscorrelation functions are calculated 
for each couple of neighboring elements of each diameter. 
Then the transducer located in the ccntcr of the array is 
used as reference for the four diameters The times of 
flight are determined on the RF echoes recorded at 
iteration numbered 0 and 1. Then aftcr time reversal, 
delayed pulses are transmitted bl- the 4 1 channels. Fig. 6 
shoivs the corresponding directkit. patterns that can be 
compared to the ones obtained by time re\wsal of the RF 
signals. Fig. 5 .  One can notice that the tirnc of flight law 
is accurately calculated, only after one time reversal. 
Indeed. iterative time reversal process is a spatial filter 
and selects the brightest surface element Hence, echoes 
sensed on the channels are more and more similar tvhen 
the number of iteration increases. 

1000 
2 
K 
(r; 

0 5 10 15 20 25 30 35 
Distance from the geometric focus (mm) 

Fig 6: direclivity patterns oftirire shiftedpulses 

Calculation of relative time of flight between signals 
using crosscorrelation technique is computationally time 
consuming. However, time reversal process is an  
analogical correlator and allows us a much simpler way 
to determine the time of flight. 

Let e i o  (1) be the signal transmitted by the channel j 

at the iteration 0 and sl,,(t) the impulse response from 
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the channel J to the channel I Then. the echo, e,,,(t). 

recorded b> the channel I after the first illumination can 
be nritten 

64 

J=1 I 

If n e  consider that the first illumination is made lvith 
a Dirac function on the transducer element located in the 
middle of the array, i=ic,. this cqiintion become: 

The crosscorrelation function betn een the channel i 

and the channel 1+1 can be vrittcn 
(3) 

The signals recorded after the first illumination. 
are time rejwsed and retransmitted, \ye ki.l(t)I 15 5 6.1 . 

get ne\\' echoes from the stone. [e i .~( t ) ]151561 : 

6 4  

J= I I 

If we use the reciprocit) principle. equation (1) can 
be re\\ ri t ten 

h A  

i= I I 

We can now compare equation ( 3 )  and (5) and 
remark that equation ( 5 )  is the sum of the 61 
crosscorrelation functions betn.ecn channels i and io, 
Jvhen the first illumination pulse is transmitted by the 
channel j .  The location of the maximum of R F  echo 
signals after a time reversal operation is a direct measure 
of the time of flight I a v .  We can also notice that 
crosscorrelation techniques g i l t  onl? relative time of 
arrival between couple of channels and final element 
delays may be obtained by un\vrapping these differential 
delays. In presence of missing ma!' elements, this last 
operation can seriously degrade the time dela! estimation. 
On the contrary, time reversal gives directly the time 
delay profile. 

We can now compare the accurac)' of these two 
techniques on both experiments presented in this paper. 
Detection of the location of the RF signal maxima and 
detection of the location of the cross correlation function 
maximum. are applied on the same set of data. In the case 
of the first experiment presented the comparison is made 
on the echoes recorded after one time reversal. The two 
techniques give the same delays with an accuracy better 
than Ti13, v, here T is the central acoustic period, and the 
rnis is Ti39. In the case of the second experiment, the 
echoes recorded at the fifth iteration arc used to calculate 
the time delay law Both methods are in food agreement 
on all channels but five where the detection of the RF 

signal's maximum location estimates a delay u i th  an 
error of one period or more. These fix channels arc all 
located at the edge of the transducer array where the 
signals recorded ha\,e multiple peaks with the same 
amplitude. Nevertheless. such false pcak errors appear as 
discontincities in the time delay profile making them easy 
to detect and remove. If n'e don't take into account these 
five channels the rnis is TI32 and the maximum 
difference is T/11. These rcsults can bc compared to the 
accuraq. needed in classical time dela> focusing: T/8. 

VI Estimation of the bright point coordinates. 
Time reversal electronic channels are expcnsi\,e ana 

a phased array designed to lithotripsy requires sc\val 
hundreds of transducer elements. This has motivated the 
development of an extrapolation mcthod that would 
calculate the whole time delay law. ( ~ l ) i < l ~ N  , with only a 

few experimental times of flight. ( T ~ x j ,  

I n  this section we present a mcthod 
e.sperimcnta1 time delay. ( T r y )  . fits i t  to a model. 

( T ?  (s. j,.z)) . that depends on the unknown spatial 

. of the stone. Indced, i f  \\e assume that 
the medium of propagation is honiogciicous, the times of 
flight between the bright point and each transducer 
element are completely determined by only three 
parameters. the spatial coordinatcs of the bright point: 

I < I < P  

I < i < F  

- 

r,Lh(x.y,z) =-J (Y-  I 5,): + (y  - > , j  \ -  +(I - L J 2  (6) 
C 

Where c is the velocity of the propagation medium and 
s,. y l ,  %, are the coordinates of tfic tr:insducer element 
baqcentre. In order to estimate the bright point 
coordinates. s. y. z, , the sum of square differcnccs 

bctvwn theoretical. ~ : (x .  y, z) . and experimental. T:' . 
time dela!.s is used as a cost function. J(x. y.z). in a 
minimization problem: 

A ^ ^  

(7) 
l = i  

The best match of (T: (x. y, L ) )  and 
I < l < P  

results in the minimum of J \ dues .  Thus. the value of 
(s,y.z) which minimizes the cost function J,  (2, y. 2) , 

corresponds to the spatial coordinates of the selected 
bright point. We can remark that such a cost function 
assumes a Gaussian model for the experimental errors. 
HoLvever 14.e have seen in the pre\.ious section that false 
peak errors may occur and give outlier points. These 
points must be remowd from the c.sperimcnta1 set of time 
delays before to proceed a t  the minimization. 
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The estimated coordinates may be now used to 
calculate the whole time delay profile. 

T , = T ? ( ? , ~ , ? ) ,  l l i < N  (8 )  
In the next section, we show the efficiency of such a 

method on the experiments presented in I11 and IV. First 
the time delay law is determined on 41 RF signals 
recorded at the last time reversal iteration. Secondly the 
spatial coordinates of the bright point, (?>?,?), are 
estimated. Thirdly the experimental time delay profile is 
compared with the one calculated in (8). 

In the case of the experiment presented in section 111 
the whole esperimental time delay profile is used to 
estimate the coordinates of the bright point. The best-fit- 
parameters are ? =-8 mm, j. =+18 mni, 2 =19 mm where 
x=O! YO, z=O are the coordinates of the array geometric 
focus and z is the axial coordinate. The theoretical time 
delay law, (T: (2,  f ,  2)) , matches the experimental 

one, (T?) , with an accuracy better than T/7 and a 

rms of T/20. In the case of the experiment described in 
section IV the minimization is made with only 34 
experimental delays for w h c h  there is no discontinuity in 
the time delay profile. The best-fit-parameters are 2 = -1 1 
mm, f = -18 mm, 2 = 9 mm. The theoretical time delay 
law matches the experimental one with an accuracy better 
than T/8 and a rms of T/19. We can now compare the 
directivity pattern obtained on the one hand with time 
reversal of the RF echoes and on the other hand. with 

time shifted pulscs with (T? (-1 1.-18,9)) 

1<1%41 

121241 

, Fig. 7. 
I<iS6-l 
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Distance from the geometric focus (mm) 

Fig. 7: directivity patterns obtained b,v time reversal 
ofRF signals and pulses shrfted according to T" . 

We can notice that both acoustic beams focus at the 
same coordinates and that this method improves the 
spatial filtering: the main lobe is sharper and the second 
lobe has been eliminated. Moreover the time delay profile 
can be now interpolated to the 121 transducers, which 
allows the generation of the high power ultrasound beam. 

Another advantage of this optimization method is to 
provide controls on the process. Firstly, the area of track 
can be delimited, the shock u.a\'e may be triggered only if 
the estimated location of the stone is in the region defined 
by the physician. Secondly, the goodness of lit provides a 
mean to assess whether or not the FF echoes are coming 
from one bright point. 

VII Conclusion 
We have shown an original application of time 

reversal mirror to track extended mo1ing targets. Our 
system is able to calculate the coordinates of one bright 
point of the target in less than 40 ms and in a region of 
60 mm along the axis and 40 nini latcrally. Many in vitro 
experiments with kidney or gall bladder stones have 
shown the efficiency of such a method. First in vivo 
experiments have been performed and have given very 
encouraging results. 
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