2006 IEEE International Ultrasonics Symposium

vYaNcouVer

Oct 3-6, 2006

Vancouver, Canada

Transducer to Transducer Time Domain Signal
Response Shaping in Ultrasonic Applications

Jean-Paul Sandoz
Electrical Engineering Department
HE-ARC / HES-SO
Le Locle, Switzerland
e-mail: jean-paul.sandoz@he-arc.ch

Abstract— This paper presents the investigation of a new aglon
whose purpose is to obtain a much shorter time donmaresponse
between two narrow-band transducers than the one wbh is
produced by a short reference driving pulse (SRP)t is based on
generating a new driving signal made up of an appmriate
weighted series of SRP which will produce the desid objective
time response (OTR). Concretely, the SRP time respse of our
targeted application is determined and the OTR isaected from
it. Finally, the minimum mean square error (MMSE) caiterion is
applied to compute the weights of the new driving ignal.
Complete series of practical tests with different ids of
transducers operating in varied conditions have cdirmed the
theoretical results.
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. INTRODUCTION

In many ultrasonic applications, the transducdraasducer
time domain signal response is critical for precisd reliable
measurement of physical properties or specific ggec
parameters estimations [1]. While the signal-tosaaiatio will
often limit the achievable system performances,esdv
techniques having being successfully used forrteaacement
(e.g., [2]). However, in situations where narrowsgs have to
be used as driving signals, the interaction of astnic
transducers with their environment will often produtime
domain responses (TDR) which are far too long foe t
targeted application. Whereas the classical saistito this
problem involve the use of heavy mechanical dumpiit its
inherent loss of sensitivity, we solve this diffiguwith an
innovative approach which is exclusively based agital
signal processing techniques.

From signal processing theory (e.g., [3] and [4]),s
theoretically possible to find an input signal tbrear transfer
function that will produce almost any TDR. Thus,eth
challenge was to find a robust way to create a dawng
signal able to significantly reduce the TDR dumatio
Moreover, in order to make easy a practical implatiaiton,
this signal was chosen in the form of a weightedtsef short
identical duration reference pulses. Since in maltsasonic
applications the real signals have inevitably s@nedded
complexity (e.g. multi resonances), we used a tigcienbased
on the MMSE criterion.
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This paper is organized as follows: The basic thcal
analysis of the proposed solution is given in secf. Next,
complete practical examples are presented. Findily, last
section summarizes the advantages of this desigsaggests
potential developments along with application damsaihat
can benefit from this original solution.

Il.  THEORETICALANALYSIS

A. Basic Block Diagram
The basic block diagram is given in Fig. 1 where:

x(t)

Driving signal

ht(t) :  Transmitter transducer impulse response

he(t) :  Transmission channel impulse response
(dispersive or non-dispersive)

hg(t) :  Receiver transducer impulse response

y(t) Global system response to x(t) ex@tat

Assuming linearity and time invariance, then:
Ysre(t) = Xerp(t)+ hr(t)« he(t)« he(t)
wherex denotes the convolution operator and

Xsre(t):
Ysre(t):

(1)

Short reference driving pulse
Short reference driving pulse global system
response

All these definitions can be rewritten in the deter time
domain. Thus

Ysrp(N) = Xgrp(N) * hr(n)  he(n) « he(n) 2
Transducer Transmission Transducer ¥(t)
x(t) > (Transmitter) > Channel > (Recelver) b >
hr(t) he(t) he(t)
Figure 1. Basic block diagram
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B. Global System Response Shaping
Let:

XpmpL (N)=ag'Xgrp (N) + a3 Xgrp (N - 1) + 8y Xggp (N = 2) + ...

N-1

or: XpL (M= Y aexegp (n- K) (3)
k=0

XweL(n) is aweighted series of N short reference pulses..
The superposition principle implies
XsrH(N) 2 Ysrd(N) = p(n)
XweL(N) =2 yumpL(N) = Mp(n)
and is equivalent to
N-1
Mp ()= Y acep(n-K) (4)
k=0

corresponding to theaultiple pulses response system.

C. MMSE Criterion

At this point, the desired OTR is chosen from #hert
reference driving pulse global system response,M&bj(n).
Then, from the MMSE criterion, thid weightsa, of the new
driving signal must satisfy the following relatidis:

max
> ((Mp(m) - Mobi(n) )? 5)

n=min

(

Eq) .. =
\ I‘>m|n|mum

minimum

min and max define the bounds between which the MMSE

algorithm will be applied.

D. Theoretical Solution
From linear algebra

max
d / d . 2
d_cig)-0-9 ((Mp(n) - Moj(n) )2 (6)
dak \ak> dak n=ZrTin

Equation (6) generates a set of N linear equatigitis the
following solution:
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Rpo = SRP-OTR cross-correlation vector
Rpp = SRP auto-correlation matrix
k=0...N-1, [I=0....N-1

A=a, a, &... &l

Therefore, the MMSE criterion implies that the weigof
the new driving signal are given by the productled SRP-
OTR cross-correlation vector with the inverse SRRoa
correlation matrix.

lll.  PRACTICAL EXAMPLES

In order to demonstrate the performances of tlopgsed
solution, the next two practical examples are drdvam a
representative selection of real situations.

A. 40 kHz Ultrasonic Air-Tranducers

In this example, a pair of popular low cost 40 kidiz
transducers is considered. The set-up shown on Figas
used to first determine the transducer to transdst®rt
reference driving pulse response p(n). A sampliatg rof
312.5 kHz was selected with one sample intervad(32s) as
the driving pulse width duration. In this signabfjatsition, it is
very important to make sure that no reflectionsmuiti-path
signals get mixed-up with the direct wave; therefdre two
transducers holders (white wooden frames) are addllpl to
one another. The signal p(n) is shown on Fig. I ihitial
delay is due to the global propagation time (i.&. &
transducers).

T -1
A=Rpo" Rpp )
where
max
1 .
Rpoy=———— Mobj (n)-p(n - k) (8)
max - min )
n=mn
1 max
Rppk,ﬁm' p(n - K)-p(n-1) 9) :
n=min Figure 2. Experimental set-up: Two 40 kHz air-s@duicers, one arbitrary
waveform generator (ETC M631), one PC oscillosq@tieoScop@ 3223)
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Figure 3. Samples of p(n) a)® 1200, b) 56> 150

Assuming 8 samples per cycle, p(n) goes on morne 5a
cycles. Next, a preliminary objective response Nipreis
picked out from a time delayed version of p(n). mHdobj(n)
is computed as follows:

Mobj(n) = Mpre(n) W(n) (10)

where W(n) is a windowing function. All these diféat steps
are depicted on Fig. 4.

Subsequently, the weights are computed and displaye
Fig. 5, whereas Fig. 6 presents an overlay of Mgbjand
Mp(n). In this example we cho$é= 200.

T T T T T
a) o S o%
eo00snoaons s, f % Fu g b ¢
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il %5 ¢ bd
%
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1 1 1 1 1
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Figure 4. a) p(n-350), b) Mpre(n) and c) Mobj(n
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Figure 6. Continuous line: Mobj(n), Circles: Mp(n)
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Figure 7. a) MrL(t), b) Ysre(t), €) MPhracicalt), d) P(t)
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t(us)
Figure 8. Detailed plot of Mpcica(t)

As a final point, the weighta, effectiveness is concretely
tested in practice. This is illustrated on Fignd 8.

Fig. 7 compares the short pulse global system resspwith
the one produced by the multiple pulsgsXt) using the same
set-up as shown on Fig. 2. The next figure (Figc@firms
the very good match between the computed and the
experiment responses, Mp(t) and Mg..(t) respectively.

Then, the two transducers were positioned facexte-fin
such a way that multiple reflections would occuritiVa
driving signal identical to the one used previou$lg.7), the
signal received is displayed on Fig. 9. FrogpXt), three
reflections are clearly visible on this figure. ¢ontrast, the
response to gkdt) indicates reflections and/or multi-path
signals without allowing a clear identification afhe
reflections.

This series of experiments is concluded by tHast
repetition raté test. Fig. 10 shows the non-overlapping system
response from repetitive excitation multi-pulsgs xt).

a) b) c) d) e)

t [ms]
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 Sl
Figure 9. a) Direct wave, bj'teflection, c) 2 reflection d) % reflection
e) Response tosxHt)

a)

b)

-04 -0.2 0.0 0.2 04 06 08 1.0 12
t(ms)

Figure 10. a) Periodic repetition afs(t), b) Receiver transducer response
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B. 200 kHz Piezoelectric Tranducers on a PVC Tube

In this example we optimize the driving signglpXt) in
such a way that Mp(t) has a duration of approxilgat
cycles. Fig. 11 shows the experimental arrangemvaete 200
kHz ultrasonic (US) transducers are glued on a RwMae
(diameter of 1cm). Figs. 12, 13 and 14 show pp.ft) and
Mp(t) respectively. Some applications require a fapetition
rate. Therefore, we built a new driving signal withe
following form

Transmitter Recewer #l1 Recewver #2
= |

Figure 11. Experimental arrangement

K
Mrep(t)= Z Mp(t - k-7) 11)
k=0

where T = 40.8pus. Fig. 15 shows the result of this experit.

Finally, in a multi-receivers configuration, it isasy to
sequentially transmit the multi-pulses signals esponding to
each receiver; this has been confirmed by expetinen . 2 50 7 10 125 10 175 200 25 2
conducted with four transducers. t(us)
C. Discussion Figure 12. p(t) at receiver #1

Complete series of practical tests with differemdk of
transducers operating in varied conditions haveigoad the
theoretical results. 100 to 300 reference pulseseadisas 6 to
10 short pulses per cycles were found to be a g@atk-off
between effectiveness and the driving signal tdtathtion. In
the first example (i.e. 40 kHz air-transducers)e thDR
duration was reduced from 60 to 4 cycles. In theosd
example, the TDR was also quite long (30 cycleg)renver,
it had an awkward signal envelope. Even so, an OfTfRree
cycles was chosen and obtained in practice.
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=}
S

-475 -450 -425 -400 -375 -350 -325 -300 -275 -2t
t(us)

IV. CONCLUSIONS Figure 13. j.p(t) at transmitter input

The objective of significantly reducing the transeu to
transducer time response duration has been thealhgtand
practically confirmed. The MMSE technique used pes/en
to be simultaneously robust and very effective. lan
ultrasonic applications can largely benefit fronistmovel
development; in particular, stringent transducezcgfrations
and/or coupling requirements can be drasticallgxed.
Furthermore, situations asking for very fast repeti
excitation pulses with non-overlapping ultrasonignal
responses will also profit from this innovative gan (e.g. 10 30 290 280 270 260 250 240 20 2
sampling rate reduction from pulse repetition téghe). tus)
Moreover, an adaptive solution based on the claksMS Figure 14.  Mpacica(t) at receiver #1
algorithm [3] is considered as an extension of thwk as

well as a pulse width modulation shaping of theidg signal. »
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Figure 15. a) Transmitter signal, b) Sigrtakaeiver #1
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