lers to five significant figures are shown.

Table 2: Absolute and percentage errors in assigned closed-loop
eigenvalues

A Minimising J Minimising L

absolute | percentage| absolute |percentage
0.00088 0.495 0.0030 1.648
0.00190 0.337 0.0077 1.377
-0.5113+0.1013 | 0.00070 0.135 0.0027 0.510
-1.6297+,0.5605 | 0.00100 0.129 0.0030 0.333
-1.2715£,0.3923 | 0.000015 0.001 0.00065 0.049

-0.1778
—0.5628

Controller K, is seen to be much more robust to rounding
errors than controller K.

Conclusions: To obtain a state feedback controller that assigns
desired distinct closed-loop eigenvalues to the closed-loop system
and is robust to rounding errors in the elements of the controller,
the product of the condition number of the closed-loop system
and the controller gain should be minimised. An algorithm for
minimising this product has been demonstrated.
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Accurate determination of transit time of
ultrasound in thin layers

H. Kanai, T. Kimura and N. Chubachi

Indexing rerms: Acoustic wave velocity measurement, Piezoelectric
transducers

The authors propose a new method to remove the transient
response of the piezoelectric transducer in the pulse-echo method
using the inverse Fourier transform acoustic input impedance and
reflection coefficient so that the time resolution in the
measurement of transit time in a thin object may be increased.

Introduction: The pulse-echo method is essential in the fields of
ultrasonic testing of materials and medical ultrasonics. Since a pie-
zoelectric transducer has a long transient response, it is necessary
to remove this response if the transit time on the ultrasound in the
thin layer is to be compared with the transient response. For this
problem, numerous studies on inverse filtering have been reported
[1] in which the transient response of the piezoelectric transducer
is described. In these studies, a transfer system from voltage V; at
the electrical port to force F, at the acoustical port is employed
(Fig. 1). However, both the force and particle velocity are not
effectively employed and the acoustic impedance cannot be consid-
ered.

A new method to accurately determine the transit time of the
ultrasound in the thin layer of an object is proposed in which the
acoustic input impedance from the voltage at the electrical port of
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Fig. 1 Transducer

a Physical parameters of transducer
b Transducer regarded as three-port black box

the piezoelectric transducer is estimated. The reflection character-
istics determined from the estimated acoustic impedance have an
impulsive train in the time domain, the interval of which is double
that of the transit time in the thin layer. Since the transient
response of the transducer is completely removed in the resultant
impulsive train, the accuracy of the determination of the transit
time in the thin layer is improved by the proposed method even if
the transit time in the layer is compared with the length of the
transient response of the transducer. The method is applicable to
both the pulse-echo method and the frequency-scanning method,
which uses continuous sound.

Principle of optimum inverse filtering: We consider a uniform pie-
zoelectric transducer with cross-sectional dimensions of many
wavelengths as shown in Fig. la. As reported in {2], the character-
istics are described by a three-port network as shown in Fig. 15.
Forces F, and F, at the acoustical ports and voltage V; across the
transducer are described in matrix form using particle velocities v,
and v, and current /7, as follows:

F Zecot 3glyy  Zecosec 3l hjw Uy

Fo | = —j| Zecosee3aly,  Zocot 30y hfw v

Ié h/w‘ h/.«,’ 1/.JCQ I3
(1)

where C, = €5 4/l and Z, = Z,A = ANp, P are the clamped capa-
citance of the transducer and the acoustic impedance of an area A
of the piezoelectric material having a thickness /,, a density p,, and
a piezoelectric stress constant £5. The parameters ¢, B, = @vp,/c?,
and /1 = e/e® are the piezoelectrically stiffened elastic constant, the
propagation constant, and the transmitting constant, respectively.

We assume that acoustical port | is terminated by backing
material with an acoustic impedance Z,. By substituting the rela-
tion F|, = —-Z, v, into eqn. 1, V, and [, at the electrical port are
described by F» and v'» 2 —v, at acoustical port 1 by

Bl _[4 B[ R]_i [P
T2 Bl e N S R B
where

A ={—(Zc/wCocot 3ulir + W2 [ * = jZy JwCo} [ A
Bir={A—(1?/*)D:,} ) (jZc cot 34lin—Zy) = j Dy [ Clo
Cir = (Zb — ]ZC cot -3ultr)/A
Dy =Zc(Zc — jZypcot Folir)/ A
A=—jh/){jZctan(3aler [2) + Zp} (3)
and K, is a 2-by-2 cascade matrix as shown in Fig. 2b.

Assuming that length /, and acoustic impedances Z, and Z,- in
media | and 2 are known, we estimate the thickness /,, of the
object thin layer by removing the transit response of the trans-
ducer as follows: In the actual measurement system, a matching
layer and acoustic medium | are between the transducer and the
object layer. The total characteristics of these two media are given
by the cascade of each distributed-parameter system. By describ-
ing these characteristics with cascade matrices K, and K. respec-
tively, eqn. 2 is rewritten by force F,, and particle velocity v, at
the surface of the object as follows:

b

1 '3 A - - Fob] )
[13 :I = -[\tr[\ m N l: Vob; (4)
where K, and K, are defined by
No. 13 1109



[ cosh =1, Z,, sinh~,,.1,, (3)
YTz sinh i coshinl '

_ cosh ~ .1, Z . sinh . 1, \

Ly = [ 1/Z,sinh~ 1, cosh~ .0 } (6)

and v, and v, are each propagation constants, and /, and /, are
the thickness of the matching layer and length of medium 1,
respectively. Thus, F,,; and v, are estimated from V7 and I; at the
electrical port as follows:
E T A -
*ObJ - (I\IY’I\‘VH I\ u‘) ! 5 (l\,
Coby ]3
In many applications, it is not easy to measure the RF current
I;. Thus, we connect voltage source V. having an internal imped-
ance Z, with the electrical port as shown in Fig. 2. By substituting
the relation I, = (V, - V,)/Z, at the port into eqn. 7. the input
impedance Z,, () is estimated from V; and ¥, as follows:
2 () o Foy  knls 4+ k(0 —1V5)/2,
— R4 —_ ~ _ - . -
o Topy  KorVs 4+ ko (Ve = V3)/Z.
where k., k. ks, and k,, are the components of the inverse
matrix

(8)

kip o ko

C = N AR
K = {A’m /\‘22] = (N KN, K

in eqn. 6.
On the other hand, using the distributed-parameter system of
the object layer. the input impedance Z,, () at the surface of the

object layer is given by
1+ Tpnexp(

—270bjlob;)
b
1 — Ty exp(—2

(9)

erz—o) < :Z .
’J( ) A,'ubj[Hbj)

where v, and /,, are the propagation constant and thickness of
the object layer, respectively, and T, is the reflection coefficient
from the object to medium 2 defined by I, 2 (Z, ~ Z,)(Z, +
Z,,;). Thus. the reflection characteristic. I'(w). from medium 1 to
the object is given by

o Z'z n-ob»/(*') - ZU'

r o ro” X 42’\'0 Iu
F(w',) — _ 1 + _exp( 1obj b])

Z:n—ob](»u) + Zu' B 1+ rlnro'_) eXP(_Q”:oh][ob])

(10)
where T, 2 (Z,, — ZWZ,; + Z.). Moreover, I'(®) of eqn. 10 is
described by

Loz exp(—=2%0851065)
1+ T1.T o exp(—240p5l065)

r("‘“):rl<7+(1+r]o) (1~f10]

(11)

Since the second term of the right side of eqn. 11 is decomposed
into an infinite series, I'(w) is described by

[(w) =Tyo+4 (1+ Cyo)lone Tremlon(1 —~Ty,)

- : 12
~ Z(“1)”{rloraze‘z“«wﬂ«m % (12)
n=0
By describing v,, by o, + jo/v,, and defining 1., = /,/v,. the

term v/, 18 given by o/, T joT,,. Thus, T(®) of eqn. 12 corre-
sponds to the impulse train #(1) in the time domain, given by
I(f) - rlno—(t) + (]- + rlo)rn‘l(l - 1_‘10)

x<
~ Z(‘l)” alorg.z(,\n(\”lul,,r,j O‘(f — 277/—an)
n=1
(13)
where 8(7) 1s the Dirac delta function. Therefore, using Z,,,,,,,Y,(u)) of
eqn. 9 estimated from ¥, and ¥,, both of which are measured at
the electrical port, the reflection characteristic '(®) in eqn. 10 can
be determined. By applying the inverse Fourier transform to the
resultant [ (m), the impulse train ¥(r) can be obtained. The esti-
mated characteristics Z,, ,4®) and T(®) are independent of the
input voltage. Since the characteristics of the transducer and the
matching layer are completely removed in the resultant estimate
7(), the transit time of the ultrasound in the object layer is accu-
rately determined from the interval between the impulses.

Simulation experiments: A PLT-5A piezoelectric disc having a cen-
tre frequency of 3MHz and a diameter of 10mm was tested to
confirm the principle. The parameters assumed were as follows: Z,,
=7, = 1.5x10kg/m*s, Z,,, = 1.6 x 10°kg/m* s, [, = 100mm, /

by
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Fig. 2 Model of system

a Physical model of estimation of thickness and acoustical impedance
of object from electrical port of transducer via matching layer and
acoustical medium 1

b Exact equivalent circuit of model for compressional plane wave
using backing material
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Fig. 3 Impulse train 10 log|¥ (1)) of eqn. 13 estimated by inverse Fou-
rier transform of Ff ®) obtained from Z,_ ' W) in eqn. 9

= 0.2mm. Fig. 3 shows the impulse train #(z) of eqn. 13 as esti-
mated by the inverse Fourier transform of ['(w). obtained from
Z, ,{®) In eqn. 9. The transient response of the transducer is
completely removed and an impulse train with an interval corre-
sponding to the thickness of the thin layer 1s obtained.

Conclusions. We have proposed a new method to increase the spa-
tial resolution in the measurement of the thickness of an object
using a piezoelectric transducer in the pulse-echo method. Since
the reflection characteristics obtained from the acoustic input
impedance have a wide range of frequencies, this procedure is
optimum for determining the thickness of a thin layer.
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