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Ultrasound in a Thin Layer in Pulse-Echo Method
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SUMMARY In this paper we propose a new method for re-
moving the characteristic of the piezoelectric transducer from the
received signal in the pulse-echo method so that the time resolu-
tion in the determination of transit time of ultrasound in a thin
layer is increased. The total characteristic of the pulse-echo sys-
tem is described by cascade of distributed-constant systems for the
ultrasonic transducer, matching layer, and acoustic medium. The
input impedance is estimated by the inverse matrix of the cascade
system and the voltage signal at the electrical port. From the in-
verse Fourier transform of input impedance, the transit time in
a thin layer object is accurately determined with high time reso-
lution. The principle of the method is confirmed by simulation
experiments.

key words: medical electronics and medical information, piezo-
electric transducer, pulse-echo method, inverse filter, cascade ma-
trix, impulse train

1. Introduction

The ultrasonic pulse-echo method is essential in the
fields of noninvasive testing of materials and medical
ultrasonics. An ultrasonic pulse radiated from a piezo-
clectric transducer is reflected at the boundary of the
acoustic impedance. By receiving the reflected waves
using the same transducer, the internal structure of the
object can be determined. However, the piezoelectric
transducer has a long transient response, which de-
creases the spatial resolution in the determination of
thickness of a thin layer object. In a practical ultra-
sonic probe, a backing material and the quarter-wave
matching layers are employed to make the transient re-
sponse short. However, it is difficult to completely re-
move the transient response from the received signal
using these materials and it will be serious problem
to remove the resonant characteristic of the transducer
especially when the transit time of the ultrasound in
a thin layer object is to be compared with the tran-
sient response of the ultrasonic transducer. With re-
gard to this problem, numerous studies on inverse fil-
tering designed based on the equivalent circuits[1] have
been reported. The transient response of the piezoelec-
tric transducer is described by Redwood[2], Hunt et
al.[3]. Furthermore, Hayward [4] and Stepanishen[5]
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have proposed the discrete-time approach. In these stud-
ies, the transfer system, H(w), from voltage V5 at the
electrical port to force F5 at the acoustical port is em-
ployed (Fig. 1). In these studies, however, both the force
and the particle velocity are not effectively employed
and the input impedance cannot be considered. More-
over, as shown in the simulation experiments below,
the impulse response of the transfer function H(w) is
long due to the resonant characteristic of the ultrasonic
transducer. It is, therefore, difficult to accurately ob-
tain the finite-impulse-response (FIR) inverse filter for
this resonant characteristic. Alternatively, Yamada[6]
has recently applied the discrete-time scattering matrix
for the pulse-echo system to design the infinite-impulse-
response (IIR) inverse filter. However, it is not easy
to obtain the elements of the scattering matrix for the
cases of multiple matching layers and it is also difficult
to confirm the stability of the IIR filtering. For these
problems, we proposed a method to estimate the acous-
tic impedance at the surface of the object from the elec-
trical port of the ultrasonic transducer [7]. However, the
details have not considered thoroughly by comparing
the proposed method with the previous inverse filtering
method.

In this paper a new method to accurately deter-
mine the transit time of the ultrasound in the thin layer
of an object is described, in which the input impedance
at the surface of the object is estimated from the volt-
age at the electrical port of the piezoelectric transducer.
The estimation is achieved by the cascade of distributed-
constant systems of the characteristics of the thickness-
mode piezoelectric transducer, the matching layers, and
the medium. The estimated input impedance has an im-
pulsive train in the time domain, the interval of which
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Fig. 1 (a) The physical parameters of the piezoelectric trans-
ducer; (b) the transducer regarded as a three-port black box.
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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 tran-
sient response of the transducer. The method is appli-
cable to both the pulse-echo method and the frequency-
scanning method which uses continuous sound.

2. Principle of the Optimum Inverse Filtering Using
Acoustic Input Impedance

2.1 Estimation of Acoustic Input Impedance Z;,-op;
(w) at the Surface of the Object

Let us consider a uniform piezoelectric transducer
with cross-sectional dimensions of many wavelengths as

shown in Fig. 1 (a). Asextensively reported in the litera--

ture[2], the characteristics are described by a three-port
network as shown in Fig. 1 (b). Forces Fy and £, at the
acoustical ports and voltage V3 across the transducer
are described in matrix form using particle velocities v;
and vy and current I3 as follows:

Iy
FZ1 -
v |
[ ZocotBaly, ZocscBukyr  hjw vy
—i | ZoeseBaby ZocotBuly  hjw Vg
h/w h/w 1/wCo || I3
(D

where Cy = %A/, and Zo = AZp are the clamped ca-
pacitance of the transducer and the acoustic impedance
of an area, A, of the piezoelectric material having a
thickness of #,, a density of p,,, and a permmitivity
constant of €5. The parameters c”, B, = w+/pm/cP,
and h = e/ss are the stiffness constant, the propagation
constant, and the piezoelectric constant, respectively.

By assuming that acoustical port 1 is terminated by
backing material with an acoustic impedance of Z, let
us describe the characteristic of the transducer by the
cascade matrix, K., in Fig.2(b) as follows: By substi-
tuting the relation,

Flz_Zb'/Ul, (2)
into Eq. (1),
. h
—Zyvy =—7 Zcy - cot ﬂaEtT+ZCU2 : CSCﬁaetr+;IS

(3)
. h

F2 =—J] (chl : CSCﬁa£tr+ZCU2 - cot /Baztr+—13> (4)
w

h h 1
Va=—j | —vit—v2at——1I3 . (5)
w w wCly
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Fig.2  (a) The physical model of the estimation of the thickness
and the acoustical impedance of an object from the electrical port
of the transducer via the matching layer and acoustical medium
1. (b) Exact equivalent circuit of the model for the compressional
plane wave using backing material.

From Eq. (3), vy is described by vy and I3 as follows:

1 h
__‘ij_ZCCOtﬁagt'r {(ZCCSCﬁGEtT)UQ—i_ 513}
(6)

From Egs. (4) and (6), I3 is given by Fy and vy as fol-
lows:

7y — jZacotBy by
_ Iy~ jZccotBaty e

U1
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I, c(Ze — jZyco ﬁaftr)v

A 2 A 25
(7N
where ‘
h i
A=—j— <chtanﬁ Qt —+ Zb> . (8)
w

From Eqgs. (5), (6),‘ and (7), V3 is also described by F;
and v, as follows
.7
_j_’L> Py

1 Zo h2
Va=— |- : Opp + —
3 A < (.UCO cot ﬁa tr + w? wC’O

_ A
JjZecotfoly — Zco
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V=——-——: . 10
wCO w2 ]Zb + chotﬂaftr ( )

Thus, from Egs. (7) and (9), V5 and I3 at the electrical

. def .
port are described by Fy and v = —wv, at acoustical

port 2 and then the 2-by-2 cascade matrix K., which
denotes the characteristic of the ultrasonic transducer,
in Fig.2 (b) is determined as follows:

‘/3 _ AL’I‘ Btr F2 =K F2
IB Cf'r Dtr —U2 o UIQ ’

(1)
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In the actual measurement system, there are a
matching layer and acoustic medium 1 between the
transducer and the object as shown in Fig.2(a). We
assume that length £, and acoustic impedances Z,, and
Z. in media 1 and 2 are known. The total charac-
teristic of the matching layer and the acoustic medium
1 are given by the cascade of each distributed-constant
system. Let us define these characteristics by cascade
matrices K,, and K, as follows:

- cosh Yyl Lo sSinh 0,

fom = [ i sinh v by, coshymb, (13)
| coshyyly  Zysinhy,ly

o = [ 7 sinhvyuly  coshyyly ] v (14)

where v,,, and +,, are each propagation constants, and
£y, and £, are the thickness of the matching layer and
length of medium 1, respectively.

Using K, and K, V3 and I3 in Eq. (11) are rewrit-
ten by force Fy;; and particle velocity vep; at the surface
of the object as follows:

‘/3 _ Fobj
{ I } = K, K., K, { vy | (15)
From Eq.(15), force Fyp; and particle velocity wvop; at
the surface of the thin layer object are estimated from
V3 and I3 at the electrical port as follows:

l: Eobj ] = (KterKw)il |: ]‘{é :| . (16)
Vobj 3

In many applications, it is not easy to measure RF
current Is. Thus, let us connect voltage source V. hav-
ing an internal impedance of Z, with the electrical port
as shown in Fig. 2. Since the current I3 is given by

(Ve — Va)

I3 = 7.

(17)

the input impedance Z;,-.;(w) defined by ﬁobj [Vob; Of
Eq.(16) is estimated from V5 and V. as follows:

Zin-onj () def o _ Vs +kia(Ve — V5)/Ze
in~obj 6obj le% ¥ k22(ve — ‘/?))/Ze,
(18)
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where k11, k12, k21, and koo are the components of the

k11 k‘12 } def

. . _ e -
inverse matrix K = kot Eop | = (K4 K Ky)™t in

Eq. (16).

2.2 Impulse Train z(t) Estimated from the Input
Impedance Z;;,-op; (w)

Using the distributed-constant system of the thin layer
object, the input impedance Z;,-op;(w) at the surface of
the thin layer object in Fig.2 (a) is given by

y 1+ Too exp(—270b;Lobj)
71— T exp(—2Yobj lob;)

Zin-obj(w> =2, 5 (19)
where 7yop; and {,; are the propagation constant and
thickness of the object layer and T'pe is the reflection
coefficient from the object to medium 2, defined by

def Zy' — Zobj

Tpe = .
? Zu;’ + Zobj

(20)
Since Eq.(19) is decomposed into an infinite series,
Zin-obj(w) 1s rewritten as follows:

Zin-obj (w) :Zobj+2Zobj Z F226¥2n70bj£0bj- (21)

n=1

By describing vop; by aop; + jw/v,, where gy,
and v, are the attenuation constant and the longitu-
dinal velocity in the object, respectively, and defining
Tobj = Lobj/Vo, the term vop;lop; in Eq.(21) is given
by auyilop; + jwrey;. Using these terms, Z;,-op;(w)
of Eq.(21) corresponds to the following impulse train,
z(t), in the time domain:

2(t) = Zopsb(t) + 280n; Y Tpenoerslors

n=1

X 8(t — 2n7op;). (22)

where §(t) is the Dirac delta function. By applying the
inverse Fourier transform to the resultant Z\in-obj (w), im-
pulse train z{t) is obtained. Since the estimated charac-
teristics Zjn-opj(w) is independent of the input voltage
and both of the characteristics of the transducer and the
matching layer are completely removed in the resultant
estimate Z(t}), the transit time of the ultrasound in the
object layer is accurately determined from the interval
between the impulses in the resultant time series 2(t).

3. Simulation Experiments

A PZT-5A piezoelectric disc (Zy=33.7x10° kg/m?-s,
h=21.5x10® V/m) having a center frequency of 3 MHz
and a diameter of 10mm was tested to confirm the
principle described above. The acoustic impedance and
the thickness of the quarter-wave matching layer are
Zpm =4.0x10° kg/m?-s and ¢, =02mm, respectively.
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Fig. 3  (a) The amplitude of the transfer function H(w) from
voltage Vi at the electrical port to force Fy, at the surface of
the matching layer. (b) The impulse response h(t) of the trans-
fer function H(w). (¢) The amplitude 20log|h(t)| of the impulse
response A(t) in log scale.

For the media 1 and 2 and the thin layer object, the
parameters were assumed as follows: 7, =7, =1.5%
108 kg/m?-s, Zop; =1.6x 10° kg/m?-s, £,, =100 mm, £op;
—=0.2mm and v, =1.6x 103 m/s.

Figure 3(a) shows the transfer function, H(w),
from voltage V3 at the electrical port to force Iy, at
the boundary between matching layer and medium 1.
In many studies in literature, the inverse characteristic
of the transfer function, H(w), has been considered for
designing the inverse filtering. Figures 3 (b) and 3(c)
show the impulse response, h(t), of the frequency char-
acteristic H(w) of the transfer function. As shown in
Fig. 3 (c), the impulse response is long due to the res-
onant characteristic of the transducer. Thus, it is not
easy to accurately design the FIR inverse filter and it is
necessary to employ large taps for the FIR inverse filter
in order to remove the transient response.

Figure 4(a) shows the frequency characteristic of
the input impedance Zj,-cec(w) at the electrical port,
defined by
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Fig. 4  (a) The amplitude of the input impedance Z;,-ejec(w)
at the electrical port in Eq.(23). (b) The time response zeje.(t)
at the electrical port obtained from the inverse Fourier trans-
form of Z;,-eiec(w) at the electrical port. (c) The amplitude
20log|zeiec(t)| of the impulse response zep.(t) in Fig. 4 (b).

det V3 K1y Zin-obj (w) + Kig

Zin-e eclW - 3
) By Zunony () + R

(23)

where Zjp-on;(w) is calculated from Eq.(19) and ki,

19, Kby, and kb, are the components of the matrix

/ !
K'= { L k1, } © Ky KnK, in Eq.(15). Fig
21 R

ure 4(b) shows the time response, z...(t), obtained
from the inverse Fourier transform of Zj,-erec(w). Fig-
ure 4 (c) shows the same response in the log-scale. The
physical meaning of, z¢je.(¢), in Figs. 4 (b) and (c) is the
voltage signal response to the impulsive current which is
inputted at the electrical port. Thus, zg..{t) shows the
total characteristics including the transducer, the match-
ing layer, the medium, and the object in the time do-
main. Since the transient response of the piezoelectric
transducer is dominant in the resultant time response,
Zelee(t), as shown in these figures, it is difficult to esti-
mate the transit time of the ultrasound in the thin layer
object.

Figure 5(a) shows the frequency characteristic of
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Fig. 5 (a) The amplitude of the input impedance Zin-med (W)
at the boundary between the matching layer and the medium
L in Eq.(24). (b) The time response zp,.q(t) obtained from
the inverse Fourier transform of Z;,-meq(w). (¢) The amplitude
201og|zmea(t)| of the impulse response zmeq(t) in Fig.5 (b).

input impedance Z;,-meq(w) at the boundary between
the matching layer and the medium 1, defined by,

kw11 Zin-oby (W) + kw12
kw1 Zin-obj (W) + koo’

Zin-med(w) = (24)

where ky11, kw12, kw21, and kyge are the components
of the matrix K, = [ ZZ; Z:Z } in Eq. (15).

Figure 5(b) shows the time response, zpeq(t), 0b-
tained from the inverse Fourier transform of Z;p-mea(w)
and Figure 5(c) shows the same response in the log-
scale.

Figure 6 (a) shows the frequency characteristics of
the acoustic input impedance Z;,,-o; (w) of Eq.(19). By
applying the inverse Fourier transform to Zip-epj(w),
impulse train z(¢) of Eq. (22) was estimated as shown in
Iiigs. 6 (b) and (c). The transient response of the trans-
ducer is completely removed and an impulse train with
an interval, 2xTop; = 2 X Iy, /U0, corresponding to dou-
ble of the thickness of the thin layer object is obtained.
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Fig. 6 (a) The amplitude of the input impedance Z;,-op; (w)
at the surface of the object in Eq.(19). (b) The time response
z(t) obtaincd from the inverse Fourier transform of the input
impedance Z;,-op;(w) at the surface of the object. (¢) The am-
plitude 201log|z(t)| of the impulse response z(t) in Fig. 6 (b).

4. Conclusion

In this paper we have proposed a new method to in-
crease the spatial resolution in the measurement of the
thickness of an object using a piezoelectric transducer
in the pulse-echo method. The characteristic of the
thickness-mode piezoelectric transducer is described in
2-by-2 cascade matrix by assuming that one acoustic
port is terminated by a backing material. The total
characteristic including the guarter-wave matching layer
and an acoustic medium between the transducer and the
object are obtained by the multiplication of the cascade
matrices of the transducer and each layer. Force Fop;
and particle velocity vos; at the surface of object are es-
timated from voltage V3 at the electrical port and the
employed voltage source V.. The impulse train z(¢) is
obtained from the inverse Fourier transform of the in-
put impedance Zip-op;(w) = Fopj/von;, and the transit
time of the ultrasound in the thin layer object is ob-
tained from the interval of the resultant impulse train.
Since the acoustic input impedance has a wide range of
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frequency characteristics, this procedure is optimum for
determination of the thickness of a thin layer.
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