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Abstract

Traditional broadband transmission method for measuring acoustic dispersion and attenuation requires the measurement of the
thickness of the specimen, the transmission coefficient at the water—specimen interface, and the Fourier spectra of two transmitted
pulses. A new method has recently been developed that can determine both the thickness and dispersion of the specimen by utilizing
the phase spectra of two additional pulses reflected back from the front and back surfaces of the specimen. In this paper, the method
is further extended to the measurement of attenuation. If the density of the specimen is known, the frequency-dependent trans-
mission coefficient can be determined based on the measured phase velocity, and only the amplitude spectra of the two transmitted
pulses are used to determine the attenuation. If the density of the specimen is unknown, the attenuation can be determined from the
amplitude spectra of all the four pulses. In both cases, the thickness estimated from the phase spectra of the four pulses is utilized.
Experimental results from two specimens are presented to demonstrate the application of the new method. © 2001 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Accurate measurement of acoustic attenuation and
dispersion (phase velocity as a function of frequency)
has important applications in theoretical acoustics, non-
destructive testing, and ultrasound tissue characteriza-
tion [1-5]. The attenuation and dispersion properties of
a layer of immersible material can be determined using a
broadband, through transmission technique [1,5,6]. In
a typical setup, two broadband transducers, one for
transmitting and one for receiving the ultrasound pulses,
are placed in a water tank and aligned properly. Two
pulses are recorded: one without and one with the
specimen inserted between the two transducers. The
amplitude spectra of the two pulses are then used to
determine the attenuation coefficient, and the phase
spectra of the two pulses are used to determine the phase
velocity of the specimen, both as functions of frequency

*Corresponding author. Tel.: +1-937-775-5069; fax: +1-937-775-
7364.
E-mail address: phe@cs.wright.edu (P. He).

within the frequency range of the measurement system.
In addition to recording the two pulses, one also needs
to know the transmission coefficient at the water—spec-
imen interface in order to determine the attenuation,
and the thickness of the specimen in order to determine
both the attenuation and dispersion. Consequently, the
overall accuracy of attenuation and dispersion mea-
surements may be limited by the uncertainties in deter-
mining the transmission coefficient and the thickness of
the specimen under the test.

We have recently developed a new method for mea-
suring dispersion without the need for measuring the
specimen’s thickness [7]. The instruments and setup used
in the new method are the same as that used in the
traditional method. In addition to recording two trans-
mitted pulses, the new method requires recording two
reflected pulses, one from the front surface and one from
the back surface of the specimen. The phase velocity and
the thickness of the specimen can both be determined
from the phase spectra of the four recorded pulses. In
this paper, the method is further extended to the mea-
surement of attenuation. First of all, the thickness de-
termined from the phase spectra of the four pulses can

0041-624X/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0041-624X(00)00037-8



28 P. He, J. Zheng | Ultrasonics 39 (2001) 27-32

be directly used in the attenuation measurement. Sec-
ondly, if the density of the specimen is known, the phase
velocity determined from the phase spectra of the four
pulses can be used to determine the frequency-depen-
dent transmission coefficient at the water—specimen in-
terface. Finally, if the density of the specimen is
unknown, it is shown that by using the amplitude
spectra of all the four pulses, the need for measuring the
transmission coefficient can be eliminated. Experimental
results from two polyethylene samples are presented to
demonstrate the application of the new method.

2. Theory

Fig. 1 shows the signal paths in the immersion ex-
periment for the attenuation and dispersion measure-
ments. Py(¢z) is the initial pulse launched by the
transducer labeled as 7. Pi(¢) and P,(z) represent the
pulses reflected back from the front and back surfaces of
the specimen, respectively. P(¢) and Py(¢) represent the
transmitted pulses with and without the specimen in-
serted, respectively. If we use 4;(f)e7%\/) to represent
the Fourier transform of a pulse P;(¢), the Fourier
transforms of the above four pulses can be found as

U (f) = Al(f)e*ﬂh(f-) Us(f)e™ 2om-+iBP1 (1)
Us(f) = Ay (f)e V)

= Uo(f)efz(aw#/ﬁw)Dl e*Z(oﬁjﬂ)L(_}ﬂ)T7 (2)
Uw(f) = Aw(f)e*j@w(f UO(f) (ot +jPw)D (3)
and
Us(f) = Ay(f)e /%)

= UO(f) (ow+jBy ) (D— L)e (ac+jﬂ)LT7 (4)

where Up(f), Ui(f), Uz(f), Uw(f), and U(f) are the
Fourier transforms of Py(t), Pi(t), Py(t), Py(2), Ps(?),
respectively. o, and o are the attenuation coefficients,
and p, and p are the propagation constants, of water
and the specimen, respectively. L is the thickness of the
specimen. D; and D are two distances as shown in Fig. 1.
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Fig. 1. Signal paths in the immersion experiment for measuring at-
tenuation, dispersion and thickness using a broadband-pulse tech-
nique.

r is the reflection coefficient at the water—specimen in-
terface, and T the overall transmission coefficient when
the pulse passes through the interface twice.

2.1. Determination of the phase velocity and thickness of
the specimen

The details of the derivation of the method for de-
termining the phase velocity as well as the specimen’s
thickness have been reported in a previous paper [7].
The important results are summarized here for the sake
of completeness. Using the relation f = 2nf/V,, the
phase velocity V;, can be determined separately from the
phase spectra of the two reflected pulses using Egs. (1)
and (2), and from the phase spectra of the two trans-
mitted pulses using Egs. (3) and (4)

I 0:(f) — 0:(f)
R 4 G)
and

o) -0 1
AT (6)

where ¢, is the speed of sound in water; 92 is the phase
spectra of —P,(?) (to take account of the inherent extra
180° phase shift between P, and P;, the recorded P, is
always inverted first in all the data processing described
in this paper). By canceling the thickness L from the
above two expressions of V},, we obtain

W) = cw (7)

L)~ UW
02(f) = 0:(/)

Direct application of Eq. (7) requires phase unwrapping
to obtain the absolute phases 6y, 65, 6, and 6,. To avoid
the 2mm phase ambiguity in calculating the phase spec-
trum from the arctangent function [8,9], the center of the
pulse is first shifted (circularly-rotated) to the beginning
of the sampling window and the phase spectrum of the
shifted pulse is then calculated. Using this procedure,
the new equation for determining phase velocity be-
comes

qS ( )_¢s(f)+2nf(tw_ts)
o (f) — &1(f) + 2nf (& — 1)

where ¢, (f), ¢,(f), $2(f), ¢1(f) are the phase spectra
of shifted P (¢), Ps(t), —P>(t), P,(t), respectively, and ¢,
ts, 1o, t are the respective total time shift which includes
both the time shift within the sampling window and the
trigger delay of the sampling window [7].

By canceling V}, in Eqgs. (5) and (6), we obtain an
estimate of the thickness L of the specimen

Vo(f) = cw |1 +2 (8)
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i= 4% [(52 — 0, 420, — os)]
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The mean of the calculated L within the frequency range
of the measurement system is used as the estimated
thickness L.

2.2. Determination of the attenuation coefficient

Traditionally, the attenuation coefficient of the spec-
imen is obtained from the amplitude spectra of the two
transmitted pulses using Egs. (3) and (4)

In(7) + In(4y) — In(4,)

o= Oy + I
In(T) Ay
= In( — 1
7 + n(AS), (10)

where o, is the attenuation coefficient of water which is
normally much smaller than o and therefore can be ig-
nored.

If we use the mean of L as determined by Eq. (9) to
replace L in Eq. (10), the need for measuring L is first
eliminated. The term In(7) can be dealt with in two
ways. If the density of the specimen is known, T can
then be calculated from the following equation:

T = 4(pW) (puca) [(pVp + pucs ), (1)

where p and p, are the density of the specimen and
water, respectively; V), is the phase velocity determined
by Eq. (8). Since V, is a function of frequency, T is
frequency-dependent. If the density of the specimen is
unknown, we may cancel the term In(7) using an ap-
proach parallel to the one used to cancel L in the mea-
surement of the phase velocity. In addition to the
expression of o shown in Eq. (10), we can obtain a
second expression of o by using the amplitude spectra in
Egs. (1) and (2)

o ll'l(T) 1 A1
=57 +2Lln<Az)' (12)
By canceling the term In (7T) from Eqs. (10) and (12), we
obtain

() - m(%)] <13>

Egs. (8), (9) and (13) form the basis of a new method
that fully utilizes the amplitude and phase spectra of the
two transmitted and two reflected pulses to determine
the attenuation and dispersion without a prior knowl-
edge of the thickness and density of the specimen.

2.3. Correction for diffraction effects in attenuation
measurement

When the transmitting and receiving transducers have
a finite size, diffraction, or beam spreading causes ad-
ditional changes in the phase and amplitude spectra of
the received signal. A number of investigators have
studied the effects of diffraction and provided formulas
for diffraction correction [10-12]. Although the explicit
expressions of these formulas are different from each
other, the end results are very close when the value of ka
is large enough, where &k = w/c is the wavenumber and «
is the radius of the transducer. An expression for dif-
fraction correction that is easy to use is provided by
Rogers and Van Buren [11]

Dy =1 —e /> 2n/s) + jJi(2n/s)]. (14)

According to Eq. (14), the effects of diffraction are solely
determined by the parameter s = zc/(fa®) where z is the
distance. Referring to Fig. 1, the values of this param-
eter (called the Fresnel parameter) for each of the four
pulses, Pi(1), P»(t), Py(t), and Py(z) are

2D16’W 2D16'W 2LV£,(f)

ST = y Sy = ’
fa fa fa

_ De, (D—=L)ey LV,(f)

SW_W’ §s = I + T (15)
If the transducer is focused, both the distance z and
radius @ need to be normalized by a factor y = F/|F — z]
where F is the focal distance [13].

The effects of diffraction on the phase of the received
signal have been found very small [4,14]. In addition, the
effects of diffraction in the attenuation measurement
based on the ratio of the amplitude spectra of the two
transmitted pulses are also found negligible [8]. Conse-
quently, diffraction correction is only applied to the
amplitude spectra of the two reflected pulses.

3. Experiment and results

Two specimens, a high-density polyethylene sample
and a low-density polyethylene sample are used in the
experiment. The density and thickness of each sample
are listed in Table 1. A Panametrics V382 (3.5 MHz, 13-
mm aperture, 8.9-cm focal distance) is used as the
transmitting/receiving transducer (7 in Fig. 1) and a
Panametrics V384 (3.5 MHz, 6.35-mm aperture, non-
focused) is used as the receiving transducer (7, in Fig.
1). The distance D, is 10 cm and the distance D is 18 cm.
The specimen is carefully aligned parallel to the surface
of transducer 7} by maximizing the amplitude of the
pulse reflected from the near surface of the specimen.
The pulser/receiver used in the experiment is Panamet-
rics 5052PR. The amplified pulse is A/D converted by a
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Table 1
Density, thickness measured using a digital caliper and thickness es-
timated using Eq. (9) of the two samples used in this study

Density Measured Estimated
(g/lem?) thickness thickness
(mm) (mm)
High-density 0.966 18.76 18.71
polyethylene
Low-density 0.918 3.16 3.15
polyethylene

SONY/TEK 390AD programmable digitizer which has
an adjustable digital delay for triggering the sampling
window. Each sampling window contains 512 samples
and the sampling frequency is 60 MHz. The samples are
transferred to a PC and processed using a software
package MATLAB (Math Works, MA). The water
temperature is 21.2°C which gives ¢,, = 1486 m/s [15].
Fig. 2 shows a water-path pulse (Py) recorded in the
experiment (top), its amplitude spectrum (middle) and
its phase spectrum without phase unwrapping (bottom).
The largest positive peak of the pulse is located at
sample number 204. In order to improve the resolution
of the phase spectrum, the original pulse is first padded
with 7680 zeros before performing FFT, a typical pro-
cedure used to reduce the phase uncertainty. Fig. 3 (top)

Original pulse
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Phase spectrum
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Fig. 2. Top: original water-path pulse (Py) in a sampling window of
512 samples; middle: amplitude spectrum of the pulse; bottom: phase
spectrum of the pulse (to improve the resolution in the frequency
domain, the original pulse was padded with 7680 zeroes before per-
forming FFT).
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Fig. 3. Top: shifted water-path pulse (Pyw); middle: amplitude spec-
trum of the shifted pulse; bottom: phase spectrum of the shifted pulse
without zero padding.

shows the same pulse (Py,) after circularly-rotating to the
left. The largest positive peak is now located at sample
number 510. The phase spectrum of the shifted pulse
(without zero padding) is shown at the bottom. Since
this phase spectrum does not contain any discontinuities
within the frequency range of interest (1-5 MHz), phase-
unwrapping is not needed.

Fig. 4 reports the experimental results from the high-
density polyethylene sample. Fig. 4(a) plots the phase
velocity of the specimen determined by Eq. (8). This
phase velocity is used in Eq. (11) to determine the
transmission coefficient 7" as well as in Eq. (15) to de-
termine the Fresnel parameter s for diffraction correc-
tion in attenuation measurement. The mean of the
thickness estimated using Eq. (9) is reported in Table 1,
and is used in attenuation measurement (in place of L
in Egs. (13) and (15)). Fig. 4(b) compares the results
of attenuation measurement using the two methods
described in Section 2.2. The line with solid circles is
obtained from the amplitude spectra of the two trans-
mitted pulses using Egs. (10) and (11), and the line with
open squares is obtained from the amplitude spectra of
all the four pulses using Eq. (13) after applying diffrac-
tion correction to 4; and A, by dividing each amplitude
spectrum by the respective value of Dy determined by
Egs. (14) and (15).

Fig. 5 reports the experimental results from the low-
density polyethylene sample. Again, the mean of the
thickness estimation is listed in Table 1.
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Fig. 4. Experimental results from the high-density polyethylene sam-
ple: (a) phase velocity and (b) attenuation determined by the two-pulse
method and the four-pulse method.

4. Summary and discussion

As discussed in a previous paper [7], the accuracy and
precision of the measurement of phase velocity and
thickness of the specimen are mainly determined by the
accuracy of the time measurement which is usually very
high. The main difficulty in the measurement of phase
velocity when a conventional procedure of phase un-
wrapping is used is the 2mmn phase ambiguity. By using
the new procedure to determine the absolute phase, as
defined by Eq. (8), this phase ambiguity is avoided, as
demonstrated by Fig. 3. As a result, the phase velocity
and thickness of the specimen determined from the
phase spectra of the four recorded pulses can be reliably
used in determining the attenuation of the specimen.

Two methods for measuring attenuation are pre-
sented, both utilize the estimated thickness of the spec-
imen. The first method uses only the amplitude spectra
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Fig. 5. Experimental results from the low-density polyethylene sample:
(a) phase velocity and (b) attenuation determined by the two-pulse
method and the four-pulse method.

of the two transmitted pulses. The method requires a
prior knowledge of the density of the specimen and uses
the measured phase velocity to determine the frequency-
dependent transmission coefficient at the water—speci-
men interfaces. In the second method, the transmission
coefficient is canceled by using the amplitude spectra of
all the four pulses to determine the attenuation. As a
result, the need to know the specimen’s density is elim-
inated. The attenuation coefficients of the two polyeth-
ylene samples measured by the two methods are both in
good agreement with the results obtained by Wu [§]. On
the other hand, it is evident from Figs. 4(b) and 5(b) that
the two methods do not produce the exact results, in-
dicating a relatively large uncertainty in the attenuation
measurement. In general, the accuracy and precision of
the attenuation measurement are more difficult to con-
trol than that of the velocity measurement. This is be-
cause the amplitude spectrum of the received pulse may
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be affected by many factors. In addition to the diffrac-
tion loss discussed in this paper, other factors include
phase-cancellation at the receiving aperture [16], devia-
tion from perfectly-normal incidence at both the front
and back surfaces of the specimen, the flatness of the
gain spectrum of the receiving amplifier [17], etc. Com-
paring with the transmitted pulse, the amplitude spec-
trum of the reflected pulse is more sensitive to most of
the above factors. This is supported by the fact that for
both samples, the attenuation curve obtained from the
four pulses is less smooth than the curve obtained by the
two transmitted pulses. Consequently, use of Eq. (13) to
determine the attenuation (method 2) requires more
careful experimental control, and is advantageous only
if the density of the specimen is not available.

The method proposed in this paper may be particular
useful for real-time measurement of dispersion/attenu-
ation when the thickness and/or density of the specimen
change with time. Rokhlin et al. [3] reported a mea-
surement of frequency dependence of ultrasound ve-
locity and attenuation during the curing reaction of
epoxy resin. According to the authors, the sample un-
derwent a certain degree of shrinkage during the curing
reaction, resulting a change in both thickness and den-
sity. Using the method described in this paper, the
thickness of the specimen can be measured in real-time
from the recorded pulses and the accuracy of attenua-
tion and dispersion measurement will not be deterio-
rated by the changes in thickness and density.

There are several limitations of this new method; all
are related to the requirement of obtaining two reflected
pulses. First of all, in order to obtain two non-over-
lapping echoes, the thickness of the specimen cannot be
smaller than the axial resolution of the ultrasound sys-
tem. Secondly, two surfaces of the specimen should be
parallel to each other and should be kept strictly normal
to the beam. Finally, if the acoustic impedance of the
specimen is very close to that of the surrounding me-
dium, or if the attenuation of the specimen is too large,
the magnitude of the echo from the back surface may
be reduced to the noise level. This last limitation may be
the major obstacle in applying this method to certain
biological tissues.
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