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Diffraction Effects in Insertion Mode
Estimation of Ultrasonic Group Velocity

Jonathan J. Kaufman, Wei Xu, Alessandro E. Chiabrera, and Robert S. Siffert

Abstract—We describe diffraction effects in ultrasonic group
velocity estimation using an insertion technique. We characterize
the estimation error produced by diffraction as a function of
distance and nominal velocity values. A new method termed
Group Velocity Diffraction Correction (GVDC) which corrects
for the diffraction effect is presented. Experimental validation
of the technique is also presented using measurements made
with both 1 MHz and 500 kHz ultrasonic transducer pairs. The
results demonstrate that diffraction effects on ultrasonic group
velocity estimation are usunally small, and may often be neglected.
Significant improvement, up to about 50%, in the accuracy of
the group velocity estimate can however be obtained using the
method described here in those cases in which higher degrees of
accuracy are required.

I. INTRODUCTION

HE estimation of ultrasonic velocity is an important area

of study. Its significance lies primarily with the need
for determining nondestructively the physical state of various
materials, and for providing a means for recognizing and
classifying materials into specific categories. These categories
may include for example different degrees of material strength,
or degrees of porosity. Many applications have been reported
from both the biomedical and industrial nondestructive evalu-
ation (NDE) communities. These range from classification of
disease pathologies [1}-[5] to industrial inspection applications
[6]-[8]. Various techniques for velocity estimation have been
reported, from simple approaches using pulse-echo-overlap
[9], to more complicated methods using spectral analysis
and correlation. The latter approaches may be based on a
variety of measuring conditions: transmission, substitution,
and backscattering measurements [5].

Many factors affect the accuracy and precision of the
ultrasonic velocity estimate, including for example temperature
effects, digitization accuracy, and method of measurement [5].
Another factor influencing the velocity estimate is the effect
of diffraction, that is, the changes with depth of the sound
field produced by an ultrasound transducer, in comparison
with planar wave propagation. Because of the finite size of
the transducer, the acoustic beam spreads out into a complex
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and depth dependent field pattern, and this can produce range-
dependent effects associated with ultrasonic measurements.

Most previous studies reported on the influence of diffrac-
tion on the measurement of ultrasonic attenuation, where
its effect is usually more significant [10]-[18]. Early work
on this subject was reported by Seki [10], in which he
characterized the diffraction loss as a function of frequency
and the distance from the transducer. It was observed that
large errors, i.e., greater than 20%, in attenuation values could
be produced by diffraction. Subsequent investigations led to
the development of several diffraction correction techniques
for attenuation estimation, primarily for the pulse-echo mode
[11]-[18]. We reported recently [19] on a diffraction correction
method for ultrasonic attenuation estimation using insertion
mode measurements.

Much less work has been reported on diffraction effects
in ultrasonic velocity estimation [20], [21]. Papadakis has
presented some studies on phase correction methods to com-
pensate for diffraction effects [22], [23]). For the most part,
these results are applicable to phase velocity corrections.
Less attention has been given to diffraction effects in in-
sertion measurements of ultrasonic group velocity. This is
because diffraction effects can usually be neglected in insertion
methods when the respective velocities of ultrasound in the
unknown and reference media are approximately equal. For
example, when insertion measurements are carried out to
identify the velocity of ultrasound in biological soft tissue, and
the reference medium is water, diffraction effects are so small
as to be essentially insignificant [5]. However, if the two media
have significantly different velocities, i.e., more than a 50%
difference, then diffraction can contribute to significant errors
(greater than 1%) in velocity estimates, as we will show in the
sequel. For example, velocity measurements in bone using an
insertion technique with water as the reference medium can
be significantly affected by diffraction since the velocity of
ultrasound in bone is almost twice that in water [5].

In this paper, the influence of diffraction on the insertion
estimation of the differential phase spectrum (i.e., ultrasonic
group velocity) will be investigated and a method for its cor-
rection presented. The following section describes the problem
in detail, including its experimental and theoretical aspects.
Section IIl presents a method for assessing the effect of
diffraction on group velocity estimates. We also describe
a diffraction correction technique, which is termed Group
Velocity Diffraction Correction (GVDC). The GVDC method
corrects the measured differential phase spectrum using an
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Fig. 1. Schematic of the experimental setup for insertion measurement of ultrasonic group velocity.

inverse diffraction transfer function obtained by numerical
computer evaluation. Experimental validation of the diffraction
correction technique appears in Section IV. We also include
computer simulations which characterize diffraction effects in
various media with several different velocities. A discussion
and summary of the work concludes the paper.

II. DESCRIPTION OF PROBLEM

A. Experimental Set-Up

Fig. 1 exhibits a schematic of the experimental setup for
the ultrasound measurements and one which we use in the
analysis that follows. Two pairs of transducers are used, a set
of 1 MHz broadband transducers (Panametrics V314) and a
set of 500 kHz broadband transducers (Panametrics V318),
all having a radius ¢ = 0.95 cm. The pair of transducers
are coaxially aligned in a tank containing degassed distilled
water. The transmitting transducer is excited with a 300
volt 0.5 microsecond pulse produced with an Analogic Data
Precision arbitrary function generator (Model 2020) and an
ENI (Model #240L) radio frequency power amplifier. The
acoustic pulse propagates in the water, through the specimen
for which the group velocity is desired, and through the
water again until it is received at the receiving transducer.
This transducer then converts the acoustic pulse into an
electrical waveform which is sampled at a rate of 20 MHz and
digitized by a storage oscilloscope (LeCroy 9400). The data
is then uploaded to a microcomputer for storage and off-line

analysis. A stepper motor controller enables three-dimensional
movement of the transducers in steps of 0.1 mm. Specimen
thickness and transducer-specimen separations are chosen such
that only the pulse transmitted directly through the specimen
is recorded without interference from multiple reflections. In
particular, the round trip travel times of the acoustic pulses
associated with the sample are long enough to ensure that
the first multiple reflection arrives at the receiving transducer
after the primary waveform has decayed to the noise level.
The specimen is aligned parallel to the transducer faces by
maximizing the amplitude of the near surface reflection by
operating the transmitter in pulse-echo mode.

For the empirical data, measurements of group velocity are
obtained from a 2.4 cm thick block of polymethylmethacrylate
(PMMA). An insertion method as described in the following
paragraphs is used to measure the ultrasonic group velocity in
the sample. The velocity of ultrasound in polymethylmethacry-
late is almost twice that in water, namely 2770 ms~! [5], and
thus it has the potential for exhibiting diffraction effects on
the group velocity estimate.

B. Analytic Description

Let v(t) denote the input electrical signal to the transducer.
The spectrum of the received waveform after it has propagated
through the water-PMMA-water complex is given by Y. (f,2):

Ye(f,2) = Hi(f)Hs(f)Hi(f)Hs(fvZ)HT(f)HR(f)V()ZZ)




234 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 42, NO. 2, MARCH 1995

where f is the frequency in cycles per second [Hz] and
z is the distance between the two transducers. Here, V(f)
is the Fourier transform of the input signal, v(¢), Hp(f)
and Hp(f)are the transfer functions of the transmitting and
receiving transducers loaded with water, respectively, and
HL(f),HL(f) and H(f) are the acoustic transfer functions
of an incident planar wave in the water path between the
transmitting transducer and sample, in the water path between
the sample and receiving transducer, and in the sample it-
self, respectively. All diffraction effects are incorporated in
H(f,z), which characterizes the effect of diffraction on the
ultrasound pulse for the water-sample-water propagation path,
and is a function of the transducer separation distance, z, and
transducer radius, a, as well as the acoustic properties of the
water and specimen, respectively.

Similarly, Y;.(f, z) is the Fourier transform of the ultrasound
signal which has propagated through the water path only, i.e.,
without the sample present, and is given by

Yo(f.2) = Hy(HHL) (D HG(S, ) He(£)Hr(HV ().
2
In (2), H}(f,z) characterizes the effect of diffraction on
the received acoustic waveform for the water only path, and
H (f) is the acoustic transfer function of an incident planar
wave in the water which is displaced by insertion of the sample
into the reference media. Note that in (1) and (2) we have
neglected any acoustic transmission and reflection coefficients,
for example as between the water and sample, since they
are essentially frequency independent [5], and therefore will
not affect the analysis to follow. In practice, the acoustic
transmission and reflection coefficients provide constant gain
factors which will not affect the phase estimates used in the
group velocity estimation procedure. In the same spirit we have
neglected any multiple reflections and assume that time gating
of an appropriate nature can be used to effectively isolate the
primary incident acoustic waveform.
An estimate, I:Is( f,z), of the sample’s acoustic transfer
function, H,(f), is obtained by dividing (1) by (2) and
multiplying the result by H: (f):

Ye(f,2) HS(f,2)
Y.(f.2) Hy(f, =)

In (3), it is assumed that H:(f) is known and is equal
to e=727f4/Ve | where V,, is the ultrasonic velocity in the
reference or in this case water media, and d is the sample
thickness. The estimated sample transfer function is seen to be
modified by the effect of diffraction. This may be characterized
by the diffraction transfer function (DTF), Hy(f, z), defined by

Hy(f,z) = H;(f) = Hy(t) 3)

Ha(f,2) £ % @
and thus
H(f,2) = Hy(f)Ha(f, 2). ®)
Let the sample’s transfer function be written as
Hy(f) = Ay(f)e77%-) (6)

where ¢,(f) is the phase of the specimen’s acoustic transfer
function measured in radians, and A,(f) is its magnitude. The
phase function can be expressed in terms of the specific phase
function, £,(f), as

¢s(f) = Bs(f)d @
where d is the sample thickness. The group velocity is defined
as
dp(f)\ ™
vg(f) £ 27r(—7f— : ®)

Neglecting the effect of diffraction, the group velocity esti-
mate, 7,4, can be evaluated as

in(f.2) = =2nd| 7 g (FA02 H;Z(f))]_l- ©

In (9) and (10), we assume that the arg function produces
a continuous function of frequency f, or that the phase is
appropriately unwrapped [24]. As may be seen, the estimate
of the group velocity, 9,, as defined by (9) is a function of the
distance z at which the insertion measurement is made. The
actual value for the group velocity, v, is given by

=il (G - o

The error, e, associated with using (9) instead of (10), i.e.,
e = 9y — vy, is due to diffraction of the ultrasound wave. As
will be shown later, neglecting this effect can result in errors
in the group velocity estimate. Note that we have neglected
entirely the effect of measurement noise on the group velocity
estimates, as this does not effect the analysis to follow.

III. GROUP VELOCITY DIFFRACTION CORRECTION

A. Basic Diffraction Theory

Acoustic waves emitted by a transducer into a specimen
are not confined to a region contained within the geometrical
shadow of the transducer and not perpendicular to its emitting
surface. Because of the transducer’s finite size, the ultrasonic
wave spreads out into a diffraction field, a phenomenon
that can introduce errors in both attenuation and velocity
measurements. The diffraction effect is related to the ratio
of source size to acoustic wavelength and thus is especially
important for low frequencies and small transducers. It should
also be pointed out that a similar diffraction phenomenon
occurs for the acoustic wave impinging on the receiver. In
general, there is also a further contribution to diffraction due
to the mismatch between the sample and reference media, and
to the sample’s finite size.

Investigations of the effect of diffraction on attenuation
and velocity measurements have been made by a number of
authors in the case of circular ultrasound transducers. The
transducer is usually treated as a finite piston source in an
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infinite rigid baffle radiation into a semi-infinite medium. The
acoustic field is found at each point in the propagation medium
and an integration is performed over a specified area, usually
concentrically located with respect to the transducer source.

In the following analysis, we follow the approach of Kino
[25]. Assume a transducer of radius a on the z = 0 plane. The
velocity potential ®(x,y, z) can be expressed as

—jkR
R

€

ds’

<I>(:r,y,z) = _—1_ /uz(‘r,»ylvo) (11)
2w J,

where R is the distance between the source point and the
field point (z,y,z),u.(z’,y’,0) is the displacement of the
transducer surface in the normal or z-direction at location
z=a,y=1y,and z =0, and dS’ is a differential element on
the surface of the transducer. Using the Hankel transform, an
expression for the acoustic displacement 1 (7, z) in cylindrical
coordinates (r, 8, z) can be found and expressed in terms of the
parameters k., and k., the radial and axial spatial frequencies,
respectively [25]:

pno(r,z) = a#o/ Jl(k,a)Jo(krT)e_jk:zdkT (12)
0

and

k2 + k2 = k% (13)
Here Ji(e) and Jy(e) are the first and zeroth order Bessel
functions, respectively, & = 2z /), and X is the ultrasound
wavelength. The response of a receiving transducer of radius
a located a distance z from the transmitting transducer is
proportional to the average displacement over its surface, i.e.,
ii(z), where

_ 2 [
j.(2) = ;/0 puz(r, 2)rdr. (14)
Using (12) and the Fresnel approximation, i.e.,
k:2
kzz,/kz—k,%%k—ﬁ (15)

the average displacement fi.(z) at a distance z, i.e., at the
receiver, is given by [25]

- ® JHY) .y
Bz(2) = 2uoe"’“/ 1—)(/—)&‘ ‘irdy. (16)
0
Here S = z)\/a? is the Fresnel parameter and po is the

displacement at z = 0. Note that (16) includes a plane
wave propagation term e~7%. Since this term has already
been incorporated in (1) and (2) through the complex transfer
functions H(f), H2(f),H:(f) and H,(f), we define a
modified average displacement function, [i}(z)

oo 72 o e
i) = 2w [ e i ay
0 Y

a7

We use (17) to derive the diffraction correction technique
below.

B. Diffraction Correction

The GVDC technique numerically evaluates Hy(f,z) and
uses it to adjust the group velocity measurements. In particular,
once Hy(f,2) is known, it may be used in (10) to obtain the
diffraction corrected group velocity.

In order to evaluate Hy( f, z), we use (17) with appropriate
parameter values. Specifically, values for the Fresnel param-
eter S must be determined. Two cases must be considered.
The first case deals with the values associated with the
water-sample-water complex, and the second with the values
associated with the water path only. In the following analysis,
we assume that the Fresnel approximation (15) holds. Accord-
ingly, the use of this approximation makes it straightforward
to evaluate the result when the ultrasonic wave propagates
through layered media; the total value of S is found by
adding the values of S determined for each region, using
the appropriate values of z and A in these regions (p. 175 in
[25]). Note that this analysis assumes also that the frequency
dependence of the transmission and reflection coefficients
associated with each of the layered media can be ignored,
that incidence is primarily normal, and that mode conversion
is not occurring. The latter two assumptions are closely related
to the use of the Fresnel approximation itself (p. 173 in [25]).

In view of the above assumptions, the value for S in the
case of the water-sample-water path, namely S = S., may be
obtained by adding together the individual contributions from
each layer of the propagation medium, using the appropriate
values of z and X in these regions [25]

Se = Sw1 + Ss + Swe (18)

In (18), Sy1 = ZwiAw/a? is the Fresnel parameter for the
water layer between the transmitter and sample (“near water
layer”); S, = d),/a? is the Fresnel parameter for the sample
layer; and S,2 = z",g/\/cc2 is the Fresnel parameter for the
water layer between the sample and the receiver (“far water
layer”). Here, 2,1, d, zy2 are the thicknesses of the near water
layer, sample, and far water layer, respectively, and A, and
), are the wavelengths of ultrasound in water and sample,
respectively.

A similar but simpler evaluation can be used to determine
the value of S for the water only path, S = S,. In this case,
Sr = 2w/ a®. These parameters can then be used to evaluate
HS5(f,#). Note that the thickness of the sample affects the
GVDC technique as much as the total water path z, which
may be seen from (18).

The diffraction effect for the water-sample-water path which
was characterized earlier by H5(f,z) in (1) can now be
analytically described by

=% oo 72 2 8¢
HS(f,2) = Hie(2) :2/0 @«ﬁ wdYy (19

2]

where i¥,(z) is the modified average displacement function on
a concentric receiver of radius a located at a distance z from
the sound source for the water-sample-water complex. Simi-
larly, the diffraction effect for the water path only, Hj(f, 2)
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Fig. 2. The unwrapped phase, ¢q(f. <), of the diffraction transfer function, H(f, =), for the frequency range 750 kHz—1.25 MHz, for distances of 5
cm to 34 cm, transducer radii of 0.95 cm, and sample thickness equal to 2.4 cm.

(2) can be described by

T ® JHY) yese

Hy(f,2) = Brle) 2/ vy o)
Ho 0 Y

where [i},.(z) is the modified average displacement function
on a concentric receiver of radius a located a distance z from
the source for the water only path. The diffraction transfer
function (4) can then be derived using
(ﬁtg(z))

Ho

(ﬁf:(Z)) ’
Ho

Substituting (19) and (20) into (21), we obtain

Ha(f,2) = 2D

2(Y) sy25S
| i)

Hy(f,2) = (22)

fooo Jf}(}') ejyz%dy'
Hy(f,z) (22) can be closely approximated on a computer

using standard numerical integration procedures.

IV. VERIFICATION OF THE ANALYSIS

In this section we present various simulation and experimen-
tal results which demonstrate the validity of the above analysis.
We have previously presented data on the diffraction transfer

function magnitude, |H;(f, z)| [19]. Here we present results
for the phase of Hy(f, z). Fig. 2 shows a plot of arg[Hy( f, 2)],
evaluated using (22). This simulation was generated over a
frequency range of 750 kHz—1.25 MHz, for distances of 5 cm
to 34 cm, and for transducers of radius 0.95 cm. The integrals
in (22) were evaluated on a microcomputer with quadrature
integration using MATLAB software (The Math Works Inc.,
South Natick, MA). In this and all subsequent simulations,
the sample was chosen to have a thickness of 2.4 cm and the
reference medium was water with a velocity of ultrasound of
1500 ms~?. In Fig. 2, the ultrasound velocity in the sample
was assumed to be equal to that in polymethylmethacrylate, or
2770 ms~L. The plot shows that the largest diffraction effect is
localized to the lower frequency values and shorter distances.

Next, we examine the effect of Hy(f,z) on the ultrasonic
group velocity estimate. In this simulation, the phase, ¢.(f), of
the sample acoustic transfer function, H,(f), was modeled as

_2rfd

Vs

¢s(f) (23)

where v, is the velocity of ultrasound in the sample. H(f)
was then multiplied by Hy(f,z) as in (5), to obtain the
diffraction corrupted acoustic transfer function, H,(f,z), of
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Fig. 3. Simulated ultrasonic group velocity &4(f.~)using a linear least squares curve fit over the frequency range 750 kHz—1.25 MHz, to the phase

function estimate (see (9)).

the sample. We then carried out a linear least squares curve
fit over the frequency range 750 kHz to 1.25 MHz to the
unwrapped phase of H(f,z), and evaluated the ultrasonic
group velocity, 94(f,z), as in (9) as a function of distance
z. The results of this simulation are shown in Fig. 3. As may
be seen, the diffraction transfer function produces a small but
definite effect on the group velocity estimate, with a maximum
relative absolute error (MRAE), e,,,, of almost 0.4%, and an
average relative absolute error (ARAE), e,, of 0.13%. The
MRAE and ARAE are defined, respectively, by

Em — max{ f@ }
d Uy
and
N
_ 1 C(d,‘)
€a = N; o |

The results of the above simulation, that is, the values
of the estimated group velocity, ¥,4(f,z), were compared
to experimental results obtained using the set-up of Fig. 1,
with the 1 MHz pair of ultrasonic transducers. Fig. 4(a)
presents plots of the time domain voltage measurements of
two typical acoustic signals through water and water-plastic-
water paths, respectively. Fig. 4(b) presents the associated
Fourier magnitude spectra of the two waveforms of Fig. 4(a).
In Fig. 4(c) the magnitude of the acoustic transfer function

(3) is shown, and in Fig. 4(d) the associated transfer function
phase is plotted.

A linear least squares curve fit was performed over the same
frequency range as above (750 kHz to 1.25 MHz) and over the
distance range 5 cm to 34 cm, on the experimentally obtained
phase data [see (9)]. Fig. 5 presents both the simulated and
experimental diffraction corrupted group velocity estimates,
respectively. Fig. 5(a) displays the experimental data for the
1 MHz transducer pair, and Fig. 5(b) displays the data for
the 500 kHz transducer pair. As may be seen, there is excel-
lent qualitative correspondence between the theoretical (i.e.,
computer simulated) and experimental group velocity values.
Nevertheless, there are several points at which the simulated
and experimental data display large differences from one
another. This may be due in part to experimental errors in
positioning of the ultrasonic transducers as well as errors in
aligning the sample. In addition, the Fresnel approximation
used in the analysis is only partially satisfied and there may
also be problems associated with mode conversion due to
nonnormal incidence.

We then applied the GVDC technique to the experimental
data. The diffraction corrected and uncorrected group velocity
estimates are shown in Figs. 6(a) and 6(b), for the 1 MHz and
500 kHz transducer pairs, respectively. Tables I and II present
the performance of the GVDC scheme, for the 1 MHz and
500 kHz transducer pair data, respectively. There is significant
improvement in the accuracy of the estimates, with the average
absolute error improving from 0.15% to 0.075%, representing
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Fig. 4. (a) Ultrasonic time domain waveforms for a typical insertion measurement data set. The measurements were made on a 2.4 cm Lucite block, with a
transducer separation of 10 cm. (b) Fourier amplitude spectra of the ultrasonic time domain waveforms in Fig. 4(a). The magnitude of the transfer function
estimate of (3), using the acoustic waveforms of Fig. 4(a). (d) The phase of the transfer function estimate of (3), using the acoustic waveforms of Fig. 4(a).

an improvement of over 40% for the 1 MHz transducer
pair. For the 500 kHz transducer pair, the maximum absolute
percent error decreases from 1.2% to 0.58%, representing an
improvement of about 52%. The RMS value of the velocity
error improves (i.c., decreases) by about 50 %, for both the 1
MHz and 500 kHz transducer pairs. As stated in the preceding
paragraph, various factors can contribute to the actual errors
in the velocity estimates produced by the GVDC technique.
In addition to those already mentioned, it should be pointed
out that phase estimation of the acoustic signals is subject
potentially to large errors, and these phase errors will thus
affect the accuracy and precision of the estimates obtained.
We also calculated the effect of diffraction for several
different sample velocity values. Figs. 7(a)-7(c) present the
diffraction corrupted group velocity estimates for v; = 1000
ms~!, 1600 ms~! and 6000 ms~, respectively. In all cases,
the reference medium was assumed to be water with a velocity

of v, = 1500 ms™!. Table III provides the average absolute
and maximum percent errors for all of the sample velocities
evaluated here. As may be seen, the errors are all significantly
below 1%, except for the sample velocity corresponding to
steel, v, = 6000 ms—!, in which the maximum percent error
is 2.3%.

V. CONCLUDING DISCUSSION

Most previous studies on diffraction addressed pulse-echo
type measurements and its effect on ultrasonic attenuation
estimation. We studied here the effect of diffraction on group
velocity in an insertion mode measurement technique. We
demonstrated that the error in group velocity is relatively
small, and in most circumstances largely negligible. In cases
when the velocities of the reference and experimental media
are extremely dissimilar, then the maximum error in group
velocity can be greater than 2%. Depending on the particular
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Fig. 5. (a) Comparison of the simulated diffraction corrupted velocity and
experimental ultrasonic group velocity estimate for the 1 MHz transducer
pair, versus distance. (b) Comparison of the simulated diffraction corrupted
velocity and experimental ultrasonic group velocity estimate for the 500 kHz
transducer pair, versus distance.

application, this may or may not represent an important effect.
We also presented a technique, termed GVDC, for correcting
the group velocity estimate. The technique was able to improve
the accuracy of the velocity estimates by more than 40%.
Our simulations showed that the relative diffraction error
depends on the difference between the velocities in the ref-
erence and sample media. For materials such as biological
soft tissue measured in a reference medium of water, the
diffraction errors would be almost nonexistent (see Fig. 7(b)).
On the other hand, for materials with much larger acous-
tic velocities, such as bone, the diffraction effect might be
important when the measurement is carried out in a water
medium. In particular, recent studies on bone using insertion
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Fig. 6. (a) Corrected (GVDC) and uncorrected experimental ultrasonic group
velocity estimates for the 500 kHz transducer pair, versus distance. (b)
Corrected (GVDC) and uncorrected experimental ultrasonic group velocity
estimates for the 1 MHz transducer pair, versus distance.

methods have not considered the effect of diffraction [26],
[27]. Diffraction correction could improve the accuracy of
the velocity estimates in such applications. With respect to
clinical practice, the application of this technique would not
be expected to lead to meaningful improvements in standard
imaging modalities, at least with respect to soft tissue imaging.
In future applications which may involve bone, however, this
technique may eventually be useful as well.

We also note that we have assumed that the acoustic velocity
within the sample medium is known a priori in order to
apply our diffraction correction techniques. Of course, this
will not be so in practice. However, since we have shown
that the maximum error for the range of sample velocities
presented, i.e., 1000 ms~-6000 ms ", is no more than 2.5%,
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TABLE [
THE EXPERIMENTAL AVERAGE AND MAXIMUM ABSOLUTE PERCENT VELOCITY ERRORS AND
RMS ERRORS DUE TO THE EFFECTS OF DIFFRACTION FOR THE 1 MHz TRANSDUCER PAIR

Empirical (Uncorrected) Percent
GV Estimate GVDC Estimate | Improvement
Avg. Abs. % Error 0.15 0.075 50
Max Abs. % Error 0.40 0.26 35
RMS 5.10 2.50 51
TABLE II

THE EXPERIMENTAL AVERAGE AND MAXIMUM ABSOLUTE PRESENT VELOCITY ERRORS AND
RMS ERRORS DUE TO THE EFFECTS OF DIFFRACTION FOR THE 500 kHz TRANSDUCER PAIR

Empirical (Uncorrected) Percent
GV Estimate GVDC Estimate | Improvement
Avg. Abs. % Error 0.19 0.13 32
Max Abs. % Error 1.20 0.58 52
RMS 9.10 4.80 47
TABLE I

THE COMPUTER SIMULATED AVERAGE AND MAXIMUM ABSOLUTE PERCENT VELOCITY ERRORS DUE TO
THE EFFECTS OF DIFFRACTION, FOR VARIOUS ULTRASONIC VELOCITIES ASSOCIATED WITH THE SAMPLE

Vs [mis] | Average Absolute Error % | Max Absolute Error %
1000 0.02 0.06
1600 0.01 0.02
2770 0.13 0.37
6000 0.65 2.28

a first estimate of velocity can be obtained through direct
measurement without any diffraction correction procedure.
Once this initial estimate of velocity is obtained, it may be used
in the GVDC scheme to increase the accuracy of the empirical
group velocity estimate. In order to validate this approach,
we carried out a simulation to characterize the error in the
diffraction estimate when an incorrect value of velocity, v,
was used in the diffraction transfer function. Fig. 8 presents
the diffraction corrected group velocity estimate as a function
of the value of velocity used in the diffraction transfer function
numerical simulation. As may be seen, for a total change of
10% in the velocity used in the diffraction transfer function
numerical evaluation, there is only a change of 0.02% in the
diffraction corrected group velocity. Thus, small errors in the
sample’s acoustic velocity do not appear to be important in
the diffraction correction procedure.

In addition, note that diffraction correction is not necessary
when measurements can be made with transducers separated
by sufficiently large distances. However, for practical reasons,
this may not always be possible [26], [27]. Moreover, our

m

analysis can be used to determine the minimum distance
necessary for avoiding diffraction effects. Our results show
that diffraction can be important for relatively large separation
distances. For example, we observed significant errors in group
velocity estimates for values of the Fresnel parameter S > 3.
Note also that the diffraction correction technique as developed
here does not require that transducers with identical diameters
be used. The method can be applied in this case by changing
the integration limits in (14) and recomputing the diffraction
transfer function. It thus could be used to evaluate the effects
on accuracy of using a hydrophone receiver. For example, the
effects of coaxially misaligning the receiver with respect to
the transmitter axis could be directly evaluated.

We should also note that we have only addressed the
issue of systematic errors introduced by diffraction. The issue
of precision has not been discussed. It seems reasonable to
assume that the precision of the group velocity estimates may
also be affected by the diffraction phenomena through changes
in the noise statistics. Future studies may provide further
information on this subject.
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Fig. 7. (a) Simulated diffraction corrupted ultrasonic group velocity estimate versus distance, for an actual acoustic velocity in the sample of 1000 ms~"'. (b)
Simulated diffraction corrupted ultrasonic group velocity estimate versus distance, for an actual acoustic velocity in the sample of 1600 ms~ . (c) Simulated
diffraction corrupted ultrasonic group velocity estimate versus distance, for an actual acoustic velocity in the sample of 6000 ms™ '
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Fig. 8. Diffraction corrected group velocity estimate versus .« . The velocity,
vs+, is used in the diffraction transfer function to correct the group velocity
estimate (see (10)).

In conclusion, diffraction effects can cause small but po-
tentially significant errors in estimates of group velocity with
insertion measurements. The diffraction correction technique
presented here should enable more accurate estimates of group
velocity to be made, if required. It is relatively easy to
implement and its software requirements relatively modest.
Most importantly, the approach described here can serve as the
means by which to assess how diffraction can affect ultrasonic
group velocity estimates in various types of insertion mode
experiments.

REFERENCES

[1] J. J. Kaufman and T. A. Einhorn, “Ultrasound assessment of bone,”
Bone Min. Res., vol. 8, no. 5, pp. 517-525, 1993.

[2] J. C. Bamber and J. C. Hill, “Acoustic properties of normal and cancer-
ous human liver I-dependence on pathological condition,” Ultrasound
Med. Biol., vol. 7, pp. 121-133, 1981.

[3] E. L. Carstensen and H. P. Schwan, “Acoustic properties of hemoglobin
solutions,” Acoust. Soc. Amer., vol. 1, pp. 305-311, 1959.




242

[4]

=

9]

(10

[11]

[12]

[13]

[14]

{15]

[16]

[171

(18]

(191

(201

[21]

(22}

(23]
[24]
[25)

[26]

[27]

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 42, NO. 2, MARCH 1995

G. Kossoff, E. Kelly Fry, and J. Jellins, “Average velocity of ultrasound
in the human female breast,” J. Acoust. Soc. Amer., vol. 53, pp.
1730-1736, 1973.

C. R. Hill, Ed., Physical Principles of Medical Ultrasonics. New York:
John Wiley, 1986, pp. 176-194.

J. Krautkramer and H. Krautkramer, Ultrasonic Testing of Materials.
Berlin: Springer-Verlag, 1990, pp. 276-289.

J. H. Gieske and H. M. Frost III, “Technique for measuring ultrasonic
velocity and attenuation changes in attenuative changes in attenuative
materials at temperature such as during sintering process,” Rev. Sci.
Instrum. vol. 62, no. 12, pp. 3056-3060, 1991.

J. S. Heyman, “NDE in aerospace-requirements for science, sensors
and sense,” IEEE Trans. Ultrason., Ferroelect., Freq. Cont., vol. 36, pp.
581-586, 1989.

E. P. Papadakis, “Ultrasonic attenuation and velocity in three trans-
formation products in steel,” J. Appl. Phys., vol. 35, pp. 1474-1482,
1964.

H. Seki, A. Granato, and R. Truell, “Diffraction effects in the ultrasonic
field of piston source and their importance in the accurate measurement
of attenuation,” J. Acoust. Soc. Am., vol. 38, pp. 230-238, Mar. 1956.
L. Cespedes and J. Ophir, “Diffraction correction methods for pulse-echo
acoustic attenuation estimation,” Ultrasound in Med. Biol., vol. 16, no.
7, pp. 707-717, 1990.

M. O’Donnell, ** Effects of diffraction on measurements of the frequency
dependent ultrasonic attenuation,” IEEE Trans. on Biomedical Eng., vol.
BME-30, no. 6, pp. 320-326, June 1983.

E. P. Papadakis, “Correction for diffraction losses in the ultrasonic field
of a piston source,” J. Acoust. Soc. Am., vol. 31, no. 2, pp. 150-152,
Feb. 1959.

R. Kuc, “Diffraction effects in reflected ultrasound spectral estimates,”
IEEE Trans. Biomedical Eng., vol. BME-31, no. 8, pp. 537-545, Aug.
1984.

R. Bass, “Diffraction effects in the ultrasonic field of a piston source,”
J. Acoust. Soc. Am., vol. 30, no. 7, pp. 602695, July 1958.

R. A. Mountford and M. Halliwell, “Physical sources of registration
errors in pulse-echo ultrasonic systems—Part II: Beam deformation,
deviation and divergence,” Medical and Biological Eng., pp. 33-38,
Jan. 1973.

M. Fink and J. Cardoso, “Diffraction effects in pulse-echo measure-
ment,” IEEE Trans. Son. and Ultrason., vol. SU-31, no. 4, pp. 313-329,
July 1984.

R. C. Chivers and C. R. Hill, “Ultrasonic attenuation tomography of
soft tissue,” Ultrason. Imag., vol. 1, pp. 16-33, 1979.

W. Xu and J. J. Kaufman, “Diffraction correction methods for insertion
ultrasound attenuation estimation,” JIEEE Trans. Biomedical Eng., vol.
40, no. 6, pp. 563-570, July 1993.

H. J. McSkimin, “Empirical study of the effect of diffraction on velocity
of propagation of high-frequency ultrasonic waves,” J. Acoust. Soc. Am.,
vol. 32, no. 11, pp. 1401-1404, Nov. 1960.

W. A. Verhoef, M. J. Cloostermans and J. M. Thijssen, “Diffraction
and dispersion effects on the estimation of ultrasound attenuation and
velocity in biological tissues,” IEEE Trans. Biomed. Eng., vol. BME-32,
pp. 521-529, July 1985.

E. P. Papadakis, “Ultrasonic phase velocity by the pulse-echo-overlap
method incorporating diffraction phase correction,” J. Acoust. Soc. Am.,
vol. 42, pp. 1045-1051, Mar. 1967.

E. P. Papadakis, “Ultrasonic diffraction loss and phase change for
broad-band pulses,” J. Acoust. Soc. Am., vol. 52, pp. 847-849, Jan. 1972.
A. V. Oppenheim and R. W. Schafer, Discrete-Time Signal Processing.
Englewood Cliffs, NJ: Prentice-Hall, 1989, pp. 204-205.

G. K. Kino, Acoustic Waves: Devices, Imaging, and Analog Signal
Processing.  Englewood Cliffs, NJ: Prentice-Hall, 1987, pp. 158-175 .
C. M. Langton, S. B. Palmer, and R. W. Porter, “The measurement of
broadband ultrasonic attenuation in cancellous bone,” Eng. in Medicine,
vol. 13, pp. 89-91,1984.

J.J. Kaufman, A. Chiabrera, S. Fallot, and J. M. Alves et al., “Ultrasonic
bone tissue characterization in Gaucher disease type 1" in Acoustical
Imaging, H. Ermet and H. P. Harjes, Eds. New York: Plenum Press,
1992, vol. 19, pp. 399-402.

Jonathan J. Kaufman received his undergraduate
degree in electrical engineering at City College of
the City University of New York in 1975. His
Masters and Ph.D. degrees were obtained from
Columbia University in electrical engineering in
1978 and 1982, respectively.

Dr. Kaufman has served as an Assistant Professor
in the Department of Orthopaedics at The Mount
Sinai School of Medicine since 1984, and has been
a Visiting Professor of Electrical Engineering at
Pratt Institute and The Cooper Union. Presently,
Dr. Kaufman is the President and CEO of CyberLogic, Inc., an electrical
and biomedical engineering research and development firm, and also a part-
time Assistant Professor in the Department of Orthopaedics at The Mount
Sinai Medical Center, both located in New York City. His main areas of
interest are in applying system identification and signal processing techniques
to biomedical problems, with special emphasis on diagnosis and treatment
in orthopaedic applications. He is currently engaged in developing ultrasonic
methods for therapeutically treating bone fractures and for assessing the degree
of fracture risk in osteoporotic patients. He is also developing new techniques
for early detection of breast cancer based on electromagnetic and ultrasonic
modalities.

Dr. Kaufman is a member of Sigma Xi and the American Society for Bone
and Mineral Research.

Wei Xu received the B.S. degree from Zhongshan
University, China in 1988, and the M.S. degree from
the City College of the City University of New York
in 1992, both in electrical engineering.

Since 1991, Ms. Xu has been working in the De-
partment of Orthopaedics at the Mount Sinai School
of Medicine, where she is applying digital signal
and image processing techniques to orthopaedic
problems, including bone fracture repair assessment
and osteoporosis diagnosis.

Alessandro E. Chiabrera received his Laurea de-
gree in electrical engineering at the University of
Genoa, Italy in 1965, and his Libera Docenza degree
in electronics from the Italian Ministry of Education
in 1972.

Since 1976, he has been a Full Professor of
Electronics at the University of Genoa, where he
was Chairman of the Biophysical and Electronic
Engineering Department from 1984 to 1989. He
is presently involved in the European Community
; research effort in Molecular Electronics. Other areas
of his present research interest are interactions between electromagnetic and
acoustic fields and biosystems, and automated cytometry.

Robert S. Siffert has been a practicing orthopaedic
surgeon for over forty years. He was Chairman
of the Department of Orthopaedics at The Mount
Sinai School of Medicine from 1961 to 1987. He
is currently Lasker Distinguished Service Professor
at Mount Sinai. His current research interests in-
clude acoustic detection of fracture healing based on
his application of clinical auscultatory techniques,
digital image processing and pattern recognition
techniques for assessment of bone architecture and
osteoporotic fracture risk, ultrasonic assessment of
bone fracture risk, and ultrasound treatment of bone repair.



