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Tests of Backscatter Coefficient
Measurement Using Broadband Pulses

Jian-Feng Chen, James A. Zagzebski, Senior Member, IEEE, and Ernest L. Madsen

Abstract—An adaptation to a data reduction method is outlined
for determining backscatter coefficients, /; when broad bandwidth
pulses are employed. The accuracy of these  values is assessed
with well-characterized phantoms, which have independently
calculated backscatter coefficients based on their physical prop-
erties. One phantom produces Rayleigh-like scattering, where the
backscatter coefficient varies smoothly with frequency over the
analysis bandwidth. A second phantom exhibits local maxima
and minima in the scattering function versus frequency due to
presence of millimeter sized graphite gel spheres in a gel back-
ground. The method was found to produce accurate results using
time gate durations as small as 2 us, although better accuracy is
obtained for longer gate durations, particularly when the sample
exhibits resonance peaks in backscatter versus frequency. Use of
a Hamming window in place of a rectangular window extends the
accuracy near the upper and lower limits of the frequency range.

I. INTRODUCTION

N medical ultrasound, the backscatter coefficient is com-

monly used to quantify the scattering properties of biolog-
ical tissue [I1]-[3]. The backscatter coefficient is defined as
the differential scattering cross section per unit volume for
a scattering angle of 180°. Measurements of this quantity
involve the projection of a pulsed ultrasound beam into a
volume containing the medium of interest and monitoring
echo signals due to scattering. Data reduction methods are
then applied to relate the echo signal spectral density to
the backscatter coefficient, accounting for instrumental and
transmission path dependencies on the amplitude of these
signals.

A data reduction method that yields accurate backscatter co-
efficients from pulse echo data has been described previously
by the authors [4] and its accuracy verified [5]. The accuracy
of the method is related to the fact that detailed pressure
fields are included, enabling measurements to be obtained
anywhere in the field of the transducer, and the temporal
nature of the measurement process is maintained throughout
the data reduction. This method is most frequently applied for
insonification by long duration acoustic pulses and for narrow
bandwidth conditions.

Often it is of interest to obtain backscatter coefficients
results quickly over a range of frequencies. In our lab this has
been the case in /n vivo measurements and in characterizing
short-lived ultrasound contrast agents, and is done using
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insonification pulses that have a broad frequency spectrum.
When broadband pulses are employed, an important consid-
eration of the date reduction method is that the frequency
dependence of scattering generally must be included in the data
analysis [5]. Madsen [6] describes an iterative technique for
carrying this out when short gates are involved. Alternatively,
Wear et al. [7] have outlined broadband adaptations of the
original data reduction technique described by Madsen. Boote
et al. (8] reported accurate results for broadband pulses when
the analysis frequency is restricted to the central frequency of
the echo pulse and scattering varies smoothly with frequency.

The purpose of the work described in this paper is to
evaluate the accuracy of backscatter coefficient measurements
under broadband insonification conditions when the analysis is
extended to the entire frequency spectrum of the pulse. Similar
work using phantoms was done by Wear ef al; however,
the absolute accuracy of backscatter coefficients was not
considered by them. The present work was performed using
well-characterized phantom materials, including one which
exhibits resonance-like peaks in the backscatter over the pulse
spectrum. In the present paper, both rectangular and Hamming
windows of various durations were used in the echo data
reduction to evaluate effects of gating functions on the results.

II. BROADBAND ANALYSIS METHOD

In measuring the backscatter coefficient, the beam from
a pulsed transducer is directed into a volume containing
scatterers. Echo signals are detected by the same transducer
and stored for off-line analysis. Assumptions made in the data
reduction are, first, the scattered wave fronts are assumed
to be spherical in the region of the transducer face. This
requires that the scattering sources either be monopolar in
nature or be sufficiently far from the transducer face that
this assumption is valid. Second, the scatterers are assumed
to be discrete and spatially randomly distributed. Thus the
echo signal is a superposition of waves from all scatterers in
the transducer field. Scatterers are described in terms of an
angular distribution function [9] ¢(w), evaluated at 180°.

The backscatter coefficient as a function of frequency n(w),
is given by (1) (see top of next page) [4] where the nu-
merator is the measured echo signal spectral density function,
T(w)B(w) accounts for the system frequency response, and
A(r,w) represents the transducer field W(w — ') is the
Fourier transform of a time gate used to select echo signals
from the region of interest, and (NN) is the scatterer number
density. The term g(w') represents the frequency dependence
of the scattering function, with g(w) the value at the analysis
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frequency. The volume integral €1, includes all scatterers which
can contribute to the time-gated signal.

In the present paper, the transducer is excited with a broad-
band pulse and a time-gate whose frequency bandwidth is
much smaller than the frequency range of the echo signals
is used. This allows us to ignore the effects of the convolu-
tion with the Fourier transform of the gate function in (1).
Mathematically, this approximation is

Ww-w)~C §w-uw)

where C is a constant that depends on the gating function. (i.e.,
C' =1 for a rectangular window; C = 0.63 for a Hamming
window). With the above simplification, the expression for the
frequency dependent backscatter coefficient is given by

N(w) ~ <Vg(“’)Vg*(w).)
C?||T(w)Bo(w)||? dr|[A(r,w)||*
7]

where the ratio g(w’)/g(w) is taken as 1. This equation is
similar to that derived by Wear et al. [7], who also based
their analysis on the Madsen er al. method [4]. However, here
no approximation is made regarding the range dependence of
A(r,w), resulting in no compromise as the gate duration is
increased.

The echo from a planar reflector submerged in water and
oriented with its reflecting surface perpendicular to the incident
ultrasound beam is used to determine the product 7'(w)Bo{w)
[4]. A(r,w) is computed using the diameter and focal prop-
erties of the transducer [10].

)

1II. EXPERIMENTAL PROCEDURE

Conditions for which (2) yields valid results were evaluated
using experimental apparatus described in a previous paper
[11]. In the present paper, a 13.6-mm diameter, 2.5-MHz
center frequency transducer, having a 67% —6-dB frequency
bandwidth (Echo Ultrasound, Reedsville, PA) was used to
acquire echo data. The transducer diameter was verified by
searching for the last axial minima in water using a 0.6-mm
diameter hydrophone when the transducer was driven with a
2.5-MHz tone burst.

Backscatter results were obtained using two different phan-
toms. One consisted of graphite-laced agar having randomly
positioned glass bean scatterers. The glass bead scatterers have
a mean diameter of 89 ;sm, with a standard deviation of 7 pm.
The speed of sound and ultrasonic attenuation coefficient are
1580 m/s and 1.23 dB/cm at 2.5 MHz. The second phantom
consists of 0.57 £ 0.05 mm diameter graphite-laced agar

spheres randomly distributed in a background of plain agar.
The speed of sound and ultrasonic attenuation coefficient are
1560 m/s and 0.28 dB/cm at 2.5 MHz.

For both phantoms, the expected backscatter coefficients
versus frequency were calculated using the theory of Faran
[12]. Parameters used in these calculations are the scatterer
mass density (glass 2.38 g/cm®, agar 0.94 g/cm®, and agar
spheres 1.034 g/cm®), Poisson’s ratio (glass 0.21 and agar
0.4993), the longitudinal speed of sound (glass 5770 m/s, agar
1540 my/s, and water 1483 m/s), and the diameter distributions
of the scatterers.

Echo signals from the test phantoms were recorded at 149
statistically independent positions by lateral translations of the
phantom between recordings. Discrete Fourier transforms of
each of these 149 waveforms were then computed yielding
the values of Vy(w). The mean value of the square moduli of
the Fourier transform then yields (V,(w)V; (w)). The volume
integration in (2) was done using 100 lateral points, extending
3 cm from the beam axis, and 10 axial points evenly distributed
over the depth interval ¢, (g — 7p4)/2 to cp(to — 7)/2 where
¢p is the speed of sound in the test phantom, ¢, is the onset
time of the gate, 7 is the time gate duration and 7,4 is the
pulse duration.

IV. RESULTS AND DISCUSSION

Frequency dependent backscatter coefficients obtained for
different gate durations and for both a rectangular and a Ham-
ming window, are shown in Fig. 1 for the glass bead scatterer
phantom. The theoretical results computed using the Faran
equations [12] show that the backscatter coefficient varies
smoothly with frequency from 1 to 4 MHz. The experimental
results for each type of gate function are in agreement with
the theoretical results near the 2.5-MHz center frequency of
the pulse. As expected, however, the degree of the agreement
breaks down for analysis frequencies near the edge of the
spectrum, particularly for the shortest gate duration (Fig. 1(c)).
The beat overall results were with the 20-,s Hamming window
(Fig. 1(a)).

For the 5- (Fig. 1(b)) and 20-pus time gates a noticeable
improvement in the result near the edge of the spectrum is
seen with the Hamming window compared to the rectangular
window. Evidently, the reduced sidelobe leakage for the Ham-
ming gate [13] has it greatest impact on these measurements
for frequencies near the edge of the pulse spectrum.

Prior to our work, Wear et al. [7] compared backscatter
results for different gate durations for a phantom containing
glass beads, though these investigations did not verify absolute
scatter levels. Their results for gate durations of 3.2 and
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Fig. 1.

(c)

The experimental values of the frequency dependent backscatter coefficient for the glass bead scatterer phantom, using 20-, 5-, and 2-ps gate

durations. Also shown are the predicted values based on Faran's theory.

6.4 s were identical, and were noticeably different from
results obtained both with 1.6- and 12.8-ps gates, leading
to the conclusion that the 3.2~ and 6.4-is gates yielded the
more accurate results. However, our results for the longest
gate duration (20 ps) agree with the expected scattering over
the greatest extent of the frequency spectrum. In contrast to
Wear’s approach, in our analysis, individual calculations of
the transducer field, A(r.w) are done throughout the gated
depth region, probably accounting for differcnce between their
results and ours.

Results for the agar sphere phantom are presented in Fig. 2,
where the theoretical predictions indicate that the backscatter
coefficient has several peaks between 1 and 4 MHz. This
phantom was designed to provide stronger challenges to data
reduction algorithms, where the analysis involves more com-
plicated frequency dependencies. Fig. 2(a) and (b) shows the

experimental results of the backscatter coefficient for relatively
long gate durations (gate duration 7 = 20 and 5 sis). Fig. 2(c)
shows the backscatter coefficients for a relatively short gate
duration (gate duration 7 = 2 us). For longer gate durations,
the experimental results again suggest that the Hamming time
gate function actually is slightly better than the rectangular
time gate function, as indicated by results slightly closer to
the expected behavior at 1.8 MHz. For 2-pus gates the inability
of the experimental results to track the expected behavior is
clear for both gate types. Interestingly, for the shorter gate
durations, the results using the rectangular window are actually
slightly better than the results using the Hamming window, as
indicated near the peaks and valleys of the backscatter spectra.
The rectangular gate results follow the predicted minimum and
maximum slightly better. Evidently the width of the main lobe
is relatively important compared with the side lobe leakage
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Fig. 2.

The experimental values of the frequency dependent backscatter coefficient for the millimeter sized gel-sphere phantom, using 20-, 5-, and 2-us

gate durations. Also shown are the predicted values based on Faran’s theory.

for tracking this more complex scattering behavior, and a
rectangular window has a smaller main lobe width than the
Hamming window. It should be pointed out that part of the
discrepancy between theory and experiment may be related to
uncertainties in the properties of the phantom. The spheres
were sieved to yield a tight diameter distribution, but the
magnitude of the errors in the theoretical calculations for the
phantom are not known.

Another important test of a backscatter measurement method
is whether results are independent of transducer-to-sample
distance [S]. Fig. 3 shows backscatter coefficients versus
frequency for sample depths (center of the time gate) of 5,
10, 12 and 15 em. A 10-us Hamming gate is used in the
analysis. Results for 1.5-3.2 MHz are hardly distinguished for
the various depths; however, at 3.5 MHz and higher, the 5-cm
results are more than 50% greater than the expected scattering.

Thus results with the sample close to the transducer exhibit
the greatest errors, particularly near the edges of the pulse
spectrum. The results demonstrate that the frequency range
for accurate results may be more limited in the near field of
the transducer.

V. CONCLUSION

The method for determining backscatter coefficients, as
described and implemented in this paper, appears to work well
for determining the frequency dependent backscatter coeffi-
cients in volumes where these parameters can be considered
uniform, especially when the frequency dependence of the
backscatter coefficient follows a simple power law over the
echo signal spectrum. The difference between theoretical and
experimental results is minimized using a relatively long gate
duration applied to the echo signals, as noted previously [5].
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In the absence of resonance peaks in the frequency dependent
backscatter coefficient, the results using a rectangular window
generally will be worse than the results using other window
functions with lower sidelobes. On the other hand, if the peaks
of the frequency dependent backscatter coefficient are close to
each other, as in the agar sphere phantom described here, the
results using a rectangular window could be more accurate
than results using other window functions, for example, a
Hamming window, because of the latter’s wider main-lobe.
The Hamming window extends the accuracy of backscatter
coefficient determinations near the upper and lower limits of
the frequency range. This paper points out the importance of
verifying backscatter data reduction methodology prior to use
in clinical determinations.
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