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Estimation of Ultrasound Attenuation from
Broadband Echo-Signals Using Bandpass

Filtering

Hyungsuk Kim, James A. Zagzebski, and Tomy Varghese

Abstract—A problem with video signal analysis for esti-
mating frequency-dependent ultrasonic attenuation is that
relative echogenicity versus depth curves are distorted
when broadband pulses are used. In this correspondence,
we present results that demonstrate improved accuracy of
attenuation estimates computed from B-mode or envelope
data derived after narrowband (1 MHz BW) filtering at dif-
ferent frequencies around the center frequency of the broad-
band echo signal. Based on the premise that transducer
center frequencies are selected in part on penetration or
imaging depth requirements, simulation and experimental
results for a typical ultrasound imaging system show that
narrowband video signal analysis for frequencies lower than
or at the center frequency of the broadband pulse provide
unbiased attenuation estimation over this depth. Filtered
signals above the center frequency of the pulse yield accu-
rate results only at shallow depths.

I. Introduction

Attenuation estimations in soft tissue with ultra-
sound pulse-echo systems are of interest because ul-

trasonic attenuation is intrinsically related to pathologi-
cal changes in tissue [1], [2]. Measurements of ultrasonic
attenuation have been helpful in identifying diffuse liver
disease and benign conditions in the breast [3], [4]. How-
ever, time-gain compensation (TGC) and artifacts due to
shadowing or enhancement of the ultrasound signals below
higher or lower attenuating regions introduce difficulties in
the interpretation of B-mode images. Accurate estimation
of ultrasound attenuation in soft tissue, therefore, can not
only provide useful diagnostic information but also could
enable clear interpretation of B-mode images.

Attenuation estimation methods can be classified as ei-
ther time or frequency-domain approaches [5], [6]. Most
frequency-domain methods use either the spectral differ-
ence [7] or the spectral shift of the centroid of the echo
signal power spectra [8] versus depth along the beam prop-
agation direction. Among time-domain approaches, Flax et
al. [9] proposed measurement of the zero crossing density
of RF echo signals, the counterpart of spectral shift meth-
ods in the frequency domain. He and Greenleaf utilized
the local maximum of the RF echo signal envelope for at-
tenuation estimation [10], while Jang et al. [11] measured
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attenuation using the entropy difference between two ad-
jacent segments of narrowband RF echo signals. Video or
B-mode signal analysis methods were developed by Knipp
et al. [12] to estimate attenuation directly from B-mode
images.

Time-domain methods are easier to implement and
computationally faster. However, it is difficult to com-
pensate for local variations in the sound field along the
beam propagation direction (i.e., diffraction effects). The
video signal analysis (VSA) method [12] computes ratios
of the mean echo signal intensity from a sample to that
from a reference phantom scanned using identical ultra-
sound system settings. Thus, this method effectively com-
pensates for diffraction effects, enabling real-time applica-
tion in a clinical environment. However, relative intensity
versus depth curves that yield information on the attenu-
ation of the sample become progressively distorted as the
bandwidth of the transmit pulse increases, particularly at
deeper depths in tissue.

In this correspondence, we investigate the estimation
accuracy of attenuation coefficients computed using the
VSA method after bandpass filtering of the RF signal prior
to forming B-mode images. Echo signals characteristic of
a typical ultrasound system are simulated, and narrow-
band Chebyshev-II filters centered at different frequen-
cies around the center frequency of the broadband trans-
mit pulse are used to filter the RF data. B-mode signals
derived from the filtered data are processed to estimate
attenuation coefficients. Simulation and experimental re-
sults with a uniformly attenuating tissue-mimicking (TM)
phantom were used to determine the accuracy of this ap-
proach. Depth settings over which data are analyzed are
consistent with the penetration distance for the chosen ul-
trasound frequency.

In Section II, a brief derivation of the VSA method is
presented. An ultrasound simulation program and meth-
ods for estimating the attenuation coefficient using a nar-
rowband filtering technique are presented in Section III.
Simulation results that illustrate the use of bandpass filter-
ing to obtain unbiased results using lower frequency com-
ponents also are described in Section III. In Section IV, ex-
perimental results using TM phantom data are presented.

II. Video Signal Analysis Method

Most methods that estimate the attenuation coefficient
using pulse-echo data assume a linear frequency depen-
dence of the attenuation, uniform backscatter, and con-
stant speed of sound in the region of interest (ROI). Other
assumptions include weak scattering, namely that contri-
butions due to multiple scattering can be ignored (i.e.,
the Born approximation). Under these assumptions, the
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intensity of the backscattered RF signal received at the
ultrasound transducer, R(f, z), can be expressed in the fre-
quency domain as a product of the transmit pulse, diffrac-
tion, attenuation, and backscatter terms:

R(f, z) = G(f) · D(f, z) · A(f, z) · B(f), (1)

where z denotes the depth from the transducer, G(f) rep-
resents the combined effect of the transmit pulse and trans-
ducer sensitivity (force-to-voltage transfer function) dur-
ing reception, which depends on transducer design and the
transmitted pulse, D(f, z) denotes diffraction effects re-
lated to transducer parameters that include focusing, and
A(f, z) represents cumulative attenuation in soft tissue.
Attenuation is assumed to be linearly proportional to fre-
quency [13] and is given by:

A(f, z) = exp(−4βfz), (2)

where β is the slope of the attenuation coefficient versus
frequency, in units of Nepers/cm/MHz. Tissue backscat-
ter, B(f), is generally modeled as a power of frequency
[14], [15].

B(f) = Bof
n, (3)

where Bo is a constant. The parameter n can vary from 0
for specular reflection to 4 for Rayleigh scattering.

Computing the ratio of the intensity of the backscat-
tered RF signals from the sample to that from a reference
phantom recorded using identical transducer and system
settings was previously used to eliminate the transducer-
dependent terms, G(f) and D(f, z). Thus, the ratio of the
intensities of the echo signals at depth z from a sample
to those from a reference phantom at the same depth is
expressed as [16]:

RS(f, z) =
Bs(f)
Br(f)

· exp{−4(βs − βr)f z}, (4)

where the subscripts r and s represent the reference and
sample, respectively.

Using the VSA method, the ratio of intensities of
backscattered RF signals is approximated by the ratio of
the signals derived from B-mode images. Assuming that
the backscattered signal frequency bandwidth contribut-
ing to the B-mode image data is not broadband, we can
approximate

√
RS(f, z) in (4) with the ratio of average

signal amplitudes for the reference and sample at depth z
[12] as:

RE(z) =
Es(z)
Er(z)

=

√
Bs(feff)
Br(feff)

· exp{−4(βs − βr) feff z},
(5)

where Er(z) and Es(z) represent the average signal am-
plitude from the reference and sample at depth z, and feff
represents an “effective frequency,” defined as the ultra-
sound frequency that yields the same value of backscatter
and attenuation in the sample as the B-mode signal. Under

the assumption of linear frequency dependence of attenua-
tion, the difference between attenuation coefficients versus
frequency slopes of the reference and sample after linear
regression over the beam propagation direction is given by:

∆β(dB/cm/MHz) = −8.686
2feff

· d log(RE(z))
dz

. (6)

Because the attenuation coefficient of the reference is
known, that of the sample can be estimated using (6).

III. VSA Simulations

A. Ultrasound Simulation Procedure

RF echo signals for both reference and sample phantoms
with various values of attenuation coefficient were simu-
lated. The simulation program is based on classical diffrac-
tion theory for continuous wave propagation [17] and ac-
curately computes pulsed transmit-receive beam patterns
using superposition. For this study, a linear-array trans-
ducer consisting of rectangular elements of size 0.2 mm
by 10 mm, with a center-to-center separation of 0.2 mm
was modeled. Each beam line formed by the array used
up to 128 consecutive elements. Dynamic receive focusing
and dynamic aperture were used such that the receive F -
number was fixed at 2. The ultrasound field varies with ax-
ial distance from the transducer. A Gaussian-shaped pulse
with a center frequency of 5 MHz was simulated for the re-
ceived pulse at the surface of the sample. The bandwidth
of the pulse was set to 80%, unless otherwise specified.
Changes in the signal spectrum with depth are accounted
for in the beam model, in which a complex wave number
is used to introduce specific values for both speed of sound
and medium attenuation.

Two numerical, uniform phantoms were simulated by
assuming a random distribution of 25 µm glass beads
in media having a sound speed of 1540 m/s. The scat-
terer number density was set at 9.7 per cubic millimeter,
which yields Rayleigh statistics [18]. The modeled phan-
tom dimensions were 40 mm (width) by 80 mm (height)
by 10 mm (thickness), thus requiring 3.1×105 scatterers in
the model. The distance between adjacent beam lines was
set to 0.2 mm, the same as the element pitch. The trans-
ducer was assumed to be in direct contact with the sample
or reference phantom, and the axial transmit focus as well
as the elevational focus were both set to 40 mm. Simu-
lations were performed over a 1–15 MHz frequency range,
with a 0.1 MHz increment between frequency components.
The backscattered signals were computed by first apply-
ing a Gaussian filter centered at 5 MHz with the specified
frequency bandwidth of the transducer, then computing
the inverse Fourier transform. This yielded RF echo data
for each beam line used to form the simulated ultrasound
images.

After generating simulated RF data with a specified
value of the attenuation coefficient, echo signal envelopes
were obtained by computing the analytic signal using
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Fig. 1. Logarithm of the relative echogenicity versus depth for a sim-
ulated, uniformly attenuating phantom for various transmit-receive
pulse bandwidths. The attenuation coefficients of the reference and
sample are 0.3 dB/cm/MHz and 0.7 dB/cm/MHz, respectively.

the Hilbert transform, and then taking its magnitude.
The envelope echo data frame was then subdivided into
small, overlapping two-dimensional (2-D) blocks to com-
pute mean echo intensities over each block. Typical block
sizes were 2 mm by 2 mm. The intensity value was divided
by corresponding values from the reference phantom, to
yield the echogenicity of the block relative to that from the
reference at the same depth. A 50% overlap of each 2-D
block was used along both axial and lateral directions to
obtain additional relative echogenicity versus depth pro-
files for the simulated data. Attenuation estimates were
then computed using a linear regression over 15 of the 2-
mm by 2-mm blocks along the axial direction correspond-
ing to a 16-mm data segment for 50% overlap of the blocks.
These processing parameters are used throughout the cor-
respondence.

B. Simulation Results

As previously reported by Tu et al. [19], the logarithm
of the relative echogenicity versus depth is a straight line
whose instantaneous slope depends on the difference be-
tween the attenuation coefficients of the sample and ref-
erence at the corresponding depth. Tu et al. also pointed
out that, for broadband data, this line becomes a curve
for which the departure from a straight line depends on
the bandwidth of the echo signal and the difference be-
tween the sample and reference attenuation coefficients.
Fig. 1 plots the logarithm of the relative echogenicity ver-
sus depth for simulated data from a phantom with a uni-
form attenuation value. Four different ultrasound pulse
bandwidths (i.e., 5%, 20%, 50%, and 80%) were simulated
for Fig. 1. The attenuation coefficients of the reference
and sample were 0.3 dB/cm/MHz and 0.7 dB/cm/MHz,
respectively. For a narrow bandwidth, the logarithm of the
relative echogenicity versus depth is a straight line. How-

ever, as the bandwidth of the pulse increases, the loga-
rithm of this ratio deviates from a straight line because
of varying frequency-dependent attenuation in the sample
and reference. This phenomenon is clearly visualized at
deeper depths.

Typical imaging systems use frequency bandwidths of
60% or greater. The broadband RF echo signal itself can
be filtered to enable accurate estimation of the attenuation
coefficient. Here an 80% bandwidth signal was decomposed
into multiple narrowband signals using bandpass filtering.
Filter center frequencies were selected to lie on either side
of the 5 MHz center frequency of the original broadband
echo signal, and the bandwidth was set to 1 MHz. Band-
pass filters centered at 3, 4, 5, 6, and 7 MHz were applied.
Each bandpass filtered RF signal then was processed using
the VSA method to investigate the estimation accuracy.

C. Results for Bandpass Filtering

The logarithm of the relative echogenicity versus depth
of the broadband RF data and the bandpass filtered sig-
nals are shown in Fig. 2(a). The relative echogenicity of
the bandpass filtered RF signals, particularly those at
lower frequencies, exhibit a nearly linear decrease with
depth. The echogenicity ratio versus depth at higher fil-
ter frequencies, however, still deviates from a straight line
at deeper depths. Evidently, a narrower filter bandwidth
would have to be used for these relative attenuation val-
ues to accurately determine attenuation at deeper depths.
Fig. 2(b) shows the estimated sample attenuation coeffi-
cient values versus depth, computed from local values of
the slopes of the curves in Fig. 2(a). Notice that the atten-
uation coefficient derived from the bandpass filtered sig-
nals obtained for the higher filter center frequencies, as
well as from the original broadband pulse, underestimate
the actual attenuation coefficient value (0.7 dB/cm/MHz),
particularly at deeper propagation depths. Based on our
simulation results, the filtered signals at or below the cen-
ter frequency of the transmitted ultrasound pulse would
provide the best attenuation coefficient results.

We derived “attenuation coefficient images” of the sim-
ulated sample phantom using the same processing param-
eters. To form an image, mean pixel values were computed
over 2 mm × 2 mm sized blocks, and a 16 mm linear regres-
sion window applied along the axial direction. Attenuation
values computed in this manner over the entire imaged re-
gion are represented in grayscale. Examples are shown in
Fig. 3. Because the relative echogenicity curves are dis-
torted at deeper depths, attenuation coefficient values of
the sample derived with the broadband signal, shown in
Fig. 3(a), are likewise underestimated at deeper depths.
However, the bandpass filtered signals at frequencies be-
low the center frequency of the 5-MHz pulse, shown in
Fig. 3(b) and (c), provide unbiased estimations over the
entire depth range considered here. Bandpass filtered sig-
nals at higher center frequencies, shown in Fig. 3(d), pro-
vide meaningful attenuation estimation results, but only
at shallow depths.
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Fig. 2. Simulation results from a uniform attenuation phantom. The
relative echogenicity between the sample and reference as derived
from the original broadband signal and after bandpass filtering sig-
nals are plotted as a function of depth. The attenuation coefficients of
the reference and sample are 0.3 dB/cm/MHz and 0.7 dB/cm/MHz,
respectively. (a) The logarithm of the relative echogenicity versus
depth. (b) The estimated attenuation coefficients of the sample.

As previously reported by Tu et al. [19], VSA accurately
estimates the attenuation coefficient when the attenuation
coefficient of the reference is close to that of the sample. We
also investigate the estimation performance of the band-
pass filtering technique with increasing attenuation coef-
ficient differences between the reference and sample. The
attenuation coefficient of the simulated reference phantom
was increased from 0.1 dB/cm/MHz to 0.9 dB/cm/MHz;
that of the sample was maintained at 0.5 dB/cm/MHz.
The attenuation coefficients estimated were averaged over
a depth of 2–4 cm to obtain the mean and variance. Fig. 4
presents results obtained after bandpass filtering at the
center frequency (5 MHz) of the original data as well as

Fig. 3. Attenuation coefficient images for the simulated, uniform
phantom. Attenuation coefficients of the reference and sample were
0.3 dB/cm/MHz and 0.7 dB/cm/MHz, respectively. (a) Broadband
pulse data. (b) Bandpass filtered at 3 MHz. (c) Bandpass filtered at
5 MHz. (d) Bandpass filtered at 7 MHz.

at the lower and upper ends of the spectrum (3 MHz and
7 MHz), respectively. The VSA method using narrowband
filtering underestimates the attenuation coefficient when
the attenuation coefficient of the reference is lower than
that of the sample. However, when the attenuation coef-
ficient of the reference is larger than that of the sample,
it overestimates the value of the sample attenuation coef-
ficient. The variance among attenuation estimations over
the 2–4 cm depth range also become larger as the differ-
ence between the attenuation coefficient of the reference
and sample increases as shown in Fig. 4.

IV. Experimental Results

In addition to the numerical phantom data, two TM
phantoms manufactured in our laboratory were used
to evaluate the performance of the bandpass filtered
VSA method. The first was a quality assurance phan-
tom, referred to as the “Gammex/RMI 409 ACR Pro-
totype,” having two sections with different attenuation
coefficients. A section with an attenuation coefficient of
0.5 dB/cm/MHz was used as the reference, and a section
with 0.7 dB/cm/MHz attenuation was used as the sample.
A second TM phantom, referred to as the “attenuation
phantom” (AP), contains a cylindrical inclusion with an
attenuation coefficient of 0.8 dB/cm/MHz, embedded in a
background that has an attenuation of 0.5 dB/cm/MHz.
Both background and inclusion have the same concentra-
tion of 20 µm glass beads [20] that provide scattering. To
acquire reference RF signals for the experiment, a uni-
formly attenuating TM phantom was used, having an at-
tenuation coefficient of 0.5 dB/cm/MHz [21].
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Fig. 4. Estimated attenuation coefficients for a 0.5 dB/cm/MHz sam-
ple using different values of the attenuation coefficient for the ref-
erence phantom. The x-axis represents the difference between the
attenuation coefficients of the reference and sample. The errorbars
denote the estimation variances. The transmit pulse has a 5 MHz
center frequency with 80% bandwidth, and narrow bandpass filter-
ing is applied at 3, 5, and 7 MHz.

Fig. 5. Attenuation coefficient images for the Gammex/RMI pro-
totype phantom. Each pixel in the image represents an estimated
attenuation coefficient. The attenuation coefficient of the reference
and sample are 0.5 dB/cm/MHz and 0.7 dB/cm/MHz, respectively.
(a) Broadband pulse data. (b) Bandpass filtered at 4 and 5 MHz
with frequency compounding.

The phantoms were scanned using a Siemens Antares
ultrasound system (Siemens Medical Systems, Issaquah,
WA) using a linear array transducer (VFX 9-5) with a
5 MHz center frequency and 80% bandwidth. RF data
digitized at a 40 MHz sampling frequency were acquired
using the Siemens Axius Direct Ultrasound Research In-
terface, and narrowband filtering was performed offline on
the broadband data. The VSA method then was applied
to the envelope data computed using a Hilbert transform.

An attenuation coefficient image of the Gammex/RMI
409 ACR Prototype (Gammex RMI, Middleton, WI) is
shown in Fig. 5. The VSA method using broadband sig-
nals underestimates the attenuation coefficient, especially
at deeper depths shown in Fig. 5(a). Filter center frequen-
cies of 4 and 5 MHz then were used to obtain narrow-
band RF signals. Fig. 5(b) shows an attenuation coeffi-

Fig. 6. Experimental results obtained from a uniform attenuation
phantom. The original broadband signal and narrow bandpass fil-
tered signals are plotted as a function of depth. The attenuation
coefficients of the reference and sample are 0.5 dB/cm/MHz and
0.7 dB/cm/MHz, respectively.

cient image obtained by averaging attenuation coefficient
estimates at these two frequencies, i.e., applying frequency
compounding [22].

Fig. 6 shows the estimated values of the attenuation
coefficients obtained for the same TM phantom along the
beam propagation direction. Although the VSA method
using broadband pulses underestimates the attenuation
coefficient for increasing propagation depths, VSA used
after bandpass filtering provides unbiased values that are
independent of depth. The estimation variance with the
single narrowband filtered signal is larger than that ob-
tained using the entire broadband pulse data because the
narrowband filtered RF signals contains less information
than broadband signals. However, after frequency com-
pounding, the estimation variances are reduced and are
comparable to results obtained using the original broad-
band data.

Experimental results obtained using the inclusion phan-
tom (AP) is shown in Fig. 7. On a B-mode image
[Fig. 7(a)], the 3 cm diameter inclusion is seen because of
faint specular echoes (arrow) from the proximal and dis-
tal surfaces as well as from the acoustical shadow. An at-
tenuation image after applying VSA processing on broad-
band data is presented in Fig. 7(b), and one using VSA
on filtered data is shown in Fig. 7(c). Attenuation esti-
mates for a ROI consisting of a circle whose diameter
is one-half that of the projected area of the inclusion
were 0.64 dB/cm/MHz for image data in Fig. 7(b) and
0.78 dB/cm/MHz for that in Fig. 7(c). Although VSA us-
ing broadband data underestimates the attenuation coef-
ficient value, VSA using bandpass filtered data, and fre-
quency compounding provides an accurate estimate of the
attenuation coefficient of the ROI.
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Fig. 7. B-mode image and attenuation coefficient images of a TM
phantom containing a cylindrical inclusion whose attenuation co-
efficient is 0.8 dB/cm/MHz in a background whose attenuation is
0.5 dB/cm/MHz. Each pixel in the image represents an estimated
value of the attenuation coefficient. (a) B-mode image of a sample
phantom. (b) Broadband pulse data. (c) Bandpass filtered at 4 and
5 MHz with frequency compounding.

V. Discussion

Although the VSA method directly computes the at-
tenuation coefficient from envelope or B-mode signals and
has improved computational efficiency for real-time ap-
plication, broadband transmit pulses used in current ul-
trasound pulse-echo systems result in distortion of relative
echogenicity versus depth data. The use of narrowband fil-
tering, however, can provide unbiased estimation of the at-
tenuation properties while maintaining the computational
efficiency of the VSA method. Such filtered signals could
readily be provided as adjunct data in modern, software-
based ultrasound machines.

Based on our results, filtered RF signals, lower than or
at the center frequency of the original broadband pulse,
provide the best attenuation results at large depths. Be-
cause higher frequency components attenuate faster than
lower ones, filtered signals at lower frequencies maintain
relatively useful frequency information from the backscat-
tered echo signals.

Because narrower bandwidth filters use only small por-
tions of frequency information present in the broadband
RF signals, the estimated attenuation coefficients have
larger estimation variances and were underestimated at
deeper depths in our experiments. However, for broader
bandwidth filters, estimated results indicate similar be-
havior as the broadband pulse case. Based on our simula-
tion and experimental results, the 1 MHz bandwidth filter
provides relatively stable estimation performance indepen-
dent of depth, with smaller estimation variances than other
narrower/broader bandwidth filters.

The relative difference between attenuation coefficients
of the reference and sample also influence the estimation
performance of the VSA method. A smaller attenuation
difference provides more accurate estimations with better
estimation precision. Because the attenuation properties
of the sample are unknown, multiple reference phantoms

with different attenuation coefficient values may improve
the estimation performance by matching the attenuation
properties of the sample.

VI. Conclusions

We investigated the accuracy of VSA attenuation esti-
mates computed from B-mode images obtained after band-
pass filtering of the broadband echo signals. Over the
penetration range associated with the transducer center-
frequency setting, simulation and experimental results
show that local attenuation coefficient estimates obtained
using the filtered envelope data demonstrate comparable
results to other existing estimation methods. Caution must
be exercised, however, when applying the VSA analysis to
frequency components above the center frequency, as accu-
rate results for these signals were only obtained for shallow
depths. Errors in applying the VSA method worsen if the
attenuation coefficient of the reference is significantly dif-
ferent from that of the sample.
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