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An Hybrid Wigner-Ville Approach to
Estimate the Ultrasound Attenuation in
Soft Biological Tissue

Chemla J.P., Girault J. M., Student Member |EEE, Kouamé D. and Lethiecq M., Member, IEEE.

Abstract— In this paper, we compare several tecliniques
to evaluate the frequency shift related to the attenuation
phenomenon. More precisely, we coinpare the short time
Fourier analysis and the short timne autoregressive analysis
to new techniques based upon the Wigner-Ville transforin
with paramctric and non parametric approaclhes. In the
parametric inethods, we propose a new frequency estimmator
called the mean resonating frequency. All of these meth-
ods are evaluated in terms of relative error and standard
deviation of the attenuation estimation.

Aeywords— Ultrasound, Tissue Characterization, Attenu-
ation estimation, time-frequency analysis, parawetric, non-
parametric.

I. INTRODUCTION

N the field of tissue characterization, ultrasound atten-

uation has proved to be a discriminant quantitative pa-
rameter which is complementary to the qualitative informa-
tion oblained from echographic images. The attenuation
phicunomenon shifts the instantancous spectruin to lower
frequencices as a pulse wave propagates into the biclogi-
cal tissue. The spectral analysis of nonstaticnary signals
requires & signal processing tool that presents both good
time and frequency resolutions. It is well-known that the
most commonly used short-time Fourier transferm is lim-
ited by the intrinsic trade-ofl between time and frequency
resolutions.

To overcome this resolution problem three approaches
are possible : {1} the Wigner-Ville transform which allows
a better comprowmise, (ii) the parametric methods and (iii)
an hybrid method which is based on the Wigner-Ville trans-
form (non parametric) computed by a parametric tech-
nigue.

Tn the parameiric methods, we propose a new frequency
estimator @ the mean resonading frequency. It is compared
to the centroid and the maximum energy frequencies [1].

[n this paper, we quantify the performances of these
methods compared to those of the short time Fourier anal-

ysis.

II. ATTENUATION MODELING AND SIMULATED DATA

In order to compare the proposed methods, we have built
artificial signals that simulate the Radio-Frequency (RF)
lines reflected by a soft biological tissue. This modeling
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takes into account the pulse response of the measurement
system, the absorption and the scattering of the medium.
The diffraction phenomenon which biases the attenuation
measurenment could be compensated by a filter [2], so we
did not counsider it in our model [3]. 1t is usually accepted
that attenuation o, in most biological Lissues, is a linear
function of the frequency: a = 2f where 8 is the slope of
tlie attenuation.

1t is also considered that the spectral density of the emit-
ted signal has a gaussian form.

The simulated echograplic lines are obtained with a sam-
pling frequency of 400M H z, an emitted central frequency
of 49M Hz and a bandwidth of 50%. The homogeneous
mediwn 15 simulated for different attenuation coelficient
values ranging from 1 to 5dB/em/M Hz. For each atten-
uation coefficient value, a set of 100 RF lines are com-
puted. With a wave velocity of 153bn/s, the duration of
tlie backscattered sighal corresponds to a depth of 2.

I11.

The attenuation phenomenon is usually observed in the
frequency domain through the frequency shift observed as
the ultrascund pulse propagates in the soft medium. This
time-frequency analysis is generally performed by a Fast
Fourter Transform (FEFL) [4].

THE TIME-FREQUENCY ANALYSIS

A. The short time Fourier unalysis

Owing to the nonstationary character of the radio-
frequency signal, a Hamming window is shifted with a con-
stant step along the signal and in each window, the Power
Spectral Density (IPSD) is evaluated via the comnputation
of the FLIVL, This method hmplies that we have Lo ke a
choice for the length and the overlap of the windows. In-
deed, the larger the windows, the betler s the frequency
resolution but the less the stationarity hypothesis is ver-
ified. The choice is obtained by a trade-off between the
frequency and time resolutions. In order to have a better
compromise, we propose the use of the Wigner-Ville trans-
form.

B. The Wigner-Ville (WV) transform

The Wigner-Ville distribution is a well adapted tool to
study nonstationary phenomena. [t seems to have a good
behavior for reflected signals [3].

The Wigner-Ville distribution is defined by :

Wit f) = [ ClL+ /201 — r/2)e~ 277 dr
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where, in our study, {(f) is the analytical signal of the
RY signal and {{{ + 7/2)(*(t — 7/2) is the kernel. We
used the munerical implementation of the windowed dis-
crele Wigner-Ville distribution [5]. This distribution is de-
fined by :

m={M-1)/2

2

m=— (M -1)/2

—~4njfmfAl

W, f) = d(C(n+m)C* (n~m)e

where g{m) is the Hamming window. Another solution is
to analyze a modeled signal : (his is, for example, the case
in autoregressive modeling.

C. Auloregressive (AR) modeling

The echographic signal is modeled as the output of linear
filter driven by a complex white Gaussian noise u(n) with
zero wmean variance o2 [6]

P
Cln) = — Za,g’(u — )+ uln)

i=i
wliere a; are the complex auloregressive parameters and
v 15 the order of the AR model. ¢(n) is the analytical
windowed signal. The optimal AR order is obtained (see
figure 1) when both the standard deviation and relative
error of the attenuation coefficient are the lowest. There
arc many algorithms to compute AR parameters required
for the poles and specirum estimation. We will focus on
the most popular one @ the least-square algorithm [6], [1].
I'inally, from known AR parameters the whole spectrum
can be evaluated.

D. The autoregressive Wigner-Ville (AR VW) method

This method is a mix belween the Wigner-Ville method
and the autoregressive method. In order to compute the
Fourier transform of the kernel as in the conventional
Wigner-Ville approach, we implement the computation of
the square-root of the AR kernel spectrum. This is not
restrictive, others solutions can be proposed.

1v.

A. Parametric frequency estimators

FREQUENCY ESTIMATORS

The whole spectruim can be evaluated using the AR pa-
rameters and the corvesponding poles:

1
- 1+ Z‘;’:l ﬂiz_i

S(f) = A H(2): cerpiazns)

ol

S by I E:
=18 “Vilzzerp(—2rjif}
where f is the normalized frequency 0 < f < 0.5and o2 is
the white noise energy. The centroid frequency [8] and the
maximum energy {requency [7] can be evaluated directly
on the spectrum. The centroid is given by :

o FS(f)df
72 sh)df

H(z)

fc:
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Fig. 1.

Relative Error in % (o and ¢) and Standard Deviation in
dBjemjM Hz (b and d} of the attenuation coefficient for 2
and 4dB/cm{M Hz versus the Autoregressive Order com-
puted via the mean resonaling frequency. Dark plot (with +)
corresponds to the autoregressive method | Light plot (with
o} corresponds to the autorvgressive Wigner-Ville method.

The resonating frequencics (see Figure 2) thal corres-
pond to the pole p; are evaluated by:

o= et

with arg(z;) € [0, 7] and where fe is the sampling fre-
quency. In this case the mean resonating frequency is given
by:

r

_ Je ol =
fmr = E;Zf”y(bi]

=1

B. Non pavametric frequency estimators

In the non parametric case, only the centroid {requency is
authorized, Indeed, as variance of the frequency estimation
evaluated by the maximum energy frequency is too high
(due to the randomn characler of the speetrum), it can not
be used.

Figure 3 illustrates the evolution of f. in the non-
parametric case and [, in parainetric case. These curves
are averaged with 100 RF fines. These curves are almost
parallel to those of theoretical frequencies. A significant
bias appears for non-paramietric approaches, but it does
not disturh atienuation estimation because its slope con-
stitutes the relevant information.
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Autorcyressive Spectrum with a 6 order AR model,

V. RESULTS

First, we compare the prescnted parametric methods in
termis of relative error and standard deviation of the at-
tenuation estimate (sce Table I). This is performed for a
theoretical attenuation coefficient of 3dB/cm/M Hz, with
100 simulated RF lines, by means of the three presented
frequency estimators. These results are obtained with a 4
order autoregressive model. Indeed, Figure | indicates that
a 4 order autoregressive model is well adapted to cur appli-
cation. Simijlar results are ohtained with other attenuation
coefficients (from 1 to 5dB/em /A I 2}

TABLE I
Methods
Frequency Autoregressive | AR Wigner-Ville
estimintors EEL RE]T SD
Centroid 0.00 0.55 0.3 015
Maxiponn Energy | < 0.1 0.91 3.0 0.82
Aean resonating 0.8 0.22 0.1 0.30

ftelative Error (RE in % ) and Standard Deviation (§D
i di3jemn/MHz) Jor a theoretical atienuation cocfficient
of 3dBjam/MHz with a 4 order auloregressive method.

Thus, table 1 points out that in the case of the clas-
sical centroid and maximum energy frequencies, the best
method, in term of standard deviation, is the hybrid
Wigner-Ville. This is due to the combination of properties
of the conventional Wigner-Ville and parametric methods.

Let us now consider the new frequency estimator : the
mean resonating frequency. Table I highlights that the
best attenuation estimation is given by the autoregressive

Frequency (in MEFe)
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Fig. 3.
The time frequency tracking with the four mcthods for o
theoretical atlenuation cocfficiont of 3dD/em/MH =

method via the compuotation of the mean resonating fre-
quency. We can stipulate that this good behavior is due to
the fact that we have performed both statistical (100 RF
lires) and frequency averages (corresponding to the pole
arguments). These results suggest the joint use of mean
resonating frequency estimator and autoregressive model-

ing.
The results of a comparison between parametric and non
parametric methods is summarized in Tables 11 and IIL

TABLE IL
Theoretical Methods
atlenuation Neon Paramelric Parametric
indlijemfdMi: | PIVT [ wv AR ‘ AR WV
I 1.20 3.60 3.40 4.40
2 2.45 0.90 0.10 0.35
3 0.17 .53 0.87 0.10
4 0.30 0.75 0.93 1.58
5 0.32 0.44 0.42 1.10

Relative Ervor (in %) of the attenuation coefficient
estimate in the case of paremetric and non-paramelric
methods

The non-parametric Wigner-Ville approach improves the
standard deviation of the attenuation estimale, as com-
pared to the Fourier approach, by a factor of 14%. This
factor increases to around 45% for the Lhybrid Wigner-Ville
approach and to around 58% for the AR approach.
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TABLE 111

Theoretical Methods
atlenuation Non Parmnetric Parametric
i dB/em/NH: T Wy :\HJ AR WV

1 0.5:43 2,479 0.226 0.296
2 .540 0184 0.249 (.295
3 0.547 0.457 0.222 0.302
4 0.512 0.445 0.199 0.263
5 0.521 0.428 0.231 0.301

Stundard Deviation (in dBjem/M H:) of the attenuation
coefficient estiinate in the case of parametric and
nen-parametric methods

V1. CONCLUSIONS

In this paper, we have comipared the performances of
time-frequency methods such as the Fourier, the Wigner-
Ville and the autoregressive approaches as well as a new
autoregressive Wigner-Ville methed for attenuation coefli-
cient estimation. We have also presented a new way to es-
timate the frequency of parametric power spectral density
and compared it with classical frequency estimators. These
comparisons were performed with simulated TF lines in bi-
ological Gissues with different attennation coellicient valucs
ranging from 1 to S5dB/cm/MH -

In the field of parametric analysis, we suggest the joint
use of autoregressive models and the mean resonating
frequency estimator. For non parametric analysis, the
Wigner-Ville distribution leads to a better attenuation es-
timation. Indeed, the standard deviation of these methods
is lower. Consequently the estimation of the attenuation
coeflicient should require a lower number of RF lines than
for classical methods.

Qur future work will be focuscd on the adaptation of
the autoregressive order for each attenuation value as well
as on the application of these methods to real echographic
lines.
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