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Figure 4.5 Images simulated with different Doppler angles and corresponding WVD
of chirplet signal at central frequency

After windowing the images at the depth of 8mm, we perform the Wigner-Ville distribution
of the selected regions successively. Fig.4.6 presents four images with target velocity
distribution equals to vo,=30mm/s. The velocity is estimated for different Doppler angles: (a)

=0° (b) =30° (c) =60° (d) =90V The fourth column of Fig.4.6 presents the WVD on
which is calculated the velocities presented on Fig.4.7.
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Figure 4.6 Results of 2D velocity simulation using the WVD approach

Fig.4.6 (a) and (b) show the lateral velocity estimation and the axial velocity estimation. The
x-axis is corresponding to different Doppler angles, the y-axis of (a) is the lateral and that of
(b) is the axial velocity estimate. We observe a large variability of the lateral velocity even
though the evolution follows the theoretical values (red dashed line). The standard deviation
is also much smaller for axial velocity. Fig.4.6 (c) and (d) show the estimations of the velocity
and Doppler angle respectively. Results are in the range of expected values but always show a
large variability.
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4.3  IMAGING SCATTERERS MOVING WITH NON STEADY SPATIAL DISTRIBUTION OF
VELOCITY

In this part, we also use the displacement model introduced in section 3.3.1 to simulate the
flow imaging with non steady spatial distribution of velocity. An example of the image
simulation obtained with the swept-scan system is shown in Fig.3.13 (b). Considering the
window size previously discussed, the required lateral and axial window size is determined by
the lateral and axial spatial resolution that is influenced by the velocities and depths of the
targets (see Equ.3.12 and Fig.3.14). We simulated 2 different situations corresponding to a
Doppler angle equals to 0° and 90°.

Fig.4.7 (a) shows a vessel with a flow oriented with a Doppler angle equals to 0° The
maximum velocity simulated at the center of the vessel is 30 mm/s. An image corresponding
to the chosen region of interest is presented Fig.4.7 (b). Based on previous discussions about
the window size around the depth z=8mm, we chose a window of size 121 (lateral)x54 (axial).
The WVD is then calculated on each successive window included inside the region of
interest. The centroid and the axial frequency bandwidth are then calculated to deduce axial
and lateral velocity for each window. After that, spatial smoothing is achieved to present the
results. Fig. 4.7 (c) presents the axial velocity profile of the flow that is close to the theoretical
profile superimposed and calculated according to parabolic flow Equ.4.1.
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Figure 4.7 (a) Velocity profile of a flow with Doppler angle equals to 09, (b)
simulation of the corresponding image with swept scan imaging system, (c) axial
velocities profile with theoretical profile.
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We simulated a second situation when the Doppler angle equals to 90° Considering the
region of interest of 4mm around 8mm depth, we intercept a small chart with a rectangular
rim. Note that the window size widens when depth increases. WVD is then calculated on each
successive window included inside the region of interest. Then, the centroid and the lateral
frequency bandwidth are calculated to deduce axial and lateral velocity for each window.
After that, spatial smoothing is achieved to present the results. Fig.4.8 (c) presents the axial
profile of lateral velocity with the theoretical profile superimposed and calculated according
to parabolic flow Equ.4.2 and Equ.4.3. Fig.4.8 (d) presents the profile of axial velocity that
should be around O since the simulated flow is only along lateral direction. Fig.4.8 (e)
presents an estimation of the Doppler angle which should be close to 90°.
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Figure 4.8 (a) Velocity profile of a flow with Doppler angle equals to 90°, (b)
simulation of the corresponding image with swept scan imaging system, (c) lateral
velocity profile, (d) axial velocity estimation, (e) Doppler angle estimation.
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Based on the analysis of WVD of the chirplet signal obtained with the image simulation with
a swept scan imaging system, we have proposed in this chapter to estimate both axial and
lateral velocity. The estimation is based on the calculation of the centroid, axial frequency
bandwidth and modulation slope of the time frequency representation. We have shown that it
is also possible to estimate the Doppler angle, which is difficult or impossible to estimate with
other methods. Results show that the use of a single image to estimate vector velocity is
feasible. Meanwhile, results show a large variability that could be limited by using a series of
images on which the proposed method is applied.
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CONCLUSION

Dans cette thése, nous avons proposé un modele de formation de I’image pour un systéme
ultrasonore haute fréquence large bande, fonctionnant avec un capteur a balayage. Apres une
transformée de Fourier 1D le long de la direction de propagation, de 1’image acquise sur des
cibles ou les tissus en mouvement, nous avons pu élaborer un modéle dans le domaine espace
fréquence. Ce modele fait apparaitre 1’influence de la position et de la vitesse locale des
diffuseurs sur les données acquises. Grace a une analyse par la distribution de Wigner-Ville
du signal « chirplet » correspondant a une fréquence donnée (fréquence d’émission) le long
du déplacement du transducteur, une estimation 2D de la vitesse du flux sanguin a été
proposée. Ensuite, par une seconde transformée de Fourier le long le long de la direction de
déplacement du transducteur, nous avons a nouveau mis en évidence I’influence des
paramétres de mouvement et de position des tissus dans ce domaine des fréquences spatiales
2D (k-space). Nous avons montré comment estimer & partir de la TF 2D d’une unique image
RF, les 2 composantes locales du vecteur vitesse. Cette derni¢re approche s’est révélée plus
performante pour estimer a la fois la vitesse axiale (correspondant au Doppler) et la vitesse
latérale. Dans chacune des situations, nous avons souligné les conditions dans lesquelles les
deux approches sont valides en fonction de la vitesse de déplacement du transducteur, de la
vitesse et de ’orientation du mouvement des cibles. En particulier, la vitesse relative latérale
|vscan-vobjsing| doit étre plus grande que la vitesse axiale de la cible |vobjcosg|, et la vitesse
de déplacement du transducteur plus élevée que la vitesse latérale des cibles
(vscan>vobjsing). Ces conditions originales sont résumées par la relation : (1-v,)>>> v, et
(W<1).

Avec la méthode 2DFT, nous avons pu montrer que 1’utilisation d’un capteur a balayage,
engendre un élargissement spectral additionnel, proportionnel a la vitesse relative latérale du
transducteur par rapport a la cible, et un décalage spectral latéral proportionnel a la vitesse
axiale. En fait, la méthode 2DFT pour le systeme a balayage peut étre vue comme une
combinaison de la technique d’élargissement spectral conventionnelle et de la technique
Doppler dans le domaine des fréquences spatiales. La simulation, réalisée au chapitre 3 a pour
conséquence de démontrer que I'estimateur de vitesse proposé peut non seulement corriger le
biais d0 au balayage, mais peut également permettre de surpasser les performances des
techniques a bande étroite conventionnelles d'estimation utilisant seulement la fréquence
centrale de I'excitation. En outre, I'estimateur de vitesse proposé, posséde des propriétés
meilleures que celles de la technique d’élargissement spectral conventionnelle et de celle de la
technique Doppler, en termes de nombre d’images utiles par seconde.

L'approche de Wigner-Ville est basée sur I'analyse, dans le plan espace-fréquence, du signal
« Chirplet ». Le signal Chirplet est généralement centré sur la fréquence centrale du capteur
d’émission. Le modéle montre clairement 1’effet de la modulation non linéaire de ce signal en
fonction de la vitesse de déplacement du capteur, de son ouverture et de la vitesse de la cible.
Avec les paramétres du systeme conventionnel a balayage, les modulations spatiales peuvent
étre approximees a des chirps spatiaux linéaires. On a également montre, dans cette méthode
d'évaluation, que la fréquence centrale est directement liée a la vitesse axiale de la cible et que
la largeur de bande dépend de la vitesse relative latérale. Les simulations de diverses
situations correspondant a des paramétres réels ainsi que les résultats obtenus aux chapitres 3
et 4, montrent I’intérét de 1'approche originale de Wigner-Ville dans ce travail.
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Actuellement, bien que la méthode 2DFT (k-space) soit généralement la plus citée pour tenter
de dépasser les limitations de 1’estimation Doppler bande étroite, la méthode de Wigner-Ville,
certainement perfectible, peut apporter des compléments d’information pertinents.

Des travaux futurs peuvent étre envisagés afin de prendre en compte le mouvement sectoriel a
pas variable du transducteur, afin d’améliorer la précision de 1’évaluation de la vitesse 2D par
l'intermédiaire d’un post traitement des signaux. Des investigations expérimentales
permettront des évaluations qualitatives et quantitatives des vitesses 2D pour les applications
en microcirculation sanguine, animales et humaines.
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APPENDIX A1l

Calculation of 2DFT of aperture function

The 2DFT of the aperture function is noted by A? (f,, cf/2) where squared expression
indicates the emission-reception processing. Consider that the aperture angle @ of transducer
is limited, and the single target is fixed on the point (Xo, Zo), We can suppose: sin&u)=(xo-u)/
Zo. Therefore, aperture function (2.14) can be written as follows:

If,
2z,

A% u,cf /2 zSinCZ( (xo—u)j

Base on the properties of the sinc function, as we know, when u=x,, A? (u, cf,/2) =1, and

When (Xo-u) = -czo/If; or czo/lfy, in the other word, the target is at the boundary of the aperture
main lobe, A? (u, cf./2) =0.

As we knew that, the Fourier transformation of a sinc function is a rectangular function and
the bandwidth of rectangular function is a. The square of a sinc function and a triangular
function is a Fourier transformation pair, and the bandwidth of triangular function is 2a.

sinc a-x Lirect(ij and sinc? a-x thri(LJ
a a a a
By definition, the 2DFT of the aperture is:

A f,cf /2 :—%rect(—ﬁ u] and

, If,
A f,,0f /12 ®A f,cf, /2 =—%tri f?
o
A f,cf, /2 A f,cf /2 ®, A f,.cf /2
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Figure Al the lateral frequency spectrum of aperture
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APPENDIX A2

Calculation of lateral bandwidth of system’s spatial impulse
response

Based on the method of stationary phase [Soumekh, 1999], the Fourier transforms H (f,, cf,/2)
of the system’s spatial impulse response in space-frequency domain H (u, cf,/2) along the
lateral range u is:

H f,cf /2 =exp —j2z\f2—f2z—j2xfx

where f,=f; sin&(u)

The lateral bandwidth Byg, of the system’s spatial impulse response theoretically equals the
bandwidth of its instantaneous-frequency. Based on the analysis of time-frequency
characteristic of system, the limit of the aperture angle & compresses the lateral bandwidth
Buru. Assume that the target is located at (xo, Zo) in stationary system, and u e[-2z¢/If;, 2zo/1f/],
then the lateral bandwidth Byg of system’s spatial impulse responses H (f,, cf/2) can be

obtained as:
B, =| f,sin@ 2% , f.sin@ 22 =2fr.¢
Y Ifr Ifr 27 2

As If,>>1, the bandwidth can be approximated as:

_ 2z,
If. | | 4
z

B, ~|2f,

Hf,,
(0]

In dynamic system, the system’s spatial impulse response in spatial frequency domain is:
H, f.cf./2 —exp —j2nyf2— f/la ’Z—j2x fla X
where f,=af, sind,, (u) and
X —a(u+£]
2 .
2
\/[X —a(u+|‘ﬂ +2°
2

Based on the statement in section 2.3, (X, Z) is the linear transformation of coordinates (X, z)

sind,, u =
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via the factors: the lateral speed rates vy, the axial relative speed rates v,, and the relative
coefficient a. Accordingly, the dynamic aperture angle & ,, is affected not only by the
transducer velocity but also by the target 2D vector velocity. In short, u €[u,, up], where

u = XtV L/2+ 22Z  and U = XtV L2  2aZ
o1V f, 1oy, o1y, If 1oy

Since (X- a (u+L/2)) <<Z when aperture is limited, sindy, (u) can be simplified as:

X —a(u +£j
sind, u ~— 2/
Z
Then the lateral bandwidth By of dynamic system’s spatial impulse responses Hp, (fy, cf/2)
can be obtained as:

Buw, =|ctf,sin6,, u, —af sind,, u, |

Ao’
—af ———
If. 1-v,

Considering the condition of (1-v)?> v;2 or (a~1-vy), the lateral bandwidth Bpmu can
calculated easily by:
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APPENDIX A3

Calculation of Wigner-Ville Distribution of dynamic system’s
spatial impulse response

Based on the definition of WVD (Equ.2.23) and the expression of Chirp signal Hyo(u) in
dynamic system (Equ.2.59), the WVD Wpnto(u, fu) of Chirp signal can be calculated as
follows:

W,

m

w, W = H u+U/2 H " u-U/2 «exp —j2zfU dU

2 2
5 [X—a(u+i+gﬂ —[X —a(u—l;+|£ﬂ
exp —j2zfU dU

~ [Texp| —j2rf, 2
-[; Pl 1ol 2Z
—a(X—a[u+|2')J
U

z

= [mexp —j27zfoE
w c

eexp(—j2z f,U)dU

2—a(X—a[u+;jj
=fwexp + f, |U |dU

_i2xl £ 2
1271 To g z u

ofxoofoet])
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