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(57) Abstract

The two-dimensional velocity vector using a pulsed ultrasound
field can be determined with the invention. The method uses a
focused ultrasound field along the velocity direction for probing the
moving medium under investigation. Several pulses are emitted
and the focused received fields along the velocity direction are
cross—correlated. The time shift between received signals is found
from the peak in the cross—correlation function and the velocity is
thereby determined.
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Vector velocity estimation using directional beam forming
and cross-correlation

Field of the invention

The invention relates to an apparatus and a method for determining the velocity
vector of a remotely sensed object using either sound, in particular ultrasound, or
electro-magnetic radiation. The movement of the object is determined by emitting
and receiving a pulsed field focused in the direction of the velocity vector. By using
a number of pulse emissions, the inter pulse movement can be estimated and the
velocity found from the estimated movement and the time between pulses. The
invention is based on the principle of using a directionally focused field for making

the received signal influenced by motion along the direction of the movement.

Background of the invention

Medical ultrasound is extensively used for studying flow dynamics in the human
body by using color flow mapping. The technique displays a color image of the flow
superimposed on the normal anatomic B-mode image. Traditionally, the velocity
component along the ultrasound beam direction is measured, and a flow transverse to
the beam is not displayed, since it is not measured or estimated. An example of this
is shown in Fig. 1, where the flows in the carotid artery and the jugular vein are
displayed. The image is acquired with a convex array transducer, and the angles
between flow direction and the ultrasound beam change over the image. Notice the
change of estimated flow direction around the dashed line in both vessels due to the
change of angle between the flow and the ultrasound beam. This is one of the main
limitations of current uitrasound flow systems, since most vessels are parallel to the
skin surface, and therefore it is a problem to get a sufficiently small angle between
the flow and the beam. Also the flow is often not parallel to the vessel surface, and it
is therefore difficult, if not impossible, to estimate the correct angle and compensate
for it [1]. In European patent application EP 616 231 [2] the velocity is found
through a cross-sectional area using a 2D matrix transducer that can focus on the
individual areas in the cross-section. The volume flow through the cross-section is

then found, but still only the velocity in direction of the ultrasound beam is

estimated.
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Several authors have attempted to remedy this artifact. Fox [3] suggested using two
beams to find the transverse component. The system works well for large transducers
and investigations close to the transducer, but the variance of the transverse
component increases for situations with large depths and smaller transducers as used
in cardiac scanning through the ribs. Trahey and co-workers [4] have suggested using
speckle tracking in which a small search region in one image is correlated or
compared to a subsequent image. This approach has problems in terms of frame rate,
since images are compared, and the resolution of the velocity estimates can be low.
Newhouse et al. [5] developed a method in which the total bandwidth of the received
signal is affected by the transverse velocity. It is, however, often difficult to find this

bandwidth due to the inherent noise in the signal.

Of special interest is the working by Bonnefous [6], which uses a number of parallel
beams to find the transverse velocity. The approach does, however, not work for a

velocity that is not orthogonal to the ultrasound beam direction.

In this invention a new technique using a focused signal in the direction of the
velocity is used. The velocity is then found by acquiring two or more of these
focused signals and cross correlating them to find the displacement between pulse

emission, whereby the velocity can be determined.

Prior art approach

This section summarizes the article written in 1988 by Bonnefous [6], where a

method for estimating the transverse velocity was suggested.

Transverse velocity estimation must perform a signal processing, where the effect of
axial motion is negligible compared to the transverse one. The idea presented by
Bonnefous requires a broad beam in emission (a plane ultrasound wave front), and a

number of parallel identical beams, separated by a pitch w in the transverse direction,

are generated in reception, see Fig. 2.

For a given depth z, the signal received S,(x,?) from the beam centered in x =0 is
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$,(0,0) = [ plx,1)D, (x)ckx (1)

where p(x,7) is the response of a scatterer located at x in the ultrasound beam centered
at x = 0, and D,(x) is the scatterer distribution at the instant 117}, where 7},¢is the
pulse repetition period. In the same way, the signal received from the beam centered

5 atx = wis
S, (0,0 = | plx—w,0)D, (x)dx (2)

If only a transverse uniform motion of the scatterers in considered, the displacement
between two consecutive pulses 117},rand (n+1)7},.+ will give the relation for the

distribution of the scatterers
10 D, (x)=D,(x-v.T,.), (3)

where v, is the velocity of the scatterers. Combining equations (2) and (3) gtves

8,0, = | p(x,))D,., (x)dx
= [ px,0)D, (x = v,T,,, )dx

4)
= j-p(x +v 1, 0)D (x)dx
‘S,nrl (071) = Sn (_v.\' ];)pf ’t)
For a beam centered in x = w the relation between the consecutive signals is
Sn+1(“)7’): Sn(‘v_v.\:];:fat) (5)

15  The signal received in x = w at the pulse time (71+1)7,,is, thus, the same as the

signal received in a beam centered in x = w—v,T},r at the pulse time 77y

The correlation between the two signals p(x,7) and p(x-,7) is an averaging of the
received signals over the random scatterer distributions. The cross-correlation of the

received signals from two adjacent signals is
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C.(w)= ZIA S,(0,0)8,., (w.1)dr

ty+At 5 ,
- ZJ‘[O LSH (O’t)sn (“/y - ‘,_\- 7;’17”1)‘{[ (6)

Cl (‘V) = CO (M} - V.\' Tp)f 71)

{o+ A . .
where C, (w) = "8 (0,0)8 (w,1)dr , is the autocorrelation function averaged
0 ( n n o
1]

over a number of received lines, where the line number is denoted by n. The interval
(to,10+ A1) 1s the range gate selected for the received signals. Equation (6) show that
5  the shift of C; compared with C is the transverse displacement between the instants

1Ty and (n+1)7,,. Therefore, the maximum of Ci(w) is C1(viTp,7) = Co(0).

For the general case, in which both axial and transverse motion takes place, the

equation that relates the received signals from two successive pulses will be

P

L,
S, =8,w=v.T, [ ——) (7)
c

10 Here ;= 2v.-Tp/c, s the time shift for the axial motion.

The cross-correlation and autocorrelation functions are generalized to two-

dimensional functions and their expressions are

Cwany= [ 5,008, (w1 +uyd 8)

.1

Ry 1Jr
=2 TS, (0.08, 00 =0, T, 1 - g )

>

15 C,0v,u)= ZJ.:MAIS”(O,I)SH(W,I+u)dl (10)

The relation between the cross-correlation and the autocorrelation is

.7,
Covuy=C,ov=v. T, u-—"— ) (11)
» ¢
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The two-dimensional determination of the velocity vector is performed by first

finding the axial velocity and then the transverse component.

1. Axial velocity measurement: C;(0,#) is calculated and then, the time position of

the correlation peak is determined as

2v. T
Max|C, (0,1)] = C, (0, ——C’i) (12)

2 Transverse velocity measurement: Fixing the value of the time coordinate to be
u=2v.T,/c i C(w?2vT, /c), the peak for the transverse correlation is

determined as

v

‘_\:Tm, . 2v__TW
A/{qx C,(w, c. =C(.T,,, . ) (13)

g

-

This process can be generalized to measure the three-dimension velocity vector. New
parallel beams along the y-axis should be used, and the cross-correlation function
will be a three-dimensional function of the type C,(w,/,u). The problem with this
approach is, however, that a spatially invariant velocity field is assumed, which is not

the case in the human body.

Summary of the invention

This section describes the approach of the invention for finding the transverse
component of the blood velocity. The invention presupposes that the direction of
movement 1s known. In medical ultrasound a two-dimensional image including a
blood vessel of interest is produced. The operator will then manually indicate the

position and direction of the blood vessel to the system, or this information can be

obtained automatically.

In a first embodiment of the invention, wave energy is emitted in a predetermined
direction towards a moving object or a collection of moving objects, which will
interact with the wave energy, whereby the wave energy will be scattered or

reflected. Moving objects thus interacting with emitted wave energy are often
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referred to as "scatterers". Scattered or reflected wave energy will be received and
processed to yield the desired estimate or measurement of velocity of the moving
object or a collection of moving objects. The velocity of any scattering or reflecting

object, whether emitting it self or not, can be measured.

The main idea of the first embodiment of the invention is the creation of a plurality
of focal points, which together form a focused line or beam in the direction of the
velocity vector that will track the motion of the scatterers. The generation of this
focused beam requires a broad beam in emission and multiple foci along the line in
reception. This can be achieved with a multi-element transducer. The focusing line s
situated over the region of interest, where the motion of the scatterers occurs, see Fig
3. The method of the invention presupposes that scatterers, whose motion is tracked,
have the same velocity along the whole length of the line. When measuring a laminar
parabolic flow or other spatially variant velocity fields, the focus line therefore has to

be oriented in the direction of the flow lines.

The lateral beam 1s calculated during reception by delaying and adding responses
from the individual elements of the array. The delays are found for each focus point
by calculating the time it takes for the ultrasound wave to travel from each transducer

elements to the focus point and back to the transducer. Lateral beams are in this way

constructed for each of the emitted pulses.

The velocity is estimated from the cross-correlation of two consecutive lateral
signals. Hereby the displacement of the signals corresponds to an estimate of the
distance traveled by the scatterers in the lateral beam direction. Since the lateral

beams are situated along the flow stream-lines, the complete velocity magnitude can

be directly estimated.

In a second embodiment the velocity of a moving object or a collection of moving
objects emitting wave energy while moving, is measured. No emission of wave
energy is required, but rather the wave energy emitted by the moving object is
received and processed to yield the desired estimate or measurement of velocity of

the moving object or a collection of moving objects. The main idea of the second
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embodiment of the invention is the creation of a plurality of focal points, which

together form a focused line or beam in the direction of the velocity vector that will

track the motion of the emitting object or objects.

Measurement principle of the invention

This section derives a mathematical model of the tilted beam approach. The
measurement situation is depicted in Fig. 4. The figure shows a multi-element
transducer with N elements. The vector from the origin of reference to the physical

center of element 7 1s ﬁ . The vector indicating the position of the focus points in the

line is PJ and is given by

P =(x.y.z2) i=1_N
B :(xj’.yj’xj)l J=1 M
PP -P=x,—x,y, -2z, -2), (14)

where ﬁ] i1s the vector from element 7 to the focus point j, and M is the number of

focus points along the line. The time it takes for the ultrasound pulse to get from the

element 1 to the focus point j and back to the element i is

2 2

ty = :'81 :_\/(x/ —xi): +0, _yl): +(z, —Z,): (15)

c

The received backscattered signal in element i that corresponds to the ultrasound
pulse emitted in #7,,, can be written as 7, ();) ,1), where t indicates the time since pulse

emission.

Assuming linearity the value of the field in a focus point j, is calculated by adding

the responses found in each element 1 for the appropriated delay time 7,
A
HAEDWACGHD (16)
i=1

For the next ultrasound pulse (n+1)7,,; the value of the field in the same point will
be
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74—](}3) ZIIH-I( i 1/
— Z}I’n (}?, f'] _ 2 1 axis )

(17)
I

pif

where v, .5 represents the component of the velocity of a scatterer placed mf
projected on theP direction. The expression above uses the relation between two

consecutive backscattered signals. The relations, —2v, ../ 7,, will correspond to a

iavis ! »r
5  delay value 7, where & is another point on the focusing line. If d, IS a unitary vector

in the direction of the lateral beam, and /; is the distance between the points j and k,

then)O +/ d and the following relation is found

I1+1(P) Z’”(P’IU —7 }1"‘”

prf

“Zi( L) (18)
,,H(f’>—a<P>-s<P 1)

The beam processing is performed on digital signals and the sampled version of the
10  beam formed signal is denoted R,[/]. The signal calculated for the pulse at time
(nm+1)Ty,1s a shifted version of the lateral signal for the pulse at time 727,z The shift

in position can be calculated from the cross-correlation of two consecutive signals

S1[7] and $>[7]:

Al-1

;5 [1]S.[7+n]

Z I]S[H-n—] (19)

1

R, (k-

15  The shift in position is then determined by the index of the peak of the cross-

correlation function
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Max[R,, (k)| = Max| R, (k~1)] = k= F (20)

The cross-correlation can be improved by averaging over several estimates of Ria,
since the velocity of the scatterers can be considered constant for several pulses. The

estimated mean velocity between two consecutive pulses is:

. Ldl
b= 21
V=7 (21)

pf

where d/ is the sampling interval along the lateral beam direction.

Functionality of the invention

The invention was simulated using the simulating program Field II [7]. The lateral
beam is directly calculated with a focusing strategy that can be achieved with a
regular array transducer. The method was first tested for a blunt profile of the

scatterers and then for a parabolic profile.

Estimation of the velocity for a blunt profile

In the beginning, the lateral beam was intended as an attempt to estimate the

transverse velocity component (v ). Since v_could be obtained from the time-shift

estimation method, the velocity in the x-z plane will be estimated as P o= (v.,v.).

est

The estimation of v, can be obtained in the case of a blunt profile using a focusing
line perpendicular to the z-axis. Two lateral signals are generated for each ultrasound
pulse. The second one has been compensated for the axial movement that took place
in the pulse interval time. The cross-correlation of the first signal obtained from
pulse 7 with the compensated signal from pulse /+1 reveals the transverse motion of

the scatterers between the two pulses.

The calculation of the lateral beam and the estimation of the velocity are explained

below. The last part shows the results obtained for different vessel inclinations and

for two difterent series of parameters.

Simulations for a blunt profile
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The simulation 1s performed in the following way:

1. The transducer used for the simulation is a linear array transducer with 64
elements of dimensions: 0.25 mm width, 5 mm height and a kerf or separation
between elements of 0.05 mm. It gives the possibility of electronic focusing and
apodization. A Hanning apodization is used for both emission and reception. The
emit focus is set to be at an infinite distance from the transducer. so that a plane wave
front is found at the measurement area. Short ultrasound pulses are simulated to be

emitted every 7,y seconds.

2. The generation of simulated data must include an artificial phantom consisting of
point scatterers. This phantom simulates a biood vessel close to the skin surface at a
depth of 30 mm. The angle between the blood vessel and the axial ultrasound beam
is called 0, see Fig. 4. The phantom will be propagated a distance Ar = vI,,rin the
interval between two consecutive ultrasound pulse emissions to simulate the
displacement of the scatterers. In the first simulations a blunt profile is considered, so

that all scatterers move at the same velocity that was set to be 0.5 m/s.

3. For every ultrasound pulse, an individual simulation for each element of the
transducer 1s done by the Field II program and stored. The field program is called 64

times for each of the transducer elements and for each pulse emission.

4. The focused beam is calculated as a transverse beam situated at a depth of 30 mm,
in the middle of the region of interest. It uses the data obtained in the previous step.
The line, transverse to the ultrasound beam has the same length as the transducer, i.e.
20 mm. The separation between two focus points was chosen to be dx = 0.02 mm,
which gives a total of 1000 samples for the transverse beam. The value of the field in
each focus point is found by calculating the time that it takes the ultrasound wave to
travel from each of the transducer elements to the field point and back to the

transducer. This 1s

-

2 : :
delay==J(x, =x.)* +(y, = 3.)’ +(z, -2.)
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where (x.,y.,zc) are the positions of the center of the physical elements of the aperture
and (x.y5,zy) the position of each point in the transverse line. Three delay lines for the
first, middle and last points of the transverse line have been plotted in Fig. 5

(continuous line).

The field value in each focus or transverse sampling point is the sum of the fields
values obtained for each channel at the times that corresponds to the calculated delay

line. The signal constructed this way is stored for each ultrasound emission.

At the same time and for each emission, a second signal 1s synthesized. It
corresponds to the lateral beam where the axial movement of the scatterers has been

compensated for. In this case the delays are

T 2y

. 2 3 - i .
delay'==[(c, =X, +(y = 0.) + (2, =2 ===T,, (23)
These new delay lines are plotted as dashed lines in Fig. 5. The axial velocity (v:)

needs to be estimated before the calculation of the compensated delay lines.

Estimation of the velocity

The signals obtained from the simulation are used to estimate the velocity. The
velocities are estimated by cross-correlating two consecutive signals in which the
second signal i1s compensated for the axial motion that takes place during the pulse

time interval. The position of the cross-correlation peak then indicates the shift of the

signals.

The transverse velocity is found from
‘3. =7 L (24)

where 11, 1s the interpolated index found by fitting a parabola around the maximum

in the cross-correlation function [8].

Simulations and resulits
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Figure 9 shows the result of the simulations. They were performed for a blunt profile
and for a scatterer velocity equal to v = 0.5 m/s. The scatterer patterns were generated
for seven different angles between the vessel and the axial beam. The received

signals were found for 20 different pulse emissions. The cross-correlation estimator
used 4 consecutive lines. This gave a total of 16 estimates for each velocity value.

The dashed arrows point to (mean(v ), mean(v.)) for each angle, while the

continuous line arrows represent the true values. The standard deviation is

represented for each estimated point as the axis of the following ellipse:

(mean(v )

\, +( mean(v. )\
\ std(v ) ) %\ std(v.)

=1 (25)

The simulation parameters are shown in Table 1 and the results are plotted in Fig. 9

and listed in Table 2.

Estimation of the velocity for a parabolic profile

The received signals are now focused along the flow direction. The lateral beams are
tilted in order to follow the motion of the scatterers, see Fig. 3. The inclination of the

vessel has to be known or estimated with a B-mode image for the calculation of the

flow beams.

In the simulation a box of 20 x 10 x 20 mm’ is created. It contains 10 point-scatterers
per cubic wavelength. The position and amplitude of the scatterers are randomly
generated. The box of scatterers is rotated an angle ¢ = /2 — 6 to simulate the vessel
inclination. The 'vessel' has a radius of 5 mm and is situated at a depth of 30 mm
from the transducer. The scatterers that lie within the vessel wall are propagated

between two consecutive pulses. The velocity profile is parabolic and the velocity in

the center of the vessel is 0.5 m/s.

For each ultrasound pulse 1, the data, with the positions and amplitudes of the
scatterers, is loaded. Then, a scan for each of the channels of the array transducer is
done. Finally, the delay lines for each focusing line are calculated and the flow

beams are generated by adding the responses that correspond to the delay lines.
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The transducer used was a linear array with 64 elements as described in Section 5.1.

The parameters used for the simulation are listed in Table 3.

The focused lines had a length of 10 mm. They are rotated to have the same direction

as the flow lines (see Fig 7). They have to cover an axial distance of at least

2R

Z2(0)= sin®

(26)

This length assures that there will be flow-beams in all the cross-section of the
vessel. For small values of 0, the axial range-gate has to be increased. Z(0) is divided
in small segments, and for each of them a focusing line 1s calculated. The axial and

lateral interval values used in the simulation are given in Table 4.

The velocity estimates are found from the simulated data. The velocity map is
calculated by the cross-correlation of two received signals. These signals have been
plotted in Fig. 8 for five different depths. The continuous lines represents the first
signals and the dashed lines the second. The motion of the scatterers can be
appreciated by the displacement of the signals. In the center of the vessel (+ = 0) the
largest shift in position is observed. This shift decreases with the distance to the axis,

and a parabolic profile can be recognized.

Once the cross-correlation function is calculated and averaged over a number of lines
(4, 10, 20 or 100 for this simulation), the index of the maximum in the cross-

correlation is obtained and interpolated, and the velocity is found from (24).

The minimum velocity that can be obtained is limited by the lateral sampling interval

(dl), and the maximum value is determined by the lag in the cross-correlation

function:

dl
‘ymm = (27)
L,y
dl
) i = —— /
Vo ];),]' ag (28)
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For the values introduced in the simulation: ¢/ =0.01 mm, 7},,= 1/3500 s and a
sampling transverse line of 10 mm, this gives 10/0.01=1000 sampling points and the

limits for the velocity estimation are
Vinin = 0.035 m/s (29)

v, =0035-1000 = 35m/s (30)

The simulation was repeated for four inclinations of the vessel, 6=30, 45, 60, and
90°. For each angle, the estimates were found when averaging over 4, 10, 20 or 100
lines in the cross-correlation, which gave a total of 96, 90, 80 or 1 velocity estimates
respectively for every lateral beam. The results are plotted in figures: 10, 11, 12, and
13. The thick line is the true velocity profile, the continuous line is the mean of the

estimates, and the dotted lines are the standard deviations of the estimates.

The error in the velocity estimation is represented by the mean and the standard
deviation of the vertical distance between the true and the estimated velocity profile

(Table S). The values in the table are when using 4 lines for calculating the cross-

correlation.
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Tables
Center | Wavelength | Number of | Sampling reP;liStieon Number of | Transversal
frequency cycles | frequency perio g | scatterers interval
f[Hz] | A= c/fy [m] M f, [Hz] !; N dx [m]
prf [S]
3-10° | 051-107 2 100-10° | 1/3500 5000 0.01:10°

Table 1: Parameters used for the blunt profile simulation. The emit focal distance is
150 mm.

0 [deg] 0 30 60 90 135 -135  -45
True vy [mVs] 0 025 043 05 035 -035 -035
Mean [7].[m/s] | 0.067 0245 0407 0449 0342 -0.303 -0.309

Std [v], [nvs] 0.008 0.033 0.014 0.019 0018 0023 0016
Error [%] - -2 -53 -102 22 134 117
Accuracy [%] 119 134 34 42 52 7.5 5.1
Table 2: Values of the real transverse velocity and the estimates mean and standard
deviation for 5000 scatterers and an emit focal distance of 150 mm. The error is
calculated as: (mean(v,)—v_)/v_, and the accuracy is mean(v_—v_)/std(v,).

Center | Wavelength | Number of | Sampling | Pulse repetition | Focal
frequency cycles frequency period distance
Jo[Hz] | A=cifp[m] M /s [Hz] Tprr[s] F [m]
3-10° 0.51-10° 2 100-10° 1/3500 150

Table 3: Parameters used for the parabolic profile simulation.

Lateral line length | Lateral interval | Axial length | Axial interval
[m] [m] [m] [m]
10-10° 0.01-10° Z(0) 0.1-107

Table 4: Values of the lateral and axial intervals used in the simulations.

6 [deg] 30 45 60 90
Mean [p—v| [m/s] | 0.081 0056 004 0.073
Std [9 | [mys] 0.047 0.038 0029 0.029

Table 5: Mean and standard deviation of the distance between the true profile and the
estimated one. They are calculated for a different cross-section distance for each of
the angles so that only the significant part of the plots are taken into account : r €
[-8.5,6] for 6=30°, r € [-8.3,8.3] for 6=45°, r < [-8,8] for 8=60", r € [-5,5] for
6=90° (r indicates distance to the center of the vessel in [mmy]).
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Claims

1. An apparatus for measuring the velocity of a moving object or a collection of

moving objects moving in a predetermined direction and at a predetermined distance,

the apparatus comprising;
a generator for generating excitation signals,

an emitting transducer for transforming said excitation signals into wave energy and

for emitting said wave energy in a predetermined direction of propagation,

a receiving transducer for receiving, from said moving object or objects, signals
generated by interaction with said wave energy emitted from said emitting

transducer,

wherein said emitting transducer and said receiving transducer have respective
sensitivities which in combination give a focused sensitivity focused in a region

comprising the predetermined direction at the predetermined distance.

2. An apparatus according to claim 1 wherein said wave energy is pulsed wave

energy.
3. An apparatus according to claim 1 wherein said wave energy is sound energy.

4. An apparatus according to claim 1 wherein said sound energy is ultrasound

energy.

5. An apparatus according to claim 1 wherein said wave energy is electromagnetic

energy.

6. An apparatus according to claim 1 wherein said emitting transducer is an array

transducer including a plurality of emitting transducer elements.

7. An apparatus according to claim 6 further comprising an emit beam former for
receiving said generating excitation signals and for supplying each of said plurality
of emitting transducer elements with individual excitation signals each having a

predetermined time delay relative to the others of said individual excitation signals.
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8. An apparatus according to claim 1 wherein said receiving transducer is an array

transducer including a plurality of receiving transducer elements.

9. An apparatus according to claim 8 further comprising a receive beam former for
receiving signals from said plurality of receiving transducer elements and for
delaying each of said signals from said plurality of receiving transducer elements

individually relative to the others of said signals from said plurality of receiving

transducer elements.

10. An apparatus according to claim 7 wherein said individual excitation signals have

time delays resulting in focused wave energy being emitted.

11. An apparatus for measuring the velocity of a moving object or a collection of
moving objects emitting wave energy while moving in a predetermined direction and

at a predetermined distance, the apparatus comprising:
a receiving transducer for receiving signals emitted by said moving object or objects,

wherein said receiving transducer has a focused receiving sensitivity focused in a

region comprising the predetermined direction at the predetermined distance.
12. An apparatus according to claim 11 wherein said signals are sound signals.

13. An apparatus according to claim 11 wherein said sound signals are ultrasound

signals.

14. An apparatus according to claim 11 wherein said signals are electromagnetic

signals.

15. An apparatus according to claim 11 wherein said receiving transducer 1s an array

transducer including a plurality of receiving transducer elements.

16. An apparatus according to claim 15 further comprising a receive beam former for
receiving signals from said plurality of receiving transducer elements and for

delaying each of said signals from said plurality of receiving transducer elements
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individually relative to the others of said signals from said plurality of receiving

transducer elements.

17. A method for measuring the velocity of a moving object or a collection of
moving objects moving in a predetermined direction and at a predetermined distance,

the method comprising:

emitting excitation signals of pulses of wave energy in a predetermined direction of
propagation, whereby at least part of the wave energy will interact with the moving

object or objects,

receiving, from said moving object or objects, reflected signals resulting from

interaction of emitted wave energy with the moving object or objects,

wherein the emission of excitation signals and the reception of reflected signals have
respective sensitivities which in combination give a focused sensitivity focused in a

region comprising the predetermined direction at the predetermined distance.

18. A method according to claim 17 wherein said wave energy is pulsed wave

energy.
19. A method according to claim 17 wherein said wave energy is sound energy.
20. A method according to claim 17 wherein said sound energy is ultrasound energy.

21. A method according to claim 17 wherein said wave energy is electromagnetic

energy.

22. A method according to claim 17 wherein said emitting transducer is an array

transducer including a plurality of emitting transducer elements.

23. A method according to claim 22 further comprising an emit beam former for
receiving said generating excitation signals and for supplying each of said plurality
of emitting transducer elements with individual excitation signals each having a

predetermined time delay relative to the others of said individual excitation signals.
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24. A method according to claim 17 wherein said receiving transducer is an array

transducer including a plurality of receiving transducer elements.

25. A method according to claim 24 further comprising a receive beam former for
receiving signals from said plurality of receiving transducer elements and for
delaying each of said signals from said plurality of receiving transducer elements
individually relative to the others of said signals from said plurality of receiving

transducer elements.

26. A method according to claim 23 wherein said individual excitation signals have

time delays resulting in focused wave energy being emitted.

27. A method for measuring the velocity of a moving object or a collection of
moving objects emitting wave energy while moving in a predetermined direction and

at a predetermined distance, the method comprising:
recetving signals emitted from said moving object or objects

wherein the reception of reflected signals have a focused sensitivity focused in a

region comprising the predetermined direction at the predetermined distance.
28. A method according to claim 27 wherein said wave energy is sound signals.

29. A method according to claim 28 wherein said sound signals are ultrasound

signals.

30. A method according to claim 27 wherein said wave energy is electromagnetic

signals.

31. A method according to claim 27 wherein signals emitted from said moving object

or objects are received by an array transducer including a plurality of receiving

transducer elements.

32. A method according to claim 31 further comprising a receive beam forming of
received signals from said plurality of receiving transducer elements and delaying

each of said signals from said plurality of receiving transducer elements individually
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relative to the others of said signals from said plurality of receiving transducer

elements.
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Figure 1: Color flow image of the carotid artery and the jugular vein scanned with a convex
array transducer. Notice the change of the angle between the ultrasound beam and the velocity
vector around the dashed line.

Figure 2: Parallel beams in reception
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Fig. 1A: Schematic block diagram of the apparatus of the invention
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Figure 3: Focusing lines for obtaining the lateral beams in the case of a parabolic velocity
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Figure 4: Coordinate system for the lateral beam measurement principle
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Figure 5. Delay lines for the first, middle and last focus point of a transverse line of length
10 mm, perpendicular to the z-axis (continuous line). The dashed lines represent the delay lines
compensated for the axial velocity of the scatterers when 8=30°, v = 0.5 m/s and 7,,,s=1/3500s.
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Figure 6: The top graph shows two consecutive lateral signals, where the second signal is
compensated for the axial movement. The displacement, thus, corresponds to the transverse
motion. It has been evaluated in the bottom graph by the cross-correlation method. Simulation
was performed for 6=60, v=0.5 m/s and dx=0.01 mm.
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Figure 7: Definition of depth in the vessel.
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Figure 8: Evolution of the lateral signals from two ultrasound pulses: pulse (i) is the continuous
line and pulse (i + 1) is the dashed line. Five different points of the cross-section of the vessel
are shown. The distance is measured from the center axis of the vessel. The data corresponds
to an inclination of the vessel of © = 607, see also Fig. 12.
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Figure 10: Estimated velocity profiles for 8=30° using 100, 20, 10 and 4 lines. The thick line
indicates the true velocity profile, the continuous line is the mean of the estimates, and the
dotted lines are the standard deviations.
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Figure 11: Estimated velocity profiles for 8=45° using 100, 20, 10 and 4 lines. The thick line
indicates the true velocity profile, the continuous line is the mean of the estimates, and the
dotted lines are the standard deviations.
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Figure 12: Estimated velocity profiles for 0=60° using 100, 20, 10 and 4 lines. The thick line
indicates the true velocity profile, the continuous line is the mean of the estimates, and the
dotted lines are the standard deviations.
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Figure 13: Estimated velocity profiles for 0=90° using 100, 20, 10 and 4 lines. The thick line
indicates the true velocity profile, the continuous line is the mean of the estimates, and the
dotted lines are the standard deviations.
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