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Abstract

Conventional ultrasound color flow mapping systems estimate and visualize only the axial velocity component. To obtain the

transverse velocity component a modification of a multiple-beam method is proposed. The new two-dimensional color flow mapping

system has a small size and consists of three transducers. The central transducer is an appodized and focused phased array. The

other transducers are unfocused probes. Three transducers act as receivers and the central transducer operates as a transmitter. All

receivers acquire rf scan lines that are then processed to estimate three axial velocity components using an autocorrelation method.

These estimates are then combined to estimate the transverse velocity component, taking into account the geometric relationships

among three transducers. Two algorithms for transverse velocity estimation are proposed. The first uses the Doppler angle estimate

for calculation of the transverse velocity component. The other algorithm calculates the transverse velocity component directly from

the axial components. The accuracy of the flow velocity estimators is estimated by simulations. Analysis of accuracy allows choosing

the more effective algorithm for two-dimensional velocity estimation, which is insensitive to variations of the Doppler angle.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In conventional commercial ultrasound systems, only

the axial component of flow velocity can be estimated

and visualized using the classic Doppler effect. The

transverse component of flow velocity, however, is un-

detectable through the Doppler shift only. Therefore, in

cases where a blood vessel is perpendicular to the axial
dimension, no velocity estimate can be made. To extend

flow velocity estimation to two- or three-dimensions, a

number of techniques have been proposed [1–10]. The

transverse flow velocity component can be found using

the Doppler spectrum broadening effect (spectrum band-

width method). In experimental studies, it is shown that

the Doppler bandwidth is proportional to the velocity of

scatterers crossing the ultrasound beam in the focus of a
transducer [1–3]. A simple method for Doppler band-

width estimation is described in [1]. It works well in

conditions where the noise is below the threshold fixed

at about 1% of the peak power. An effective algo-

rithm for blood velocity estimation using the maximum

Doppler frequency is presented in [2]. The received

signal is analyzed through a computerized spectrum

analyzer, which integrates all instantaneous spectra ob-

tained over a selected interval of time. The maximum

Doppler frequency is estimated from the ensemble-
averaged spectrum, as the frequency where it crosses a

fixed threshold. A simple method for constant flow ve-

locity estimation that uses the classic and transverse

Doppler effects is described in [3]. The main problem of

this method is the real-time implementation for pulsated

flow measurements because the Doppler angle and flow

velocity must be estimated in a very short time to obtain

accurate results. Instead of calculating the Doppler
bandwidth based on a complete spectrum, the correla-

tion-based method may be used to calculate variance of

the spectrum. The transverse velocity is found using

spectral variance as an approximation of the square of

the Doppler bandwidth. This method is valid under

the assumption that the transducer beamwidth is con-

siderably smaller than the range cell length [4]. Another
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approach to find the transverse velocity vector is to use

the speckle tracking method [5–7]. This method is based

on the assumption that speckle translation closely

reflects target translation at small displacements. The

transverse velocity is measured by comparing the
speckle patterns from consecutive laterally translated B-

mode images. In the speckle tracking method described

in [5], B-mode images are acquired by five parallel

receive beams and one-dimensional correlations are

calculated in order to estimate the three-dimensional

velocity of blood flow. In each plane, one beam kernel in

the center is tracked in both lateral directions. In par-

ticular, three beams in a plane are required whereas the
method described in [6,7], however, requires only two

parallel beams in a plane. The main problem of current

speckle tracking methods is that the speckle patterns are

more decorrelated at larger translations and a large

number of computations are required for real-time im-

plementation. The approach for two- or three-dimen-

sional flow velocity estimation proposed by Fox is to use

two or three transmit–receive beams crossing each other
in region of interest (multiple-beam method) [8]. These

beams may originate from discrete sub-apertures within

the aperture of a single transducer [9] or from multiple

transducers [8,10]. Two or more separate measurement

coordinate systems are superimposed on the sample

volume, and in each of which the axial velocity com-

ponent is estimated. The estimates are then combined

with geometrical relationships to obtain the two- or
three-dimensional velocity vector. The real-time color

mapping systems proposed exploit linear arrays with

electronic scanning [9] or circular transducers with me-

chanical scanning [8,10]. To achieve adequate accuracy

the angle separation between the transmit–receive beams

needs to be sufficiently large. Therefore, a large trans-

ducer is required, if a single transducer is used for flow

velocity estimation.
The technique presented in the paper extends the Fox

approach described in [10] to conventional imaging in a

sector. Unlike the Fox approach that requires two

conventional transmit–receive probes for flow veloc-

ity estimation, the new color flow mapping system de-

scribed here exploits three transducers. The central

transducer operates as a transmitter, and all transduc-

ers act as receivers. The receivers acquire rf scan lines
that are then processed to estimate three axial velocity

components using an autocorrelation method. These

estimates are then combined to estimate the transverse

velocity component, taking into account the geometric

relationships among three transducers. Two algorithms

for transverse velocity estimation are proposed. The first

uses the Doppler angle estimate for calculation of the

transverse velocity component. The other algorithm
calculates the transverse velocity component directly

from the axial velocity components. The accuracy of the

estimators is evaluated in simulations. Analysis of the

accuracy allows finding the more effective algorithm for

flow velocity estimation that is insensitive to variations

of the Doppler angle.

2. Axial velocity estimation

Consider a new imaging technique based on three

transducers (Fig. 1). The central transducer is a focused

phased array and the side transducers are unfocused

probes. In transmit the narrow-angle beam of the cen-

tral transducer is swept over the ROI in a polar sector

scan, and a single transmit focus is set at the desired
depth. In receive the central transducer (Receiver3) and

two side transducers (Receiver1 and Receiver2) simul-

taneously receive the reflected and scattered field. In

receive the dynamic focusing is applied only to the

central transducer. Both transmit and receive apodiza-

tion can be applied to the central transducer in order to

reduce cross-correlation between signals acquired by

receivers. The rf signals received are amplified, digitized,
and recorded line by line until all scan lines are acquired.

Because of the data acquisition, three sets of rf data are

acquired by transducers and stored in the computer

memory. To provide an axial velocity measurement the

transmitter of an imaging system sends a pulse train

along a single beam with a steering angle H. The pulse

repetition time is TRP. At each receiver (Receiver1, Re-

ceiver2 and Receiver3) the received signal is sampled at
time t ¼ 2r=c, where r is the distance to a desired sample

volume (r1––for Receiver1, r2––for Receiver2 and

r3––for Receiver3). The samples of both quadrature

components (in-phase and quadrature) of rf signals are

obtained by a Hilbert transform. The complex signal

formed by quadrature components is then used for es-

timation of the Doppler frequency shift. The Doppler

frequency shift measured by Receiver1, Receiver2 and
Receiver3 is Df1, Df2 and Df3, respectively. The Doppler

frequency shift consists of two components. In order to

find these components we consider a single scatterer T

Fig. 1. New method of two-dimensional velocity estimation.
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traveling at linear velocity V. In transmit mode a scat-

terer T travels towards the transmitter Tr at velocity V3
as shown in Fig. 2. Therefore, the Doppler frequency
shift indicated by a scatterer T is fshift;T ¼ f0V3=c, where
f0 is the central frequency and c is the velocity of sound.

In receive mode a scatterer T moves towards Receiver1

at velocity V1, towards Receiver2––at velocity V2 and

towards Receiver3––at velocity V3 as shown in Fig. 3.

The Doppler frequency shift indicated by Receiver1,

Receiver2 and Receiver3 is

fshift;rec 1 ¼ f0
V1

c� V1
; fshift;rec 2 ¼ f0

V2
c� V2

;

fshift;rec 3 ¼ f0
V3

c� V3
ð1Þ

The net Doppler frequency shift measured at Receiver1,

Receiver2 and Receiver3 is

Df1 ¼ f0
V3
c

�
þ V1
c� V1

�
; Df2 ¼ f0

V3
c

�
þ V2
c� V2

�
;

Df3 ¼ f0
V3
c

�
þ V3
c� V3

�
ð2Þ

Assuming that V1 � c, V2 � c and V3 � c, the expres-

sions (2) take the form:

Df1 ¼ f0
V3 þ V1

c
; Df2 ¼ f0

V3 þ V2
c

; Df3 ¼ 2f0
V3
c

ð3Þ

The axial velocity components V1, V2 and V3 can be de-

rived from Eqs. (3):

V1 ¼
c
f0
ðDf1 � 0:5Df3Þ; V2 ¼

c
f0
ðDf2 � 0:5Df3Þ;

V3 ¼
c
2f0

Df3 ð4Þ

The first order approximation of the mean shift fre-

quency Df1, Df2 and Df3 is

Df1 ¼
1

2pTPR
tan�1 ImR1ðTPRÞ

ReR1ðTPRÞ

� �
;

Df2 ¼
1

2pTPR
tan�1 ImR2ðTPRÞ

ReR2ðTPRÞ

� �
;

Df3 ¼
1

2pTPR
tan�1 ImR3ðTPRÞ

ReR3ðTPRÞ

� �
ð5Þ

where R1ðsÞ, R2ðsÞ and R3ðsÞ are the complex autocor-

relation functions of signals received at Receiver1,

Receiver2 and Receiver3, respectively. The complex

autocorrelation function can be estimated by

RðmTPRÞ ¼
1

M � m

XM�m

i¼0

r�ðiTPRÞrððiþ mÞTPRÞ ð6Þ

where rðmTPRÞ is the sampled complex signal and M is

the number of emissions. Using the estimates (5) and (6),

the axial velocities V1, V2 and V3 in (4) can be found as

follows:

V1 ¼
c

4pf0TPR
2 tan�1 ImR1ðTPRÞ

ReR1ðTPRÞ

� ��

� tan�1 ImR3ðTPRÞ
ReR3ðTPRÞ

� ��
ð7Þ

V2 ¼
c

4pf0TPR
2 tan�1 ImR2ðTPRÞ

ReR2ðTPRÞ

� ��

� tan�1 ImR3ðTPRÞ
ReR3ðTPRÞ

� ��
ð8Þ

V3 ¼
c

4pf0TPR
tan�1 ImR3ðTPRÞ

ReR3ðTPRÞ

� �
ð9Þ

The estimates of axial velocities V1, V2 and V3 can be used

for calculation of the transverse velocity component

V3;tr. The flow velocity V can be expressed through its

axial and transverse components:

jV j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jV3j2 þ jV3;trj2

q
ð10Þ

where V3;tr can be calculated by combining estimates V1,
V2 and V3 as shown below in the next section.

3. Transverse velocity estimation

The transverse velocity component V3;tr can be found

combining the axial velocities V1, V2 and V3 taking into

account the geometric relationships among Receiver1,

Receiver2 and Receiver3. The following two algorithms

can be used for calculation of V3;tr.

Algorithm 1. The transverse velocity component V3;tr can
be found through estimation of the Doppler angle b
(Fig. 1):

Fig. 2. Scatterer T moves towards the transmitter.

Fig. 3. Scatterer T moves towards the receiver.
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jV3;trj ¼ jV3j tanðbÞ; 06 bP p=2 ð11Þ

The Doppler angle b can be calculated using estimates

of the axial velocity components V1 and V2. Consider the
following four cases.

Case 1: The scatterer T is moving towards the Re-

ceiver1 and Receiver2, that is V1 > 0 and V2 > 0. The
velocity of movement towards Receiver2 is greater than

the velocity of movement towards Receiver1, i.e. jV2j >
jV1j (Fig. 4). Denoting the angle between V1 and V3 as a1
and the angle between V2 and V3 as a2 the absolute

values of axial velocity components V1 and V2 can be

written as follows:

V1 ¼ V cosðb þ a1Þ ¼ V ðcos b cos a1 � sin b sin a1Þ;
V2 ¼ V cosðb � a2Þ ¼ V ðcos b cos a2 þ sin b sin a2Þ ð12Þ

Taking into account that V2#0 for 0 < b6 p=2, the ratio
of V1 and V2 in (12) gives

V1=V2 ¼ ðcos b cos a1 � sin b sin a1Þ
=ðcos b cos a2 þ sin b sin a2Þ ð13Þ

Solving Eq. (13) for tanðbÞ one obtains

tanðbÞ ¼ ðV2 cos a1 � V1 cos a2Þ
=ðV2 sin a1 þ V1 sin a2Þ; where b#p=2 ð14Þ

Case 2: The scatterer T is moving towards the Re-

ceiver1 and Receiver2, that is V1 > 0 and V2 > 0. The

velocity of movement towards Receiver2 is less than the

velocity of movement towards Receiver1, that is
jV2j < jV1j (Fig. 5). In that case, the absolute values of

the axial velocity components V1 and V2 can be written

as follows:

V2 ¼ V cosðb þ a2Þ ¼ V ðcos b cos a2 � sin b sin a2Þ;
V1 ¼ V cosðb � a1Þ ¼ V ðcos b cos a1 þ sin b sin a1Þ ð15Þ

Taking into account that V1#0 for 0 < b6 p=2, the ratio
of V2 and V1 in (15) gives

V2=V1 ¼ ðcos b cos a2 � sin b sin a2Þ
=ðcos b cos a1 þ sin b sin a1Þ ð16Þ

Solving Eq. (16) for tanðbÞ, one obtains

tanðbÞ ¼ ðV1 cos a2 � V2 cos a1Þ=ðV2 sin a1 þ V1 sin a2Þ;
where b#p=2 ð17Þ

Case 3: The scatterer T is moving towards Receiver2

and away Receiver1, that is V1 < 0 and V2 > 0. The ve-

locity of movement towards Receiver2 is greater than
the velocity of movement away Receiver1: jV2j > jV1j
(Fig. 6). In that case, the absolute values of the axial

velocity components V1 and V2 can be written as follows:

V2 ¼ V cosðb � a2Þ ¼ V ðcos b cos a2 þ sin b sin a2Þ;
V1 ¼ �V cosðb þ a1Þ ¼ V ð� cos b cos a1 þ sin b sin a1Þ

ð18Þ

Taking into account that V2#0 for 0 < b6p=2, the ratio
of V1 and V2 in (18) gives

V1=V2 ¼ ð� cos b cos a1 þ sin b sin a1Þ
=ðcos b cos a2 þ sin b sin a2Þ ð19Þ

Solving Eq. (19) for tanðbÞ, one obtains

tanðbÞ ¼ ðV1 cos a2 þ V2 cos a1Þ=ðV2 sin a1 � V1 sin a2Þ;
where b#p=2 ð20Þ

Case 4: The scatterer T is moving towards Receiver1
and away Receiver2, that is V1 > 0 and V2 < 0. The ve-

locity of movement away Receiver2 is less than the ve-

Fig. 4. Velocity V and its axial components (Case 1).

Fig. 5. Velocity V and its axial components (Case 2).

Fig. 6. Velocity V and its axial components (Case 3).
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locity of movement towards Receiver1, i.e. jV2j < jV1j
(Fig. 7).

In that case, the absolute values of the axial velocity

components V1 and V2 can be written as follows:

V2 ¼ �V cosðb þ a2Þ ¼ V ð� cos b cos a2 þ sin b sin a2Þ;
V1 ¼ V cosðb � a1Þ ¼ V ðcos b cos a1 þ sin b sin a1Þ

ð21Þ

Taking into account that V1#0 for 0 < b6 p=2, the ratio
of V2 and V1 in (21) gives

V2=V1 ¼ ð� cos b cos a2 þ sin b sin a2Þ
=ðcos b cos a1 þ sin b sin a1Þ ð22Þ

Solving Eq. (22) for tanðbÞ, one obtains

tanðbÞ ¼ ðV1 cos a2 þ V2 cos a1Þ=ðV1 sin a2 � V2 sin a1Þ;
where b#p=2 ð23Þ

Taking into account the expressions (11), (14), (17), (20)

and (23), the final expression for calculation of the

transverse velocity component V3;tr is

jV3;trj ¼ jV3j 	 jðV1 cos a2 � V2 cos a1Þ=ðV1 sin a2 þ V2 sin a1Þj
ð24Þ

where sin a1, sin a2, cos a1 and cos a2 are computed for a

fixed depth z using the following geometric relation-

ships:

sin a1 ¼ a cosH
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ r23 þ 2ar3 sinH

q
;

�

sin a2 ¼ a cosH
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ r23 � 2ar3 sinH

q
;

�
r3 ¼ z= cosH ð25Þ

and a is the distance between Receiver1 (or Receiver2)

and Receiver3 (Fig. 1).

Algorithm 2. Another approach is to calculate V3;tr from
estimates V1, V2 and V3 without preliminary estimation of

the Doppler angle. Consider the same cases mentioned

above.

Case 1: Subtracting V1 from V2 in (12) and using that

V3;tr ¼ V sin b and V3 ¼ V cos b, we have:

V3;tr ¼ 0:5ðV3= tan a1 � V3= tan a2

þ V2= sin a2 � V1= sin a1Þ ð26Þ

Case 2: Subtracting V1 from V2 in (15) and using that
V3;tr ¼ V sin b and V3 ¼ V cos b, we have:

V3;tr ¼ 0:5ð�V3= tan a1 þ V3= tan a2

� V2= sin a2 þ V1= sin a1Þ ð27Þ

Case 3: Summing V1 and V2 in (18) and using that

V3;tr ¼ V sin b and V3 ¼ V cos b, we have:

V3;tr ¼ 0:5ðV3= tan a1 � V3= tan a2

þ V2= sin a2 þ V1= sin a1Þ ð28Þ

Case 4: Summing V1 and V2 in (21) and using that

V3;tr ¼ V sin b and V3 ¼ V cos b, we have:

V3;tr ¼ 0:5ð�V3= tan a1 þ V3= tan a2

þ V2= sin a2 þ V1= sin a1Þ ð29Þ

Taking into account directions of vectors V1, V2 and V3,
the expressions (26)–(29) can be merged, and the final

expression for the calculation of the transverse velocity

component V3;tr is

jV3;trj ¼ 0:5jV3= tan a1 � V3= tan a2

þ V2= sin a2 � V1= sin a1j ð30Þ

4. Implementation of velocity estimation

The axial velocity estimators (7)–(9) can be imple-

mented as 2D- and 1D-techniques. The 2D technique

relies on a two-dimensional autocorrelation approach to

obtain estimates of V1, V2 and V3. According to this

approach, a window is selected by forming a complex

data matrix of size (N 
M), where N is the number of rf

samples inside the window and M is the number of

emissions. For each row of complex data, local estimates
of both axial and transverse velocity are derived.

Therefore, N local estimates of V1, V2, V3 and V3;tr are

obtained along the axial or depth axis of the window.

The local estimates of V3;tr can be calculated using

techniques Algorithm 1 or Algorithm 2 according to

(24) or (30). The final estimates of both the axial and the

transverse velocity components (V3 and V3;tr) are calcu-

lated by averaging of their N local estimates. The block
diagram of the 2D-estimator of V3 and V3;tr is presented
in Fig. 8. The 1D-estimator uses only one value of a

complex data per window along the depth axis, to ob-

tain velocity estimates. This reduction in the signal di-

mensionality is achieved by integrating the complex data

along the depth axis of the window before processing

with the 1D autocorrelators. The axial velocity estimates

V1, V2 and V3 are obtained from the integrated data

Fig. 7. Velocity V and its axial components (Case 4).
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according to (7)–(9). The transverse velocity estimate

V3;tr is calculated using the techniques Algorithm 1 or

Algorithm 2 according to (24) and (30). The block dia-

gram of the 1D-estimator of V3 and V3;tr is presented in

Fig. 9.

5. Simulation results and performance evaluation

The quality of velocity estimators is characterized in
terms of their accuracy parameters that are the mean

bias (DV ) and the standard deviation (rV ) expressed as a

percentage of the true velocity value:

DV ¼ 1

VK

XK
k¼1

V
			 � bVVk

			
 100 ½%�;

rV ¼ 1

V

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

K

XK
k¼1

bVVk � EV

� �2

vuut 
 100 ½%�;

EV ¼ 1

K

XK
k¼1

bVVk ð31Þ

where EV is the mean velocity estimate, bVVk is the current

velocity estimate that is obtained in the kth simulation;

K is the number of simulations and V is the true velocity

value. The quality of velocity estimators is tested

through simulations. The simulation is done using the

program Field II [11]. Some of the relevant simulation

parameters are given in Table 1. The simulated vessel

has a diameter of 10 mm, and length of 80 mm. The

center of the vessel is located 60 mm away from the

central transducer surface. The angle between the vessel
walls and the central transducer surface varies in the

range [5–85�]. The vessel is simulated as a set of 6845

scatterers moving with a velocity, which is characterized

by a parabolic distribution, V ðrÞ ¼ V0ð1� r2=R2Þ, where
r denotes the radial position of a point scatterer, R is the

vessel radius, and V0 is the maximal velocity at the center

of the vessel. The positions of the scatterers are uni-

formly distributed inside the vessel. Their amplitudes
have a random Gaussian distribution with a zero mean.

5.1. Velocity estimation in a sample volume

The simulation program generates for each emission

(i ¼ 1; 2; . . . ; 16) a file, which contains the positions and

scattering strengths of point scatterers that correspond

to the current emission time, and the corresponding rf
scan line is thus simulated. The emission time is sampled

at 1=fPR. Using the parameters of Table 1, 16 rf scan

lines are simulated in order to calculate the current ve-

locity estimate bVVk. The number of repetitions (K) is 30.
For the 2D-estimators, the current velocity estimate bVVk

is calculated by averaging the local velocity estimates

obtained at 16 points within a depth window located at

a depth of 60 mm. The length of a depth window is
chosen in accordance to the transmitted pulse length

and is 1.8 mm. In the 1D-estimators, the current velocity

estimate bVVk is formed after the rf signal integration

within a depth window. The flow velocity to be esti-

mated is 0.5 m/s. In order to quantify the influence of
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Fig. 9. Block diagram of the 2D-estimator.

Table 1

System parameters used in the simulations, using Field II

Identification Parameter Value

Transmitter

Receiver3

Number of elements 64

Element width 0.29 mm

Element height 13 mm

Central frequency (f0) 2.5 MHz

Relative bandwidth (B) 62%

Transmit focus 60 mm

Excitation pulse length 3 cycles

Apodization Hanning

Receiver1 Distance 50 mm

Receiver2 ‘‘Receiver 1� Receiver 2’’

Doppler pro-

cessing

Repetition frequency (fPR) 5 kHz

Sampling frequency 50 MHz

Number of emissions (M) 16

Size of a depth window (N ) 16

Maximal velocity (V0) 0.5 m/s

Fig. 8. Block diagram of the 1D-estimator.
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flow direction on the accuracy of velocity estimation, all

statistical measures (DV , rV and EV ) are calculated for a

large interval of the Doppler angle [5–85�]. In order to

investigate how the accuracy of flow velocity estimation

depends on the accuracy of estimation of axial and lat-
eral components, the statistical measures (DV , rV , EV )

are calculated for each velocity component (axial, lateral

and flow), and for each estimation algorithm. Figs. 10

and 11 plot the statistical parameters (DV , rV and EV ) of

the axial velocity estimation, depending on the Doppler

angle between the flow orientation and the central

transducer surface. These parameters are obtained using

the 2D- and 1D-estimators. It can be seen that the ac-
curacy of the axial velocity estimation degrades with the

increase of the Doppler angle. This effect is observed for

both estimators. Indeed, both statistical parameters, the

bias and the standard deviation do not exceed 10% as

long as the Doppler angle is less than 65�. The accuracy
of the axial velocity estimation is drastically degraded

when the Doppler angle exceeds 65�. However, accord-

ing to (10), this drastic degradation of the axial velocity

estimation does not cause drastic degradation of the
flow velocity estimation because the values of the axial

velocity become very small when the Doppler angle

exceeds 75� and its influence on the flow velocity is

small. In contrast to the axial velocity, the transverse

velocity component increases with the increase of the

Doppler angle as shown in Fig. 12. The corresponding

accuracy parameters of the transverse velocity estima-

tion are plotted in Figs. 13 and 14. The statistical mea-
sures of the flow velocity estimation are presented in

Figs. 15–17. As shown in Figs. 12–14, the performance

of both 2D- and 1D-estimators using the technique Al-

gorithm 1 for transverse velocity estimation is drastically
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degraded when the Doppler angle exceeds 65�. This

degradation occurs since the axial velocity components

V1 and V2 used in (28) become very similar in value and

opposite in sign. In contrast to the technique of Algo-

rithm 1, the estimators employed by the technique of
Algorithm 2 demonstrate accuracies that are indepen-

dent of the Doppler angle. Indeed, both, the bias and

the standard deviation vary in the range of 10% for

the 2D-estimators and in the range of 15% for the

1D-estimators. As shown in Figs. 15–17, the accuracy of

the transverse velocity estimation directly influences

the flow velocity estimation. The estimators used in the

technique of Algorithm 1 can be used only for the
Doppler angles of less than 65�. On the other hand,

the 2D-estimators used by the technique of Algorithm 2

demonstrate the best accuracy (<10%) in the entire
range of the Doppler angle and is preferable for use in

color flow mapping imaging.

5.2. Velocity profile estimation

A vessel with a laminar parabolic flow velocity profile

is simulated using the program Field II. The maximal

flow velocity (V0) is 0.5 m/s. The angle between the ul-
trasound beam and the orientation of the vessel is 45�. A
velocity profile is estimated along an axial line and

consists of 16 points within the flow region. The entire

axial line is divided into depth windows, each of 1.8 mm

in length. The flow velocity estimation is done in each

window. In order to study the effectiveness of the vari-
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ous flow velocity estimators on the accuracy of flow

velocity profile estimation, the statistical measures (DV ,

rV , EV ) are calculated for four flow velocity estimators:

(i) 2D-estimator using the technique of Algorithm 1; (ii)

1D-estimator using the technique of Algorithm 1; (iii)
2D-estimator using the technique of Algorithm 2; (iv)

1D-estimator using the technique of Algorithm 2. Figs.

18 and 19 depict the mean of the flow velocity profile

estimates (EV ), obtained as the result of averaging of 30

profiles. The corresponding accuracy measures of the

velocity profile estimation are shown in Figs. 20 and 21.

It can be seen that all mean profiles are wider than the

original profile and have bias of about 0.1 m/s within
the vessel. A higher bias is observed near the walls of the

vessel where the flow velocity is very small. The plots in

Fig. 21 show that the real velocity profiles, however, are

within the 3 standard deviations. Comparison analysis

of the accuracy parameters of the flow velocity estima-

tors shows that the 2D-estimator, using the technique of

Algorithm 2 has the smallest bias and standard devia-
tion along the entire axial line.

5.3. Color flow mapping

In order to demonstrate the capability of the flow

velocity estimators to produce the color flow mapping

(CFM) imaging four CFM-mode images are simulated.

The flow phantom with a parabolic velocity profile is
simulated using the program Field II. The simulation

parameters are given in Table 1. In Figs. 22–25 the

CFM-mode images are shown, as obtained for the four

flow velocity estimators. It can be seen that all images
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demonstrate the presence of artifacts near the walls of

the flow phantom. However, the quality of the CFM-

image obtained by the 2D-estimator using the technique

of Algorithm 2 is the best, when compared to the other

three images.

6. Conclusions

In this paper, we have presented a new method of flow

velocity estimation using the multi-beam approach. The

new method enables to produce flow velocity measure-

ments and CFM images using the conventional imaging
in a sector. In this method, three laterally separated

transducers (a phased array probe, and two pistons)

estimate the axial components of the flow velocity in the

same window in depth. The transverse velocity estimate

is obtained as a combination of these axial velocity es-

timates. The new method demonstrates two advanta-
ges. Firstly, the transverse velocity estimate is achieved

without decreasing the image frame rate because only a

single transducer is used in the transmit mode. Secondly,

the new method applies the multi-beam approach to

CFM-imaging in a sector scan.

Two algorithms for transverse velocity estimation are

proposed. The first uses the Doppler angle estimate to

calculate the transverse velocity component. The other
algorithm calculates the transverse velocity component

Fig. 24. CFM-mode image (2D, Algorithm 2).Fig. 22. CFM-mode image (2D, Algorithm 1).

Fig. 23. CFM-mode image (1D, Algorithm 1). Fig. 25. CFM-mode image (1D, Algorithm 2).
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directly from the axial velocity estimates obtained by

transducers.

Two techniques for implementation of the velocity

estimation, 2D- and 1D-, are investigated by simula-

tions. The accuracy of estimation is evaluated in terms
of the accuracy parameters––the bias and standard de-

viation. Analysis of the simulation results shows that the

2D-estimator using the technique of Algorithm 2 is the

most effective in terms of the accuracy parameters and is

the least sensitive to variations of the Doppler angle.
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