US 20200037994A1

a9y United States

a2y Patent Application Publication o) Pub. No.: US 2020/0037994 A1

SONG et al.

43) Pub. Date: Feb. 6, 2020

(54)

DEVICE AND METHOD FOR GENERATING
ULTRASOUND VECTOR DOPPLER IMAGE
USING PLANE WAVE SYNTHESIS

(71)  Applicant: SOGANG UNIVERSITY
RESEARCH FOUNDATION, Seoul
(KR)
(72) Inventors: Tai-Kyong SONG, Seoul (KR); Sunmi
YEO, Gyeonggi-do (KR); Changhan
YOON, Busan (KR)
(73) Assignee: SOGANG UNIVERSITY
RESEARCH FOUNDATION, Seoul
(KR)
(21) Appl. No.: 16/343,440
(22) PCT Filed: Apr. 25,2017
(86) PCT No.: PCT/KR2017/004373
§ 371 (e)(D),
(2) Date: Apr. 19, 2019
(30) Foreign Application Priority Data
Apr. 25,2017  (KR) oo 10-2017-0052863
20

Transceiver

L WA I AW IW WY W W W WA WS

Publication Classification

Int. CL.
AGIB 8/08
AGIB 8/06

U.S. CL
CPC ... AGIB 8/5207 (2013.01); A61B 8/4488
(2013.01); A61B 8/488 (2013.01); A61B 8/06
(2013.01)

(51)
(2006.01)
(2006.01)

(52)

(57) ABSTRACT

The present invention relates to technology for generating an
ultrasound vector Doppler image using plane wave synthe-
sis, and in a method for generating ultrasound Doppler
images, a preset number of plane waves having different
incident angles are sequentially and repeatedly transmitted
to a target according to a transmission sequence, reflection
signals are received from the target at different locations, an
ensemble frame is generated by synthesizing, among the
received reflection signals, a preset number of reflection
signals for each of a positive angle and a negative angle with
respect to a reference direction facing the target, and a vector
Doppler image generated using a plurality of ensemble
frames is output.
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DEVICE AND METHOD FOR GENERATING
ULTRASOUND VECTOR DOPPLER IMAGE
USING PLANE WAVE SYNTHESIS

TECHNICAL FIELD

[0001] The present invention relates to a technique for
acquiring an ultrasound image of a target object through
transmission/reception of ultrasound signals, and, more par-
ticularly, to an apparatus and method for generating ultra-
sound vector Doppler images by transmitting/receiving
plane waves to/from a target object and combining the
received plane waves.

Background Art

[0002] An ultrasound medical imaging system is an appa-
ratus that transmits/receives ultrasound signals to/from the
human body and noninvasively creates images of structures
and features inside the human body using information
provided by the reflected signals. Such an ultrasound medi-
cal imaging apparatus provides various types of clinical
information and may employ a Doppler imaging technique
to obtain information on movement of a certain moving
object to detect the object. Particularly, a Doppler imaging
technique used for real-time acquisition of information on a
blood flow inside the human body is becoming increasingly
important.

[0003] Quantitative information on the velocity and
change of blood flows inside the human body, one- or
two-dimensional distribution of the blood flows, and cross-
sectional and three-dimensional shapes of the heart and
blood vessel is very important in diagnosing diseases of the
heart and circulatory system. Accordingly, techniques for
extracting information on the blood flows in various ways
have been actively studied. Conventionally, most of the
techniques have a problem in that information on a blood
flow at a specific location inside the human body cannot be
separately observed. Recently, ultrasound Doppler systems
have been rapidly technologically advanced to solve this
problem and to provide time-dependent dynamic informa-
tion on blood flow and are thus widely used as an indis-
pensable apparatus for diagnosis of circulatory diseases.
[0004] Over the past decades, since existing ultrasonic
diagnostic apparatuses have been limited to a role of imag-
ing of in-vivo anatomical structures based on B-mode, color
flow, Doppler mode, and the like, diagnosis of diseases has
required additional functional tests based on anatomical
information. In recent years, functional blood flow imaging
techniques have been studied extensively. Here, functional
blood flow imaging refers to not only imaging of anatomical
signals, but also analyzing characteristics of blood flow
signals, quantifying the analyzed -characteristics, and
expressing the quantified analyzed characteristics by
indexes. Functional blood flow imaging differs from con-
ventional anatomical imaging in that the functional blood
flow imaging creates images of functional aspects of what is
happening inside the human body.

[0005] A vector Doppler technique has an advantage of
providing quantitative information on a moving direction
and velocity of a target object and is thus widely used when
the traveling direction of a sound wave is perpendicular to
an estimated moving direction of a target object, making it
difficult to estimate a Doppler phenomenon through a gen-
eral autocorrelation technique alone. For example, for the
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carotid artery located parallel to the skin, detection of a
blood flow using a general ultrasonic medical imaging
device is impossible since an array transducer of the imaging
device transmits ultrasound vertically with respect to the
skin, causing a Doppler shift frequency of zero. Conversely,
the vector Doppler technique is very suitable for diagnosis
of vascular diseases in that the blood flow of the carotid
artery can be detected without tilting the direction of trans-
mitted ultrasound beams and the velocity and direction of
the blood flow can be confirmed at each image point.
[0006] In order to achieve proper analysis on characteris-
tics of biological signals, accurate information on the bio-
logical signals is required. Here, the information may
include blood flow information calculated from a Doppler
frequency. Since as many transmission/reception processes
as ensembles are required to find the Doppler frequency, a
frame rate of a Doppler image is restricted. Here, the frame
rate of the Doppler image is a sampling frequency of blood
flow information. High-accuracy analysis on the blood flow
requires a sufficient amount of blood flow information and
thus a sufficiently high sampling rate.

[0007] Therefore, there is a need for an image processing
technique which can improve sensitivity and accuracy of an
ultrasound image while maintaining a frame rate of the
ultrasound image at a high level. For this purpose, a plane
wave that can have a higher frame rate than a focused beam
may be used, and the following prior art document discloses
a blood flow imaging method using a plane wave.

PRIOR ART DOCUMENT

[0008] Korean Patent Publication No. 2013-0115822
(published on Oct. 22, 2013)

DISCLOSURE

Technical Problem

[0009] It is an object of the present invention to provide a
vector Doppler technique that can be used when a traveling
direction of an ultrasound signal is perpendicular to an
estimated moving direction of a target object, wherein the
vector Doppler technique can overcome the drawback of a
focused beam-based method, i.e., a limited frame rate, while
preventing deterioration in image resolution and sensitivity
due to use of plane waves.

Technical Solution

[0010] In accordance with one embodiment of the present
invention, the above and other objects of the present inven-
tion can be achieved by a method for generating ultrasound
Doppler images, including the steps of: sequentially and
repeatedly transmitting a predetermined number of plane
waves having different angles of incidence to an object in a
predetermined transmission sequence; receiving reflected
signals from the object at different locations; generating an
ensemble frame by combining, among the received reflected
signals, a predetermined number of reflected signals for each
of positive and negative angles with respect to a reference
direction facing the object; and outputting a vector Doppler
image generated using a plurality of ensemble frames.

[0011] The step of generating the ensemble frame may
include: generating one ensemble frame by combining only
data values in a region where a predetermined number of
reflected signals overlap one another among the received
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reflected signals, wherein a second ensemble frame tempo-
rally subsequent to a first ensemble frame may be generated
by reusing a set of reflected signals used in synthesis of the
first ensemble frame excluding the first reflected signal in
the set, and adding a reflected signal subsequent to the last
reflected signal in the set.

[0012] The step of generating the ensemble frame may
include combining reflected signals corresponding to plane
waves having different angles of incidence for each of the
positive and negative angles, the reflected signals containing
information on a moving direction and velocity of the object.
[0013] The step of generating the ensemble frame may
include synthesizing the ensemble frame using reflected
signals selected from among the reflected signals in a
predetermined order, regardless of a transmission/reception
sequence.

[0014] A frame rate of the vector Doppler image may be
a value obtained by dividing a transmission frequency of the
plane waves by the number of reflected signals used in
synthesis of the ensemble frames and having different
angles.

[0015] The step of outputting the vector Doppler image
may include the steps of: generating an in-phase component
and a quadrature component through quadrature demodula-
tion of the ensemble frame; estimating a Doppler shift
frequency from the demodulated ensemble frame; and gen-
erating a vector Doppler image containing information on a
moving direction and velocity of the object, the information
being calculated using the estimated Doppler shift fre-
quency.

[0016] The step of estimating the Doppler shift frequency
may include estimating an average frequency of a power
spectrum generated from the in-phase component and the
quadrature component and calculating the moving velocity
of the object from the estimated average frequency. In
addition, the method may further include removing a clutter
component from the generated in-phase component and the
quadrature component to filter only a Doppler shift compo-
nent. Further, the step of estimating the Doppler shift
frequency may be performed using at least one of autocor-
relation using phase shift, cross-correlation using time shift,
auto-regression using an all-pole model, and eigen-decom-
position using eigenvectors.

[0017] In accordance with another aspect of the present
invention, the above and other objects of the present inven-
tion can be achieved by an apparatus for generating ultra-
sound Doppler images, including: a pulser generating plane
waves at regular intervals; a transceiver sequentially and
repeatedly transmitting a predetermined number of plane
waves having different angles of incidence to an object in a
predetermined transmission sequence and receiving
reflected signals from the object at different locations; and a
processor generating an ensemble frame by combining,
among the received reflected signals, a predetermined num-
ber of reflected signals for each of positive and negative
angles with respect to a reference direction facing the object
and outputting a vector Doppler image generated using a
plurality of ensemble frames.

[0018] The processor may generate one ensemble frame
by combining only data values in a region where a prede-
termined number of reflected signals overlap one another
among the received reflected signals, wherein a second
ensemble frame temporally subsequent to a first ensemble
frame may be generated by reusing a set of reflected signals
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used in synthesis of the first ensemble frame excluding the
first reflected signal in the set, and adding a reflected signal
subsequent to the last reflected signal in the set.

[0019] The processor may generate the ensemble frame by
combining reflected signals corresponding to plane waves
having different angles of incidence for each of the positive
and negative angles, the reflected signals containing infor-
mation on a moving direction and velocity of the object.
[0020] The processor may synthesize the ensemble frame
using reflected signals selected from among the reflected
signals in a predetermined order, regardless of a transmis-
sion/reception sequence.

[0021] A frame rate of the vector Doppler image may be
a value obtained by dividing a transmission frequency of the
plane waves by the number of reflected signals used in
synthesis of the ensemble frames and having different
angles.

[0022] The processor may generate an in-phase compo-
nent and a quadrature component through quadrature
demodulation of the ensemble frame, estimate a Doppler
shift frequency from the demodulated ensemble frame, and
generate a vector Doppler image containing information on
a moving direction and velocity of the object, the informa-
tion being calculated using the estimated Doppler shift
frequency.

[0023] The processor may estimate an average frequency
of'a power spectrum generated from the in-phase component
and the quadrature component and calculate the moving
velocity of the object from the estimated average frequency.
In addition, the processor may further include a clutter filter
removing a clutter component from the generated in-phase
component and the quadrature component to filter only a
Doppler shift component.

[0024] The different angles of incidence may be produced
through angle-dependent time delay using an array trans-
ducer.

[0025] Reception of the reflected signals may be achieved
by focusing echo signals reflected from the object at differ-
ent locations using an array transducer.

Advantageous Effects

[0026] Embodiments of the present invention provide an
ultrasound Doppler imaging method which generates an
ultrasound vector Doppler image using a plane wave syn-
thesis technique capable of securing a higher frame rate than
a focused beam-based technique, wherein the system can
improve resolution and sensitivity of the image by synthe-
sizing ensemble data using multi-angle plane waves.

DESCRIPTION OF DRAWINGS

[0027] FIG. 1 is a view illustrating an ultrasound vector
Doppler technique.

[0028] FIG. 2 is a diagram illustrating a multi-angular
vector Doppler method according to embodiments of the
present invention.

[0029] FIG. 3 is a diagram illustrating a plane wave
transmission sequence and synthesis process in the multi-
angular vector Doppler method according to embodiments
of the present invention.

[0030] FIG. 4 is a flowchart illustrating a method for
generating ultrasound Doppler images using plane wave
synthesis according to one embodiment of the present inven-
tion.
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[0031] FIG. 5 is a view illustrating a vector Doppler
method using plane waves.

[0032] FIG. 6 is a diagram illustrating a vector Doppler
method using multi-angle plane waves.

[0033] FIG. 7 is a diagram illustrating a method of gen-
erating an ensemble frame in a repeated transmission
sequence.

[0034] FIG. 8 is a block diagram illustrating an apparatus
for generating ultrasound Doppler images using plane wave
synthesis according to one embodiment of the present inven-
tion.

[0035] FIG. 9 and FIG. 10 show an experimental example
comparing a vector Doppler image using single-angle plane
waves and a corresponding root-mean-square (RMS) error
with a vector Doppler image using multi-angle plane waves
and a corresponding RMS error.

LIST OF REFERENCE NUMERALS

[0036] 10: pulser
[0037] 20: transceiver
[0038] 30: processor
[0039] 40: display unit
Best Mode
[0040] A method of generating ultrasound Doppler images

according to one embodiment of the present invention
comprises the steps of: sequentially and repeatedly trans-
mitting a predetermined number of plane waves having
different angles of incidence to an object in a predetermined
transmission sequence; receiving reflected signals from the
object at different locations; generating an ensemble frame
by combining, among the received reflected signals, a pre-
determined number of reflected signals for each of positive
and negative angles with respect to a reference direction
facing the object; and outputting a vector Doppler image
generated using a plurality of ensemble frames.

Mode for Invention

[0041] Prior to describing embodiments of the present
invention, considerations related to ultrasound techniques
suitable for blood flow imaging will be discussed. In addi-
tion, after examining problems of typical ultrasound Dop-
pler techniques due to use of plane waves, which is
employed by the embodiments of the present invention,
technical means employed by the embodiments of the pres-
ent invention to solve these problems will be sequentially
introduced.

[0042] It will be described that an ultrasound Doppler
technique may be used to detect any moving object and,
particularly, a vector Doppler technique is suitable for
detecting an object whose estimated moving direction is
perpendicular to a traveling direction of an ultrasound
signal, such as a blood flow in the carotid artery which is
horizontal to the skin.

[0043] FIG. 1 is a view illustrating an ultrasound vector
Doppler technique which provides a calculation method in
which Doppler signals are measured at two different loca-
tions, followed by combining the Doppler signals based on
information on the measurement locations. In this vector
Doppler technique, two estimated results are combined
based on an assumption that Doppler shift frequencies at any
given points as estimated at different locations are reliable.
Thus, the vector Doppler technique requires a reliable Dop-
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pler shift estimator. In order to estimate movement of an
object at a certain point using the Doppler effect, it is
necessary to repeatedly acquire sound waves emitted from
the object or reflected signals from the object corresponding
to pulse waves transmitted from a device to the object. Here,
the number of times the reflected signals are repeatedly
acquired is referred to as “ensemble”, and the reciprocal of
a pulse repetition interval is referred to as “pulse repetition
frequency (PRF)”.

[0044] Here, the pulse repetition frequency may be ana-
lyzed as a sampling frequency required for estimation of a
Doppler shift frequency, and the ensemble is the total
number of samples sampled with the pulse repetition fre-
quency at a certain point in time. Accordingly, a Doppler
shift frequency measurable according to the Nyquist sam-
pling theorem is restricted up to half the pulse repetition
frequency. In addition, if the pulse repetition frequency is
excessively low, aliasing occurs in an estimated Doppler
shift signal, whereas, if the pulse repetition frequency is
excessively high, it is difficult to distinguish the estimated
Doppler shift signal from a stationary clutter signal, causing
deterioration in Doppler estimation performance.

[0045] Since a vector Doppler technique that provides
information on the direction and velocity of a blood flow has
a limited frame rate in use of typical focused beams, there
is a limit to the number of ensemble data. Accordingly, use
of focused beams causes deterioration in accuracy of esti-
mation of the velocity and direction of the blood flow and
sensitivity of expression of blood flow. In order to solve this
problem, use of plane waves has been proposed to increase
the frame rate.

[0046] A plane wave-based method has a higher frame rate
and is thus less limited in the number of ensemble data than
a typical focused beam-based method. However, due to lack
of transmit-focusing, such a plane wave-based method has
problems of deterioration in resolution and sensitivity of an
image and inaccurate information on the velocity and direc-
tion of a blood flow.

[0047] Inorderto overcome these problems, embodiments
of the present invention provide a multi-angular vector
Doppler method which can acquire incident frames having
various angles through diversification of the plane wave
transmission angle to generate one ensemble frame through
synthesis of the incident frames, while securing a high frame
rate using plane waves.

[0048] FIG. 2 is a diagram illustrating a multi-angular
vector Doppler method according to embodiments of the
present invention, which allows transmission of plane waves
at a predetermined tilted angle in right and left directions
using an ultrasonic transducer 20, which is a feature of a
vector Doppler method, wherein multiple different transmis-
sion angles rather than a single uniform transmission angle
are realized in each of the right and left directions. Referring
to FIG. 2, three steered planes for each of the right and left
tilted angles, that is, a total of six steered planes are created
and plane waves having different angles of incidence can be
transmitted therethrough. Here, the number of plane wave
transmission angles may vary depending on the number of
received signals used to form an ensemble frame and
resolution and sensitivity of an image can be improved with
increasing number of plane wave transmission angles. How-
ever, since the frame rate is inversely proportional to the
number of incident images involved in synthesis of the
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ensemble frame, the number of plane wave transmission
angles needs to be adjusted to an appropriate value depend-
ing on usage environments.

[0049] FIG. 3 is a diagram illustrating a plane wave
transmission sequence and synthesis process in the multi-
angular vector Doppler method according to embodiments
of the present invention. Plane waves are generated in
predetermined intervals by a pulser and then transmitted to
an object by a transducer to generate reflected signals from
the object. Here, the plane waves are transmitted at different
angles, as shown in FIG. 2, and incident signals may be
transmitted in a predetermined transmission sequence,
which is a sequentially ordered set of transmission events.
As described above, the reciprocal of a pulse repetition
interval is a pulse repetition frequency (PRF) and, in FIG. 3,
a cycle consisting of p1, nl, p2, n2, p3 and n3 is repeated.
Here, an angle formed between an incident signal and the
object may be defined in relation to a reference direction
facing the object (for example, a direction perpendicular to
the object), wherein ‘p’ denotes a positive direction with
respect to the reference direction and ‘n’ denotes a negative
direction with respect to the reference direction. Accord-
ingly, it can be seen that three plane waves having different
angles of incidence are transmitted in each of the positive
and negative directions.

[0050] Referring to FIG. 3, in the multi-angular vector
Doppler method according to the embodiments of the pres-
ent invention, reflected signals corresponding to three plane
waves having different angles of incidence in each of the
positive and negative directions are combined. As described
above, ensemble data (a frame) is formed by combining
reflected signals, and, herein, three reflected signals are
combined into one ensemble data set. Here, in synthesis of
the ensemble data from consecutive reflected signals, vari-
ous reflected signal selection schemes may be employed. In
FIG. 3, in order to secure a maximum frame rate, consecu-
tive reflected signals are sequentially slid to form the
ensemble data. A difference in frame rate according to
selection of reflected signals required for synthesis of the
ensemble data will be described further below with refer-
ence to FIG. 7.

[0051] Although the transmission sequence is illustrated
in order of p1, nl, p2, n2, p3, and n3 in FIG. 3, it should be
understood that the present invention is not limited thereto
and the transmission sequence may be ordered in various
ways. For example, the transmission sequence may be in
order of nl, pl, n2, p2, n3, and p3, in order of pl, p2, p3,
nl, n2, and n3, or in order of nl, n2, n3, pl, p2, and p3.
[0052] In order to overcome the drawback of a typical
plane wave-based Doppler imaging method, i.e., lower
resolution and sensitivity of an image than a focused beam-
based imaging method, due to lack of transmission focusing,
according to the following embodiments of the present
invention, multi-angle plane waves are used to obtain a
vector Doppler image. Now, embodiments of the present
invention will be described more in detail with reference to
the accompanying drawings.

[0053] FIG. 4 is a flowchart illustrating a method for
generating ultrasound Doppler images using plane wave
synthesis according to one embodiment of the present inven-
tion, wherein the method includes the following steps:
[0054] In step S110, an apparatus for generating ultra-
sound Doppler images sequentially and repeatedly transmits
a predetermined number of plane waves having different
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angles of incidence to an object in a predetermined trans-
mission sequence. Ultrasound signals generated by a pulser
are transmitted in the form of multi-angle plane waves to a
target object by a transducer. Multi-angle plane waves may
be generated using various technical means, and, for
example, through angle-dependent time delay using an array
transducer, angle of incidence of a plane wave may be
diversified.

[0055] In step S120, the apparatus for generating ultra-
sound Doppler images receives reflected signals from the
object at different locations. In a vector Doppler technique,
reflected signals in at least two different directions are
received to estimate the moving direction and velocity of an
object. Reception of reflected signals may be achieved using
various technical means, for example, using some elements
of the array transducer at different locations or by focusing
echo signals reflected from the object at different locations.
[0056] In step S130, the apparatus for generating ultra-
sound Doppler images generates an ensemble frame by
combining, among the received reflected signals, a prede-
termined number of reflected signals for each of positive and
negative angles with respect to a reference direction facing
the object. In this step, the ensemble frame is generated by
combining reflected signals corresponding to plane waves
having different angles of incidence for each of the positive
and negative angles, wherein the reflected signals contain
information on the moving direction and velocity of the
object. Accordingly, a frame rate of the vector Doppler
image is a value obtained by dividing a transmission fre-
quency of the plane waves by the number of reflected signals
used in synthesis of the ensemble frame. For multi-angle
plane wave synthesis, since the quality and frame rate of an
image are inversely proportional to each other, it is neces-
sary to consider trade-off therebetween in determination of
the number of reflected signals used in synthesis of an
ensemble frame.

[0057] Here, the ensemble frame may be synthesized
using reflected signals selected in a predetermined order
among the reflected signals, regardless of a transmission/
reception sequence. In order words, reflected signals used in
synthesis of the ensemble frame may not necessarily be in
the order corresponding to the transmitted plane waves, and
various frame selection schemes and sequences suitable for
usage environments and requirements may be employed.
[0058] In step S140, the apparatus for generating ultra-
sound Doppler images outputs a vector Doppler image
generated using a plurality of ensemble frames. For this
purpose, an in-phase component and a quadrature compo-
nent are generated through quadrature demodulation of the
ensemble frame; a Doppler shift frequency is estimated from
the demodulated ensemble frame; and a vector Doppler
image containing information on the moving direction and
velocity of the object calculated using the estimated Doppler
shift frequency is generated.

[0059] Here, the process of estimating the Doppler shift
frequency may include estimating an average frequency of
a power spectrum generated from the in-phase component
and the quadrature component and calculating the moving
velocity of the object from the estimated average frequency.
[0060] Preferably, step S140 further includes removing a
clutter component from the generated in-phase component
and the quadrature component to filter only a Doppler shift
component. In other words, a clutter signal reflected from a
wall of a blood vessel or body tissue rather than signals
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reflected from a blood flow (or red blood cells) is removed
using a clutter filter. Such a clutter signal is a signal that
exists in a very low band of a frequency spectrum, and the
clutter filter may be designed using an infinite impulse
response (IIR) filter. In addition, the clutter filter is useful to
reduce error in estimating the Doppler frequency of a blood
flow.

[0061] Here, estimation of the Doppler shift frequency
may be performed using at least one of autocorrelation using
phase shift, cross-correlation using time shift, auto-regres-
sion using an all-pole model, and eigen-decomposition using
eigenvectors. Detailed description of these estimation meth-
ods may unnecessarily obscure the subject matter of the
present invention and thus will be omitted.

[0062] FIG. 5 is a view illustrating a vector Doppler
method using plane waves and shows a transmission
sequence composed of repetition of a plane wave having a
tilted angle of ‘+10°’ in the positive direction and a plane
wave having a tilted angle of ‘=10°” in the negative direc-
tion. Here, positive ensemble data is synthesized from
reflected signals (indicated by solid lines) corresponding to
plane waves incident in the positive direction and a negative
ensemble data is synthesized from reflected signals (indi-
cated by dotted lines) corresponding to plane waves incident
in the negative direction. For example, when the total pulse
repetition frequency (PRF) is 10 kHz as in FIG. 5, a pulse
repetition frequency between a first ‘+10°° data and the next
‘+10° data is 5 kHz.

[0063] FIG. 6 is a diagram illustrating a vector Doppler
method using multi-angle plane waves and shows com-
pounding angles in addition to the tilted angles shown in
FIG. 5. Specifically, three compounding angles, ‘+4°°, <0°’,
and ‘-4°’, are applied to two tilted angles ‘+10°” and ‘-10°’
to produce a total of six transmission angles, ‘+14°°, ‘=6°’,
‘+10°°, “=10°’, ‘4+6°°, and °-14°°, thereby forming one
transmission sequence. Here, positive ensemble data is
synthesized from the reflected signals (indicated by solid
lines) corresponding to the plane waves incident in the
positive direction and negative ensemble data is synthesized
from the reflected signals (indicated by dotted lines) corre-
sponding to the plane waves incident in the negative direc-
tion.

[0064] FIG. 7 is a diagram illustrating a method of gen-
erating an ensemble frame in a repeated transmission
sequence and shows cases in which ensemble data are
synthesized in different ways for a given repeated transmis-
sion sequence. For the repeated transmission sequence,
+14°7,°=6°7,*+10°”, °=10°", “+6°’, and *-14°’ form one set.
For convenience of description, only the process of forming
positive ensemble data is illustrated, and the same composite
operation is used in the process of forming negative
ensemble data.

[0065] In the first case (A), the positive ensemble data
(frame) may be synthesized using only reflected signals
corresponding to plane waves having positive angles of
incidence in one set of the transmission sequence. In this
case, one ensemble data set is generated for each set and
there is no reuse of the reflected signals. Referring to FIG.
7, reflected signals constituting ‘positive ensemble data #1°
are ‘+14°°, “+10°°, and ‘+6°°, and reflected signals consti-
tuting ‘positive ensemble data #2” are also ‘+14°°, “+10°’,
and ‘+6°°.

[0066] In the second case (B), one positive ensemble data
set (frame) may be synthesized using reflected signals
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corresponding to plane waves having negative angles of
incidence in one set of the transmission sequence and the
next positive ensemble data (frame) may be synthesized by
sequentially reusing the reflected signals constituting the
repeated transmission sequence, regardless of whether the
reflected signals belong to the same set. In other words, one
ensemble frame is generated by combining only data values
in a region where a predetermined number of reflected
signals (three reflected signals in FIG. 7) among the received
reflected signals overlap one another, wherein a second
ensemble frame, which is temporally subsequent to a first
ensemble frame, is generated by reusing a set of reflected
signals used in synthesis of the first ensemble frame, exclud-
ing the first reflection signal in the set, and by adding a
reflected signal subsequent to the last reflected signal in the
set. Referring to FIG. 7, reflected signals constituting ‘posi-
tive ensemble data #1° are ‘+14°’, ‘+10°” and ‘+6°” and
reflected signals constituting ‘positive ensemble data #2° are
‘+10°°, “+6°’, and ‘+14°’, unlike in the first case.

[0067] In the first case (A), a pulse repetition frequency
(PRF) decreases with increasing number of angles involved
in ensemble data synthesis, as represented by Equations 1
and 2.

PRF
PRF i

< Equation 1 >

N angles =

[0068] wherein PRF,,, is a reciprocal of Ty, which is a
time interval at which an ultrasound signal is transmitted/
received to obtain ensemble frame data for one scanning
line, and denotes the total pulse repetition frequency; PRF-
0w denotes a Doppler pulse repetition frequency for esti-
mation of a blood flow velocity; and N, denotes the
number of angles involved in synthesis.

ngles

PRF, PRF,
Frame rate [Hz] = fov il
Nensembles N angles X Nensembles

< Equation 2 >

[0069] wherein N, .»es denotes the number of
ensembles. Referring to Equation 2, in the first case (A), the
frame rate decreases with increasing number of reflected
signals combined to generate ensemble frames, as well as
with increasing number of angles involved in synthesis. In
other words, the frame rate changes in inverse proportion to
the product of the number of ensembles and the number of
angles involved in synthesis.

[0070] Conversely, in the second case (B), there is no
decrease in pulse repetition frequency in a vector Doppler
image after synthesis, as represented by Equations 3 and 4.

PRFg,,,~PRF, ..

[0071] Since the reflected signals constituting the repeated
transmission sequence are sequentially reused in a sliding
manner, as shown in FIG. 7, a Doppler pulse repetition
frequency for estimation of the blood flow velocity is kept
equal to the total pulse repetition frequency.

<Equation 3>

PRF
Frame rate [Hz] = fow _
Nensembies

PRF o

Nensembles

< Equation 4 >
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[0072] Referring to Equation 4, in the second case (B), the
frame rate only decreases with increasing number of
reflected signals combined to generate ensemble frames. In
other words, the frame rate only changes in inverse propor-
tion to the number of ensembles.

[0073] Estimation of the moving velocity of the object by
the vector Doppler method using plane waves according to
the embodiments of the present invention is expressed as
follows:

Vo—Vy Vot Vy
T T 2usin®” ° 7 2x(l +cosf)

< Equation 5 >

0 =10

[0074] wherein V, and V,, are estimated from positive (P)
data and negative (N) data, respectively, and the transverse
velocity and the axial velocity are calculated from V, and
V,» respectively (the tilted angle being given as 10 degrees).
[0075] Now, based on Equation 5, the moving velocity and
direction of the object may be calculated according to
Equation 6.

< Equation 6 >

v,
V=4/V2+v2, ¢=tan’lvx
z

[0076] FIG. 8 is a block diagram illustrating an apparatus
for generating ultrasound Doppler images using plane wave
synthesis according to one embodiment of the present inven-
tion, wherein components corresponding to respective pro-
cesses of the method for generating ultrasound Doppler
images shown in FIG. 4 are described again from the
viewpoint of hardware configuration. Therefore, only the
outline of association between the components will now be
described briefly to avoid repeated description.

[0077] A pulser 10 generates plane waves at regular inter-
vals and delivers the plane waves to a transceiver 20.
[0078] The transceiver 20 may be implemented as an
ultrasonic transducer including a single element or plural
elements. The transceiver 20 sequentially and repeatedly
transmits a predetermined number of plane waves having
different angles of incidence to an object in a predetermined
transmission sequence and receives reflected signals from
the object at different locations.

[0079] In addition, the transceiver 20 may produce the
different angles of incidence through angle-dependent time
delay using an array transducer (not shown). Further, the
transceiver 20 may receive the reflected signals by focusing
echo signals reflected from the object at different locations
using the array transducer (not shown).

[0080] A processor 30 generates an ensemble frame by
combining, among the received reflected signals, a prede-
termined number of reflected signals for each of positive and
negative angles with respect to a reference direction facing
the object and outputs a vector Doppler image generated
using a plurality of ensemble frames to a display unit 40.
[0081] In order to secure a maximum frame rate, the
processor 30 generates one ensemble frame by combining
only data values in a region where a predetermined number
of reflected signals overlap one another among the received
reflected signals, and, preferably, a second ensemble frame
temporally subsequent to a first ensemble frame is generated
by reusing a set of reflected signals used in synthesis of the
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first ensemble frame excluding the first reflected signal in
the set, and adding a reflected signal subsequent to the last
reflected signal in the set.

[0082] The processor 30 generates the ensemble frame by
combining reflected signals corresponding to plane waves
having different angles of incidence angles for each of the
positive and negative angles, wherein the reflected signals
contain information on the moving direction and velocity of
the object. Accordingly, a frame rate of the vector Doppler
image may be a value obtained by dividing a transmission
frequency of the plane waves by the number of reflected
signals used in synthesis of the ensemble frames and having
different angles. In addition, the processor 30 may synthe-
size the ensemble frame using reflected signals selected
from among the reflected signals in a predetermined order,
regardless of a transmission/reception sequence.

[0083] The processor 30 generates an in-phase component
and a quadrature component through quadrature demodula-
tion on the ensemble frame, estimates a Doppler shift
frequency from the demodulated ensemble frame, and gen-
erates a vector Doppler image containing information on the
moving direction and velocity of the object, which is cal-
culated using the estimated Doppler shift frequency. Here,
the processor 30 may estimate an average frequency of a
power spectrum generated from the in-phase component and
the quadrature component to calculate the moving velocity
of the object from the estimated average frequency. In
addition, the processor 30 may further include a clutter filter
(not shown) removing a clutter component from the gener-
ated in-phase component and the quadrature component to
filter only a Doppler shift component.

[0084] FIG. 9 and FIG. 10 show an experimental example
comparing a vector Doppler image using single-angle plane
waves and a corresponding root-mean-square (RMS) error
with a vector Doppler image using multi-angle plane waves
and a corresponding RMS error.

[0085] Referring to FIG. 9, it can be seen that a vector
Doppler image (B) using multi-angle plane waves according
to the embodiments of the present invention exhibits higher
Doppler sensitivity than a conventional vector Doppler
image (A) using single-angle plane waves. In addition,
referring to FIG. 10, it can be seen that a vector Doppler
method using multi-angle plane waves can measure a flow
rate more accurately and thus can further improve the
sensitivity and accuracy of a Doppler image than a vector
Doppler method using single-angle plane waves.

[0086] Embodiments of the present invention may also be
embodied as computer readable code on a computer-read-
able medium. Here, the computer-readable medium may
include any data storage device that can store data readable
by a computer system.

[0087] Examples of the computer-readable medium may
include ROMs, RAMs, CD-ROMs, magnetic tapes, floppy
disks, and optical data storage devices. In addition, the
computer-readable medium may also be distributed over
networked computer systems such that the computer-read-
able code can be stored and executed in a distributed
fashion. Also, functional programs, code, and code segments
for accomplishing the present invention may be easily
construed as within the scope of the invention by program-
mers skilled in the art to which the present invention
pertains.

[0088] Although some embodiments have been described
herein, it should be understood by those skilled in the art that
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these embodiments are given by way of illustration only and
the present invention is not limited thereto. In addition, it
should be understood that various modifications, variations,
and alterations can be made by those skilled in the art
without departing from the spirit and scope of the present
invention. Therefore, the scope of the invention should be
limited only by the accompanying claims and equivalents
thereto.

INDUSTRIAL APPLICABILITY

[0089] The embodiments of the present invention provide
an ultrasound Doppler imaging method which generates an
ultrasound vector Doppler image using a plane wave syn-
thesis technique capable of securing a higher frame rate than
a focused beam-based technique, wherein the system can
improve resolution and sensitivity of the image by synthe-
sizing ensemble data using multi-angle plane waves. Par-
ticularly, in synthesis of the ensemble data, a new ensemble
frame is synthesized by sequentially reusing a set of
reflected signals used in synthesis of a previous ensemble
frame excluding the first reflected signal in the set, and
adding a reflected signal subsequent to the last reflected
signal in the set, thereby effectively suppressing reduction in
frame rate.
1. A method for generating ultrasound Doppler images,
comprising the steps of:
sequentially and repeatedly transmitting a predetermined
number of plane waves having different angles of
incidence to an object in a predetermined transmission
sequence;
receiving reflected signals from the object at different
locations;
generating an ensemble frame by combining, among the
received reflected signals, a predetermined number of
reflected signals for each of positive and negative
angles with respect to a reference direction facing the
object; and
outputting a vector Doppler image generated using a
plurality of ensemble frames.
2. The method according to claim 1, wherein the step of
generating the ensemble frame comprises:
generating one ensemble frame by combining only data
values in a region where a predetermined number of
reflected signals overlap one another among the
received reflected signals, wherein a second ensemble
frame temporally subsequent to a first ensemble frame
is generated by reusing a set of reflected signals used in
synthesis of the first ensemble frame excluding the first
reflected signal in the set, and adding a reflected signal
subsequent to the last reflected signal in the set.
3. The method according to claim 1, wherein the step of
generating the ensemble frame comprises:
combining reflected signals corresponding to plane waves
having different angles of incidence for each of the
positive and negative angles, the reflected signals con-
taining information on a moving direction and velocity
of the object.
4. The method according to claim 1, wherein the step of
generating the ensemble frame comprises:
synthesizing the ensemble frame using reflected signals
selected from among the reflected signals in a prede-
termined order, regardless of a transmission/reception
sequence.
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5. The method according to claim 1, wherein a frame rate
of the vector Doppler image is a value obtained by dividing
a transmission frequency of the plane waves by the number
of reflected signals used in synthesis of the ensemble frames
and having different angles.

6. The method according to claim 1, wherein the step of
outputting the vector Doppler image comprises the steps of:

generating an in-phase component and a quadrature com-
ponent through quadrature demodulation of the
ensemble frame;

estimating a Doppler shift frequency from the demodu-
lated ensemble frame; and

generating a vector Doppler image containing informa-
tion on a moving direction and velocity of the object,
the information being calculated using the estimated
Doppler shift frequency.

7. The method according to claim 6, wherein the step of

estimating the Doppler shift frequency comprises:
estimating an average frequency of a power spectrum
generated from the in-phase component and the quadra-
ture component and calculating the moving velocity of
the object from the estimated average frequency.

8. The method according to claim 6, further comprising:

removing a clutter component from the generated in-
phase component and the quadrature component to
filter only a Doppler shift component.

9. The method according to claim 6, wherein the step of
estimating the Doppler shift frequency is performed using at
least one of autocorrelation using phase shift, cross-corre-
lation using time shift, auto-regression using an all-pole
model, and eigen-decomposition using eigenvectors.

10. An apparatus for generating ultrasound Doppler
images, comprising:

a pulser generating plane waves at regular intervals;

a transceiver sequentially and repeatedly transmitting a
predetermined number of plane waves having different
angles of incidence to an object in a predetermined
transmission sequence and receiving reflected signals
from the object at different locations; and

a processor generating an ensemble frame by combining,
among the received reflected signals, a predetermined
number of reflected signals for each of positive and
negative angles with respect to a reference direction
facing the object and outputting a vector Doppler image
generated using a plurality of ensemble frames.

11. The apparatus according to claim 10, wherein the
processor generates one ensemble frame by combining only
data values in a region where a predetermined number of
reflected signals overlap one another among the received
reflected signals, wherein a second ensemble frame tempo-
rally subsequent to a first ensemble frame is generated by
reusing a set of reflected signals used in synthesis of the first
ensemble frame excluding the first reflected signal in the set,
and adding a reflected signal subsequent to the last reflected
signal in the set.

12. The ultrasound Doppler image generator according to
claim 10, wherein the processor generates the ensemble
frame by combining reflected signals corresponding to plane
waves having different angles of incidence angles for each
of the positive and negative angles, the reflected signals
containing information on a moving direction and velocity
of the object.

13. The ultrasound Doppler image generator according to
claim 10, wherein the processor synthesizes the ensemble
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frame using reflected signals selected from among the
reflected signals in a predetermined order, regardless of a
transmission/reception sequence.

14. The ultrasound Doppler image generator according to
claim 10, wherein a frame rate of the vector Doppler image
is a value obtained by dividing a transmission frequency of
the plane waves by the number of reflected signals used in
synthesis of the ensemble frames and having different
angles.

15. The apparatus according to claim 10, wherein the
processor generates an in-phase component and a quadrature
component through quadrature demodulation of the
ensemble frame, estimates a Doppler shift frequency from
the demodulated ensemble frame, and generates a vector
Doppler image containing information on a moving direc-
tion and velocity of the object, the information being cal-
culated using the estimated Doppler shift frequency.
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16. The apparatus according to claim 15, wherein the
processor estimates an average frequency of a power spec-
trum generated from the in-phase component and the
quadrature component and calculates the moving velocity of
the object from the estimated average frequency.

17. The apparatus according to claim 15, wherein the
processor further comprises a clutter filter removing a clutter
component from the generated in-phase component and the
quadrature component to filter only a Doppler shift compo-
nent.

18. The apparatus according to claim 10, wherein the
different angles of incidence are produced through angle-
dependent time delay using an array transducer.

19. The apparatus according to claim 10, wherein recep-
tion of the reflected signals is achieved by focusing echo
signals reflected from the object at different locations using
an array transducer.



