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METHOD OF DETERMINING
BEAMFORMING COEFFICIENT,
BEAMFORMING METHOD AND

ULTRASONIC IMAGING APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATION(S)

[0001] This application claims the benefit of Korean Patent
Application No. 2012-0120975, filed on Oct. 30, 2012 in the
Korean Intellectual Property Office, the disclosure of which is
incorporated herein by reference.

BACKGROUND

[0002] 1.Field

[0003] Embodiments of the present invention relate to a
method of determining a beamforming coefficient, a beam-
forming method, and an ultrasonic imaging apparatus.
[0004] 2. Description of the Related Art

[0005] An ultrasonic imaging apparatus radiates ultrasonic
waves toward a target part inside a target object, for example,
a human body from a surface of the target object and then
collects reflected ultrasonic waves to acquire a sectional
image of various tissues or structures inside the target object,
for example, an image of blood flow or a sectional image of
soft tissue based on information contained in the collected
ultrasonic waves.

[0006] The ultrasonic imaging apparatus is relatively small
in size, inexpensive, displays an image in real time, and has
high stability due to no radiation exposure as compared with
an X-ray imaging apparatus, and thus, has been extensively
used for diagnosis of the heart, abdomen, and urinary system
and in obstetrics and gynecology.

[0007] In order to acquire an ultrasonic image, the ultra-
sonic imaging apparatus performs beamforming to estimate
the size of reflected waves of a predetermined space from
channel data that is collected by an ultrasonic probe from an
ultrasonic echo signal. Beamforming is a process of acquiring
an image appropriate for diagnosis of a target object by com-
pensating for a time difference of ultrasonic signals input
through each ultrasonic sensor, for example, a transducer,
applying predetermined weights to respective ultrasonic sig-
nals so as to emphasize a signal at a predetermined position
and to relatively attenuate a signal at another predetermined
position, and focusing ultrasonic signals.

[0008] Beamforming of an ultrasonic imaging apparatus
may be classified into data-independent beamforming and
adaptive beamforming according to the characteristics of
weights used in beamforming and applied respective ultra-
sonic signals (ultrasonic channels).

[0009] The data-independent beamforming uses a weight
thatis determined regardless of an input ultrasonic signal, and
is referred to as fixed beamforming since the weight used
therein is not changed.

[0010] The adaptive beamforming determines an appropri-
ate weight according to an input ultrasonic signal. According
to the adaptive beamforming, a weight may be changed
according to the input ultrasonic signal. The adaptive beam-
forming is referred to as data-dependant beamforming.

SUMMARY

[0011] Exemplary embodiments of the present invention
provide a method of determining a beamforming coefficient,
abeamforming method, and an ultrasonic imaging apparatus,
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for reducing computational load to reduce a period of time of
beamforming, reducing resources used for beamforming
coefficient computation, and preventing overheating and the
like.

[0012] In addition, computational load in a process for
acquiring beamforming coefficients may be reduced in an
adaptive beamforming method.

[0013] Additional aspects of the invention will be set forth
in part in the description which follows and, in part, will be
obvious from the description, or may be learned by practice of
the invention.

[0014] In accordance with exemplary embodiments of the
present invention, a method of determining a beamforming
coefficient, a beamforming method, and an ultrasonic imag-
ing apparatus are provided.

[0015] In accordance with an exemplary embodiment of
the present invention, a method of determining a beamform-
ing coefficient includes selecting some of a plurality of ultra-
sonic signals reflected from a target object and received (e.g.
a first group of ultrasonic signals may be selected), acquiring
a plurality of beamforming computation results of the
selected ultrasonic signals by applying a plurality of beam-
forming coefficients, and determining a beamforming coeffi-
cient candidate group based on the plurality of beamforming
computation results, and acquiring beamforming computa-
tion results of the plurality of received ultrasonic signals or
the some of the plurality of received ultrasonic signals (e.g.
the first group of ultrasonic signals) by applying a beamform-
ing coefficient of the beamforming coefficient candidate
group and selecting at least one beamforming coefficient
from the beamforming coefficient candidate group based on
beamforming computation results of the plurality of ultra-
sonic signals.

[0016] Inaccordance with another exemplary embodiment
of the present invention, a beamforming method includes
radiating a target object with ultrasonic waves and receiving
a plurality of ultrasonic signals reflected from the target
object, acquiring beamforming computation results of some
of the plurality of received ultrasonic signals (e.g. a first group
of ultrasonic signals) and determining a beamforming coef-
ficient candidate group based on a beamforming computation
result of the some of the received ultrasonic signals (e.g. the
first group of ultrasonic signals), acquiring beamforming
computation results of the plurality of received ultrasonic
signals or the some (e.g. the first group) of the received
ultrasonic signals by applying beamforming coefficients of
the beamforming coefficient candidate group and selecting at
least one beamforming coefficient from the beamforming
coefficient candidate group based on the beamforming com-
putation results of the plurality of ultrasonic signals, and
beamforming the plurality of ultrasonic signals using the
selected at least one beamforming coefficient as a weight.
[0017] Inaccordance with another exemplary embodiment
of the present invention, a beamforming method includes
radiating a target object with ultrasonic waves and receiving
a plurality of ultrasonic signals reflected from the target
object, acquiring beamforming computation results of some
ofthe plurality of received ultrasonic signals (e.g. a first group
of ultrasonic signals) and acquiring a beamforming coeffi-
cient candidate group and a plurality of beamforming com-
putation results of the plurality of beamforming coefficients
based on the beamforming computation result of the some of
the plurality of received ultrasonic signals (e.g. the first group
of ultrasonic signals), applying beamforming coefficients of
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the beamforming coefficient candidate group to acquire
beamforming computation results of the plurality of received
ultrasonic signals or the some of the plurality of received
ultrasonic signals (e.g. the first group of ultrasonic signals),
selecting at least one beamforming coefficient from the beam-
forming coefficient candidate group based on beamforming
computation results of the plurality of ultrasonic signals, and
acquiring a beamforming computation result of at least one
final beamforming coefficient using a plurality of beamform-
ing computation results of the plurality of beamforming coef-
ficients, and beamforming the plurality of ultrasonic signals
using the selected at least one final beamforming coefficient
as a weight.

[0018] In accordance with further exemplary embodiment
of the present invention, a beamforming method includes
radiating a target object with ultrasonic waves and then
receiving a plurality of ultrasonic signals reflected from the
target object, determining a beamforming coefficient candi-
date group with respect to some of the plurality of received
ultrasonic signals (e.g. a first group of ultrasonic signals)
according to Expression 1 or Expression 2 below, selecting at
least one beamforming coefficient from the beamforming
coeflicient candidate group, and beamforming the plurality of
ultrasonic signals using the selected atleast one beamforming
coefficient as a weight:

k=Kcoarse [Expression 1]

argmi
fweh = Z WplilXi [i]
N-best w, =
k=—Kcoarse
and
k=Kcogrse [Expression 2]
argmi
{Wc Z Wp i]xn+k
N-best w, =
k=—Kcoarse

[0019] where W_ is a beamforming coefficient included in
the beamforming coefficient candidate group,

[0020] W,[i] is a beamforming coefficient,

[0021] x,,,[i] is an ultrasonic signal,

[0022] pis a beamforming coefficient index,

[0023] 1iis a first channel index,

[0024] M is the number of reception ultrasonic channels,
[0025] N is the number of beamforming coefficients

included in the beamforming coefficient candidate group,
[0026]

[0027] K., 18 an upper or lower limit of the smoothing
variable for acquisition of a plurality of beamforming coeffi-
cients for optimization of beamforming computation results
of the some of the ultrasonic signals (e.g. the first group of
ultrasonic signals).

[0028] In this case, the selection of the at least one of
beamforming coefficient from the beamforming coefficient
candidate group may include selecting at least one beam-
forming coeflicient from the beamforming coefficient candi-
date group according to Expression 3 or Expression 4 below
with respect to the plurality of received ultrasonic signals:

k is an axial smoothing variable, and
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[Expression 3]

2,

jeA2

WLt mu,

kK coarse

> el )

jeA2

2} [Expression 4]

k¢Kcoarse

[0029] where W_is the selected beamformmg coefficient, j
is a second channel index, and S_(w") is a beamforming
computation result of an n,, coefficient w®,, of the deter-
mined beamforming coefficient W_.

[0030] Inaccordance with further exemplary embodiments
of the present invention, an ultrasonic imaging apparatus
includes an ultrasonic probe to radiate a target object with
ultrasonic waves, to receive an ultrasonic signal reflected
from the target object, and to convert received ultrasonic
waves to output a plurality of ultrasonic signals, a beamform-
ing coefficient computation unit to select some of the plurality
of output ultrasonic signals (e.g. a first group of ultrasonic
signals), to determine a beamforming coefficient candidate
group based on a beamforming computation result of the
selected ultrasonic signals, and to select at least one beam-
forming coefficient from the beamforming coefficient candi-
date group based on beamforming computation results of the
plurality of ultrasonic signals, a beamforming unit to perform
beamforming on the plurality of ultrasonic signals to output a
beamforming computation result using the selected at least
one final beamforming coefficient as a weight, and an image
processor to form ultrasonic image data based on the beam-
forming computation result output by the beamforming unit.

[0031] The ultrasonic imaging apparatus may further
include a beamforming coefficient database including a plu-
rality of beamforming coefficients.

[0032] The foregoing general description and the following
detailed description are only exemplary and explanatory and
they are intended to provide further explanation of the inven-
tion as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] These and/or other aspects and exemplary embodi-
ments of the invention will become apparent and more readily
appreciated from the following description of the embodi-
ments, taken in conjunction with the accompanying drawings
of which:

[0034] FIG. 1is a diagram of an ultrasonic imaging appa-
ratus according to an embodiment of the present invention;

[0035] FIG. 2 is a diagram of an ultrasonic probe shown in
FIG. 1,
[0036] FIG. 3A is a diagram of an overall structure of an

ultrasonic imaging apparatus according to an embodiment of
the present invention;

[0037] FIG. 3B is a block diagram of a beamforming coef-
ficient computation unit according to an embodiment of the
present invention;

[0038] FIGS. 4A and 4B are diagrams for explaining
examples of a beamforming coefficient database;

[0039] FIG. 5 is a diagram for explaining beamforming
according to an embodiment of the present invention;
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[0040] FIG. 6 is a diagram for explaining beamforming
performed by a beamforming coefficient computation unit
and a beamforming unit, according to an embodiment of the
present invention;

[0041] FIG.7isanother diagram for explaining beamform-
ing performed by a beamforming coefficient computation
unit and a beamforming unit, according to an embodiment of
the present invention;

[0042] FIGS. 8A through 8C are diagrams for explaining
selection of ultrasonic waves by an ultrasonic signal selection
unit, according to embodiments of the present invention;
[0043] FIG. 9 is a flowchart of a beamforming method
according to an embodiment of the present invention;
[0044] FIG. 10 is a flowchart of a method of determining a
beamforming coefficient according to an embodiment of the
present invention;

[0045] FIG. 11 is a flowchart of a method of determining a
beamforming coefficient candidate group according to an
embodiment of the present invention;

[0046] FIG. 12 is a flowchart of a method of determining a
beamforming coefficient candidate group according to
another embodiment of the present invention;

[0047] FIG. 13 is a beamforming method according to
another embodiment of the present invention; and

[0048] FIG. 14 is a flowchart of a beamforming method
according to another embodiment of the present invention.

DETAILED DESCRIPTION

[0049] The following detailed description is provided to
gain a comprehensive understanding of the methods, appara-
tuses and/or systems described herein. Various changes,
modifications, and equivalents of the systems, apparatuses
and/or methods described herein will suggest themselves to
those of ordinary skill in the art. Descriptions of well-known
functions and structures are omitted to enhance clarity and
conciseness.

[0050] The use of the terms “first”, “second”, and the like
does not imply any particular order, but they are included to
identify individual elements. Moreover, the use of the terms
first, second, etc. does not denote any order or importance, but
rather the terms first, second, etc. are used to distinguish one
element from another.

[0051] Although some features may be described with
respect to individual exemplary embodiments, aspects need
not be limited thereto such that features from one or more
exemplary embodiments may be combinable with other fea-
tures from one or more exemplary embodiments.

[0052] In order to explaining the embodiments of the
present invention with reference to FIGS. 1 to 13, an ultra-
sonic imaging apparatus according to an embodiment of the
present invention will be described with reference to FIGS. 1
to 8C, and then, a method of determining a beamforming
coefficient and a beamforming method will be described with
reference to FIGS. 9 to 13.

[0053] (1) Anultrasonic imaging apparatus according to an
embodiment of the present invention will be described with
reference to FIGS. 1 to 8C.

[0054] FIG. 1is a diagram of an ultrasonic imaging appa-
ratus according to an embodiment of the present invention
and FIG. 2 is a diagram of an ultrasonic probe P shown in FIG.
1.

[0055] As shown in FIG. 1, according to the present
embodiment, the ultrasonic imaging apparatus includes the
ultrasonic probe P and a main body M.
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[0056] As seen from FIGS. 1 and 2, the ultrasonic probe P
may include a plurality of ultrasonic transducers 10 formed at
an end portion thereof, which generate ultrasonic waves
according to an electrical signal.

[0057] An ultrasonic transducer 10 is a device for genera-
tion of ultrasonic waves according to supplied alternating
current (AC) power. In detail, the ultrasonic transducers 10
receive AC power from an external power supply or an inter-
nal capacitor, for example, a battery or the like, and a piezo-
electric or thin film of the ultrasonic transducers 10 vibrates
according to the received AC power to generate the ultrasonic
waves.

[0058] Various ultrasonic transducers may be used as the
ultrasonic transducers 10, for example, a magnetostrictive
ultrasonic transducer using a magnetostrictive effect, which
is mainly used in a conventional ultrasonic probe device, a
piezoelectric ultrasonic transducer using a piezoelectric
effect of a piezoelectric material, or a capacitive microma-
chined ultrasonic transducer (cMUT), which transmits and
receives ultrasonic waves using vibration of several hundreds
or several thousands of micromachined thin films.

[0059] Theultrasonic transducers 10 may be fixed to a fixed
frame that is disposed on the end portion of the ultrasonic
probe P and has a planar shape, a curved shape, or various
other shapes and may be arranged to correspond to an external
shape of the fixed frame. The fixed frame may be used to fix
the ultrasonic transducers 10 and may be formed of a flexible
material such as silicon or may be formed of various other
materials which are used to fix the ultrasonic transducers 10 in
general.

[0060] The ultrasonic imaging apparatus radiates the ultra-
sonic wave generated by the ultrasonic transducers 10 to an
external target object, for example, a human body. The radi-
ated ultrasonic waves are reflected by internal materials, that
is, targets positioned at various depths of the target object.
Then, the ultrasonic transducers 10 receive a reflected ultra-
sonic echo signal and convert the reflected ultrasonic echo
signal into an electrical signal. In addition, the ultrasonic
probe P or the main body M may perform predetermined
processes on the converted electrical signal to generate an
ultrasonic image and may display the ultrasonic image on a
display unit 420 that is fixed on the main body M or is
connected to the main body M via a wired or wireless network
such that a user of the ultrasonic imaging apparatus, for
example, a doctor or a nurse, may diagnose the target object,
for example, a patient through the ultrasonic image.

[0061] Hereinafter, an wultrasonic imaging apparatus
according to an embodiment of the present invention will be
described in detail with reference to FIG. 3A. F1IG. 3A is a
diagram of an overall structure of an ultrasonic imaging appa-
ratus according to an embodiment of the present invention.
[0062] The ultrasonic imaging apparatus according to the
present embodiment may include an ultrasonic generation
unit 104, an ultrasonic receiver 105, a beamforming unit 100,
a beamforming coefficient computation unit 200, a beam-
forming coefficient database 300, and an image processor
400.

[0063] From these elements, the ultrasonic generation unit
10a and the ultrasonic receiver 105 may be formed in the
ultrasonic probe P.

[0064] According to embodiments of the present invention,
the beamforming unit 100, the beamforming coefficient com-
putation unit 200, the beamforming coefficient database 300,
and the image processor 400 may be formed in the ultrasonic
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probe P, or alternatively, may be formed in the main body M.
Some of the beamforming unit 100, the beamforming coeffi-
cient computation unit 200, the beamforming coefficient
database 300, and the image processor 400 may be formed in
the ultrasonic probe P and other remaining elements may be
formed in the main body M.

[0065] The ultrasonic generation unit 10a generates ultra-
sonic waves and radiates a target object ob with the ultrasonic
waves according to a control command of an ultrasonic gen-
eration controller 11.

[0066] The ultrasonic receiver 105 receives, as an input, an
ultrasonic echo signal reflected from an object’s internal
material obl of the target object ob, that is, a target and
converts the ultrasonic echo signal (hereinafter, referred to as
an ultrasonic signal) into an electrical signal to output the
ultrasonic signal. The output ultrasonic signal is transmitted
to the beamforming unit 100 and/or the beamforming coeffi-
cient computation unit 200.

[0067] According to the ultrasonic imaging apparatus
according to an embodiment of the present invention, as
described above, the ultrasonic generation unit 10 and the
ultrasonic receiver 105 may correspond to the transducer 10
installed in the ultrasonic probe P, and an individual trans-
ducer 10 may function as both the ultrasonic generation unit
10¢ and the ultrasonic receiver 104.

[0068] The ultrasonic signal converted by the ultrasonic
receiver 105, for example, the ultrasonic transducer 10 is
transmitted to the beamforming unit 100.

[0069] The beamforming unit 100 focuses a plurality of
ultrasonic signals output from a plurality of ultrasonic receiv-
ers 105, for example, the ultrasonic transducers 10 to output
an ultrasonic focusing signal. The output ultrasonic focusing
signal is transmitted to the image processor 400.

[0070] According to an embodiment of the present inven-
tion, the beamforming unit 100 may compensate for a time
difference of ultrasonic signals of ultrasonic channels output
from the respective ultrasonic transducers 10, apply predeter-
mined weights, that is, beamforming coefficients to the
respective ultrasonic channels so as to emphasize a signal at a
predetermined position and to relatively attenuate a signal at
another predetermined position, and focus ultrasonic signals.
[0071] According to an embodiment of the present inven-
tion, the ultrasonic imaging apparatus may include the beam-
forming coefficient computation unit 200.

[0072] The beamforming coefficient computation unit 200
selects some of a plurality of ultrasonic signals received by
the ultrasonic receiver 105 and determines optimal beam-
forming coefficients for the selected ultrasonic signals to
determine a beamforming coefficient candidate group. In
addition, the beamforming coefficient computation unit 200
selects at least one final beamforming coefficient for optimi-
zation of a beamforming computation result of all received
ultrasonic signals, from the plurality of beamforming coeffi-
cients of the beamforming coefficient candidate group so as to
calculate beamforming coefficients that are applied to respec-
tive channels for beamforming by the beamforming unit 100.
[0073] According to an embodiment of the present inven-
tion, the beamforming coefficient computation unit 200 of the
ultrasonic imaging apparatus may read the beamforming
coefficient database 300 which will be described below to
determine the beamforming coefficient candidate group.
[0074] In this case, the beamforming coefficient computa-
tion unit 200 reads the beamforming coefficient database 300
and extracts some of the beamforming coefficients stored in
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the beamforming coefficient database 300 to determine the
beamforming coefficient candidate group. Here, the beam-
forming coefficients extracted by the beamforming coeffi-
cient computation unit 200 may be selected based on a beam-
forming computation result of the ultrasonic signals that are
selected from the plurality of ultrasonic signals by the beam-
forming coefficient computation unit 200 according to pre-
stored settings or user input.

[0075] FIG. 3B is a block diagram of the beamforming
coefficient computation unit 200 according to an embodiment
of the present invention.

[0076] In detail, as shown in FIG. 3B, the beamforming
coefficient computation unit 200 may include an ultrasonic
signal selection unit 210, a beamforming coefficient candi-
date group determination unit 220, and a beamforming coef-
ficient selection unit 230.

[0077] Here, the ultrasonic signal selection unit 210 selects
some of a plurality of input ultrasonic signals and transmits
the selected ultrasonic signals to the beamforming coefficient
candidate group determination unit 220.

[0078] The beamforming coeflicient candidate group
determination unit 220 selects a beamforming coefficient
candidate group based on a beamforming computation result
of the ultrasonic signals selected from the plurality of ultra-
sonic signals.

[0079] For example, the beamforming coefficient candi-
date group determination unit 220 searches for a beamform-
ing coefficient appropriate for beamforming of the selected
ultrasonic signals, among the beamforming coefficients of the
beamforming coefficient database 300 which will be
described below. In this case, the beamforming coefficient
candidate group determination unit 220 may detect one opti-
mal beamforming coefficient, or alternatively, may detect an
appropriate number of beamforming coefficients for beam-
forming of the selected ultrasonic signals. In this case, the
number of the detected beamforming coefficients may be set
in advance or may be changed according to user manipula-
tion.

[0080] The beamforming coefficient selection unit 230
may select at least one beamforming coefficient from the
beamforming coefficient candidate group generated by the
beamforming coefficient candidate group determination unit
220. In this case, the selected beamforming coefficient may
be optimal to beamforming of a plurality of ultrasonic signals
or some of a plurality of ultrasonic signals.

[0081] The beamforming coeflicient candidate group
determination unit 220 may select the optimal beamforming
coefficients using the ultrasonic signals selected from the
received ultrasonic signals to make one or more beamforming
coefficient candidate group and the beamforming coefficient
selection unit 230 may select the beamforming coefficient
using all of the received ultrasonic signals or the ultrasonic
signals selected from the received ultrasonic signals, for
example, some of the received ultrasonic signals, which are
not used by the beamforming coefficient candidate group
determination unit 220.

[0082] In addition, according to the present embodiment,
the ultrasonic imaging apparatus may include the beamform-
ing coefficient database 300 constructed using a plurality of
beamforming coefficients.

[0083] The beamforming coefficient database 300 may be
constructed using various beamforming coefficients for ultra-
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sonic beamforming, for example, beamforming coefficients
for optimization of an ultrasonic beamforming computation
result.

[0084] The beamforming coefficient database 300 may be
constructed using beamforming coefficients acquired based
on actual tissue data extracted from the target object ob or the
object’s internal material obl, for example, a human body. In
this case, for example, a plurality of beamforming coeffi-
cients may be calculated based on the actual tissue data of the
target object ob and the object’s internal material ob1 using
another computing apparatus, and then, the beamforming
coefficient database 300 may be constructed using the com-
putation result.

[0085] According to embodiments of the present invention,
the beamforming coefficient database 300 may store, as a
representative value, beamforming coefficients that are gen-
erally and often used among the plurality of beamforming
coefficients for optimization of the beamforming computa-
tion result, which are acquired based on the various actual
tissue data as described above.

[0086] FIGS. 4A and 4B are diagrams for explaining
examples of the beamforming coefficient database 400.
[0087] Beamforming coefficients may be generated as win-
dows with various shapes formed by changing an amplitude
or phase of a signal in a predetermined period, as shown in
FIGS. 4A and 4B. In addition, the windows may be rotated or
values obtained by inverting the windows, for example,
inverse numbers or inverse functions may be calculated to
generate windows with various shapes, and the beamforming
coefficient database 300 may be constructed using the gener-
ated windows.

[0088] In addition, it may be possible to construct the
beamforming coefficient database 300 using all the windows.
[0089] As adesignexample of the beamforming coefficient
database 300, referring to FIG. 4A, beamforming coefficients
may be acquired according to windows designed to have
various beamwidths and side robe characteristics, and the
beamforming coefficient database 300 may be constructed
using the beamforming coefficients.

[0090] Inaddition,as showninFIG. 4B, new windows may
be designed by moving a plurality of curves shown in FIG. 4A
in a predetermined direction, for example, in a right direction
and connecting falling curves of a right side of FIG. 4A to a
left side of curves shown in FIG. 4B, and the beamforming
coefficient database 300 may be constructed using the new
windows.

[0091] According to an embodiment of the present inven-
tion, the ultrasonic imaging apparatus may include the image
processor 400 to generate an image based on beamformed
ultrasonic signals. In other words, the image processor 400
may generate an ultrasonic image based on the ultrasonic
signals which are received by the ultrasonic receiver 105, for
example, the ultrasonic transducers 10 and are beamformed
by the beamforming unit 100, and may transmit the ultrasonic
signals to a storage unit 410 or the display unit 420.

[0092] According to an embodiment of the present inven-
tion, the ultrasonic imaging apparatus may further include the
ultrasonic generation controller 11 to generate a control com-
mand for generation and radiation of ultrasonic waves and to
transmit the control command to the ultrasonic generation
unit 10qa, as shown in FIG. 3A.

[0093] In addition, as shown in FIGS. 1 and 3 A, the ultra-
sonic imaging apparatus may further include the storage unit
410 to store the ultrasonic image generated by the image
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processor 400, and the display unit 420 to externally output
the ultrasonic image stored in the storage unit 410 or output
from the image processor 400 such that a user may view the
ultrasonic image.

[0094] The ultrasonic imaging apparatus may further
include a system controller 430 that generates a predeter-
mined control command of an element such as each of the
ultrasonic generation controller 11, the beamforming unit
100, the beamforming coefficient computation unit 200, the
image processor 400, the storage unit 410, and/or the display
unit 420 as described above, transmits the control command
to each element, and controls each element. In this case, the
system controller 430 may receive a predetermined command
from a user through an input unit 440 shown in FIGS. 1 and
3A and may generate and transmit the control command for
control of each of the aforementioned elements according to
the received command.

[0095] (2) Hereinafter, the ultrasonic imaging apparatus
according to an embodiment of the present invention will be
described in more detail.

[0096] FIG. 5 is a diagram for explaining beamforming of
an ultrasonic imaging apparatus according to an embodiment
of the present invention.

[0097] As shown in FIG. 5, the ultrasonic imaging appara-
tus receives a plurality of ultrasonic echo signals reflected
from the target object ob or the object’s internal material or
tissue obl through a plurality of ultrasonic receivers 105, for
example, a plurality of transducers 10.

[0098] Then, each ultrasonic receiver 105, for example, T1
through T6 outputs an electrical signal, that is, an ultrasonic
signal corresponding to the received ultrasonic echo signal
according to the ultrasonic echo signal, and transmits the
ultrasonic signal to the beamforming unit 100. In this case, the
ultrasonic receiver 105, for example, T1 through T6 may
output ultrasonic signals to a plurality of channels corre-
sponding to the plurality of ultrasonic receivers 105, for
example, T1 through T6.

[0099] As shown in FIG. 5, according to an embodiment of
the present invention, the beamforming unit 100 may include
a time delay unit 110 and a focusing unit 120.

[0100] When each ultrasonic receiver 105, for example, T1
through T6 receives the ultrasonic echo signal, the ultrasonic
receivers T1 through T6 may receive ultrasonic waves
reflected from the same point at different times because dis-
tances between the ultrasonic receivers T1 through T6 and the
object’s internal material or tissue ob1 from which ultrasonic
waves are reflected are different. Thus, the ultrasonic receiv-
ers T1 through T6 may also output ultrasonic signals at dif-
ferent times even if the ultrasonic echo signals are received
from the same reflection position. That is, a time difference
may be present between the ultrasonic signals output from the
ultrasonic receivers T1 through T6.

[0101] Thus, before the ultrasonic signals output from the
ultrasonic receivers T1 through T6 are focused, the time dif-
ference in the ultrasonic signals needs to be corrected.
[0102] Thetime delay unit 110 may correct the time differ-
ence (a channel delay value) in the ultrasonic signals output
from the ultrasonic receivers 10 to focus ultrasonic echo
signals reflected from the same position, that is, the target
object ob or the object’s internal material or tissue obl.
[0103] According to an embodiment of the present inven-
tion, the time delay unit 110 may delay the ultrasonic signals
output from the ultrasonic receivers 105 by corresponding
periods of time to output ultrasonic signals shown in FIG. 5
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formed by correcting the time difference of the ultrasonic
signals of the ultrasonic receivers T1 through T6.

[0104] The ultrasonic signals, a time difference of which is
corrected by the time delay unit 110, are transmitted to the
focusing unit 120.

[0105] The focusing unit 120 may focus the transmitted
ultrasonic signals at a predetermined position so as to perform
beamforming.

[0106] The focusing unit 120 may apply predetermined
weights to the respective ultrasonic signals to emphasize spe-
cific ultrasonic signals collected by several specific ultrasonic
receivers 105 and to relatively attenuate ultrasonic signals
collected by other ultrasonic receivers 105 and add the result
values in order to beamform a plurality of ultrasonic signals.
[0107] According to an embodiment of the present inven-
tion, the focusing unit 120 may read predetermined weights,
in detail, beamforming coefficients required to focus ultra-
sonic waves from a database stored in a separate storage
medium and may apply the weights to respective ultrasonic
signals in order to perform beamforming.

[0108] In this case, the beamforming coefficients may be
generated as windows with various shapes formed by chang-
ing an amplitude or phase of a signal in a predetermined
period, as shown in FIGS. 4A and 4B.

[0109] According to an embodiment of the present inven-
tion, the focusing unit 120 may perform beamforming using
the beamforming coefficients according to the following
expressions.

[0110] The focusing unit 120 focuses the plurality of ultra-
sonic signals, the time difference of which is corrected, to
output a focusing signal and transmits the focusing signal to
the image processor 400. The image processor 400 may gen-
erate an ultrasonic image based on the focusing signal and
may display the ultrasonic image on the display unit 420.
[0111] FIG. 6 is a diagram for explaining beamforming
performed by the beamforming coefficient computation unit
200 and the beamforming unit 100, according to an embodi-
ment of the present invention.

[0112] AsshowninFIG. 6, an ultrasonic imaging apparatus
according to an embodiment of the present invention may
include the beamforming coefficient computation unit 200
and may further include the beamforming coefficient data-
base 300.

[0113] The beamforming coefficient computation unit 200
receives the plurality of ultrasonic signals, the time difference
of which is corrected by the time delay unit 110, separately
from the focusing unit 120, reads the beamforming coeffi-
cient database 300 to determine at least one beamforming
coefficient, and transmits the determined beamforming coef-
ficient to the focusing unit 120. Then, the focusing unit 120
may perform beamforming based on the transmitted beam-
forming coefficient.

[0114] FIG.7is another diagram for explaining beamform-
ing performed by the beamforming coefficient computation
unit 200 and the beamforming unit 100, according to an
embodiment of the present invention.

[0115] Inmore detail, the beamforming coefficient compu-
tation unit 200 may include the ultrasonic signal selection
unit 210, the beamforming coefficient candidate group deter-
mination unit 220, and the beamforming coefficient selection
unit 230, as shown in FIG. 7.

[0116] Theultrasonic signal selection unit 210 may receive
the plurality of ultrasonic signals, the time difference of
which is corrected by the time delay unit 110 and may select
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some of the transmitted ultrasonic signals among the plurality
of received ultrasonic signals according to a predetermined
standard. The selected ultrasonic signals are transmitted to
the beamforming coefficient candidate group determination
unit 220.

[0117] FIGS. 8A through 8C are diagrams for explaining
selection of ultrasonic waves by the ultrasonic signal selec-
tion unit 210, according to embodiments of the present inven-
tion.

[0118] According to an embodiment of the present inven-
tion, as shown in FIGS. 8A through 8C, the ultrasonic signal
selection unit 210 may select only ultrasonic signals, each
channel index i of which corresponds to a predetermined
condition, from a plurality of ultrasonic signals si (1=<i=n
where n is a natural number) and may transmit the selected
ultrasonic signal to the beamforming coefficient candidate
group determination unit 220. In this case, a channel index i is
an index assigned to each channel of a plurality of ultrasonic
signals in order to distinguish between a plurality of channels.
[0119] For example, as shown in FIG. 8A, the ultrasonic
signal selection unit 210 may select only ultrasonic signals,
each channel index 1 of which is an odd number, from the
plurality of input ultrasonic signals s, and may transmit the
selected ultrasonic signals to the beamforming coefficient
candidate group determination unit 220. In other words, as
shown in FIG. 8A, when n is assumed to be an even number,
ultrasonic signals s, 83, 8 . . . S,.1y, ach channel index i is an
odd number, may be selected from a plurality of input ultra-
sonic signals s, through s, and may be output.

[0120] As another example, as shown in FIG. 8B, the ultra-
sonic signal selection unit 210 may select only ultrasonic
signals, each channel index i of which is an even number,
from the plurality of input ultrasonic signals s, and may trans-
mit the selected ultrasonic signals to the beamforming coef-
ficient candidate group determination unit 220. That is, as
shown in FIG. 8B, when n is assumed to be an even number,
ultrasonic signals s,, 8, . . - 8,.), and s, may be selected from
the plurality of ultrasonic signals s, through s, and may be
transmitted to the beamforming coefficient candidate group
determination unit 220.

[0121] As another example, as shown in FIG. 8C, the ultra-
sonic signal selection unit 210 may arbitrarily select several
ultrasonic signal from the plurality of input ultrasonic signals
s;. That is, some ultrasonic signals may be arbitrarily selected
from the plurality of ultrasonic signal s, through s, regardless
of a channel index i to output, for example, ultrasonic signals
§15 825 S4 0+ Sz ADA Sy, ).

[0122] As various other methods, for example, the ultra-
sonic signal selection unit 210 may select some of the plural-
ity of input ultrasonic signals by selecting ultrasonic signals,
each channel index of which is a prime number, or ultrasonic
signals, each channel index of which is a multiple of 3.
[0123] According to another exemplary embodiment each
ultrasonic channel may be associated an integer number
between 1 and M of a set “A” defined as A={1, 2,3, ..., M}
where M is the total number of channels. Another way of
defining the set A is as follows A={n: nis integerand 1 <n=M}
(which means the set A including all elements “n” that have
the properties listed after the “:”). The set A may include a first
sub-set Al and a second sub-set A2 such that ATUA2=A (i.e.
Alunionwith A2 isequalto A)and AINA2=0(i.e. Al and A2
do not have common elements).

[0124] The sub-set A1 may be defined to include all ele-
ments of A which are odd numbers (i.e. A1={1,3,5,... } or
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A1={n: nis an odd integer and 1=n<M}) and the sub-set A2,
consequently, includes all elements of A which are even num-
bers (i.e. A2={2, 4,6, ...} A2={n: nis an even integer and
1=n<M}). The sub-sets Al and A2 are not limited to the
sub-sets described above or to any particular sub-sets. The
sub-sets may be defined is various ways as needed. For
example, the sub-set A1 may be defined to include all integer
numbers between 1 and M which are a multiples of 3 (i.e. 3,
6,9...)and consequently the sub-set A2 is defined to include
all integer numbers between 1 and M which are not multiples
of 3.

[0125] Information regarding ultrasonic signals, which are
not selected by the ultrasonic signal selection unit 210, may
be separately stored. According to embodiments of the
present invention, by virtue of a method of determining a
beamforming coefficient, a beamforming method, and an
ultrasonic imaging apparatus, information regarding the
ultrasonic signals, which are not selected by the ultrasonic
signal selection unit 210, may be used to select beamforming
coefficients by the beamforming coeflicient selection unit
230 or to calculate a beamforming computation result, which
will be described later.

[0126] Hereinafter, among channel indexes to distinguish
between ultrasonic signal channels, a channel index of a
channel that is selected by the ultrasonic signal selection unit
210 is referred to as a first channel index (that may be
expressed by stating that the channel index belongs to a
sub-set A1 of the set A) and a channel index of a channel that
is not selected is referred to as a second channel index (that
may be expressed by stating that the channel index belongs to
the sub-set A2 of the set A). Where A={1,2,3,.. . M}, M
being the total number of ultrasonic channels, and A1 and A2
are sub-sets of A such that A1UA2=A (i.e. Al union with A2
is equal to A) and A1NA2=0 (i.e. A1 and A2 do not have
common elements).

[0127] As described above, the ultrasonic signals selected
from, for example, the plurality of ultrasonic signals s,
through s, may be transmitted to the beamforming coefficient
candidate group determination unit 220, as shown in FIG. 7,
and the beamforming coefficient candidate group determina-
tion unit 220 may select beamforming coefficients for opti-
mization of beamforming using the selected ultrasonic sig-
nals.

[0128] As shown in FIG. 7, the beamforming coefficient
candidate group determination unit 220 acquires at least one
beamforming coefficient using ultrasonic signals selected
from a plurality of ultrasonic signals collected by the ultra-
sonic receiver 105 and then determines a beamforming coef-
ficient candidate group using the at least one beamforming
coefficient.

[0129] According to an embodiment of the present inven-
tion, the beamforming coefficient candidate group determi-
nation unit 220 may read the beamforming coefficient data-
base 300 constructed using a plurality of beamforming
coefficients that are predetermined to extract a plurality of
beamforming coefficients and may determine the beamform-
ing coefficient candidate group from the extracted beamform-
ing coefficients.

[0130] The beamforming coefficient candidate group
determination unit 220 may acquire beamforming computa-
tion results of the respective beamforming coefficients
extracted from the beamforming coefficient database 300. In
this case, the beamforming computation results refer to beam-
forming computation results of a plurality of ultrasonic sig-
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nals selected by the ultrasonic signal selection unit 210. Like-
wise, the beamforming coefficient candidate group
determination unit 220 may acquire a plurality of beamform-
ing computation results of a plurality of ultrasonic signals for
respective beamforming coefficients and then determine at
least one beamforming coefficient based on the acquired
beamforming computation results to determine a beamform-
ing coefficient candidate group including the at least one
beamforming coefficient.

[0131] According to an embodiment of the present inven-
tion, the beamforming coefficient candidate group determi-
nation unit 220 may select a beamforming coefficient by
which a beamforming computation result has a minimum
variance, from the plurality of beamforming computation
results acquired using the respective beamforming coeffi-
cients.

[0132] In addition, the beamforming coefficient candidate
group determination unit 220 may select not only a beam-
forming coefficient for a minimum variance of a beamform-
ing computation result, but also a plurality of beamforming
coefficients such as a beamforming coefficient for a second
smallest variance, a beamforming coefficient for a third
smallest variance, and the like.

[0133] In other words, the beamforming coefficient candi-
date group determination unit 220 may select a plurality of
beamforming coefficients for a relatively small variance com-
pared with other beamforming computation results, from the
beamforming computation results acquired using the beam-
forming coeflicients, to determine a beamforming coefficient
candidate group.

[0134] According to an embodiment of the present inven-
tion, the beamforming coefficient candidate group determi-
nation unit 220 may determine a beamforming coefficient
candidate group according to Expression 1 below.

argmin o [Expression 1]
02 s, ;wp[z]xn[z]
[0135] In Expression 1 above, W, is a beamforming coef-

ficient included in a beamforming coefficient candidate
group, W_[i] is a beamforming coefficient extracted from the
beamforming coefficient database 300, p is a beamforming
coefficient index, i is a first channel index (that may be
expressed by ieAl, which means “i”” belongs to the sub-set
Al), M is the number of reception ultrasonic channels, and N
1s the number of beamforming coefficients to be included in
the beamforming coefficient candidate group. Here, M and N
are each a natural number that is equal to or greater than 1. The
summation over €Al means that the expression inside the
sum is evaluated for each of the “1” elements of the sub-set Al,
then the results are summed.

[0136] The function *“arg min” (modified by “N-best w,”)
used above is defined to return a set of N beamforming coef-
ficents {Wc} out of all the acquired beamforming coefliceints
{Wp}. The N returned beamforming coefficients {Wc}
includes beamforming coefficients starting from the smallest
beamforming coefficient { Wp} to an Nth smallest beamform-
ing coefficient of all the acquired beamforming coefficients.
The beamforming result corresponding to a beamforming
coefficient Wp may be defined, according to Expression 1
above, as:
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Z Wplil Xn[i]

icAl

[0137] As seen above the beamforming coefficient Wp[i] is
indexed by the index “i” and therefore includes a series of
coefficients associated to each of the indexes “i”. For
example, if the sub-set of selected channels A1 includes the
odd integer numbers between 1 and M (ie. A1={1,3,5,... 1)
then the beamforming coefficient may include a correspond-
ing series of coefficients such as Wp={Wp[1]; W[3]; Wp[5] .
.. }. Each of the coefficients Wp][i], in the series forming the
Wp beam forming coefficient, may be a real number. Simi-
larly, the beamforming coefficient We includes a series of
coefficients associated to the “1” index where ieAl.

[0138] Here, the beamforming coefficient index p is an
index to distinguish between a plurality of beamforming
coefficients acquired from the beamforming coefficient data-
base 300.

[0139] As described above, a channel index is an index to
distinguish between ultrasonic signal channels of a plurality
of ultrasonic signals received through the ultrasonic receiver
104 and the first channel index is an index of an ultrasonic
signal channel that is selected by the ultrasonic signal selec-
tion unit 210 (that may be expressed by “ieA1”, which means
“1” belongs to the sub-set Al).

[0140] As described above, the first channel index 1 may
include odd numbers or even numbers, or may be arbitrarily
selected. In other words, the first channel index i may be an
odd number between 1 and M, an even number between 1 and
M, or an arbitrary number between 1 or 2 and M. The channel
index 1 is selected by the ultrasonic signal selection unit 210.

[0141] As seen from Expression 1 above, the beamforming
coefticient W [i] acquired by the beamforming coefficient
database 300 is used as a weight of a plurality of ultrasonic
signals x [i]. Each of the ultrasonic signals x,[i] may be
expressed by a real/complex number that may represent an
integral of the signal (e.g. voltage vs. time; current vs. time)
over a time period. As shown in Expression 1, each ultrasonic
signal x [i] of a plurality of channels selected by the ultra-
sonic signal selection unit 210 is multiplied by beamforming
coeflicients W, [i] corresponding to the corresponding ultra-
sonic signals x,[i], and then, the results of multiplication
between the beamforming coefficient W [i] and an ultrasonic
signal x,[1] are added to all ultrasonic channels. This way
beamforming computation results may be acquired.

[0142] With respect to all beamforming coefficients W, []
extracted by the beamforming coefficient database 300, a
plurality of beamforming computation results may be
acquired by applying the beamforming coeflicients W, [i] to
Expression 1 above. Thus, each beamforming coefficient Wp
may be associated a corresponding beamforming computa-
tion result.

[0143] Then, a beamforming coefficient by which the
acquired beamforming computation results are within a pre-
determined range may be selected from a plurality of beam-
forming coefficients.

[0144] The selected beamforming coefficient may be a
beamforming coefficient for minimization of a beamforming
computation result among a plurality of beamforming com-
putation results. The function “arg min” in Expression-1
above may perform the aforementioned minimization.
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[0145] In addition, N beamforming coefficients corre-
sponding to the smallest beamforming computation result to
the N,, smallest beamforming computation result may be
extracted from among the plurality of acquired beamforming
coefficients and may be selected to be included in the beam-
forming coefficient candidate group.

[0146] The beamforming coeflicient candidate group
determination unit 220 may determine a beamforming coef-
ficient candidate group based on at least one beamforming
coefficient that is acquired via such computation.

[0147] According to another embodiment of the present
invention, the beamforming coefficient candidate group
determination unit 220 may determine a beamforming coef-
ficient candidate group according to Expression 2 below.

k=Kcoarse [Expression 2]

argmin

N-best w, .

{weh

> wpliltealil

icAl

=Keoarse

[0148] In Expression 2 above, W_ is a beamforming coef-
ficient included in a beamforming coefficient candidate
group, W_[i] is a beamforming coefficient, x,, ,[i] is an ultra-
sonic signal, p is a beamforming coefficient index, 1is a first
channel index, M is the number of reception ultrasonic chan-
nels, N is the number of beamforming coefficients included in
the beamforming coefficient candidate group, k is an axial
smoothing variable, and K, ., 1s an upper or lower limit of
the smoothing variable for acquisition of a plurality of beam-
forming coeflicients for optimization of beamforming com-
putation results of ultrasonic signals selected from a plurality
of input ultrasonic signals.

[0149] According to an embodiment of the present inven-
tion, a beamforming computation result used to determine a
beamforming coefficient may be a beamforming computation
result obtained by performing axial smoothing on a plurality
of ultrasonic signals.

[0150] When axial smoothing is performed to obtain a
beamforming computation result, Expression 1 above may be
rewritten according to Expression 2 above.

[0151] According to Expression 2 above, absolute values of
multiplications between beamforming coefficients and ultra-
sonic signals are added, and then, are added from K, to
-K as k, for axial smoothing.

[0152] Inthiscase,K_, ., maybelessthanorequaltoK,
that is used by the beamforming coefficient selection unit 230

that will be described below and may be 0 (0<K ,,,,,..<Kp,..).

[0153] According to Expression 2 above, when the beam-
forming coefficient candidate group determination unit 220
determines a beamforming coefficient candidate group, if
axial smoothing coefficients are calculated, only some axial
smoothing coefficients among all axial smoothing coeffi-
cients may be calculated, and for example, axial smoothing
coefficients are calculated from a case in which an axial
smoothing coefficient is -K__,,., to a case in which an axial
smoothing coefficientis K.

[0154] Thus, when the beamforming coefficient candidate
group determination unit 220 determines a beamforming
coefficient candidate group during beamforming using axial
smoothing, a beamforming coefficient is also calculated
within only a partial range to determine the beamforming
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coefficient candidate group, thereby reducing computational
load required to determine a beamforming coefficient candi-
date group.

[0155] According to another embodiment of the present
invention, the beamforming coefficient candidate group
determination unit 220 may determine a beamforming coef-
ficient candidate group using a beamforming computation
result obtained by performing smoothing using adjacent
beam data Tx for imaging without using the beamforming
computation result obtained by performing axial smoothing
as shown in Expression 2 above.

[0156] According to an embodiment of the present inven-
tion, the beamforming coefficient candidate group determi-
nation unit 220 may determine a beamforming coefficient
candidate group according to Expression 3 below instead of
Expression 1 above.

argmin 2 [Expression 3]
{we}

77 N-best Wp

Y il

icAl

[0157] According to another embodiment of the present
invention, the beamforming coefficient candidate group
determination unit 220 may determine a beamforming coef-
ficient candidate group based on the beamforming computa-
tion result obtained by performing axial smoothing on a plu-
rality of ultrasonic signals according to Expression 4 below
instead of Expression 2 above.

[Expression 4]

k=Keoarse

argmin
N-best w,

el 3wl 1]

ieAl

k=—Kcoarse

[0158] Each variable and symbol of Expression 3 and
Expression 4 above are the same as in Expression 1 and
Expression 2 above.

[0159] As described above, a beamforming computation
result S_ of at least one beamforming coefficient W acquired
according to Expression 1 above may be given according to
Expression 5 below

[Expression 5]
15} > wplinli

icAl

- N-best w,

[0160] Each symbol of Expression 5 is the same as in
Fxpression 1 above.

[0161] As seen from Expression 5, aleft side of Expression
5, S_ refers to a value obtained by minimizing an absolute
value of addition of multiplication between the beamforming
coefficient W_ acquired according to Expression 1 above and
an ultrasonic signal corresponding thereto or relatively small
N beamforming computation results compared with other
results. The function “min” (modified by “N-best w,,”) used
above is defined to return a set of N beamforming computa-
tion results Sc out of all the acquired computation results. The
N returned beamforming computation results are the smallest
N computation results among all the beamforming computa-
tion results.
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[0162] The beamforming computation result S. may be
automatically obtained during the computation of the beam-
forming coeflicient W_..

[0163] According to an embodiment of the present inven-
tion, a plurality of beamforming coefficients and a plurality of
beamforming computation results may be stored in a separate
storage unit, that is, the storage unit 410, or may be tempo-
rally stored in a storage space of an ultrasonic imaging appa-
ratus, for example, a random access memory (RAM).

[0164] The beamforming computation result S_ of the at
least one beamforming coefficient W acquired according to
Expression 2 through Expression 4 above as well as Expres-
sion 1 above may also be given according to Expression 6
through Expression 8 below.

. k=K, xpression 6
min coarse [Exp ]
{Sc} =
N-best w,
k==Kcoarse

> wplilalil

ieAl

min [Expression 7]

3wl i

icAl

{Sh=
N-best w,

[Expression 8]

k=Keogrse

min 2
Sef= Wy [l [
N-best w, o iEZA:l v
[0165] Each symbol of Expression 6 through Expression 8

is the same as in Expression 2 through Expression 4 above.
The beamforming computation result Sc of Expression 6 and
Bxpression 8 above refers to a beamforming computation
result obtained by performing axial smoothing.

[0166] As described above, when a beamforming coeffi-
cient candidate group is determined by the beamforming
coefficient candidate group determination unit 220, the beam-
forming coefficient selection unit 230 may select an optimal
beamforming coefficient for beamforming among beam-
forming coefficient candidate groups, as shown in FIG. 7.

[0167] According to an embodiment of the present inven-
tion, as shown in FIG. 7, the beamforming coefficient selec-
tion unit 230 may acquire beamforming computation results
of a plurality of ultrasonic signals received by the ultrasonic
receiver 105 using beamforming coefficients of a beamform-
ing coefficient candidate group.

[0168] Unlike the aforementioned case in which the beam-
forming coefficient candidate group determination unit 220
acquires beamforming computation results of a plurality of
beamforming coefficients extracted by the beamforming
coefficient database 300 using the ultrasonic signals selected
by the ultrasonic signal selection unit 210, and determines a
beamforming coefficient candidate group from the beam-
forming coefficient database 300 based on the acquired beam-
forming computation results, the beamforming coefficient
selection unit 230 acquires a beamforming computation
result obtained using at least one beamforming coefficient
extracted from a beamforming coefficient candidate group
using all ultrasonic signals or ultrasonic signals selected
therefrom, time differences of which are corrected by the time
delay unit 110, and determines at least one beamforming
coefficient for beamforming based on the acquired beam-
forming computation result.
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[0169] According to an embodiment of the present inven-
tion, the beamforming coefficient selection unit 230 may
select a beamforming coefficient according to Expression 9
below.

[0170] Expression9 below may be generally used when the
beamforming coefficient candidate group determination unit
220 uses Expression 1 above or may also be used when a
beamforming coefficient candidate group is selected accord-
ing to Expression 2 through Expression 4 above.

) on 0
E argm[&(w&"m >, L] [Expression ]

¢ je A2
[0171] In Expression 9 above, W is a final selected beam-

forming coefficient and S_(w" ) refers to a beamforming
computation result of an n,, beamforming coefficient w®_
among beamforming coefficients W, of a beamforming can-
didate group.

[0172] In particular, S(w") is a result value obtained by
inserting w"_ into Expression 5 above when the beamform-
ing coeflicient candidate group determination unit 220 uses
Expression 1 above.

[0173] When the index i€eAl (which means “i” belongs to
the sub-set A1) the index jeA2 (which means that index “§”
belongs to the subset A2). Al and A2 are sub-sets of A={1, 2,
3,...M}, M being the total number of ultrasonic channels,
such that A1UA2=A (i.e. A1 union with A2 is equal to A) and
A1NA2=0 (ie. Al and A2 do not have common elements).
Here, a second channel index j is a channel index to distin-
guish between ultrasonic signals like the aforementioned first
channel index. In an exemplary embodiment the second chan-
nel index j may be an odd number between 1 and M (i.e. A2
is the sub-set of A that includes all odd numbers of A). In
another embodiment the second channel index j may be an
even number between 2 and M (i.e. A2 is the sub-set of A that
includes all odd numbers of A). In yet another exemplary
embodiment the second channel index j may be an arbitrary
number between 1 and M (i.e. A2 is the sub-set of A that
includes an arbitrary or random set of elements of A). The
second channel index is a channel index of an ultrasonic
channel, which does not correspond to the first channel index
i among a plurality of ultrasonic channels of a plurality of
ultrasonic signals received by the ultrasonic receiver 104.
That is, the second channel index j refers to a channel index of
the remaining ultrasonic signals which are not selected by the
ultrasonic signal selection unit 210, as described above.
When the index i€ A1 the index je A2 (which means that index
“j” belongs to the subset A2). Al and A2 are sub-sets of A={1,
2,3,...M}, M being the total number of ultrasonic channels,
such that ATUA2=A (i.e. A1 union with A2 is equal to A) and
A1NA2=0(i.e. Al and A2 do not have common elements).
[0174] Thus, channels of the first channel index i and the
second channel index j are not repeatedly used. In other
words, a group of first channel indexes iand a group of second
channel indexes j are relatively prime. In other words if ie Al
and jeA2 then A1NA2=0(i.e. A1 and A2 do not have common
elements).

[0175] In addition, all the first channel indexes 1 and the
second channel indexes j may be added to constitute channel
indexes of all ultrasonic channels. That is, a union of the
group of the first channel indexes i and the group of the second
channel indexes j may be a group of ultrasonic channels
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including ultrasonic channels of ultrasonic signals that are
transmitted from the ultrasonic receiver 105 or ultrasonic
signals, a time difference of which is corrected by the time
delay unit 110. In other words if i€eAl and jeA2 then
A1UA2=A (ie. Al union with A2 is equal to A) where A={1,
2,3,...M}, M being the total number of ultrasonic channels.

[0176] Forexample, when the first channel index is a group
of odd numberssuchas 1,3, 5. .., the second channel index
j may be a group of even numbers such as 2,4, 6. ... Onthe
contrary, when the first channel index i is a group of even
numbers, the second channel index j may be a group of odd
numbers.

[0177] Thus, an expression within an absolute symbol of
Expression 9 above, that is, Expression 9A below means that
remaining ultrasonic signals, which are not selected by the
ultrasonic signal selection unit 210, are multiplied by
weights, that is, beamforming coefficients and are added.

[Expression 9A]

)y w‘c”[j]xn[ﬂ‘

jeA2

[0178] When the beamforming computation result S_(w"

.) is obtained by inserting w®_ into Expression 5 above, the
beamforming computation result S.(w"™,) is already calcu-
lated by the beamforming coefficient candidate group deter-
mination unit 220. This is because the beamforming coeffi-
cient w™_ is an n, beamforming coefficient among
beamforming coefficients W, of a beamforming candidate
group.

[0179] Referring back to Expression 5 above, it may be
seen that the beamforming computation result S (w® ) is an
absolute value of addition of multiplications between ultra-
sonic signals corresponding to the first channel indexes 1 and
beamforming coefficients of the ultrasonic signal. Accord-
ingly, Expression 9 above may be rewritten according to
Expression 10 below.

argmin [Expression 10]
k=" [

> Wi [0

ieAl

+

>l [j]H

jeA2

1 @

[0180] As seen from Expression 10 above, some of all
ultrasonic channels M are calculated according to expression
(1) of Expression 10 (i.e. the first term of the argmin function)
within a front absolute symbol and remaining some ultrasonic
channels are calculated according to expression (2) of
Expression 10 (i.e. the second term of the argmin function)
within a rear absolute symbol. Accordingly, the beamforming
coefficient selection unit 230 may acquire beamforming com-
putation results of all ultrasonic channels, in other words, all
ultrasonic signals and may select at least one beamforming
coefficient based on the acquired beamforming computation
results. Of course, the beamforming coefficient selection unit
230 does not have to calculate expression (1) of Expression 10
above. This is because expression (1) of Expression 10 is
already calculated by the beamforming coefficient candidate
group determination unit 220. Thus, computational load of
the beamforming coefficient selection unit 230 may be
reduced.
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[0181] Thus, the beamforming coefficient selection unit
230 may acquire expression (2) of Expression 10 above using
at least one beamforming coefficient of a beamforming coef-
ficient candidate group, add the beamforming computation
result S(w?) to a computation result to acquire a final
beamforming computation result S, and select a beamform-
ing coeflicient W .for minimization of the final beamforming
computation result S, from beamforming coefficients W , of
the beamforming candidate group.

[0182] According to another embodiment of the present
invention, the beamforming coefficient selection unit 230
may select a beamforming coefficient according to Expres-
sion 11 below. Expression 11 below may be used in general
when the beamforming coefficient candidate group determi-
nation unit 220 selects a beamforming coefficient candidate
group according to Expression 2 above. However, according
to embodiments of the present invention, Expression 11
below may be used when a beamforming coefficient candi-
date group is determined according to Expression 1, Expres-
sion 3, or Expression 4 above.

argmin
{Wf} =

We

D el ]

jeA2

xpression 11
[Sc(w(cn))'*' H [Exp ]

k¢Keoarse

[0183] Expression 11 above may be used to select a final
beamforming coefficient when axial smoothing is applied.
Each symbol of Expression 11 above is the same as in Expres-
sion 1 through Expression 4 and Expression 9 above.

[0184] Expression 11 above may be calculated with respect
to only some axial smoothing coefficient when the axial
smoothing is performed. For example, as shown in Expres-
sion 11 above, absolute values may be added within the range
used in Expression 2 above except for an axial smoothing
variable k.

[0185] According to another embodiment of the present
invention, Expression 11 above means that the absolute val-
ues may be added when the axial smoothing variable k is from
Ko 10 Ky, In this case, K, . may be equal to or greater
than KCOHVSB (OSKCOHVSBSKﬁVIB)'

[0186] According to another embodiment of the present
invention, the beamforming coefficient selection unit 230
may calculate a beamforming coefficient to be used for beam-
forming using Expression 12 or Expression 13 below.
[0187] In general, Expression 12 below may be used when
the beamforming coefficient candidate group determination
unit 220 uses Expression 3 above, and Expression 13 below
may be used when the beamforming coefficient candidate
group determination unit 220 uses Expression 4 above. How-
ever, as necessary, when other expressions are used, Expres-
sion 12 or Expression 13 below may also be used for calcu-
lation of a beamforming coefficient.

ne

PIRCAEEAY)

jcA2

twr) = argmin S 4 2 [Expression 12]
= [ x. }

. ion 13

oy = argmin Sl + Z Z W(C")[j]xn+k[j]2 [Expression 13]
’ k&Keoarse jeaz

[0188] Expression 13 above may be used to select a final

beamforming coefficient when axial smoothing is applied.
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Bach symbol of Expression 12 and Expression 13 above is the
same as in Expression 1 through Expression 4 and Expression
9 above.

[0189] When the beamforming coefficient selection unit
230 selects a beamforming coefficient to be used in beam-
forming by calculating a beamforming coefficient from a
beamforming coefficient candidate group according to
Expression 9 above, a beamforming computation result
acquired by the beamforming coefficient selection unit 230 is
given according to Expression 14 below.

‘ Expression 14
185} = min [Sc(w(c”’) + Z W(cn)[j]xn[,/]H [Expression 14]
Ve jcA2
[0190] A beamforming computation result ST of a left side

of Expression 14 above is a result obtained by inserting a
beamforming coefficient calculated from a beamforming
coefficient candidate group according to Expression 9 above
into Expression 14-A below. In other words, the beamform-
ing computation result Sf is a minimum of Expression 14A
below, where the variable of the expression is W_¢".

[S W)+ [Expression 14A]

> W‘f)[j]xn[ﬂH

jeA2

[0191] In addition, according to embodiments of the
present invention, when the beamforming coefficient selec-
tion unit 230 selects a beamforming coefficient according to
Expression 11 above, a beamforming computation result is
given according to Expression 15 below.

1571 = D el 1]

jeA2

min [Expression 13]
We

k&K corse

[0192] According to another embodiment of the present
invention, when the beamforming coefficient selection unit
230 selects a beamforming coefficient according to Expres-
sion 12 above, a beamforming computation result is given
according to Expression 16 below.

A= fn (n) )y 7 H
= [sm )+ WL

2 [Expression 16]
jeAL }

[0193] According to another embodiment of the present
invention, when the beamforming coefficient selection unit
230 selects a beamforming coefficient according to Expres-
sion 13 above, a beamforming computation result is given
according to Expression 17 below.

e D el 1]

jeA2

min 2 [Expression 17]
We [SC(WLM)‘*' ‘ }

k&K coarse

[0194] As described above, when the beamforming coeffi-
cient W is determined by the beamforming coefficient selec-
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tion unit 230, the beamforming coefficient W .is transmitted
to the focusing unit 120 of the beamforming unit 100. Then,
the focusing unit 120 performs beamforming on a plurality of
ultrasonic signals using the beamforming coefficient W .as a
weight. The beamformed ultrasonic signals are transmitted to
the image processor 400. Then, the image processor 400 may
generate an ultrasonic image based on the beamformed ultra-
sonic signals and then display the ultrasonic image on the
display unit 420.

[0195] As described above, the beamforming coefficient
computation unit 200 may determine a beamforming coeffi-
cient based on a plurality of ultrasonic signals that are
reflected from a target object and received by the ultrasonic
receiver 105, for example, the ultrasonic transducers 10 and
may transmit the beamforming coefficient to the focusing unit
120, and thus, beamforming may be performed on ultrasonic
signals of an entire region of the displayed ultrasonic image.
[0196] According to another embodiment of the present
invention, the beamforming coefficient computation unit 200
may determine a beamforming coefficient of an ultrasonic
signal of only a partial region of the displayed ultrasonic
image and may transmit the beamforming coefficient to the
focusing unit 120. In other words, the ultrasonic signal selec-
tionunit 210 of the beamforming coefficient computation unit
200 may select some of a plurality of ultrasonic signals that
are reflected by only a partial region of the target object ob and
received, from ultrasonic signals reflected from the target
object ob. The beamforming coefficient candidate group
determination unit 220 may determine a beamforming coef-
ficient candidate group based on the selected ultrasonic sig-
nal. The beamforming coefficient selection unit 230 may
determine a beamforming coefficient from the determined
beamforming coefficient candidate group.

[0197] Thus, the beamforming unit 100 may perform
beamforming on a plurality of ultrasonic signals that are
reflected by only a partial region of the target object ob and
received, using the beamforming coefficient determined by
the beamforming coefficient computation unit 200, and may
perform beamforming on a plurality of ultrasonic signals that
are reflected by another region and received, or may perform
beamforming using various conventional known beamform-
ing methods.

[0198] According to an embodiment of the present inven-
tion, when a compounding method or a synthetic aperture
method is used, the aforementioned acquired beamforming
coefficient may be commonly used with respect to the same
position.

[0199] (3) Hereinafter, a beamforming method according
to an embodiment of the present invention will be described
with reference to FIGS. 9 through 13.

[0200] FIG. 9 is a flowchart of a beamforming method
according to an embodiment of the present invention.

[0201] As shown in FIG. 9, in the beamforming method
according to the present embodiment, first, an ultrasonic sig-
nal is output and transmitted to the beamforming coefficient
computation unit 200 (s500).

[0202] In this case, the ultrasonic signal may be output by
the ultrasonic receiver 105 or output by a device to output
different other ultrasonic signals.

[0203] The beamforming coefficient computation unit 200
may determine a beamforming coefficient candidate group
for optimization of a beamforming computation result using
some of the output ultrasonic signals (s510).
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[0204] 1In this case, according to embodiments of the
present invention, the ultrasonic signal used in operation s510
may be selected from the output ultrasonic signals according
to a predetermined condition, and for example, may be
selected according to whether an ultrasonic channel index is
an odd number, an even number, or the like or may be arbi-
trarily selected.

[0205]  According to embodiments of the present invention,
Bxpression 1 through Expression 4 above may be used to
determine a beamforming coefficient candidate group.
[0206] The beamforming coefficient computation unit 200
may determine a beamforming coefficient candidate group
using the aforementioned method and may select an optimal
beamforming coefficient from the beamforming coefficient
candidate group based on the output ultrasonic signal (s520).
In beamforming methods according to embodiments of the
present invention, in this case, the beamforming coefficient
may be selected based on all output ultrasonic signals or may
be selected based on some of the output ultrasonic signals.
[0207] The selected optimal beamforming coefficient may
be determined as a beamforming coefficient to be used in
beamforming by the beamforming unit 100 (s530).

[0208] The beamforming unit 100 performs beamforming
using the beamforming coefficient determined using the
aforementioned method to output beamforming result data
and transmits the beamforming result data to the image pro-
cessor 400 (s540). Then, the image processor 400 generates
an ultrasonic image based on the beamforming result data
output by the beamforming unit 100 (s550).

[0209] Hereinafter, a method of determining a beamform-
ing coefficient for beamforming will be described with regard
to various embodiments of the present invention.

[0210] FIG. 10 is a flowchart of a method of determining a
beamforming coefficient according to an embodiment of the
present invention.

[0211] As shown in FIG. 10, in the beamforming coeffi-
cient determination method according to the present embodi-
ment, first, the ultrasonic generation unit 10a generates ultra-
sonic waves and radiates a target object with the ultrasonic
waves, and the ultrasonic receiver 105 receives an ultrasonic
echo signal reflected from the target object (s600). The ultra-
sonic receiver 105 outputs an ultrasonic signal from the
received ultrasonic echo signal and transmits the ultrasonic
signal to the beamforming coefficient computation unit 200
(5610).

[0212] The beamforming coefficient computation unit 200
may select some of the output ultrasonic signals (s620), read
the beamforming coefficient database 300 (s630), and then,
extract a beamforming coefficient for optimization of beam-
forming computation results of the ultrasonic signals selected
from the beamforming coefficient database 300 (s640).
[0213] When a beamforming coefficient is further
extracted, operations s630 and s640 are repeatedly performed
(s650). When a beamforming coefficient is not further
extracted, a beamforming coefficient candidate group is
determined using the extracted beamforming coefficient
(5660).

[0214] Then, the beamforming coefficient computation
unit 200 may read the beamforming coefficient candidate
group determined in the aforementioned operation s660
(s670) and may extract beamforming coefficients for optimi-
zation of beamforming results of all or some ultrasonic sig-
nals from the read beamforming coefficient candidate group
to determine a beamforming coefficient (s680).
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[0215] Hereafter, a method of determining a beamforming
coefficient candidate group will be described with regard to
various embodiments of the present invention.

[0216] FIG. 11 is a flowchart of a method of determining a
beamforming coefficient candidate group according to an
embodiment of the present invention.

[0217] As shown in FIG. 11, in the method of determining
a beamforming coefficient candidate group according to the
present embodiment, first, a beamforming coefficient may be
extracted from a beamforming coefficient database (s700).
[0218] Then, the extracted beamforming coefficient is
inserted into a beamforming computation expression for
determining a beamforming coefficient, for example, Expres-
sion 1 through Expression 4 above to acquire a beamforming
computation result (s701).

[0219] Then, a pre-acquired beamforming computation
result and a newly acquired beamforming computation result
are compared to determine which result is greater (s702).
[0220] As a comparison result, when the pre-acquired
beamforming computation result is greater than the newly
acquired beamforming computation result, the pre-acquired
beamforming coefficient is discarded and the newly extracted
beamforming coefficient is stored (s703). When the pre-ac-
quired beamforming computation result is less than the newly
acquired beamforming computation result, the newly
extracted beamforming coefficient is discarded and the pre-
acquired beamforming coefficient is retained (s704).

[0221] Then, the aforementioned operations s701 through
$704 are repeated a predetermined number of times to deter-
mine a finally stored beamforming coefficient, that is, a beam-
forming coefficient for optimization of a beamforming com-
putation result as a beamforming coefficient corresponding to
a beamforming coefficient candidate group (s705 through
s706).

[0222] Accordingly, the beamforming coefficient candi-
date group may be determined.

[0223] FIG. 12 is a flowchart of a method of determining a
beamforming coefficient candidate group according to
another embodiment of the present invention.

[0224] As shown in FIG. 12, in the method of determining
a beamforming coefficient candidate group according to the
present embodiment, first, N beamforming coefficients may
be extracted from a beamforming coefficient database (s710).
[0225] Then, the beamforming coefficient computation
unit 200 inserts the N beamforming coefficients into a beam-
forming computation expression, for example, at least one of
Expression 1 through Expression 4 above to acquire N beam-
forming computation results (s711).

[0226] Then, the beamforming coefficient computation
unit 200 extracts a beamforming coefficient from the beam-
forming coefficient database 300 (s712) and inserts the
extracted beamforming coefficient into a beamforming com-
putation expression, for example, any one of preset expres-
sions such as Expression 1 through Expression 4 above (in
general, the same as in operation s711) to acquire a beam-
forming computation result of the extracted beamforming
coefficient (s713).

[0227] Then, the N beamforming computation results
acquired in operation s711 and the new beamforming com-
putation result acquired in operations s712 and s713 are com-
pared with each other (s714) and it is determined whether the
newly acquired beamforming computation result is less than
at least one of the predetermined N beamforming computa-
tion results (s715).
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[0228] As adetermination result, when the new beamform-
ing computation result acquired in operations s712 and s713
is less than at least one of the N beamforming computation
results predetermined in operation s711, a beamforming
coefficient of the greatest beamforming computation result
among the N beamforming computation results may be dis-
carded (s716), and the newly extracted beamforming coeffi-
cient may be stored instead of the discarded beamforming
coefficient (s717).

[0229] When the new beamforming computation result
acquired in operations s712 and s713 is greater than each of
the N beamforming computation results predetermined in
operation s711, the newly extracted beamforming coefficient
is discarded and the N existing beamforming computation
results are retained (5717-1).

[0230] Then, a new beamforming coefficient is further
extracted from the beamforming coefficient database 300 to
determine whether or not the aforementioned operations s712
through s717 are repeated. If it is determined that operations
s712 through s717 are repeated, then operations s712 through
s717 are repeated (s718). If it is determined that operations
s712 through s717 are not repeated, that is, when a new
beamforming coefficient is not extracted from the beamform-
ing coefficient database 300, then N final beamforming coef-
ficients acquired in operations s712 through s717-1 may be
determined as a beamforming coefficient corresponding to a
beamforming coefficient candidate group (s719).

[0231] Accordingly, the beamforming coefficient candi-
date group may be determined.

[0232] Hereinafter, a beamforming method will be
described with regard to various embodiments of the present
invention.

[0233] FIG. 13 is a beamforming method according to
another embodiment of the present invention.

[0234] Referring to FI1G. 13, in the beamforming method
according to the present embodiment, first, a target object is
radiated with ultrasonic waves and an ultrasonic echo signal
is received (s720) and vltrasonic signals are output from the
received ultrasonic echo signal (s721).

[0235] Ultrasonic signals reflected from predetermined
partial regions of the target object ob are selected from the
output ultrasonic signals (s722). Here, the predetermined par-
tial regions may be preset from an entire region to be dis-
played as an ultrasonic image or may be selected by a user.
[0236] The beamforming coefficient computation unit 200
selects some of the ultrasonic signals of the partial regions
that are preset or selected by the user (s723) and determines a
beamforming coefficient candidate group for optimization of
a beamforming result using the selected ultrasonic signals
(s724).

[0237] The beamforming coefficient computation unit 200
selects and determines an optimal beamforming coefficient
from the beamforming coefficient candidate group using all
or some of the ultrasonic signals of the partial regions that are
preset or selected by the user (s725).

[0238] The beamforming unit 100 performs beamforming
on the selected regions that are preset or selected by the user
using the beamforming coefficient determined in operations
720 through s725. Further, the beamforming unit 100 per-
forms beamforming on other regions different from the
selected regions using a beamforming coefficient determined
using a different method from a case of operations s720
through s725, for example, a conventional method of deter-
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mining a beamforming coefficient. Then, beamforming result
data is output and transmitted to the image processor 400
(s726).

[0239] The image processor 400 generates an ultrasonic
image based on the output data to display the ultrasonic image
to the user (s727).

[0240] By virtue of the above method, beamforming
according to the present embodiment is performed on a pre-
determined region of interest of an ultrasonic image, and a
different beamforming method, for example, a conventional
beamforming method is performed on other regions such that
a partial region of the ultrasonic image and the other regions
may be differentially processed.

[0241] FIG. 14 is a flowchart of a beamforming method
according to another embodiment of the present invention.
[0242] Referring to FIG. 14, in the beamforming method
according to the present embodiment, first, ultrasonic waves
are radiated to a target object and an ultrasonic echo signal is
received (5730). Then a plurality of ultrasonic signals are
output according to the received ultrasonic echo signal and
transmitted to the beamforming coefficient computation unit
200 (s731).

[0243] The beamforming coefficient computation unit 200
may select some of the plurality of ultrasonic signals accord-
ing to a predetermined condition (s732).

[0244] The beamforming coefficient computation unit 200
determines a beamforming coefficient candidate group of the
selected ultrasonic signals using the aforementioned method,
that is, the method using one of the Expression 1 through
Expression 4 above, and acquires a beamforming computa-
tion result using the aforementioned method, that is, the
method using one of the Expression 5 through Expression 8
above (5733).

[0245] Then, the beamforming coefficient computation
unit 200 determines at least one beamforming coefficient to
be used for beamforming from a beamforming coefficient
candidate group using, for example, Expression 9 and
Expression 11 through Expression 13 above, and acquires a
beamforming computation result of a final determined beam-
forming coeflicient using a beamforming computation result
based on, for example, Expression 5 through Expression 8
above (s734). In this case, according to embodiments of the
present invention, for example, Expression 14, Expression 15
through Expression 17 above, and the like may be used to
acquire a beamforming computation result of a final beam-
forming coefficient.

[0246] Then, the beamforming unit 100 performs beam-
forming on an ultrasonic signal using the determined beam-
forming coefficient and outputs beamforming result data of
the ultrasonic signal (s735).

[0247] The image processor 400 generates an ultrasonic
image based on the output beamforming result data (s736).
[0248] (4) Thus, when a beamforming coefficient is deter-
mined to perform beamforming using the determined beam-
forming coefficient according to the embodiments of the
present invention, the computational load may be signifi-
cantly reduced compared with a other beamforming methods,
in particular, the adaptive beamforming methods.

[0249] A beamforming method according to the embodi-
ments of the preset invention is compared below with other
adaptive beamforming methods such as a capon beamform-
ing method and a full search beamforming method.

[0250] A multiplication number for the capon beamform-
ing method is determined as a cube of the number of reception
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ultrasonic channels M (a for the capon beamforming
method=M"3). A multiplication number for full search beam-
forming method is determined as P*(2K+1)*M. Here, Pis the
size of a beamforming coefficient database, that is, the num-
ber of beamforming coefficients stored in the database, K is
an axial smoothing coefficient, and M is the number of chan-
nels.

[0251] In the method according to the embodiments of the
present invention, a multiplication number may be deter-
mined according to Expression 18 below.

Px(2K st 1)%M porse tN3 2K g, XM

[0252] In Expression 18 above, it is assumed that P, the
number of types of beamforming windows, that is, a size of a
database or the number of beamforming coefficients, is 100,
N, the number of beamforming coefficients of a beamforming
coefficient candidate group is 10; M, the number of channels
is 128; M, 18 64; and M, is the same as M, .. In
addition, it is assumed that an axial smoothing coefficient
K=15, K, 4s=1, and K =K
[0253] Thus, the computation load for acquiring one beam-
forming coefficient is determined as shown in Table 1 below
with respect to the beamforming method according to the
embodiments of the present invention, the capon beamform-
ing method, and the full search beamforming method.

[Expression 18]

coarse*

TABLE 1
Capon Full search Embodiment of
beamforming  beamforming the present
method method invention
Computational 2,097,152 396,800 37,120
number
[0254] As seen from Table 1 above, in the beamforming

method according to the embodiments of the present inven-
tion, computational load is reduced to about %46 of the com-
putational load corresponding to capon beamforming
method. Further, in the beamforming method according to the
embodiments of the present invention, computational load is
reduced to about /10 of the computational load corresponding
to the full search beamforming method. Thus, according to
the present embodiment, a computational load for beamform-
ing coefficients required for beamforming may be remark-
ably reduced.

[0255] Asis apparent from the above description, a method
of determining a beamforming coefficient, a beamforming
method, and an ultrasonic imaging apparatus may be pro-
vided to reduce computational load in a process for acquiring
beamforming coefficients.

[0256] Thus, in particular, when an adaptive beamforming
method is used, a time for a beamforming process may be
reduced, in other words, the beamforming process may be
performed at high speed.

[0257] Inaddition, time delay, overload, overheating, or the
like due to an excessive number of computations of various
apparatuses for performing beamforming, for example, an
ultrasonic imaging apparatus may be prevented.

[0258] The aspects of the invention in this application are
not limited to the disclosed operations and sequence of opera-
tions. For instance, operations may be performed by various
elements and components, may be consolidated, may be
omitted, and may be altered without departing from the spirit
and scope of the present invention.
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[0259] Although a few embodiments of the present inven-
tion have been shown and described, it would be appreciated
by those skilled in the art that changes may be made in these
embodiments without departing from the principles and spirit
of the invention, the scope of which is defined in the claims
and their equivalents.

[0260] In addition, many modifications can be made to
adapt a particular situation or material to the teachings of the
present disclosure without departing from the essential scope
thereof. Therefore, it is intended that the present disclosure
not be limited to the particular exemplary embodiments dis-
closed as the best mode contemplated for carrying out the
present disclosure, but that the present disclosure will include
all embodiments falling within the scope of the appended
claims.

What is claimed is:

1. A beamforming method comprising:

radiating a target object with ultrasonic waves and receiv-

ing a plurality of ultrasonic signals reflected from the
target object;

acquiring beamforming computation results correspond-

ing to a first group of the received plurality of ultrasonic
signals and determining a beamforming coeflicient can-
didate group based on the beamforming computation
results corresponding to the first group of the received
plurality of ultrasonic signals;

acquiring beamforming computation results correspond-

ing to the received plurality of ultrasonic signals or to the
first group of received plurality of ultrasonic signals by
applying beamforming coefficients of the beamforming
coefficient candidate group and selecting at least one
beamforming coefficient from the beamforming coeffi-
cient candidate group based on the beamforming com-
putation results of the received plurality of ultrasonic
signals; and

beamforming the received plurality of ultrasonic signals

using the selected at least one beamforming coefficient
as a weight.

2. The beamforming method according to claim 1, wherein
the determination of the beamforming coefficient candidate
group comprises:

extracting a plurality of beamforming coefficients from a

beamforming coefficient database; and

determining a beamforming coeflicient candidate group by

using the extracted plurality of beamforming coeffi-
cients.

3. The beamforming method according to claim 1, wherein
determining the beamforming coefficient candidate group
comptises:

selecting a plurality of beamforming coefficients from a

database;

determining beamforming computation results corre-

sponding to each of the selected beamforming coeffi-
cients;

comparing with each other the determined beamforming

computation results;

selecting the beamforming coefficient candidate group

from the plurality of beamforming coefficients such

that:

the beamforming coefficients selected in the beamform-
ing coeflicient candidate group have a variance which
is smaller than a variance of the beamforming coeffi-
ceints not selected in the candidate group.
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4. The beamforming method according to claim 1, wherein
the beamforming computation results of the first group ofthe
received plurality of ultrasonic signals are beamforming com-
putation results corresponding to the first group of received
plurality of ultrasonic signals reflected from a partial region
of the target object.

5. The beamforming method according to claim 1, wherein
the beamforming computation results of the received plural-
ity of ultrasonic signals or the first group of the received
plurality of ultrasonic signals are beamforming computation
results obtained by performing axial smoothing on the plu-
rality of received plurality of ultrasonic signals or the first
group of the received plurality of ultrasonic signals.

6. The beamforming method according to claim 1, wherein
abeamforming coefficient included in the beamforming coef-
ficient candidate group is calculated according to Expression
1 or Expression 2 below:

k=K coqrse [Expression 1]

argmin
{wel = Wplilxna [i]),
7 N-best w, ‘.EZA:] P
k=—Keogrse
and
. k=K xpression 2
ar n coarse ) [E P 4]
{wel = wplilxa [l
T N-best wy ‘.QZA:I P
k="Kogarse
where:

W, is a beamforming coefficient included in the beam-
forming coefficient candidate group,

W, [i] is a beamforming coefficient,

X, ,[1] is an ultrasonic signal,

p is a beamforming coefficient index,

M is the number of reception ultrasonic channels,

iis a first channel index and ieAl, where Al is a sub-set of
the set A={n: n is integer and 1=n=M};

“N-best” is the number of beamforming coefficients
included in the beamforming coefficient candidate
group,

k is an axial smoothing variable, and

K oarse 18 an upper or lower limit of the smoothing variable
for acquisition of a plurality of beamforming coeffi-
cients for optimization of beamforming computation
results of the first group of the received plurality of
ultrasonic signals.

7. The beamforming method according to claim 6, wherein

the first channel index 1 belongs to the subset Al (ieAl) and:

Al1={n: n is an odd integer number and 1sn<M}; or

Al1={n: n is an even integer number and 1<nsM}.

8. The beamforming method according to claim 6, wherein
the selection of the at least one beamforming coefficient from
the beamforming coefficient candidate group based on the
beamforming computation results of the received plurality of
ultrasonic signals comprises selecting a beamforming coeffi-
cient according to Expression 3 or Expression 4 below:

S +

k¢Kcoarse

D ]

jSA2

argmin
e [

H [Expression 3]

and
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-continued

> il

2 [Expression 4]
jeA2 }

k€Kcoarse

where:

W,is the selected beamforming coefficient,

jis a second channel index and jeA2, where A2 is a sub-set

of the set A, AINA2=0; and

S (w® ) is a beamforming computation result of an n,,

coefficient w* _ of the determined beamforming coeffi-
cient W_.

9. The beamforming method according to claim 8, wherein
the beamforming computation result S_(w ) is determined
as a result value S_ of Expression 5 or Expression 6 below
regarding an n,, coefficient w?” among determined beam-
forming coefficients W_:

[Expressien 5]

k=Kcogrse

min

Sct = wp X4 [7]]+
WA= e, Zl plibe il

k=—Kcoarse
and

k=Kcoqrse [Expressien 6]
S, w,[{]x,
156} = Nbestwp Z UV

icAl

=Reoarse

10. The beamforming method according to claim 8,
wherein the second channel index j belongs to the subset A2
(jeA2) and:

A2={n: n is an even integer number and 1sn=sM}; or

A2={n: nis an odd integer number and 1=sn<M}.

11. The beamforming method according to claim 1,
wherein the received plurality of ultrasonic signals have a
corrected time difference.

12. A beamforming method comprising:

radiating a target object with ultrasonic waves and receiv-

ing a plurality of ultrasonic signals reflected from the
target object;

acquiring beamforming computation results correspond-

ingto a first group of the plurality of received plurality of
ultrasonic signals and acquiring a beamforming coeffi-
cient candidate group and a plurality of beamforming
computation results of the plurality of beamforming
coefficients based on the beamforming computation
result of the first group of the received plurality ultra-
sonic signals;

applying beamforming coefficients of the beamforming

coefficient candidate group to acquire beamforming
computation results of the received plurality of ultra-
sonic signals or the first group of the received plurality of
ultrasonic signals, selecting at least one beamforming
coefficient from the beamforming coefficient candidate
group based on beamforming computation results of the
received plurality of ultrasonic signals, and acquiring a
beamforming computation result of at least one final
beamforming coefficient using a plurality of beamform-
ing computation results of the plurality of beamforming
coefficients; and

beamforming the received plurality of ultrasonic signals

using the selected at least one final beamforming coef-
ficient as a weight.
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13. The beamforming method according to claim 12,
wherein the determination of the beamforming coefficient
candidate group comprises:

extracting a plurality of beamforming coefficients from a

beamforming coefficient database; and

determining a beamforming coefficient candidate group by

using the extracted plurality of beamforming coeffi-
cients.

14. The beamforming method according to claim 12,
wherein beamforming computation results of the plurality of
beamforming coefficients are acquired as a computation
result S_ of Expression 5 or Expression 6 below with respect
to the determined beamforming coefficient W,:

[Expression 5]

k=Kcoarse

1’1’111'1
15} = > Wl
7 N-best wp = PR
k=—Keoarse
and
k=K eogrse [Expression 6]
Sc} = > wplibtli
N-best w, Py}

k=—Kcoarse

where W_ is a beamforming coefficient included in the

beamforming coefficient candidate group,

W, [i] is a beamforming coefficient,

,,+k[1] is an ultrasonic signal,

p is a beamforming coefficient index,

M is the number of reception ultrasonic channels,

iis a first channel index and ieA1, where Al is a sub-set of

the set A={n: n is integer and 1=n=M};

N-best is the number of beamforming coefficients included

in the beamforming coefficient candidate group,

k is an axial smoothing variable, and

K_ourse 18 anupper or lower limit of the smoothing variable

for acquisition of a plurality of beamforming coeffi-
cients for optimization of beamforming computation
results of the first group of the received plurality of
ultrasonic signals.

15. The beamforming method according to claim 12,
wherein a beamforming computation result of the at least one
final beamforming coefficient is determined as a computation
result S_ of Expression 7 or Expression 8 below with respect
to an n,, beamforming coefficient w"_ of the determined
beamforming coeflicient W_:

. . [Expression 7]
8= Sl + 2 [/]xmk[/]‘
kR coarse 1=
and
. 2 [Expression 8]
)= S+ Dbl ]
jeA2

where W_is the selected beamforming coefficient,

jis a second channel index and jeA2, where A2 is a sub-set
of the set A; and

S(w™ ) is a beamforming computation result of an n,,
coefficient w*_ of the determined beamforming coeffi-
cient W_.
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16. A method of determining a beamforming coefficient,
the method comprising:
selecting a first group of a received plurality of ultrasonic
signals reflected from a target object, acquiring a plural-
ity of beamforming computation results of the selected
first group of the received plurality of ultrasonic signals
by applying a plurality of beamforming coefficients, and
determining a beamforming coefficient candidate group
based on the plurality of beamforming computation
results; and
acquiring beamforming computation results of the
received plurality of ultrasonic signals or the first group
of the received plurality of ultrasonic signals by apply-
ing a beamforming coefficient of the beamforming coef-
ficient candidate group and selecting at least one beam-
forming coefficient from the beamforming coefficient
candidate group based on beamforming computation
results of the received plurality of ultrasonic signals.
17. The method according to claim 16, wherein the deter-
mination of the beamforming coefficient candidate group
comprises reading a beamforming coefficient database,
acquiring beamforming computation results of the first group
of the received plurality of ultrasonic signals by applying a
plurality of beamforming coefficients stored in the beam-
forming coefficient database, and selecting at least one beam-
forming coefficient from the plurality of beamforming coef-
ficients stored in the beamforming coefficient database based
on the beamforming computation results of the first group of
the received plurality of ultrasonic signals to determine a
beamforming coefficient candidate group.
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18. The method according to claim 16, wherein the deter-
mination of the beamforming coefficient candidate group
comprises:

selecting a plurality of beamforming coefficients out of all

beamforming coefficients received from a database such

that:

the selected beamforming coefficients have a relatively
small variance compared with the non-selected beam-
forming coefficients; or

the selected beamforming coefficients have beamform-
ing computation results which are smaller than the
beamforming computation results of the beamform-
ing coefficeints not selected in the candidate group;
and

determining the beamforming coefficient candidate group

using the plurality of selected beamforming coefficients.

19. The method according to claim 16, wherein beamform-
ing computation results of the first group of the received
plurality of ultrasonic signals are beamforming computation
results corresponding to the first group of received plurality of
ultrasonic signals reflected from a partial region of the target
object.

20. The method according to claim 16, wherein the beam-
forming computation results of the received plurality of ultra-
sonic signals or the first group of the received plurality of
ultrasonic signals are beamforming computation results
obtained by performing axial smoothing on the received plu-
rality of ultrasonic signals or the first group of the received
plurality of ultrasonic signals.

I S T T
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