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BEAMFORMING DEVICE, ULTRASONIC
IMAGING DEVICE, AND BEAMFORMING
METHOD ALLOWING SIMPLE SPATIAL

SMOOTHING OPERATION
TECHNICAL FIELD
[0001] The present invention relates to a beamforming
technology.
BACKGROUND ART
[0002] An ultrasonic imaging apparatus is an apparatus for

acquiring an image of an object, for example, tomographic
images of various kinds of tissues, structures, or the like in
a human body, or images of a bloodstream or the like by
using ultrasonic waves. Such an ultrasonic imaging appara-
tus is relatively small and inexpensive, can display images
in real time, has no risk of exposure to X-rays and the like,
and thus is widely used in medical fields, for example,
cardiology, internal medicine, urology, obstetrics and gyne-
cology, and the like.

[0003] The ultrasonic imaging apparatus emits an ultra-
sonic signal toward a target part inside an object, collects an
ultrasonic echo signal reflected from the target part, and then
generates an ultrasonic image from the collected ultrasonic
echo signal. To this end, the ultrasonic imaging apparatus
performs beamforming to estimate amplitude of a reflected
wave in a specific space from a plurality of pieces of channel
data resulting from an ultrasonic echo signal collected
through an ultrasonic transducer. The beamforming collects
a time difference between ultrasonic signals received
through the ultrasonic transducer and emphasizes a signal of
a specific position or relatively attenuates a signal of another
position by applying a predetermined weight, that is, a
beamforming coeflicient, to each of the received ultrasonic
signals so that the ultrasonic signals are focused. Due to the
beamforming, the ultrasonic imaging apparatus can generate
an ultrasonic image suitable for identifying an internal
structure of the object and provide the ultrasonic image to a
user.

DISCLOSURE

Technical Problem

[0004] The present invention is directed to providing a
beamforming apparatus, an ultrasonic imaging apparatus,
and a beamforming method for improving a calculation
speed and reducing the amount of resources used by the
beamforming apparatus and required for beamforming by
reducing an amount of calculation required for spatial
smoothing during the beamforming.

Technical Solution

[0005] One aspect of the present invention provides a
beamforming apparatus including: a spatial smoothing unit
configured to transform received signals into another space
by using a transform function composed of low-frequency
components, calculate transformed signals by a spatial
smoothing operation employing the transform function in
the transformed space, and estimate an averaged spatial
covariance matrix; a weight calculation unit configured to
calculate weights of the transformed signals from the aver-
aged spatial covariance matrix estimated by the spatial
smoothing operation; and a synthesis unit configured to
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generate a beam signal by using the transformed signals and
the weights of the transformed signals.

[0006] The spatial smoothing unit may leave the low-
frequency components of the transform function, remove
high-frequency components, and then generate the trans-
formed signals by transforming the received signals into the
other space with a transform function composed of the
remaining low-frequency components to reduce dimensions
of a spatial covariance matrix of each of received signals
input through a plurality of channels.

[0007] The spatial smoothing unit may calculate the trans-
formed signals by using features that a difference between
neighboring transformed signals is a difference of a first
system and a difference between neighboring differences of
the first system is a difference of a second system, and may
estimate spatial covariance matrices from the calculated
transformed signals.

[0008] The transform function may be an orthogonal poly-
nomial, and the spatial smoothing unit may calculate the
transformed signals by using features that the orthogonal
polynomial is composed of real numbers and a degree of the
orthogonal polynomial is reduced by one every time the
orthogonal polynomial is differentiated, and may estimate
spatial covariance matrices from the calculated transformed
signals.

[0009] The orthogonal polynomial may be any one of a
Hermite polynomial, a Laguerre polynomial, a Jacobi poly-
nomial, a Gegenbauer polynomial, a Chebyshev polynomial,
and a Legendre polynomial.

[0010]
polynomial P, and P=[P,, P,, . .
column of P, P,=[P,, P ., . .

The transform function V may be a Legendre

., P,_,] where P, is a k™
s P(L—l)k]Ts

PD =3 0.

@ indicates text missing or illegiblewhen filed

¢, is determined by a Gram-Schmidt orthogonalization
process, and the superscript T is a transpose.

[0011] The spatial smoothing unit may estimate a spatial
covariance matrix R, through the spatial smoothing opera-
tion, and the estimated spatial covariance matrix R;may be

L 1Y
Rl:—M—L+1;u®I@

® indicates text missing or illegiblewhen filed

where M is the number of all channels, M-L+1 is the
number of sub-arrays, L is a sub-array length, u, is the
transformed signal, and the superscript H is a Hermitian
transpose.

[0012] The beamforming apparatus may further include an
accumulation unit configured to accumulate a transformed
signal corresponding to each sub-array, and the synthesis
unit may calculate the beam signal once by synthesizing the
transformed signals accumulated by the accumulation unit
and the weights. The beam signal 7 calculated by the
synthesis unit may be
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1 u—1
Z-——N p@y®
M—L+1;ﬁoy©

@ indicates text missingor illegiblewhen filed

where M is the number of all channels, M-L+1 is the
number of sub-arrays, L is a sub-array length, p is the
weight, and u, is the transformed signal.

[0013] The spatial smoothing unit may calculate a cor-
rected transformed signal 0, obtained by correctlng the
transformed signal, and 0,=P"x, where P is a corrected
Legendre polynomial, pP= [Po Py - - Pooils pA=pT,

w0 |_| r@x®

=
n

-3

“@ | [P

@ indicatestext missingor illegiblewhen filed

X is a received signal, the subscript 1 is a start index of x, the
subscript Q is the number of components of a transformed
signal selected by a user, the superscript H is a Hermitian
transpose and the superscript T is a transpose. A difference
of an R* row in the corrected Legendre polynomial p may
be

50 = Y (4DA® +4D D)

@ indicates text missing or illegiblewhen filed

where d and e in d, . or e, . are previously calculated
real-number coefficients, the subscnpt p is a degree of
difference, r is an 1 row of the corrected transformed
function 1,, q is a degree of each term of the polynomial, 1
is the start index of x, and L is a sub-array length. Here,
2(Q+1) multlphcatlons and 2(Q+1) additions may be
required to calculate the difference of the R” row in the
corrected Legendre polynomial P, one addition may be
further required every time the difference degree decreases,
and the difference of the R” row in the corrected Legendre
polynomial p may be consequently calculated by 2(Q+1)
multiplications and 3Q+2 additions.

[0014] The transform function may be a Fourier transform
basis function, and the spatial smoothing unit may calculate
the transform function using the Fourier transform basis
function and estimate the averaged spatial covariance matrix
using the calculated transform function. Here, the spatial
smoothing unit may calculate a corrected transformed sj ﬁ}gral
1, obtained by correcting a transformed signal, and 1, =B"x,
where the transform function B is a corrected transform
function,

XD b®
@ ®
x® 2@

® indicates text missing or illegiblewhen filed
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B=b, b, ... by_,], x is a received signal, the subscript 1 is
a start index of x, the subscript Q is the number of compo-
nents of a transformed signal selected by a user, and the
superscript H is a Hermitian transpose. Here, the trans-
formed signal u,,, may be

K@ =D =) DY OB =@)0

@ indicates text missingor illegiblewhen filed

where m is an m™ row, nis an n” columu, 1 is the start index
of x, and L is a sub-array length.

[0015] The beamforming apparatus may further include a
channel data averaging unit configured to generate the
received signals in a channel data form by averaging mul-
tiple pieces of sample data before the spatial smoothing.
Here, the channel data averaging unit may generate the
received signals in the channel data form from sample data
received according to sub-arrays of a transducer by perform-
ing beamforming on the sample data constituting a sample
data set. The channel data averaging unit may generate the
received signals in the channel data form from multiple
sample data sets by averaging sample data received through
elements at identical positions of a transducer with respect
to the same depth. The spatial smoothing unit may perform
the spatial smoothing once on the received signals in the
channel data form obtained by the channel data averaging
unit averaging the multiple pieces of sample data.

[0016] The beamforming apparatus may further include a
temporal averaging unit configured to collect averaged cova-
riance matrices generated by performing the spatial smooth-
ing on sample data having individual depths and perform
temporal averaging. Here, the beamforming apparatus may
further include a shared memory, and the temporal averaging
unit may be located in the shared memory.

[0017] Another aspect of the present invention provides a
beamforming apparatus including: a transducer configured
to emit an ultrasonic wave to an object, receive an ultrasonic
signal reflected by the object, and output a plurality of
ultrasonic signals by transforming the received ultrasonic
wave; a beamforming unit configured to calculate trans-
formed signals by transforming the ultrasonic signal
received by the transducer into another space with a trans-
form function composed of low-frequency components,
generate a beam signal by applying weights to the trans-
formed signals in the transformed space, and estimate an
averaged spatial covariance matrix to be used for generating
the beam signal by a spatial smoothing operation employing
the transform function; and an image generation unit con-
figured to generate an image using a signal output from the
beamforming unit.

[0018] The beamforming unit may calculate the trans-
formed signals by using features that a difference between
neighboring transformed signals is a difference of a first
system and a difference between neighboring differences of
the first system is a difference of a second system.

[0019] The transform function may be an orthogonal poly-
nomial, and the beamforming unit may calculate the trans-
formed signals by using features that the orthogonal poly-
nomial is composed of real numbers and a degree of the
orthogonal polynomial is reduced by one every time the
orthogonal polynomial is differentiated.
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[0020] The transform function may be a Fourier transform
basis function, and the beamforming unit may calculate the
transformed signals by using the Fourier transform basis
function.

[0021] Another aspect of the present invention provides a
beamforming method including: calculating transformed
signals by transforming received signals into another space
with a transform function composed of low-frequency com-
ponents; estimating averaged spatial covariance matrices
through spatial smoothing employing a feature of the trans-
form function; and calculating weights of the transformed
signals from the averaged spatial covariance matrices and
generating a beam signal by applying the weights to the
transformed signals.

[0022] The calculating of the transformed signals may
include calculating the transformed signals by using features
that a difference between neighboring transformed signals is
a difference of a first system and a difference between
neighboring differences of the first system is a difference of
a second system.

[0023] The transform function may be an orthogonal poly-
nomial, and the calculating of the transformed signals may
include calculating the transformed signals by using features
that the orthogonal polynomial is composed of real numbers
and a degree of the orthogonal polynomial is reduced by one
every time the orthogonal polynomial is differentiated.
[0024] The generating of the beam signal may include
calculating the weights through spatial smoothing based on
the orthogonal polynomial and generating a minimum vari-
ance (MV) beam signal from the calculated weights.
[0025] The transform function may be a Fourier transform
basis function, and the calculating of the transformed signals
may include calculating the transformed signals by using the
Fourier transform basis function. Here, the generating of the
beam signal may include calculating the weights through
spatial smoothing based on the Fourier transform basis
function and generating a beamspace adaptive (BA) beam
signal from the calculated weights.

[0026] The beamforming method may further include,
before the spatial smoothing, generating the received signals
in a channel data form by averaging multiple pieces of
sample data.

Advantageous Effects

[0027] According to an exemplary embodiment, since a
beamforming apparatus, an ultrasonic imaging apparatus,
and a beamforming method which allow a simple spatial
smoothing operation are proposed, an amount of calculation
required for a process of generating a beam signal by
performing beamforming on a received signal can be
reduced. In this case, it is possible to reduce resources
required for the beamforming by various devices which
perform the beamforming, for example, an ultrasonic imag-
ing apparatus.

[0028] In particular, since a feature of a Fourier transform
basis function or a transformed function composed of an
orthogonal polynomial may be used to calculate a trans-
formed signal and estimate an averaged spatial covariance
matrix, it is possible to simply calculate spatial smoothing.
Also, since a weight is calculated through spatial smoothing
based on a Fourier transform basis function and a beamspace
adaptive (BA) beam signal is generated from the calculated
weight or the weight is calculated through spatial smoothing
based on an orthogonal polynomial and a minimum variance
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(MV) beam signal is generated from the calculated weight,
abeamforming speed for a received signal may be increased,
and an amount of calculation for the received signal may be
reduced.

[0029] Further, since sample data is averaged to generate
channel data before spatial smoothing, the spatial smoothing
can be performed once on the generated channel data, and
the amount of calculation for the spatial smoothing can be
reduced.

[0030] Moreover, since averaged covariance matrices gen-
erated by performing spatial smoothing on sample data
having individual depths are collected to perform temporal
averaging in a shared memory, performance can be
improved.

[0031] 1Inaddition, it is possible to solve various problems,
such as a delayed ultrasonic image being output and a device
being overheated or overloaded. Also, a reduction in the
amount of resources a beamforming apparatus uses leads to
a reduction in power consumption of the beamforming
apparatus, and use of a calculation device with low speci-
fications leads to a reduction in costs.

[0032] Meanwhile, the present invention may be applied
to all of various array signal processing fields, such as a
radar, a sonar, a non-destructive examination, and the like as
well as to an ultrasonic diagnostic device.

DESCRIPTION OF DRAWINGS

[0033] FIG. 1 is a configuration diagram of a beamform-
ing apparatus according to an exemplary embodiment of the
present invention.

[0034] FIG. 2 is a reference diagram of received channel
data to which spatial smoothing is applied according to an
exemplary embodiment of the present invention.

[0035] FIG. 3 is a reference diagram showing that an
amount of calculation for spatial smoothing is reduced when
a Fourier transform function or a transform function com-
posed of an orthogonal polynomial is used to estimate an
averaged spatial covariance matrix according to an exem-
plary embodiment of the present invention.

[0036] FIG. 4 is a data structure diagram illustrating a
channel data averaging process according to an exemplary
embodiment of the present invention.

[0037] FIG. 5 is a data structure diagram illustrating a
channel data averaging process according to another exem-
plary embodiment of the present invention.

[0038] FIG. 6 is a configuration diagram of an ultrasonic
imaging apparatus according to an exemplary embodiment
of the present invention.

[0039] FIG. 7 is a graph showing that high-frequency
components are removed solely through spatial smoothing
according to an exemplary embodiment of the present
invention.

[0040] FIG. 8 is a graph for comparing a continuous wave
(CW) beam pattern of a Legendre polynomial basis trans-
form function P according to an exemplary embodiment of
the present invention with CW beam patterns of a Fourier
transform function B and a transform function of principal
component analysis-based minimum variance beamforming
(PCA MV BF).

[0041] FIG. 9 is a flowchart showing a beamforming
method according to an exemplary embodiment of the
present invention.
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MODES OF THE INVENTION

[0042] Hereinafter, exemplary embodiments of the present
invention will be described in detail with reference to the
accompanying drawings. In the following description of the
present invention, a detailed description of a known art
related to the present invention will be omitted when it is
determined to unnecessarily obscure the subject matter of
the present invention. Also, the terms used in the following
description are terms defined in consideration of function-
ality in the present invention, and may vary depending on a
user’s or an operator’s intention, usual practice, or the like.
Therefore, definitions of terms used herein should be made
on the basis of the content throughout the specification.
[0043] FIG. 1 is a configuration diagram of a beamform-
ing apparatus according to an exemplary embodiment of the
present invention.

[0044] Referring to FIG. 1, a beamforming apparatus 1
includes a spatial smoothing unit 12, a weight calculation
unit 14, and a synthesis unit 16, and may further include a
channel data averaging unit 10, an accumulation unit 15, and
a temporal averaging unit 18.

[0045] In the beamforming apparatus 1 shown in FIG. 1,
only elements related to the present embodiment are shown.
Therefore, those of ordinary skill in a technical field related
to the present embodiment should appreciate that general-
use elements other than the elements shown in FIG. 1 may
be further included therein.

[0046] At least some of the elements constituting the
beamforming apparatus 1 shown in FIG. 1 may correspond
to one or more processors. The processors may be imple-
mented as an array of multiple logic gates or a combination
of a general-use microprocessor and a memory storing a
program executable by the microprocessor. Those of ordi-
nary skill in a technical field to which the present embodi-
ment pertains should appreciate that the processors may also
be implemented in other hardware forms.

[0047] The beamforming apparatus 1 receives a received
signal reflected by a subject and forms a received beam from
the received signal. Here, the subject may be, for example,
the abdomen, the heart, or the like of a human body, and the
received signal may be an ultrasonic signal reflected by the
subject. However, these simply correspond to an exemplary
embodiment for helping understanding the present inven-
tion, and the present invention is not limited thereto.
[0048] The beamforming apparatus 1 transforms a
received signal of an element space into a transformed
space, which is another space, by using a transform function,
generates a beam signal by performing signal processing in
the transformed space, and outputs the beam signal. The
transform function may be expressed as a transform matrix.
[0049] The beamforming apparatus 1 according to an
exemplary embodiment leaves low-frequency components
and removes high-frequency components among compo-
nents constituting the transform function. Here, it should be
noted that the low-frequency components are frequency
components of a lateral direction in a space. Then, the
beamforming apparatus 1 transforms the received signal into
the other space using a transform function composed of the
remaining low-frequency components. In this case, it is
possible to reduce dimensions of spatial covariance matrices
R of individual signals input through a plurality of channels.
Accordingly, calculation of inverse matrices R™' of the
covariance matrices required to calculate weights of trans-
formed signals is also facilitated.
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[0050] When the calculation of the inverse matrices R~ of
the covariance matrices is simplified by the above-described
methods, the amount of calculation for spatial smoothing,
which is a necessary step in a beamforming process and
requires a large amount of calculation, is important. The
spatial smoothing is necessary in the beamforming process
because, aside from a calculation of an inverse matrix of a
covariance matrix, the largest amount of calculation is
required thereby.

[0051] The spatial smoothing unit 12 of the beamforming
apparatus 1 receives a received signal X 126 and generates
a transformed signal U 120 by transforming the received
signal X 126 with a predetermined transform function V. The
received signal X 126 may be composed of a channel data
set input through multiple channels. In other words, the
received signal X 126 may be a set of multiple pieces of
channel data. Likewise, the transformed signal U 120 may
also be a set of transformed signals of multiple channels
output through the multiple channels.

[0052] When the transform function V is given, the trans-
formed signal U 120 has less dimensions than the received
signal X 126. For example, when the transform function is
given as an MxN matrix, M>N, and the received signal X
126 is given as an Mx1 matrix, that is, the received signal
X 126 has M dimensions, the transformed signal U 120,
which is a calculation result, is given as an Nx1 matrix so
that the transformed signal U 120 has less dimensions than
the received signal X 126. In this way, when dimensions are
reduced, the amount of calculation is relatively reduced and
convenience and speed of calculation may be improved.
[0053] The spatial smoothing unit 12 according to an
exemplary embodiment performs spatial smoothing by
using a feature of the transform function proposed by the
present invention, and thus the amount of calculation for
spatial smoothing is reduced. Spatial smoothing is intended
to prevent signal cancelling caused by the coherence
between channel signals. The spatial smoothing unit 12
calculates the transformed signal U 120 using the transform
function, U, xU calculates 122 from the transformed signal
U 120, and estimates an averaged spatial covariance matrix
3R, 124 from U,xU# 122,

[0054] For spatial smoothing, the spatial smoothing unit
12 divides arrays of a transducer into multiple overlapping
sub-arrays. Here, M is the number of all channels, M-L+1
is the number of sub-arrays, and L is a sub-array length. L
may be diversely set. For example, L. may equal (M+1)/2,
but is not limited thereto. The spatial smoothing unit 12
calculates the average 2R, 124 of spatial covariance matri-
ces corresponding to the individual sub-arrays. An exem-
plary embodiment of M and L of the transducer arrays will
be described again with reference to FIG. 2, which is
described below.

[0055] The spatial smoothing unit 12 according to an
exemplary embodiment calculates the transformed signal U
120 by using a feature of a Fourier transform basis function.
As another example, the spatial smoothing unit 12 calculates
the transformed signal U 120 by using a feature of a
transform function composed of an orthogonal polynomial.
Here, the polynomial may be a normalized orthogonal
polynomial.

[0056] For example, the spatial smoothing unit 12 calcu-
lates the transformed signal U 120 by using features that the
orthogonal polynomial is composed of real numbers and a
degree of the orthogonal polynomial is reduced by one every
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time the orthogonal polynomial is differentiated. In this case,
the amount of calculation of the transformed signal U 120 is
reduced. An exemplary embodiment in which a transform
function composed of an orthogonal polynomial, such as a
Legendre polynomial, is used to perform spatial smoothing
will be described below with reference to Equations 21 to
29. Also, an exemplary embodiment in which a feature of a
Fourier transform basis function is used to perform spatial
smoothing will be described below with reference to Equa-
tions 30 to 32.

[0057] A beamforming method of the beamforming appa-
ratus 1 may be varied. The spatial smoothing unit 12
according to an exemplary embodiment uses a beamspace
adaptive beamforming (BA BF) method. The BA BF method
involves transforming a received signal of an element space
into another space by using a transform function, which is an
orthonormal basis matrix, and reducing dimensions of spa-
tial covariance matrices of individual received signals input
through a plurality of channels through signal processing
such as approximation in which only important components
are left. Accordingly, an inverse matrix of a covariance
matrix may be very simply calculated.

[0058] The spatial smoothing unit 12 according to an
exemplary embodiment uses a transform function composed
of an orthogonal polynomial for a spatial transformation.
The orthogonal polynomial is a series of polynomials which
satisfy an orthogonal relationship. The orthogonal polyno-
mial may be any one of, for example, a Hermite polynomial,
a Laguerre polynomial, a Jacobi polynomial, a Gegenbauer
polynomial, a Chebyshev polynomial, and a Legendre poly-
nomial. Although a description centering on the Legendre
polynomial among the orthogonal polynomials will be given
below, it should be noted that the orthogonal polynomial is
not limited to the Legendre polynomial.

[0059] The spatial smoothing unit 12 according to an
exemplary embodiment uses an orthogonal matrix com-
posed of the Legendre polynomial as the transform function.
In particular, the spatial smoothing unit 12 may use the
Legendre polynomial as the transform function in a mini-
mum variance beamforming (MV BF) method. In this case,
it is possible to maintain the performance of MV BF while
remarkably reducing the amount of calculation. From now,
a method in which a matrix composed of a Legendre
polynomial is used as a transform function for transforming
a received signal of an element space into a transformed
space is referred to as a Legendre polynomial-based MV BF
(LP MV BF) method. Through the LP MV BF method, MV
BF can be approximated more accurately than BA BF and it
is possible to obtain performance similar to that of an MV
BF method based on principal component analysis-based
MYV BF (referred to as PCA MV BF below).

[0060] When the beamforming apparatus 1 performs
beamforming by the MV BF method in the transformed
space, it is possible to remarkably reduce an amount of
calculation required to calculate an inverse matrix of a
spatial covariance matrix by using only some components
important in the transformed space. For example, only some
leading columns in a transform matrix are used to transform
a received signal so that dimensions of a spatial covariance
matrix are reduced. The leading columns in the transform
matrix represent important components in an MV BF cal-
culation.

[0061] When the beamforming apparatus 1 performs
beamforming using a Fourier transform matrix (also referred
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to as a Butler matrix) for BA BF in the transformed space,
the spatial smoothing unit 12 according to an exemplary
embodiment may use only some leading columns in the
Fourier transform matrix. The leading columns represent
low-frequency components and correspond to a direction of
a focal point and beam components close to the focal point.
Assuming that interference frequently occurs around a front
direction, it is possible to efficiently reduce dimensions of a
spatial covariance matrix by using only these columns
[0062] When the beamforming apparatus 1 performs an
orthogonal polynomial-based MV BF method, the spatial
smoothing unit 12 according to an exemplary embodiment
uses only some leading columns of a transform function
composed of an orthogonal polynomial. Since columns of
the transform function sequentially represent frequency
components in order of increasing frequency, some leading
columns correspond to low-frequency components like a
Fourier transform function.

[0063] An X-shaped long side lobe, which is observed in
a delay-and-sum beamforming (DAS BF) method, can be
removed through spatial smoothing of MV BF. Using this
feature, it is possible to maintain features of MV BF very
well even when a dimensionality reduction in which only
side lobe components close to a front side are treated and
other high-frequency components are removed is performed
in the MV BF employing a Legendre polynomial-based
transform function. It can be seen in FIG. 7, which will be
described below, that high-frequency components are
removed solely through spatial smoothing.

[0064] The weight calculation unit 14 calculates a weight
[ 140 from the averaged spatial covariance matrix ZR, 124
which is generated through spatial smoothing based on the
transformed signal U 120 by the spatial smoothing unit 12.
A method of calculating the weight § 140 is shown in
Equation 11, which will be described below. The synthesis
unit 160 generates a beam signal Z 160 by synthesizing the
transformed signal U 120 and the weight [ 140. Here, the
accumulation unit 15 generates an accumulated transformed
signal value ZU, 150 by accumulating sub-array-specific
transformed signals U 120, and the synthesis unit 160 may
generate the beam signal Z (U, xf) 160 by synthesizing the
accumulated transformed signal value XU, 150 and the
weight f 140. The accumulation unit 15 may accumulate
M-L+1, which is the number of sub-arrays, transformed
signals U. When the accumulated transformed signal value
2U; 150 is generated by accumulating the transformed
signals U 120 corresponding to individual sub-arrays and the
beam signal Z 160 is calculated from the accumulated
transformed signal value XU, 150, a spatial smoothing cal-
culation is simplified.

[0065] The beamforming apparatus 1 according to an
exemplary embodiment includes the channel data averaging
unit 10. The channel data averaging unit 10 generates the
received signal X 126 in a channel data form by averaging
multiple pieces of sample data before the spatial smoothing
by the spatial smoothing unit 12. As an example, the channel
data averaging unit 10 generates channel data from a sample
data set received according to sub-arrays of a transducer by
performing beamforming on the sample data constituting the
sample data set. An exemplary embodiment related to this
will be described below with reference to FIG. 4. As another
example, the channel data averaging unit 10 generates
channel data from a plurality of sample data sets by aver-
aging sample data which is received through elements at
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identical positions of the transducer with respect to the same
depth. An exemplary embodiment related to this will be
described below with reference to FIG. 5. The averaging
may be performed by data summation. As described above,
since the spatial smoothing unit 12 can perform spatial
smoothing once on the received signal X 126 of the channel
data form obtained by averaging sample data, the amount of
calculation of spatial smoothing is reduced. The above-
described averaging process of the channel data averaging
unit 10 can also be used in spatial compounding and a
compounding aperture.

[0066] The beamforming apparatus 1 according to an
exemplary embodiment includes the temporal averaging
unit 18. The temporal averaging unit 18 collects averaged
covariance matrices generated through spatial smoothing
performed on sample data having individual depths, and
performs temporal averaging. An actual ultrasonic image
does not have favorable picture quality due to much speckle
noise being included therein, partial omission thereof, and
the like. In particular, speckle noise, which is frequently
detected in a homogeneous region in which changes in
brightness of pixel values are homogeneous, serves as a
hindrance when a system automatically analyzes and rec-
ognizes an image. Therefore, the temporal averaging unit 18
uses a temporal average to reduce the speckle noise. The
temporal averaging unit 18 according to an exemplary
embodiment is located in a shared memory. It is possible to
improve temporal averaging performance of the temporal
averaging unit 18 using the shared memory.

[0067] A reason that a transform function based on an
orthogonal polynomial, such as a Legendre polynomial, is
used for MV BF as a method for improving performance,
particularly, for improving a lateral resolution and a contrast
resolution, of the beamforming apparatus 1, and function-
ality of the orthogonal polynomial-based transform function
will be described in detail below.

[0068] The DAS BF method may be used in an ultrasonic
diagnostic device to focus ultrasonic beams in a desired
direction. In accordance with DAS BF, it is necessary to
apply weights of an appropriate form to signals received
from array elements to lower a level of clutter generated by
an echo signal from an undesired direction at the expense of
increasing a width of a main lobe.

[0069] As a method for removing this limitation and
improving performance of an ultrasonic diagnostic device,
MYV BF (also referred to as Capon beamforming, which is
named after its inventor) is applied to ultrasonic beamform-
ing. In the MV BE, an optimal weight, that is, an apodization
function, of each receive focal point is calculated and
applied to the receive focal point on the basis of input data
so that a signal from a desired direction can be passed with
a gain of 1 (unity gain) and signals from other directions can
be optimally attenuated. Therefore, unlike DAS BF, it is
possible to simultaneously lower a clutter level and reduce
the width of the main lobe so that a spatial resolution and a
contrast resolution can be simultaneously improved.

[0070] The most significant problem of MV BF is that it
requires an excessive amount of calculation in comparison
to DAS BF, and thus it is difficult to apply the MV BF to an
ultrasonic diagnostic device in which real-time processing is
important. In other words, since the MV BF method involves
calculating an inverse matrix of a spatial covariance matrix,
the amount of calculation may be large. Therefore, it is
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necessary to reduce the amount of calculation without
degrading the performance of MV BE.

[0071] A step of MV BF requiring the largest amount of
calculation is a process of calculating an inverse matrix of a
spatial covariance matrix. When dimensions of the spatial
covariance matrix are LxL, O(L?) calculations are required.
As a solution to this, input data is transformed from an
element space into another space, and then components
which have little influence on the performance of MV BF are
removed in the other space so that dimensions of the spatial
covariance matrix are remarkably reduced. Consequently, it
is possible to simply calculate an inverse matrix of the
covariance matrix. Among these methods, BA BF based on
a Fourier transform may be used.

[0072] The spatial smoothing unit 12 according to an
exemplary embodiment uses an orthogonal polynomial as a
basis matrix for the spatial transformation. When the
orthogonal polynomial is used and dimensions of spatial
covariance matrices are evenly reduced, the number of
approximation errors caused by dimensionality reductions
are less than or similar to those of the BA BF method, the
PCA MV BF method, and the like.

[0073] FIG. 2 is a reference diagram of received channel
data to which spatial smoothing is applied according to an
exemplary embodiment of the present invention. Referring
to FIGS. 1 and 2, the spatial smoothing unit 12 divides
arrays of the transducer into multiple overlapping sub-
arrays. Here, M is the number of all channels, M-L+1 is the
number of sub-arrays, and L is a sub-array length. For
example, referring to FIG. 2, the number M of all channels
is 10, the sub-array length L is 5, and the number of
sub-arrays M-L+1 is 6. The spatial smoothing unit 12
calculates an average 2R, of spatial covariance matrices
corresponding to the individual sub-arrays.

[0074] FIG. 3 is a reference diagram showing that the
amount of calculation of spatial smoothing is reduced when
a Fourier transform function or a transform function com-
posed of an orthogonal polynomial is used to estimate an
averaged spatial covariance matrix according to an exem-
plary embodiment of the present invention.

[0075] In general, Q-L complex multiplications and com-
plex additions are required to calculate a transformed signal
U, from a received signal X, with respect to each 1. Also, L
complex accumulations are required to calculate U, xU,”,
and 2R, requires M-L+1 calculations of §, 1, 7. Therefore, a
total of (M-L+1)(Q+1)L complex accumulations are
required to calculate 2R,.

[0076] However, according to the present invention, the
number of calculations for calculating one transformed
signal U is remarkably reduced. Referring to FIG. 3, M-L+
1, which is the number of sub-arrays, transformed signals U
are generated. When a difference is 89, 89, ,=U,-U,_, and
88, =08, ,—08, ,—09d, ,,_,. For example, 85, , 320 is the
sum of 39, 5 300 and 89, 4, 310, and U, 340 is the sum of U,
330 and 83, , 320. When this is generalized, a difference
between neighboring transformed signals corresponds to a
difference of a first system, and a difference between neigh-
boring differences of the first system corresponds to a
difference of a second system.

[0077] According to the present invention, only 2(Q+1)
multiplications and 3Q+2 additions are required to calculate
one transformed signal U. A detailed exemplary embodi-
ment of calculating a transformed signal U will be described
below with reference to Equations 21 to 29.
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[0078] According to the present invention, after Q+1
transformed signals U are initially calculated, it is only
necessary to read a new received signal X and calculate a
next transformed signal U. For example, when Q=a fourth
degree, five U values U}, U,, U, U,, and U are calculated,
and only then the new received signal X is read to calculate
a next transformed signal U.

[0079] FIG. 4 is a data structure diagram illustrating a
channel data averaging process according to an exemplary
embodiment of the present invention.

[0080] Referring to FIGS. 1 and 4, before spatial smooth-
ing, channel data is generated from a sample data set
received according to sub-arrays of a transducer by perform-
ing beamforming on sample data constituting the sample
data set.

[0081] Multiple sample data sets, for example, sample
data sets 42-1 and 42-2 of FIG. 4, are respectively received
through a sub array 1 40-1 and a sub array 2 40-2 of the
transducer, and a received signal 126-1 in a channel data
form is generated by performing beamforming on sample
data constituting the sample data sets. Here, the sample data
sets 42-1 and 42-2 respectively corresponding to the sub-
array 1 40-1 and the sub-array 2 40-2 may be data received
at the same time. Also, the sample data sets 42-1 and 42-2
respectively corresponding to the sub-array 1 40-1 and the
sub-array 2 40-2 may be data received at different times. The
above-described process is repeated for each sub-array of
the transducer to finally generate the received signal 126-1
in a channel data form. The generated received signal 126-1
in the channel data form is provided to the spatial smoothing
unit 12.

[0082] FIG. 5 is a data structure diagram illustrating a
channel data averaging process according to another exem-
plary embodiment of the present invention.

[0083] Referring to FIGS. 1 and 5, before spatial smooth-
ing, a received signal in a channel data form is generated
from multiple sample data sets by averaging sample data
received through elements at identical positions of the
transducer with respect to the same depth. For example,
sample data sets 42-3 and 42-4 of FIG. 5 are received
through a transducer array 40 at different times to and ti, and
the transducer array 40 is composed of multiple elements.
First sample data 400-1 of the first sample data set 42-3
received through a first element 400 of the transducer array
40 among the multiple elements and second sample data
400-2 of the second sample data set 42-4 received through
the first element 400 of the transducer array 40 at a different
time than the first sample data set 42-3 are averaged to
reflect a delay according to a transmission condition of the
transducer array 40. The above-described process is
repeated for other elements of the transducer array 40, and
finally, a received signal 126-2 in a channel data form is
generated. The generated received signal 126-2 in the chan-
nel data form is provided to the spatial smoothing unit 12.
[0084] FIG. 6 is a configuration diagram of an ultrasonic
imaging apparatus according to an exemplary embodiment
of the present invention.

[0085] Referring to FIG. 6, an ultrasonic imaging appa-
ratus 6 includes a transducer 600, a beamforming unit 610,
an image generation unit 620, a display unit 630, a storage
unit 640, and an output unit 650.

[0086] The beamforming unit 610 shown in FIG. 6 cor-
responds to an exeniplary embodiment of the beamforming
apparatus 1 shown in FIG. 1. Accordingly, the above
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description of FIG. 1 is applicable to the ultrasonic imaging
apparatus shown in FI1G. 6, and duplicate description will be
omitted.

[0087] The ultrasonic imaging apparatus 6 according to an
exemplary embodiment provides an image of a subject. For
example, the ultrasonic imaging apparatus 6 displays a
diagnostic image of the subject or outputs a signal showing
the diagnostic image of the subject to an external device for
displaying the diagnostic image of the subject. Here, the
diagnostic image may be an ultrasonic image, but is not
limited thereto.

[0088] The transducer 600 exchanges signals with the
subject. The transducer 600 transmits an ultrasonic signal to
the subject and receives ultrasonic echo signals reflected by
the subject.

[0089] The beamforming unit 610 calculates weights to be
applied to the ultrasonic echo signals reflected by the subject
by using basis vectors, applies the calculated weights to the
ultrasonic echo signals reflected by the subject, and synthe-
sizes the signals to which the weights are applied. Here,
when a normalized orthogonal polynomial or a Fourier
transform function is used as a transform function, the basis
vectors are columns of the transform function, and thus may
be predetermined regardless of the ultrasonic echo signals.
The basis vectors may be stored in the beamforming unit 610
or the storage unit 640. Accordingly, the beamforming unit
610 may perform beamforming using at least some of the
plurality of stored basis vectors. Here, the number of at least
some of the basis vectors can be selected by a user. In this
way, since the beamforming unit 610 calculates weights
using a plurality of basis vectors and applies the calculated
weights to the signals, it is possible to perform beamforming
with a reduced amount of calculation. The beamforming unit
610 according to an exemplary embodiment generates beam
signals from weights obtained through spatial smoothing
calculations and outputs the beam signals.

[0090] The image generation unit 620 generates an image
using the signals output from the beamforming unit 610. The
image generation unit 620 may include a digital signal
processor (DSP) and a digital scan converter (DSC). The
DSP according to an exemplary embodiment performs a
predetermined signal processing operation on the signals
output from the beamforming unit 610, and the DSC gen-
erates an image by scanning and converting image data
generated with the signals which have undergone the pre-
determined signal processing operation.

[0091] The display unit 630 displays the image generated
by the image generation unit 620. For example, the display
unit 630 includes all output devices, such as a display panel,
a mouse, a liquid crystal display (LCD) screen, a monitor,
and the like, provided in the ultrasonic imaging apparatus.
However, those of ordinary skill in a technical field related
to the present embodiment should appreciate that the ultra-
sonic imaging apparatus 6 according to an exemplary
embodiment may not include the display unit 630 but may
include the output unit 650 for outputting the image genet-
ated by the image generation unit 620 to an external display
device.

[0092] The storage unit 640 stores the image generated by
the image generation unit 620 and data generated while an
operation of the ultrasonic imaging apparatus 6 is per-
formed. The output unit 650 may exchange data with an
external device through a wired or wireless network or wired
serial communication. The external device may be another
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medical image system, a general-use computer system, a
facsimile machine, and the like at a distant place. Also, those
of ordinary skill in a technical field related to the present
embodiment should appreciate that the storage unit 640 and
the output unit 650 according to an exemplary embodiment
may further include image interpretation and search func-
tions to be integrally formed as a picture archiving commu-
nication system (PACS) and the like.

[0093] Since the beamforming unit 610 does not process a
large amount of calculation to perform beamforming, the
ultrasonic imaging apparatus 6 can generate high-resolution
images in real time.

[0094] Various beamforming methods will be described in
detail below with reference to equations.

[0095] A beamforming process of an ultrasonic diagnostic
device may be expressed by Equation 1.

Al =) @ vilnlealr] W

@ indicates text missing or illegiblewhen filed

[0096] In Equation 1, x,,[n] is a received signal of each
channel to which a focusing delay is applied, m is a channel
index, n is a time index, w, [n] is a weight to be applied to
a signal of each channel, which is also referred to as
apodization, and z[n]| is an output of a beamforming appa-
ratus.

[0097] In Equation 1, M may be the number of receive
channels participating in beamforming or the number of
receive sub-arrays participating in the beamforming. In this
case, M may be the number of receive channels, and m may
be the m” channel among the M channels. Alternatively, M
may be the number of receive sub-arrays, and m may be the
m” sub-array among the M sub-arrays.

[0098] According to MV BEF, w, which minimizes a vari-
ance, that is, power, of 7[n] is calculated while a gain of a
signal from a desired direction, for example, a front signal
to which a focusing delay is applied, is kept at 1. Here,
wln]=[w,[n], w,[0], . . ., w,_,[0]]”. Accordingly, it is
possible to minimize an influence of a signal from an
undesired direction on the output without distorting a signal
from a desired direction. This problem is represented by the
following equation.

HF?E[|z[n]|2] = H}i?W[n}H Rlnjwln], w

[0099] Here, E[-] is an expectation operator, w[n|¥ is a
Hermitian transpose of w[n], a is a steering vector, and
because x,,[n] is a signal to which a focusing delay is
applied, all elements are 1. R[n] is a spatial covariance
matrix represented by Equation 3.

R[n]=E[x[n]x"[n]] &)
[0100] In Equation 3, x[n]=[X,[n], x,[n], . .., x,,_,[n]]".
Here, the superscript T is a transpose.

[0101] The value of this problem is represented by Equa-

tion 4.
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R[] a 4)
= R

[0102] Practically, it is necessary to estimate R[n], and
during the estimation, spatial smoothing, that is, sub-aper-
ture averaging, is performed to prevent signal cancelling
caused by coherence between channel signals. Also, tempo-
ral averaging is performed to improve a statistical feature of
a speckle pattern of a resultant image. Estimated R[n] is
represented by Equation 5 below.

I T S )
Rn] = mm@@"@ [n - kIx(@) [n =]
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[0103] Here,
x3D [n] ©)
om=|
X3 []

(@ indicates text missingor illegiblewhen filed

[0104] In Equation 5,

1
M-L+1

®

@ indicates text missingor illegiblewhen filed
corresponds to spatial smoothing, and

1
—_
21x’+1O

® indicates text missing or illegiblewhen filed

corresponds to temporal averaging. In the spatial smoothing,
M is the number of all channels, M-L+1 is the number of
sub-arrays, and L is a sub-array length. By the spatial
smoothing, all of the M channels are divided into overlap-
ping M-L+1 sub-arrays, and the length of each divided
sub-array is [.. Here, sub-array-specific spatial covariance
matrices R[n] are averaged. In Equation 6, x[n] is a received
signal, and 1 in x, [n] represents a start index of x.

[0105] Meanwhile, a method called diagonal loading is
frequently used to improve robustness of an MV BF calcu-
lation. In the diagonal loading, R[n] is replaced with R[n]+
el. Here,

e=AmBR ) 0!
[0106] In Equation 7, tr( ) is a trace operator, and A is a

constant referred to as a diagonal loading factor.

[0107] To obtain an MV BF output from MV weights
obtained through spatial smoothing, the following Equation
8 is calculated.
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[0108] In Equation 8, M is the number of all channels,
M-L+1 is the number of sub-arrays, and L is a sub-array
length. Here, a weight w[n] is calculated from R[n].
[0109] When Equation 8 is rearranged in the form of
Equation 1, the following Equation 9 is obtained.

1 &)

2l = 5 @ O Ol ) =

T (@»® D 1D [nl]

{1 forO<shk<M-L+1
Fp =

0 otherwise
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[0110] Here, it can be seen that an apodization function of
standard MV BF corresponding to w,, in Equation 1 is r,,
that is, a convolution of a rectangle window having a length
of M-L+1 and w[n]”. Since it is well-known that a con-
tinuous wave (CW) beam pattern on a focal plane is a
Fourier transform pair of apodization functions, a beam
pattern of the apodization function of the standard MV BF
is consequently shown as a multiplication of a Fourier
transform pair of the rectangle window, that is, a sinc
function, and a Fourier transform pair of w[n]” calculated
from the minimum variance. Overall, the sinc function is
gradually reduced as it recedes from the center, and thus it
is possible to presume that clutter far away from a main lobe
may be reduced to a certain degree solely through spatial
smoothing.

[0111] FIG. 7 is a graph showing that high-frequency
components are removed solely through spatial smoothing
according to an exemplary embodiment of the present
invention.

[0112] Specifically, (a) of FIG. 7 shows a point target
image of DAS BF which is apodized into a rectangle
window, and (b) of FIG. 7 shows a point target image of MV
BF in which spatial smoothing is performed when w[n] is a
rectangle function.

[0113] Itis assumed that L=M/4 and a plane wave from a
front direction is transmitted. Referring to (b) of FIG. 7, it
can be seen that an X-shaped long side lobe, which is
observed in DAS BF of (a) of FIG. 7, is appropriately
removed solely through spatial smoothing of MV BF. It can
be seen that features of standard MV BF can be maintained
very well even when a dimensionality reduction of treating
only side lobe components close to a front side and remov-
ing other high-frequency components is performed in MV
BF employing a transform function based on an orthogonal
polynomial such as a Legendre polynomial.

[0114] An MV BF method in which x is transformed into
another space instead of applying MV BF to an original
space of x, that is, an element space, and MV BF is
performed in the transformed space will be described below.
[0115] Assuming that a transform function V is an LxL
full rank matrix and columns of V are orthonormal to each
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other, any weight w in Equation 4 can be represented as a
linear combination of the following columns of V.

w=Vp (10)

[0116] Here, B is an Lx1 column vector.

[0117] Then, an MV BF value is calculated for a given V
as follows.

R, (a

Vi RT Y,

[0118] In Equation 11, R,=V#RV=E[uu”], u=V"x, and
v,=V#a. Here, R, may be defined with expected values of u
and a transpose of u, and V|, is a steering vector. Equation 11
is an MYV BF value in a space in which x is transformed into
V.

[0119] Practically, spatial smoothing is required to esti-
mate R,, and R, is estimated according to a calculation of
Equation 12.

1 M-L (12)
wu]!

[0120] R replaces R, in Equation 11. Here, M is the
number of all channels, M-L+1 is the number of sub-arrays,
and L is a sub-array length.

[0121] Here, u,=Vx,, and

urolr] (13)

uy 1 [n]
up = .

vy, [n]

[0122] An output of a beamforming apparatus which takes
spatial smoothing into consideration is represented by Equa-
tion 14.

1 M-L (14)
= _ H
©= M—L+1;ﬂ “

[0123] Meanwhile, according to MV BF methods in a
transformed space, only some components which are par-
ticularly important in the transformed space are used so that
an amount of calculation required to calculate an inverse
matrix of R can be remarkably reduced. Since some leading
columns constituting V represent components which are
important for an MV BF calculation, it is possible to reduce
the dimensionality of R by transforming a received signal x
with only the columns. Therefore, the amount of calculation
for the inverse matrix of R can be further reduced.

[0124] Assuming that V represents a subspace composed
of leading columns of V, the following Equation 15 can be
obtained.

f/:[vo, Vi vy voil (15)
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[0125] Here, Q<L. L is a channel length or a sub-array
length. Then, a weight, which is calculated using V, is
represented by the following Equation 16.

#=Vp (16)
[0126] Here,
_ RII Vi
N VIR,

R,=E[a-07], 6=Vx,, and v,=V7a.
[0127] When R, is actually estimated through spatial
smoothing, R, is represented by the following Equation 17.

an

1 M-L
Ri=—— Y (Y
1 M—L+l;ulol

@ indicates text missingor illegiblewhen filed

[0128] Here,
u@ [n] (18)
@1 - u ?. [n]
4@ [n]

(D indicatestext missin, gor illegiblewhen filed

[0129] Transform functions in MV BF will be described
below with reference to equations.

[0130] A known transform function which is used to
reduce calculations of inverse matrices in MV BF is a
Fourier transform matrix for BA BF (also referred to as a
Butler matrix) and the like.

[0131] B,,,, which is a component of the m™ row and the
n? column in a Fourier transform matrix BECH, is repre-
sented by the following Equation 19.

1 19
Bm,n = _e® a9
L

VL

@ indicates text missing or illegiblewhen filed

[0132] This Fourier transform matrix transforms an ele-
ment space into a transformed space. Some leading columns
in the Fourier transform matrix represent low-frequency
components and correspond to a direction of a focal point
and beam components close to the focal point. Assuming
that interference frequently occurs around a front direction,
it is possible to efficiently reduce dimensions using only
these columns Further, as described above, spatial smooth-
ing has an effect of reducing interference from a place far
from a front side.

[0133] A transform function composed of a Legendre
polynomial according to an exemplary embodiment of the
present invention will be described below with reference to
equations.

Mar. 29, 2018

[0134] A beamforming apparatus according to an exem-
plary embodiment employs the LP MV BF method in which
a matrix composed of a Legendre polynomial is used as a
transform function for transforming a signal of an element
space into a transformed space. MV BF performance of the
case in which a Legendre polynomial is used in comparison
to that of the case in which another transform function is
used will be described below.

[0135] Some leading columns of a transform function
composed of a Legendre polynomial may fully represent
low-frequency components like a Fourier transform func-
tion. Each of Legendre polynomials obtained by applying a
Gram-Schmidt orthonormalization process to a series of
polynomials {1, n, n%, . .., n*~'} may be used as a column
of V. In other words, V=P, and P=[P,, P|, ..., P,_,]. Here,
P is the k™ column of P, P,=[Py, Py . . ., Pyl and

P = Bm® e

@ indicates text missingor illegiblewhen filed

C,; 1s determined by a Gram-Schmidt orthogonalization
process.

[0136] For example, P, is represented by Equation 20.

@=2=0 @20

@ indicates text missing or illegiblewhen filed

[0137] Columns of P sequentially represent frequency
components in order of increasing frequency.

[0138] FIG. 8 is a graph for comparing a CW beam pattern
of a Legendre polynomial basis transform function P accord-
ing to an exemplary embodiment of the present invention
with CW beam patterns of a Fourier transform function B
and a transform function of PCA MV BE.

[0139] Specifically, in FIG. 8, a second column of P, that
is, a CW beam pattern of P, is compared with CW beam
patterns of second columns of the Fourier transform function
B and a transform function V of PCA MV BF.

[0140] In Equation 16, that is, VAV:\A/B, since W is a
weighted sum of some leading columns of V obtained by
using f3, a CW beam pattern of W is also a weighted sum of
CW beam patterns of columns of V obtained by using f. It
can be seen that the CW beam pattern of P is quite similar
to a CW beam pattern of the transform function of PCA MV
BF.

[0141] However, P, has a much lower frequency compo-
nent than a second column b, of B, and unlike b,, absolute
values of the beam pattern are bilaterally symmetrical with
respect to 0 degrees. Such features work as an advantage in
that interference close to the front is prevented more effi-
ciently in the case in which P is used than in the case in
which B is used even when Q=2 so that a point target image
may be sharper and also bilaterally symmetrical.

[0142] Meanwhile, a direction of a null point in a CW
beam pattern of a column of B is also a null point direction
in a CW beam pattern of another column, but this may not
be the same in the case of P as shown in FIG. 2. For example,
when Q=2 and interference is received from a first null point
direction of the CW beam pattern of p,, it is not possible to
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remove the interference using any . This is because P, has
no influence on the direction. This is almost the same as in
the case in which a transform function of PCA MV BF is
used and may be a serious disadvantage of P when a CW is
used. However, since various frequencies are mixed in an
actual ultrasonic diagnostic device employing a wide-band
signal, such a null point is not clearly shown in the beam
pattern, and the disadvantage is not a large concern. Rather,
in the same dimensionality reduction, LP MV BF’s perfor-
mance of decomposing adjacent point targets is similar to or
superior to the two other methods, and in terms of approxi-
mation errors caused by the dimensionality reduction, LP
MYV BF almost always has fewer errors than BA BF and has
almost no difference in the amount of errors from PCA MV
BF in most cases.

[0143] One of advantages of LP MV BF is that a transform
function is composed of only real numbers. In principle, BA
BF or PAC MV BF is composed of complex numbers.
Therefore, a transform calculation of LP MV BF is simple.
[0144] As described above, an amount of calculation for
calculating an inverse matrix of R can be remarkably
reduced by dimensionality reduction in the transformed
space. In particular, when Q=3, the amount of calculation is
almost negligible. In this case, a step with the largest amount
of calculation in MV BF employing transformation is the
spatial smoothing step. As described above with reference to
Equation 17, R, is calculated after {i 0,7 is caleulated
M-L+1 times. Here, since 1, =V, X, Q'L complex accumu-
lations, for example, complex multiplications and complex
additions, are generally required to transform X, into @, with
respect to each 1. Also, [ complex accumulations are
required to calculate §,,”. Therefore, a total of (M-L+1)
(Q+1)L complex calculations are required to calculate R .
When M-L+1=L, that is, L=(M+1)/2, a total of (Q+1)-L*
complex accumulations are required to calculate R,. This
amount of calculation is considerably greater than the
amount of calculation of M real number calculations which
is required in conventional DAS BF. It being possible to
remarkably reduce R, calculations when a polynomial, such
as a Legendre polynomial, or a Fourier transform basis
function is used as a transformation basis function according
to an exemplary embodiment will be described below.
[0145] A degree of a polynomial, such as a Legendre
polynomial, used as a transform function is reduced by one
every time the polynomial is differentiated. Using the afore-
mentioned feature, the present invention makes it possible to
simply calculate spatial smoothing. For example, 1, in
Equation 17 is represented by Equation 21.

ﬁﬁf’Hxl @n

[0146] In Equation 21, p= Do Pl <+ Pg_y]- Since P is
composed of real numbers PZ=P7. The superscrlpt Hisa
Hermitian transpose, and the superscript T is a transpose.
Equation 21 can be represented by Equation 22 again.

Plx; 22)

P;M’l

@ indicates text missing or illegiblewhen filed
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[0147] u, , calculated using a lowest-degree column Py, is
represented by Equation 23.

@ = 23)

@ indicates text missing or illegiblewhen filed

[0148] Meanwhile, when differentiation is performed, it is
assumed that 0, ;_, o=, o. Also, d, . is defined as being

3 g
equalto d, , -3, , ., when p=2. For example, d,, .,
270y 1,25=01,1401,0- In 0, . p is a degree of difference, q is

an index related to 1 in Equation 23 and has a minimum
value obtained by adding p to the start index 1 of x which
will participate in the calculation, and r indicates that the
calculation result corresponds to the r” row of 0.

[0149] Since d, ., o=U;,, o1 ., Equation 24 holds.

A== 24)

@ indicates text missingor illegiblewhen filed

[0150] Sinced, ,,, y=u,,, o, ,, canbe simply calculated
by Equation 25.

U12,07M1,0"01 1410 (25)

[0151] To calculate u, g, it is not necessary to repeat L
multiplications and additions for every 1, only two additions
and one multiplication are required every time 1 increases
by one after u, is calculated. L is a sub-array length.
Meanwhile, in the case of u, , in which a second-degree
polynomial is used, it is first assumed that, for example, Ug 2,
u, ,, and u, , are previously and directly calculated by using
Equation 21 through a complicated calculation process
omitted herein. 8, | ,, 8, , 5, and 9, , , are also assumed to be
previously and directly calculated from vy, 5, U, ,, and u, ,.
Subsequently, when L=3,

@ =D+ 2+8122+3D =@ (26)

® indicates text missingor illegiblewhen filed
[0152] Here,

@ =0, 2N
{
Op12 =022 + Z Opi2s
k=

® =0
@ =0 o8)

@ indicates text missing or illegiblewhen filed

[0153] In Equation 28, djg,=—Cqp, d312 —(Cy5=2¢0,+
Cro)y dip0= C02‘022"'012> €30~ ((L- 1?42)c,,+(L-1)c o+
Cozs €3,,=—2((L- 1) Coot(L- 1)012"'002)5 and e;,,=(L-1)
022+(L 1)c,,4Cq,-

[0154] Here, both d and e are real-number constants which
can be pre-calculated.
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[0155]  Accordingly, when Lz2, u,,, .=V, 540, 2+0,
1+1,2. Since V1+1,2:Vl,2a63,1+1,2a 2,1+1,2:62,1,2+63,1+1,zs
and 0, ;,, ,=0, , ,+9, 1., », the calculation can be sequen-
tially performed with only addition except for 6 multiplica-
tions for calculating 8, ., ».

[0156] Generally, a final difference of the R row of Pis
represented by Equation 29.

®=0 9

@ indicatestext missingor illegiblewhen filed

[0157] In Equation 29, d and ¢ in d,, or e, are
previously calculated real-number coeflicients, the sub-
scripts p and r have the same meanings as 0, ,,, but the
subscript q represents a degree of each term in a polynomial.
[0158] In other words, the calculation is finished with
2(Q+1) multiplications and 2(Q+1) additions. Next, d is
calculated by sequentially reducing a degree of difference
(corresponding to x in 8, ), and one addition is required
every time the degree is reduced. In other words, one
calculation of u involves calculating up to 8 ,,,, o, and to
this end, a total of Q additions are further required. There-
fore, the one calculation of u involves 2(Q+1) multiplica-

tions and 3Q+2 additions overall. Here, initial calculations,

that is, 9y, 0, and the like, should be performed in
advance.
[0159] Meanwhile, in BA BF, a spatial smoothing calcu-

lation can be simplified in a similar way to LB MV BF. In
this case, the transformed signal G, of BA BF corresponding
to Equation 21 is represented by Equation 30.

i, =B, (30)

[0160] Here, B=]b, b, ... by_,].

[0161] Also, assuming that
x=0 =0, 3D
®@=2 (32)

@ indicates text missing or illegiblewhen filed

[0162] In Equations 30 to 32, x is a received signal, the
subscript 1 is a start index of x, a subscript Q is the number
of components of a transformed signal selected by the user,
and the superscript H is a Hermitian transpose. m represents
the m” row, n represents the n™ column, and L is a sub-array
length.

[0163] FIG. 9 is a flowchart showing a beamforming
method according to an exemplary embodiment of the
present invention.

[0164] Referring to FIG. 9., a beamforming apparatus
according to an exemplary embodiment transforms a
received signal of an element space into a transformed
space, which is another space, by using a transform function
and calculates a transformed signal of the transformed space
(900). Here, a transform function composed of low-fre-
quency components may be used.

[0165] During the calculation of a transformed signal
(900), the beamforming apparatus according to an exem-
plary embodiment uses a transform function composed of an
orthogonal polynomial. The orthogonal polynomial may be

Mar. 29, 2018

any one of, for example, a Hermite polynomial, a Laguerre
polynomial, a Jacobi polynomial, a Gegenbauer polynomial,
a Chebyshev polynomial, and a Legendre polynomial.
[0166] When the beamforming apparatus uses an orthogo-
nal polynomial, such as the Legendre polynomial, as the
transform function for a spatial transformation, the Legendre
polynomial can be used as the transform function in the MV
BF method. In this case, it is possible to maintain perfor-
mance of MV BF while remarkably reducing the amount of
calculation of MV BF. When the beamforming apparatus
performs beamforming using an orthogonal polynomial-
based MV BF method, it is possible to select low-frequency
components and discard high-frequency components, and
some leading columns correspond to the low-frequency
components like a Fourier transform function.

[0167] The beamforming apparatus according to an exem-
plary embodiment calculates the transformed signal by using
features of a Fourier transform basis function or the trans-
form function composed of a polynomial. For example, a
feature that a degree of the orthogonal polynomial is reduced
by one every time the orthogonal polynomial is differenti-
ated 1s used to calculate the transformed signal. In this case,
the amount of calculation of the transformed signal is
reduced.

[0168] The exemplary embodiments in which spatial
smoothing is performed using a feature of a Legendre
polynomial or a Fourier transform basis function to reduce
the amount of calculation of a transformed signal have been
described above with reference to Equations 21 to 32.
[0169] Subsequently. the beamforming apparatus esti-
mates an averaged spatial covariance matrix through spatial
smoothing employing a feature of the transform function
(910). Then, the beamforming apparatus calculates a weight
of the transformed signal from the averaged spatial covari-
ance matrix and generates a beam signal by applying the
weight to the transformed signal (920).

[0170] The beamforming apparatus according to an exem-
plary embodiment generates a received signal in a channel
data form by averaging multiple pieces of sample data
before spatial smoothing. As an example, the beamforming
apparatus generates a received signal in a channel data form
by averaging sample data constituting sample data sets
according to the sample data sets. As another example, the
beamforming apparatus generates a received signal in a
channel data form from multiple sample data sets by aver-
aging sample data received through the same element of a
transducer. Accordingly, spatial smoothing can be pet-
formed once on the received signal of the channel data form
obtained by averaging multiple pieces of sample data, and
the amount of calculation is reduced.

[0171] The beamforming apparatus according to an exem-
plary embodiment can perform a step of collecting averaged
covariance matrices, which are generated by performing
spatial smoothing on sample data having individual depths,
and performing temporal averaging on the averaged cova-
riance matrices. Here, when the time averaging is performed
in a shared memory, performance can be improved.

[0172] According to the above description, the present
invention can be applied to all of various array signal
processing fields, such as a radar, a sonar, non-destructive
examination, and the like in addition to an ultrasonic diag-
nostic device.

[0173] Exemplary embodiments of the present invention
have been described above. Those of ordinary skill in the



US 2018/0085089 A1

technical field to which the present invention pertains should
appreciate that various changes can be made without depart-
ing from the spirit of the present invention. Accordingly, the
disclosed embodiments should be considered in a descrip-
tive sense and not in a restrictive sense. The scope of the
present invention is set forth not in the foregoing description
but in the claims, and differences in scope equivalent to the
claims should be construed as being included in the present
invention.

1. A beamforming apparatus comprising:

a spatial smoothing unit configured to transform received
signals into another space by using a transform function
composed of low-frequency components, calculate
transformed signals by a spatial smoothing operation
employing the transform function in the transformed
space, and estimate an averaged spatial covariance
matrix;

a weight calculation unit configured to calculate weights
of the transformed signals from the averaged spatial
covariance matrix estimated by the spatial smoothing
operation; and

a synthesis unit configured to generate a beam signal by
using the transformed signals and the weights of the
transformed signals.

2. The beamforming apparatus of claim 1, wherein the
spatial smoothing unit leaves the low-frequency components
of the transform function, removes high-frequency compo-
nents, and then generates the transformed signals by trans-
forming the received signals into the other space with a
transform function composed of the remaining low-fre-
quency components to reduce dimensions of a spatial cova-
riance matrix of each of the received signals input through
a plurality of channels.

3. The beamforming apparatus of claim 1, wherein the
spatial smoothing unit calculates the transformed signals by
using features that a difference between neighboring trans-
formed signals is a difference of a first system and a
difference between neighboring differences of the first sys-
tem is a difference of a second system, and estimates spatial
covariance matrices from the calculated transformed signals.

4. The beamforming apparatus of claim 1, wherein the
transform function is an orthogonal polynomial, and

the spatial smoothing unit calculates the transformed
signals by using features that the orthogonal polyno-
mial is composed of real numbers and a degree of the
orthogonal polynomial is reduced by one every time the
orthogonal polynomial is differentiated, and estimates
spatial covariance matrices from the calculated trans-
formed signals.

5. The beamforming apparatus of claim 4, wherein the
orthogonal polynomial is any one of a Hermite polynomial,
a Laguerre polynomial, a Jacobi polynomial, a Gegenbauer
polynomial, a Chebyshev polynomial, and a Legendre poly-
nomial.

6. The beamforming apparatus of claim 4, wherein the
transform function (V) is a Legendre polynomial (P), and

P=[P,, P,,...,P,_,| where P, is ak” column of P. P,=P,,.
Pio oo Pl
@=0

@ indicates text missingor illegiblewhen filed
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¢, is determined by a Gram-Schmidt orthogonalization
process, and the superscript T is a transpose.

7. The beamforming apparatus of claim 1, wherein the
spatial smoothing unit estimates a spatial covariance matrix
R, through the spatial smoothing operation, and

the estimated spatial covariance matrix R, is

3 1
Ri=——Q®
=l

@ indicates text missingor illegiblewhen filed

where M is a number of all channels, M-L+1 is a number of
sub-arrays, L is a sub-array length, ui is a transformed signal,
and the superscript H is a Hermitian transpose.

8. The beamforming apparatus of claim 1, further com-
prising:
an accumulation unit configured to accumulate a trans-
formed signal corresponding to each sub-array,

wherein the synthesis unit calculates the beam signal once
by synthesizing the transformed signals accumulated
by the accumulation unit and the weights.

9. The beamforming apparatus of claim 8, wherein the
beam signal calculated by the synthesis unit is

N 1
=—&®F
2= 0

@ indicates text missingor illegiblewhen filed

where M is a number of all channels, M-L+1 is a number of
sub-arrays, L is a sub-array length, f} is a weight, and ui is
a transformed signal.

10. The beamforming apparatus of claim 1, wherein the
spatial smoothing unit calculates a corrected transformed
signal {i; obtained by correcting a transformed signal, and

ﬁlff’Hxl where P is a corrected Legendre polynomial,
P=[po Py - - - Poutls pH=p7,

n=0=0,

(3) indicates text missingor illegiblewhen filed

x is a received signal, the subscript 1 is a start index of x, the
subscript Q is a number of components of a transformed
signal selected by a user, the superscript H is a Hermitian
transpose, and the superscript T is a transpose.

11. The beamforming apparatus of claim 10, wherein a
difference of an R” row in the corrected Legendre polyno-
mial P is

)
)

@ indicates text missingor illegiblewhen filed
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where d and e in d, _, or e, are previously calculated
real-number coefficients, the subscript p is a degree of
difference, r is an eh row of the corrected transformed
function 11,, q is a degree of each term of the polynomial, 1
is the start index of x, and L is a sub-array length.

12. he beamforming apparatus of claim 11, wherein
2(Q+1) multiplications and 2(Q+1) additions are required to
calculate the difference of the R” row in the corrected
Legendre polynomial P,

one addition is further required every time the difference

degree decreases, and

the difference of the R” row in the corrected Legendre

polynomial P is consequently calculated by 2(Q+1)
multiplications and 3Q+2 additions.

13. The beamforming apparatus of claim 1. wherein the
transform function is a Fourier transform basis function, and

the spatial smoothing unit calculates the transform func-

tion using the Fourier transform basis function.

14. The beamforming apparatus of claim 13, wherein the
spatial smoothing unit calculates a corrected transformed
signal 0, obtained by correcting a transformed signal, and

1, =B”x, where a transform function B is a corrected

transform function, B=[by by . .. by 4],

@=0=0.

@ indicatestext missingor illegiblewhen filed

X is a received signal, the subscript 1 is a start index of x, the
subscript Q is a number of components of a transformed
signal selected by a user, and the superscript H is a Hermi-
tian transpose.

15. The beamforming apparatus of claim 14, wherein the
transformed signal v, , is

® -0

® indicates text missingor illegiblewhen filed

where m is an m” row, m is ann” column, 1 is the start index
of x, and L is a sub-array length.

16. The beamforming apparatus of claim 1, further com-
prising:

a channel data averaging unit configured to generate the
received signals in a channel data form by averaging
multiple pieces of sample data before the spatial
smoothing.

17. The beamforming apparatus of claim 16, wherein the
channel data averaging unit generates the received signals in
the channel data form from sample data sets received
according to sub-arrays of a transducer by performing
beamforming on sample data constituting the sample data
sets.

18. The beamforming apparatus of claim 16, wherein the
channel data averaging unit generates the received signals in
the channel data form from multiple sample data sets by
averaging sample data received through elements at identi-
cal positions of a transducer with respect to an identical
depth.

19. The beamforming apparatus of claim 16, wherein the
spatial smoothing unit performs the spatial smoothing once
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on the received signals of the channel data form obtained by
the channel data averaging unit averaging the multiple
pieces of sample data.

20. The beamforming apparatus of claim 1, further com-
prising:

a temporal averaging unit configured to collect averaged
covariance matrices generated by performing the spa-
tial smoothing on sample data having individual
depths, and perform temporal averaging.

21. The beamforming apparatus of claim 20, further

comprising:

a shared memory

wherein the temporal averaging unit is located in the
shared memory.

22. An ultrasonic imaging apparatus comprising:

a transducer configured to emit an ultrasonic wave to an
object, receive an ultrasonic signal reflected by the
object, and output a plurality of ultrasonic signals by
transforming the received ultrasonic wave;

a beamforming unit configured to calculate transformed
signals by transforming the ultrasonic signal received
by the transducer into another space with a transform
function composed of low-frequency components, gen-
erate a beam signal by applying weights to the trans-
formed signals in the transformed space, and estimate
an averaged spatial covariance matrix to be used for
generating the beam signal by a spatial smoothing
operation employing the transform function; and

an image generation unit configured to generate an image
using a signal output from the beamforming unit.

23. The ultrasonic imaging apparatus of claim 22, wherein
the beamforming unit calculates the transformed signals by
using features that a difference between neighboring trans-
formed signals is a difference of a first system and a
difference between neighboring differences of the first sys-
tem is a difference of a second system.

24. The ultrasonic imaging apparatus of claim 22, wherein
the transform function is an orthogonal polynomial, and

the beamforming unit calculates the transformed signals
by using features that the orthogonal polynomial is
composed of real numbers and a degree of the orthogo-
nal polynomial is reduced by one every time the
orthogonal polynomial is differentiated.

25. The ultrasonic imaging apparatus of claim 22, wherein
the transform function is a Fourier transform basis function,
and

the beamforming unit calculates the transformed signals
by using the Fourier transform basis function.

26. A beamforming method comprising:

calculating transformed signals by transforming received
signals into another space with a transform function
composed of low-frequency components;

estimating an averaged spatial covariance matrix through
spatial smoothing employing a feature of the transform
function; and

calculating weights of the transformed signals from the
averaged spatial covariance matrix and generating a
beam signal by applying the weights to the transformed
signals.

27. The beamforming method of claim 26, wherein the
calculating of the transformed signals comprises calculating
the transformed signals by using features that a difference
between neighboring transformed signals is a difference of
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a first system and a difference between neighboring differ-

ences of the first system is a difference of a second system.
28. The beamforming method of claim 26, wherein the

transform function is an orthogonal polynomial, and

the calculating of the transformed signals comprises cal-

culating the transformed signals by using features that
the orthogonal polynomial is composed of real numbers
and a degree of the orthogonal polynomial is reduced
by one every time the orthogonal polynomial is differ-
entiated.

29. The beamforming method of claim 28, wherein the
generating of the beam signal comprises calculating the
weights through spatial smoothing based on the orthogonal
polynomial and generating a minimum variance (MV) beam
signal from the calculated weight.

30. The beamforming method of claim 26, wherein the
transform function is a Fourier transform basis function, and

the calculating of the transformed signals comprises cal-

culating the transformed signals by using the Fourier
transform basis function.

31. The beamforming method of claim 30, wherein the
generating of the beam signal comprises calculating the
weights through spatial smoothing based on the Fourier
transform basis function and generating a beamspace adap-
tive (BA) beam signal from the calculated weights.

32. The beamforming method of claim 26, further com-
prising:

before the spatial smoothing, generating the received

signals in a channel data form by averaging multiple
pieces of sample data.

* % % k¥
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