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Start

There is provided an ultrasonic imaging apparatus capable of
optimizing parameters in frequency compound imaging. The
ultrasonic imaging apparatus includes an optimal parameter
calculation unit that calculates optimal values of processing
parameters in the frequency compound imaging, and the opti-
mal parameter calculation unit outputs a result that satisfies
C,JO,=C,J0,= . . . ¢, /o, where the number of divided fre-
quency bands is n, a bandwidth of a divided signal is 0, and a
signal intensity at the time of addition is ¢, (i=1, 2, . . ., n).

Calculates optimal parameters

v

Calculate signal intensity of each detected sub-band

e : ' S82
Divide signal into sub-bands -
!
Detect L~ 583
y | — S84

!

Adjust detected signal intensity so that output signal intensity
reaches calculated addition coefficient

y

Add detected signals and output it

End



Patent Application Publication  Apr. 30,2009 Sheet 1 of 11 US 2009/0112090 A1

FIG. |

HHD




Patent Application Publication  Apr. 30,2009 Sheet 2 of 11 US 2009/0112090 A1

FIGL 20




Patent Application Publication  Apr. 30,2009 Sheet 3 of 11 US 2009/0112090 A1

FIG. 3A

SSNR1+2 / SSNR1

FIG. 3B
15 .
4031
1 ]
=
Iy 402=4032
@/ 4033
0.5 g 403 '..0.......’ ..>
404 5= L
X
% 2 4 6 3 10



Patent Application Publication  Apr. 30,2009 Sheet 4 of 11 US 2009/0112090 A1

FIG. 4
1 6 1 L) T T
lDecrcase of 20%

AR I BV i I . S i
=
5]
f Decrease of 50%
o ]
— - SO R
% : !
0 121! .
@ |is02i son:

(RR T

‘l é i 1 ‘ 1 i 1
0 2 4 6 g 10

02 12 22 c2/cl



Patent Application Publication  Apr. 30,2009 Sheet S of 11 US 2009/0112090 A1

FlG. 5A

skt

FIG.




Patent Application Publication  Apr. 30,2009 Sheet 6 of 11 US 2009/0112090 A1

FIG. 6A

A

\ 4
W
A4
(@)
A
~Jd
o0
\O
(oY
ju—
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FIG. 8

( S81 start )

A

Frequency distribution of received signal detected therefrom or that of
the received signal whose numeral values are assumed and stored in S811
apparatus in advance is converted to number of bands n,, center f
frequency fy;, and bandwidth o, (7=1,2,...,ny) to create condition 1
described below and frequency band number of received signal:
foi(1-00/2) £ £ < f(1+0¢42)) A 6,86 i=1,2,...,n,j=1

3 v

Y

Upper limit n_,, of divided frequency band number is automatically set S812
by specification of apparatus or arbitrarily set by the user to create /
condition 2 as follows:

nin,,

A 4

Lower limit SSNR_;, of required SSNR is set to create condition 3 as

follows: f S813
Dsin < D, Dy = [SSNRmmZ]
Note: [ ] is gauss' notation

h 4

Lower limit o, of bandwidth o; of divided frequency band is set from Ve S814
filter characteristic etc., to create condition 4 as follows:
Gminsci (1=1927 "-3n)

\ 4

Lower limit c;, of signal intensity c; of divided frequency band at S815
addition time is determined from noise level etc., to create condition 5 f

as follows:

Cmin$¢ (1=1,2,...,n)

A 4
In domains of n, ¢;, s;, f; determined by conditions 1 to 5, n, ¢;, 5, f; that
satisfy equation described blow are calculated. S816
eV o, =co,=...=¢c¥ o, e
when they are not uniquely determined, parameters by which sum of
matrix elements in equation (19) is minimized are selected and
outputted as optimal parameters.

A 4
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ULTRASONIC IMAGING APPARATUS

CLAIM OF PRIORITY

[0001] The present application claims priority from Japa-
nese patent application JP 2007-278021 filed on Oct. 25,
2007, the content of which is hereby incorporated by refer-
ence into this application.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a medical ultrasonic
imaging apparatus, and more particularly relates to optimiza-
tion of parameters for frequency compound imaging.

[0004] 2. Description of the Related Art

[0005] Compounding smoothes speckles by averaging and
adding signals in a plurality of directions to improve quality
of vision of a minute contrast difference in an image. Particu-
larly, in frequency compound imaging, a low frequency com-
ponent and a high frequency component are subjected to
signal processing, and added to thereby improve azimuth
resolution itself and uniformity of resolution over an image of
interest.

[0006] Regarding the conventional frequency compound
imaging, there is disclosed a study ofa quantitative evaluation
method of an amount of speckle reduction (William F. W. et
al, The Application of K-Space in Pulse Echo Ultrasound,
IEEE Transactions on Ultrasound 45(3), 541-558 (1998)).
Moreover, there is disclosed a study to clarify relationship
between a frequency-band division method and an amount of
speckle reduction in the case of two divisions (H. E. Melton,
Jr. and P. A. Magnin, A-Mode Speckle Reduction with Com-
pound Frequencies and Compound Bandwidths, Ultrasonic
Imaging, 159-173 (1984)). Further, a method is disclosed in
which the number of divided frequency bands is about two to
five and center frequencies and coefficients are continuously
changed according to their depths to keep continuity of qual-
ity (Japanese Patent Application Publication No. 2001-
184677). Furthermore, a method is disclosed in which, in
order to suppress a reduction in distance resolution having a
tradeoft relation with an amount of speckle reduction, not
only a narrowband signal but also a wideband signal contain-
ing the narrowband signal are changed to divided signals
(Japanese Patent Application Publication No. 2001-170049).

SUMMARY OF THE INVENTION

[0007] However, in the above-described conventional tech-
niques, when a frequency band is divided into any number of
divided frequency bands, or into divided frequency bands
with any intervals, optimal values for a center frequency and
a bandwidth in the divided frequency band is not quantita-
tively evaluated, and unsolved problems still remain to fur-
ther optimize parameters for frequency compound imaging.

[0008] It is an object of the present invention to provide an
ultrasonic imaging apparatus capable of optimizing param-
eters for frequency compound imaging.

[0009] An ultrasonic imaging apparatus of the present
invention includes a probe having a plurality of elements that
transmits or receives an ultrasonic signal; a beam former that
performs phasing and addition on the ultrasonic signal
received by the plurality of elements; a frequency compound
changing unit that performs frequency compound imaging on
the ultrasonic signal subjected to phasing and addition; an
ultrasonic image generation unit that generates an ultrasonic
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image from the signal subjected to the frequency compound
imaging; and a display means for displaying the generated
ultrasonic image, wherein the frequency compound unit
includes: a frequency band division unit that divides the ultra-
sonic signal subjected to phasing and addition into signals
corresponding to an arbitrary number of frequency bands; a
separate detector that detects each of band divided signals
obtained by dividing the ultrasonic signal subjected to phas-
ing and addition into signals corresponding to the arbitrary
number of frequency bands and that uses the detected signals
as an arbitrary number of detected signals by bands; and an
accumulator that adds the arbitrary number of detected sig-
nals by bands with a predetermined addition coefficient
[0010] Such an addition coefficient may be also used to
accomplish the following: Signal intensity of a band-divided
received signal is normalized and then multiplication is per-
formed before addition to increase or decrease the amount of
signals. Moreover, such an addition coefficient may be used
to accomplish the following: Signal intensity of a band-di-
vided received signal is normalized and signal intensities in
all frequency bands are set to 1, and then an addition coeffi-
cient is multiplied and an amount of signals is increased or
decreased so that signal intensity at the time of signal addition
is proportional to the addition coefficient.

[0011] According to the present invention, it is possible to
provide an ultrasonic imaging apparatus capable of optimiz-
ing parameters for frequency compound imaging.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 is a view showing a numerical simulation
result proving an effect of the present invention;

[0013] FIG. 2 is a view showing a numerical simulation
result proving an effect of the present invention;

[0014] FIG. 3 is a view showing a numerical simulation
result proving an effect of the present invention;

[0015] FIG. 4 is a view showing a numerical simulation
result proving an effect of the present invention;

[0016] FIG. 5 is a view showing a numerical simulation
result proving an effect of the present invention;

[0017] FIG. 6 is a block diagram showing an example of a
configuration of an ultrasonic imaging apparatus of the
present invention;

[0018] FIG. 7is a processing flowchart explaining process-
ing of a frequency compound unit of an ultrasonic imaging
apparatus of the present invention;

[0019] FIG. 8is aprocessing flowchart explaining process-
ing of an optimal parameter calculation unit of an ultrasonic
imaging apparatus of the present invention;

[0020] FIG.9isaview showing an example of a method for
dividing a frequency band indicated by a parameter outputted
by an optimal parameter calculation unit of an ultrasonic
imaging apparatus of the present invention;

[0021] FIG. 10 is a view showing an example of a method
for dividing a frequency band indicated by a parameter out-
putted by an optimal parameter calculation unit of an ultra-
sonic imaging apparatus of the present invention; and
[0022] FIG. 11 is a view showing an example of a method
for dividing a frequency band indicated by a parameter out-
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putted by an optimal parameter calculation unit of an ultra-
sonic imaging apparatus of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0023] The following will explain a quantitative relation-
ship between processing parameters and a speckle reduction
effect and derivation of optimal setting.

[0024] Regarding optimal setting, specifically, a first con-
dition for increasing a speckle reduction effect is to reduce
Af;=If,~1, or reduce a bandwidth ratio of p,=0,/0;. Moreover,
a maximum effect is obtained when a condition of
¢,J0,=C,J/0,=...=C, 0, is satisfied. A range for obtaining an
effect of 80% or more satisfies o/p=0.5 where the following
expression is given.

n

#=fo\/0'_i

i=1

o= Z(Cz\/; —M)z
in1

It should be noted that explanation of derivation will be given
by the following order:

(1) Definition of SSNR

(2) Expansion to n Divisions

(3) Approximation of Special Function
(4) Definition of Effective Coefficient
(5) Consider Characteristic as Matrix

(6) Consider Optimization of SSNR Separately as Diagonal
Element and Off-diagonal Element.

(7) Evaluation of Diagonal Component (Optimal Setting)
(8) Evaluation of Off-diagonal Component

(9) Estimation of Error

(I) Definition of SSNR

[0025] An amount of speckles is evaluated by an index of
SSNR (Speckle Signal Noise Ratio). SSNR is defined as
follows where an average of video signals is 1, and disper-
sion thereof is o,.

SSNR=p1,/0,,

[0026] Itshould be noted that the speckle reduction effectis
evaluated by a value, which is obtained when SSNR of a
signal to be evaluated is divided by SSNR of a reference
signal and the resultant signal is normalized. Regarding a
center frequency of the reference signal and a bandwidth, any
values may be used. A video signal intensity distribution is a
Rayleigh distribution and an average value in the Rayleigh
distribution is proportional to dispersion, and therefore SSNR
ofasignal on which no compounding is performed is constant
regardless of the way of obtaining the values of the center
frequency and the bandwidth.

(2) Expansion to n Divisions

[0027] A signal which is obtained by multiplying n video
signals a, (i=1, 2, . . ., n) by coefficient ¢, and adding up the
resultant signals is given by the following expression
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and the SSNR of the signal is expressed by the following
equation (1) where an average of the respective video signal
intensities is [, and dispersion thereof'is 0, and a correlation
coefficient thereof is p,;,;. Here, i=1, 2, .. ., n, and n is the
number of divided frequency bands. Equation (1) is one in
which the inventor of the present invention extends SSNR
described in a case where the number of divided frequency
bands is two and addition coefficients are equal to each other,
to SSNR in a case where the number of divided frequency
bands is n and addition coefficients are arbitrarily used.

HyZ jcia; 69}
T3% ciai

SSNRs2 | cia;(Cis Mai» Tap» Paja;) =

n

Z CiHa;

i~1

w
Z Z CiCjPaja;Ta;Ta;

=1 =1

(3) Approximation of Special Function

[0028] The following will describe a case in which equation
(1) is rewritten to a function of processing parameters (the
number of divided frequency bands n, center frequency f,,
bandwidth o,, addition coefficient ¢, (i=1, 2, . . ., n)) for signal
frequency compound imaging.

[0029] A scatterer is expressed by a Poisson distribution of
an average frequency £, (following equation 2), a divided RF
signal si is expressed by a Gaussian pulse with a carrier
frequency f,, and dispersion o, (following equation (3)). At
this time, a correlation R ;,; between RF signals is given by the
following equation (4) and a correlation coefficient p,,, is
given by the following equation (5).

. e s @)
Pk) = f; 1B
= 3
s =e ¥4 &2
L ( _Liq;_/fx'>2 _ _(_f_x_gﬁ;] @
Ry (0) = Li e G e HTHT)
T e
( 7 +‘Tfj)
ity ®)
Rir;(0) 2007, e

Prt: = = 2 ) e
Y R OR 0 TR+

[0030] A correlation R,,,; between the detected RF signals
is expressed by the following equation (6), where a complete
elliptic integral of first kind K and a complete elliptic integral
of second kind E are used. Parts written by these special
functions show processing in which a RF signal is multiplied
by sin (f_xt) and cos (f.xt) where f,. denotes a frequency shift
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amount, the obtained signals are frequency-shifted 1Q sig-
nals, the obtained IQ signals are filtered by a lowpass filter,
and thereafter a sum of squares of the resultant signals is
calculated to obtain a video signal.

2'{2‘9(pX2[Xj)_(1 _pEin)'K(pfin)}_” ©
Paja; = -

[0031] Here, the present inventor found out the following
equation (7), which was an approximation having a high
accuracy (R?=0.998) where P 15 expressed by a rational
expressionofp,,,;, and enabled the equation (1) to be rewritten
to the following equation (8) which was a function of pro-
cessing parameters (the number of divided frequency bands
n, center frequency f,, bandwidth o,, addition coefficient c,
(i=1,2, ..., n)) for signal frequency compound imaging.

2'{2‘9(p!211j)_(1_pfzi!j)'K(pfzilj)}_" ™
4-n
~ pg,j(RZ =0.998)

Paaj =

SSNRyn | ca(Cis 0 g fi) = ®
n

0.5
Z oy

i~1

5 n ()

20507 o2l
§ § 05, 05 il i T
CiTgCi0g; 0'3- +a'§- e T i

i J

[T

[0032] It should be noted that the fact is used that the
average and dispersion of the divided video signals are pro-
portional to the square root of dispersion of the RF signal. In
other words, there is a Fourier transform relation between a
pulse width o,,and a bandwidth o of the RF signal, and o, is
an inverse of o, as shown in the following equation (9).
Moreover, in consideration of a probability distribution of RF
signal intensity, an approximation can be achieved by using
the first term of Edgeworth expansion, resulting in Gaussian
(equation (10)) where dispersion o, is inversely proportional
to a pulse width o, and a typical value f; of the Poisson
distribution (equation (11)). The higher the frequency of the
scatterer is and the larger the pulse width of the received pulse
is, the smaller the dispersion o; becomes. This can be intu-
itively understood from an average limit theorem. Further, in
consideration of a probability distribution of a video signal a,,
this results in a Rayleigh distribution as shown in the follow-
ing equation (12). The average and dispersion are propor-
tional to the pulse width as shown in the following equations
(13) and (14). As mentioned above, the average p,; of the
video signals and the dispersion o, are proportional to the
square root of the bandwidth of the lowpass filter of the RF
signal, that is, the frequency compound imaging (equations
(15) and (16)).

op = a',".1 )

i
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-continued
1 _ 2 10
pi(s) = e s2 2ol (10)
o}
1 )
i zfso'r;
C 2202
pla) = gt 12
a"iz
o (13)
Ha; = ) Ty
= (14)
Oq = 2- 5 T

05 _ ("B s (15)

_TOB s (16)
2

(4) Definition of Effective Coefficient

[0033] As described in equation (8), SSNR is expressed as
a function of processing parameters for signal frequency
compound imaging. However, six variables are given in the
case of two divided frequency bands, nine variables are given
in the case of three, and therefore in the case of the arbitrary
number of divided frequency bands, it is difficult to obtain an
optimal value in an intuitive manner and even in a simulation
manner if nothing is done. Accordingly, the present inventor
derived the following equation (17) as an expression using
effective variables of SSNR. The effective variables include a
product ¢, Jo, of a weighting coefficient and a square root of a
bandwidth of a divided signal, a bandwidth ratio p,, of each of
the frequency bands, a larger value f, ., of bandwidths of two
frequency bands, and a difference Af}; in a center frequency
between two frequency bands.

Af; 17
SSNRs» a.(cia'?:s, Pijs 4]: an
i=1% i O fmax ij
n
Dot
i~1
n o ) ___17(___911;;]2
B T
c,-a'%:scj o5 “Pii e L+pj; fmax ij

(oA
Ty p‘-zj
=1 -1

O fmax ij = MAX(Of;, O f;)

| minog o)
i = maxcy,, oy
Afy=1fi-fil
[0034] Since a center frequency f, is not included in the

effective variables, it is found that SSNR is not affected by the
average of the center frequencies though it depends on a
difference in center frequency among the divided frequency
bands.
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(5) Consider Characteristic as Matrix

[0035] Considering optimization of processing parameters
from the equation (17) as an expression of SSNR using the
effective variables, it is found that the equation (17) is
expressed by a matrix (formula (19)) using the following
formula (18) as an element. Accordingly, considering an opti-
mal design of the processing parameters as a characteristic of
the matrix expressed by the formula (19), it is found that the
expression is simplified.

2y -

05 _05_<Pii 1+pf

. il i

GO0 7@
71+ pj

05, 05 05
CLog oy €20 g

,_2,[,, 12
05 2P kT max 12

Afip ]2
a
21y pha

05,05
20 20

0.5
c1ogicr

el

503 Pln e 1+p},\% fmax 1n
5 2

"1+ pi,

0.5
C1Of{ Cy

(6) Consider Optimization of SSNR Separately as Diagonal
Element and Off-Diagonal Element.

[0036] A numerator of SSNR expressed by the equation
(17) is a sum of a square root of diagonal elements of the
matrix expressed by the equation (18) and a denominator
thereof is a square root of a sum of all elements. Since higher
SSNR is desirable, the value of the denominator is preferably
small. This means that the number of effective elements of the
matrix is small. On the other hand, the matrix elements are
formed by multiplying a product of (c,Jo,) and (c;/o;) by
2p,.j/(l+p,.j2) and exp[—(2/(l+pij2)(Afij/0fmmj))]. If it is
assumed that numbering is performed in descending order of
center frequency, only the product of (¢, /o) and (¢, jo;) is left
as a diagonal element. Then, the farther the value of the
oft-diagonal element is away from the diagonal element, the
more the value of the off-diagonal element is reduced in a
series by 2/(1+p,*) or exponentially by exp[-(2/(+p,)(Af,/
Onaxy))]- For reference, FIG. 1 shows a calculation result of
SSNR when p,; and Af;; were changed. The element values
other than p,, and Af}, are set to optimal values to be described
later. It is found that the maximum value is 2, and that the
element values are converged to the maximum value even if
p;; 1s decreased or Af}; is increased.

[0037] This reveals that a reduction in the element values
indicates an increase in independency between the divided
signals and that the method for increasing the independency
between the signals includes two methods: one method for
reducing a bandwidth radio and the other method for separat-
ing the center frequency. Considering the independency in
relation to the values of the matrix elements, it is naturally
understood that the diagonal element becomes maximum and
the farther the value of the off-diagonal elements are away
from the diagonal element, the more the value of the off-
diagonal element is reduced. Thus, it is found that optimiza-

0 2pa e
Y T
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tion of SSNR can be considered separately as the diagonal
element and off-diagonal element. In other words, the number
of matrix elements contributes to SSNR most, and the off-
diagonal can be set to substantially zero by setting 2p,/(1+
Pij2) or exp[—(2/(I+pl.j2) (Af/Opp0y))] (inequalities (20)
(21)). At this time, by simplifying the matter, the number of
effective matrix elements is changed from n® to n. Optimal
setting is achieved by setting the diagonal element (c;/o,) of
the diagonal matrix (inequality (20)) thus obtained.

(18)

2 (,éle ]2

T fmax 21

2p "’*T( 21y ]2 (19
v
03 0% b Tep?, T max 1n
1+ pun

0.5 0.5
CnC f, Cn0T g,

Afi; (20)

O fmax jj

pi<<l1 21

[0038]

[0039] When the divided signals are set to be independent
of'one another, SSNR is increased. The method for setting the
divided signals to be independent of one another includes two
methods; one method for reducing a bandwidth radio and the
other method for separating the center frequency, the former
affects SSNR in a series and the latter affects SSNR exponen-
tially. Considering this from the point of view of the matrix,
this corresponds to the fact that the off-diagonal element is set
to substantially zero, and in this case, the number of effective
elements is changed from n? to n.

The above is summarized as follows:

(7) Evaluation of Diagonal Component (Optimal Setting)

[0040] When only the diagonal element is made effective
by the inequalities (20) and (21), a variable of the SSNR is
only the number of divided frequency bands (c,,/o;) as shown
in the following formula (22)

¢ 10—%5 c o—?;ls 0 (22)
Cy U’?—; (&) U—_(/)-ZS

0.5

0.5
0 CnO g, CnO
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[0041] At this time, the setting for maximizing SSNR is
simply obtained by the following equation (23).

u 23)

Z c;zrofl:s
i~1
SSNRs1 | o (0;0'%5 )x ——
(€09’
i=1

[0042] Namely, when the addition coefficients of all
divided signals are made inversely proportional to the square
root of the bandwidth, contributions from the respective
divided signals become equal to one another, so that a satis-
factory SSNR can be obtained. This condition can be
expressed as in the following equation (24).

c1J0a=2 0= . . . =¢, O (24)
[0043] FIGS. 2 and 3 show numeral simulation results each

showing an effect obtained by satisfying the conditional
equation (24). The numeral simulation was conducted as the
following steps.

[0044] (i) A scatterer was expressed by a uniform random
number of [0, 1] of 8192 points.

[0045] It should be noted that a sampling frequency f, was
taken as 32 MHz.

[0046] (ii) The number of divided frequency bands is set to
2

[0047] (iii) Fourier transformation of the random number
was frequency-shifted by f, and a low-frequency side band
was filtered through a Gaussian filter of dispersion o, and a
square root of a sum of squares of IQ signals was calculated
to obtain a video signal of a divided signal.

[0048] It should be noted that the low-frequency side band
was fixed where a center frequency f,,=2 MHz, dispersion o,
was 0.5 MHz, and the high-frequency side band was fixed
where a center frequency is 10 MHz (10 MHz was regarded as
a value, which was sufficiently separated to a degree that it
was substantially independent of the signal on the low-fre-
quency side) and three kinds of dispersions o4, 0.5 MHz, 2.5
MHz and 5 MHz were set. FIG. 2A shows a low-frequency
video signal a;, and FIGS. 2B, 2C and 2D show high-fre-
quency video signals a,, having 0.5 MHz, 2.5 MHz and 5
MHz, respectively. Moreover, in each figure, the upper stage
shows a real part of the frequency distribution of RF signal,
the middle stage shows an imaginary part of the frequency
distribution of the RF signal, and the lower stage shows the
video signal.

[0049] (iv) The bandwidth was fixed to obtain an optimal
addition coefficient numerically.

[0050] The low-frequency video signal a, and the high-
frequency signal a, were multiplied by coefficients ¢, and c,
respectively and added to each other, and an average 1, ,, of
the added two signals and dispersion o, ,, were obtained to
calculate SSNR,,,, and the result was standardized by
SSNR;. FIG. 3A shows a calculation result in the case of 2.5
MHz (0,/0,=5) corresponding to 2C where SSNR, ,, was a
vertical axis and a coefficient ratio c,/c, was a horizontal axis.
It should be noted that it was confirmed from FIG. 2B and
FIG. 2D that substantially the same graph was obtained quali-
tatively even when the values of o,/0, differed from each
other. In FIG. 3A, SSNR was changed depending on which
coefficient was taken, and therefore a coefficient 402 (15 to
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0.45) that gave the maximum SSNR effect was obtained.
Next, this processing was repeated where the values of 0,/0;
were set every 0.2 from 1 to 10, and each of the values of
0,/0, and the coefficients c,/c, that maximized SSNR were
plotted as dots 403 in FIG. 3B.

[0051] 4031 indicates a result obtained from the time series
at which the video signals in FIGS. 2A and 2B were added.
Likewise, 4032 indicates a result obtained from the time
series at which the video signals in FIGS. 2A and 2B were
added. 4033 indicates a result obtained from the time series at
which the video signals in FIGS. 2A and 2C were added. 4032
in FIG. 3B corresponds to 402 in FIG. 3A. A curve 404
represents optimal setting (c,/c,)=(0,/0,)° according to the
present invention. The numeral result 403 goes along the
curve 404 well. It can be interpreted that shift to the smaller
value of (c,/c,) generated when (0,/0,) is 8 or more is caused
by a reduction in independency of the divided signal as seen
from the comparison between the upper two stages in FIGS.
2D and 2A. Thus, it was proved that the equation (24), which
was the optimal setting of the present invention, was reason-
able.

[0052] The foregoing parameter setting is a result in which
a qualitative relationship between the processing parameter
and the speckle reduction effect is clarified and an optimal
value is obtained based on the relationship. According to the
parameter setting, contrast resolution can be enhanced to the
maximum degree when the number of divided frequency
bands is arbitrarily set.

[0053] Additionally, it can be confirmed theoretically and
by calculation (SSNR in the Rayleigh distribution is constant)
that SSNR of the video signals of these divided bands is
constant regardless of the way of division (center frequency,
bandwidth, intensity) unless the RF signal contains the direct
current component (since scattering intensity is defined by [0,
1], the direct current component is contained. If it is defined
by [-1, 1], no direct current is contained).

(8) Evaluation of Off-diagonal Component

[0054] Optimal setting was obtained by setting the oft-
diagonal component to zero by the inequalities (20) and (21)
and by equalizing the diagonal component c,Jo, as in the
equation (24). In a case where optimal setting is performed, a
condition for minimizing contribution to SSNR from the
off-diagonal component is obtained although it is signifi-
cantly small as compared with the contribution from the
diagonal component. An equation to be solved is the equation
(25) shown below and it is found that the bandwidth of the
divided signal and the center frequency thereof are not inde-
pendently determined.

Afi

n n 2 ”737(777 ]2 (25)
i 1+pZ\ 7 fmax ij _
ol ) ) v =

=1 -1

i=1,2, ... ,n-2, j=i+l

[0055] This solution is not written in a function form, but
for example, in the case of the number of divided frequency
bands n=3, a typical example is obtained as shown in the
following equation (26). Then, it is found that the center
frequency and the bandwidth are determined to prevent the
frequency bands from being overlapped with one another.



US 2009/0112090 A1

h+h (26)
Case l.op =0op =0 o= 5
+
Case 2. o, >> 0 ~0pt o= 2l 2f3

[0056] Case 3. 0,>0,~0g: {,: close to adjacent band hav-
ing narrow width

(9) Estimation of Error

[0057] A relationship between an error in optimal setting
and degree of deterioration in SSNR will be described as
follows. Theoretically, SSNR is expressed by an average 1 of
¢;Jo; and dispersion o as shown in the following equation
based on the definition of SSNR.

[0058] As aresult, acondition for obtaining SSNR of p ynor
more can be given as follows.

oI=(1-p?)p*)°?

In the case of p=0.8, o/u=0.5 is established. Moreover, this
result is proved by the following numeral simulation.

[0059] In a case where the addition coefficient ¢, was
shifted from the optimal setting, a reduced amount of SSNR
was evaluated using the relationship between (c,/c,) and
(SSNR,,,/SSNR,) (curve 401 in FIG. 3A, that is, curve 401
in FIG. 4) obtained when (0,/0,) was determined. A range
501 of (c,/c,), where a decrease of 20% from the maximum
value of SSNR was allowed, and a range 502 of (c,/c, ), where
a decrease of 50% from the maximum value of SSNR was
allowed, agreed with the forgoing theoretical value. It should
be noted that if the right and left extreme values in FIG. 4 are
rescaled to ¢c,/c, and c,/c,, respectively, a symmetric shape is
formed.

[0060] Moreover, in FIG. 5, a calculation was made of a
contrast difference between a case in which addition was
performed using an optimal parameter and a case in which
addition was performed using a parameter by which SSNR
was reduced 20% theoretically. In the calculation, it was
assumed that the number of calculation points was 8092 in
time series, and scatterer intensity was set to 1, 3, 6, and 10
every 2048 points in order to observe contrast resolution as
shown by the lowest stage in FIG. 4. A signal having the
scatterer intensity was divided into a signal, having a center
frequency of 2 MHz and a bandwidth 0=0.5 MHz, which
corresponded to FIG. 2A, and a signal having a center fre-
quency of 10 MHz and a bandwidth 0=2.5 MHz, which
corresponded to FIG. 2C. FIG. 5A showed the latter signal on
atime axis. Moreover, FIG. 5B showed a signal on a time axis
as a result of addition of the divided signal using c,/c,=2.2 by
which SSNR was reduced 50% according to the theoretical
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value, and FIG. 5C shows a signal on a time axis as a result of
addition of the divided signal using an optimal value, namely,
c,/c,=1/5. FIG. 5D is display of intensities of the respective
cases in FIGS. 5A, 5B and 5C. Regarding the display on the
time axis and the intensity display, it is understandable that a
difference in scatterer intensity distribution is easily found
out from FIG. 5B rather than FIG. 5A, and that, moreover, it
is easily found out from FIG. 5C rather than FIG. 5B.
[0061] With the above-mentioned configuration, it is pos-
sible to obtain a frequency compound parameter by which
contrast resolution is enhanced to the maximum based on the
theoretical value when the number of divided frequency
bands is arbitrarily set.

[0062] More specifically, the off-diagonal element is effec-
tively set to zero, thereby the number of effective elements is
changed from n” to n, and SSNR is enhanced from 1 to yn to
the maximum. The reduction in the off-diagonal element to
zero means an increase in independency of each of the
divided signals from one to another. As a method for that
purpose, there are two methods: one method for separating
the center frequency and the other method for reducing a
bandwidth radio, and the former has an exponential effect and
the latter has a series effect. By adding the signal having high
independency, it is possible to improve the SN ratio.

[0063] Moreover, the more the number of signals is
increased, the more SN ratio is improved, and when the
number of signals n, the ratio is increased to the maximum
value of Jn. The maximum value of in is obtained when not
only the adding signals are independent of one another, but
also contributions of the respective signals are equal to one
another. Further, the more widely the contribution of each
signal varies, the more the maximum value deteriorates, and
when an average of ¢, (o, representing a contribution of each
signal is t and dispersion is 0, the maximum value is multi-
plied by 1/(1+0/u)*)°. In a case where deterioration is 80%,
o/pis 0.5.

[0064] Itshould be noted that quality of an ultrasonic image
is generally evaluated by three indexes including sensitivity,
distance resolution, contrast resolution. Any two of these
indexes have a tradeoff relation and three indexes are related
to one another. The present invention relates to a method for
setting image processing parameters to obtain an optimal
image, and more specifically describes a method for maxi-
mizing contrast resolution. However, in consideration of bal-
ance with other indexes, the number of divided frequency
bands was set to three or more. It should be noted that in a
case, such as high frequency imaging or the like, in which it is
sufficient to improve only contrast resolution, the number of
divided frequency bands may be two.

[0065] Moreover, inthe ultrasonic imaging apparatus of the
present invention, a center frequency f, (i=1, 2, . . ., n)
includes a harmonic frequency, which is an integral multiple
of a center frequency of a transmitting signal, and a sub-
harmonic frequency, which is a fractional multiple of the
center frequency, and also includes, when a transmitting pulse
has frequencies included in a plurality of frequency bands, at
least one of frequencies corresponding respectively to a sum
frequency of these frequencies and a difference frequency
therebetween. The center frequency f; (i=1, 2, ..., n)includes
N-time harmonic frequencies, which are an integral multiple
of a center frequency of a probe gain. With the above-men-
tioned configuration, it is possible to maximize contrast reso-
lution by the optimal parameter based on the theory even in
the case of high frequency imaging.
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[0066] Alternatively, in the ultrasonic imaging apparatus of
the present invention, a center frequency f, (i=1, 2, . . ., n)
includes a frequency at which the maximum value of a probe
gain is given. With the above-mentioned configuration, even
when division is performed according to discontinuity of
phases of the probe gain caused by widening the band using a
matching layer and backing, it is possible to maximize con-
trast resolution by the optimal parameter based on the theory.
In this case, since phases are arranged and contrast resolution
is improved, both tailing in a sound axial direction and con-
trast resolution can be optimized.

[0067] Or, in the ultrasonic imaging apparatus of the
present invention, an addition coefficient ¢, (i=1, 2, ..., n)is
used as received signal intensity at a center frequency f,. With
the above-mentioned configuration, it is possible to maximize
contrast resolution by the optimal parameter based on the
theory even in the case of preserving the distribution shape of
the probe gain.

[0068] Alternatively, in the ultrasonic imaging apparatus of
the present invention, a center frequency f; (i=1, 2, ..., n)
includes a fractional multiple or integral multiple of a reso-
nance frequency of a contrast medium. With the above-men-
tioned configuration, it is possible to maximize contrast reso-
lution by the optimal parameter based on the theory even
when a contrast medium is used.

[0069] Or, in the ultrasonic imaging apparatus of the
present invention, as a frequency region of the divided sig-
nals, a region is set where the center frequency f, and the
bandwidth o, (i=1, 2, . . ., n) do not include a fundamental
wave component or a harmonic component, and also do not
include, when a transmitting pulse has frequencies included
in a plurality of frequency bands, a sum frequency component
of these frequencies or a difference frequency component
therebetween. With the above-mentioned configuration,
when a contrast medium is used, a contrast medium-derived
signal can be separated from the other signals accurately, and
contrast resolution can be maximized by the optimal param-
eter based on the theory.

[0070] Alternatively, in the ultrasonic imaging apparatus of
the present invention, a center frequency f; and a bandwidth o,
(=1, 2, . . ., n) are used as values for extracting only a
frequency region where no phase characteristic is changed.
With the above-mentioned configuration, when a type of a
contrast medium that destroys bubbles is used, a contrast
medium-derived signal can be separated from the other sig-
nals accurately, and contrast resolution can be maximized by
the optimal parameter based on the theory.

[0071] The following will more specifically explain the
aforementioned three configurations.

[0072] When contrast medium imaging is performed, har-
monic and sub-harmonic are generated. Accordingly, in the
basic setting in the case of the contrast medium imaging, a
center frequency f; is set to contain a fractional multiple or
integral multiple of a resonance frequency of the contrast
medium.

[0073] Moreover, when contrast medium imaging is per-
formed, harmonic and sub-harmonic are generated, but the
presence or absence of appearance of harmonic and sub-
harmonic differs depending on magnitude of sound pressure.
Harmonics are generated at a relatively low sound pressure in
order of 2,3, . .., and sub-harmonics are next generated at a
threshold sound pressure in order of %5, 35, . .. . At the sound
pressure at which the sub-harmonics are generated, the order
of the harmonics and that of the sub-harmonics are substan-
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tially the same, resulting in a broad frequency distribution
where a clear peak is difficult to be found out.

[0074] When contrast medium imaging is performed at a
sound pressure which is more than a value at which the
sub-harmonic is generated, the frequency distribution of sig-
nals derived from the contrast medium is broad and its local-
ity is low. Therefore, in order to separate the medium-derived
signal from the other signals accurately, there is need to
provide approaches other than designation of a frequency
distribution unique to the contrast medium. Two approaches
can be considered: one is to remove a signal having a high
locality from the frequency distribution of the contrast
medium and the other is to separate a medium-derived signal
using characteristics other than an intensity frequency distri-
bution.

[0075] More specifically, in the former case, a tissue-de-
rived harmonic component (tissue harmonic: THI) includes
only the harmonic other than the fundamental wave, and
therefore no sub-harmonic is caused. For this reason, locality
in the frequency distribution is high as compared with a
contrast medium-derived signal. Accordingly, if the contrast
medium-derived signal is taken as a background and the other
signal component localized in a frequency, mainly, the
remainder, which is obtained by removing the fundamental
wave and the tissue-derived harmonic component (THI com-
ponent), is regarded as a contrast medium-derived harmonic
component, it is possible to separate the contrast medium-
derived signal from the other signal accurately. As a method
forimplementing this approach that removes the fundamental
wave and the tissue-derived harmonic (THI component),
pulse inversion is currently carried out and its effectiveness
has been proved. In this case, specifically, as a frequency
region of the divided signals, a region is set where the center
frequency f; and the bandwidth o, (i=1, 2, . . ., n) do not
include a fundamental wave component or a harmonic com-
ponent, and also do not include, when a transmitting pulse has
frequencies included in a plurality of frequency bands, a sum
frequency component of these frequencies or a difference
frequency component therebetween.

[0076] More specifically, in the latter case, when a destruc-
tive contrast medium, typified by sonazoid, is used, a d func-
tion sound pressure time series is caused according to
destruction, thereby amplitude and phase in the frequency
distribution on the harmonic side become almost completely
flat. Consequently, the configuration is provided in which
only the frequency region, where no phase characteristic is
changed, is extracted.

[0077] Or, in the ultrasonic imaging apparatus of the
present invention, it is assumed that the center frequency f,,
the bandwidth o, and the addition coefficient ¢, (i=1, 2, ..., n)
are values that maximize the following function J of the image
indexes I, (sound power), I, (distance resolution) and I, (con-
trast resolution), which are expressed by the following
Expression. The function described below is expressed by a
linear sum where k, is an arbitrary constant.
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-continued

3
J:Zk;xl;
i=1

[0078] With the above-mentioned configuration, it is pos-
sible to optimize the processing parameter for frequency
compound imaging with respect to not only contrast resolu-
tion but also sound power and distance resolution. According
to this configuration, it is possible to optimize the contrast
resolution, sound power and distance resolution by an arbi-
trary weighting k;, and one or more of the contrast resolution,
sound power and distance resolution are fixed and the rest can
be optimized by an arbitrary weighting k,. As a result, it is
possible to obtain an image appropriate for imaging portions
and purposes each having a different importance relating to
the contrast resolution, the sound power and the distance
resolution.
[0079] Alternatively, in the ultrasonic imaging apparatus of
the present invention, it is assumed that a center frequency f;,
a bandwidth o,, and an addition coefficient ¢, (i=1, 2, ...,n)
are set as values that maximize the evaluation function J under
the following condition where a center frequency f; of an i-th
sub-band is located in a j-th band of the received signal having
a center frequency f,; and a bandwidth o,

(fo(1-0¢/2) =1 =fo;(1+0,/2)) A(0;=0¢)) (i=1,2, .. .,

nj=1,..., n)
With the above-mentioned configuration, it is possible to
obtain a processing parameter that maximizes SSNR as much
as possible even when input signal frequency distributions
differ from each other. As a result, it is possible to obtain the
best possible image quality relating to a patient of extreme
obesity where the input signal frequency distribution largely
deviates from the average and that of a patient who has tissue
degeneration
[0080] Or, the ultrasonic imaging apparatus of the present
invention has at least one of an evaluation weighting coeffi-
cient input means for setting each of coefficients k, of the
image indexes I; (sound power), I, (distance resolution) and
I; (contrast resolution) to a real number as a constant for
determining importance and Lagrangian undetermined coef-
ficients standing for imposition of a constraint condition that
the image indexes are fixed; and a constraint condition input
means for inputting a constraint condition upon maximizing
the evaluation function J. With the above-mentioned configu-
ration, imaging can be performed, reflecting judgment on
patient’s living body characteristics judged by the user, imag-
ing portions and purposes.
[0081] Alternatively, the ultrasonic imaging apparatus of
the present invention has a means for setting a center fre-
quency f;, a bandwidth o,, and an addition coefficient c; (i=1,
2,...,n)tosuch values that a direct current component is not
included, or for removing the direct current component
before frequency compound imaging. With the above-men-
tioned configuration, it is possible to reduce a difference
between theory and mounting.
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[0082] Next, an embodiment of the present invention will
be specifically explained using the drawings.

[0083] First, aconfiguration of an ultrasonic imaging appa-
ratus of the present invention will be explained using FIG. 6.
FIG. 6A is a block diagram showing one example of a con-
figuration of the ultrasonic imaging apparatus of the present
invention. A probe 1 is formed of a plurality of elements. An
apparatus main body 2 includes a transmitting and receiving
separation switch 3, a transmission beam former 4, an ampli-
fying means 5, a reception beam former 6, a signal processor
7, a memory 8, a display means 9, an input means 10, and a
control unit 11. The reception beam former 6 includes a beam
former 61 and a frequency compound unit 62. The frequency
compound unit 62 includes an optimal parameter calculation
unit 621, a band-division unit 622, a separate detector 623,
and an accumulator 624.

[0084] An ultrasonic pulse generated by the transmission
beam former 4 is transmitted to a living body from the probe
1 through the transmitting and receiving separation switch 3,
and the probe 1 receives an ultrasonic wave reflected from the
living body. The received signal is input to the amplifying
means 5 through the transmitting and receiving separation
switch 3 so as to amplify the input signal, and the reception
beam former 6 performs phasing/addition to enhance an SN
ratio. The signal processor 7 inputs the received signal out-
putted from the reception beam former 6, and performs imag-
ing. A generated image is stored in the memory 8, and there-
after is read and interpolated, and the resultant image is
displayed on the display means 9. It should be noted that these
processes are controlled by the control means 11.

[0085] Details on the frequency compound unit 62 will be
explained using FIGS. 6B and 7. FIG. 7 is a processing
flowchart showing processing of the frequency compound
unit of the ultrasonic imaging apparatus of the present inven-
tion. The frequency compound unit 62 inputs a signal sub-
jected to phasing by the beam former 61 and starts processing.
Upon start of processing, the optimal parameter calculation
unit 621 calculates optimal parameters by processing to be
described later (S81). The band-division unit 622 divides the
signal into n signals using a bandpass filter according to the
processing parameter (S82). The separate detector 623
detects each of n signals (S83). The accumulator 624 calcu-
lates signal intensities of detected n signals (S84), adjusts the
detected signal intensities so that the output signal intensities
reach a calculated addition coefficient (S85), and sums up n
signals and outputs it (step S86).

[0086] The following will explain details on processing
(S81) for calculating optimal parameters by the optimal
parameter calculation unit 621 using FIG. 8. FIG. 8 is a
processing flowchart explaining processing performed by the
optimal parameter calculation unit 621. A signal subjected to
phasing by the beam former 61 is supplied to the optimal
parameter calculation unit 621 and processing is started.
Upon start of processing, the optimal parameter calculation
unit 621 sets up each processing parameter domain through
five steps.

[0087] Ina first step S811, the first condition is created in
the following way: A frequency distribution of a received
signal is detected, and the frequency distribution of the
received signal detected therefrom or that of the received
signal whose numeral values are assumed and stored in the
apparatus in advance is converted to the number of bands n,,
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a center frequency f,; and a bandwidth oy, =1, 2, . . ., ny; 0y

is the number of bands of the received signal).

(fo(1-04/2) Sfi=fo,(14+05/2))A(0; =0 (=1, 2, .. .,
nj=1,..., 1)
[0088] In a second step S812, the second condition is cre-
ated in the following way: An upper limit n,, ., of the number
of divided frequency bands n is automatically determined by
the specification of the apparatus or arbitrarily determined by
the user.

Condition 1

Condition 2

<<
N=0,,,,,

[0089] In a third step S813, the third condition is created in
the following way: A lower limit SSNR,,,,, of required SSNR
is determined by the user.

1,,:,, =10

min=

1,5, =[SSNR,,5,°] Condition 3

It should be noted that [ ] is Gauss’ notation. This step may be
omitted.
[0090] Inafourth step S814, the fourth condition is created
in the following way: A lower limit o,,;,, of a bandwidth o, of
a divided frequency band is determined on the basis of the
filter characteristic and the like of the apparatus.

=0;(=1,2,..., ) Condition 4

O pin ="
[0091] In a fifth step S815, the fifth condition is created in
the following way: A lower limit c,,,;,, of signal intensity ¢, of
a divided frequency band at the time of addition is determined
on the basis of the noise level and the like.

Cnin=0; (1=1,2, .., n) Condition 5

As mentioned above, processing for setting up each process-
ing parameter domain corresponds to steps S811 to S815.
[0092] Next, in the domains of n, ¢, o, f, determined
through steps S811 to S815, n, ¢;, 0,, {; that satisfy the follow-
ing equation is calculated.

C1O1=C2f02= . . . =€, O,

In a case where n, c;, 0,, f; are not uniquely determined,
parameters by which a sum of matrix elements in the equation
(19) is minimized are selected and outputted as an optimal
parameter.

[0093] In step S816, the following expression is given and
the condition of o/u=0.5 may be used in place of the condi-

tion of ¢, Jo,=¢, JO,=...=C,|O,.

H= Z Ci \/;
i=1
ot = Y e )
=1
[0094] Moreover, in step S816, the following condition,

where €,,;; represents a small value which is 1 or less and df;;
represents a value which is obtained by dividing the band-
width of the received signal by the number of divided signals,
may be used in place of the condition of ¢, Jo,=c,Jo,= . . .
=C,JO,,.

C1JO1=CoJ05= . .. =C, [0,

dfy=Af,

=

=
Py=€p;
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[0095] The following condition may be used in place of the
condition of ¢, /o,=c,/0,= . .. =c,/0,, where a harmonic
frequency, which is an integral multiple of a center frequency,
18 {7275, @ sub-harmonic frequency, which is a fractional mul-
tiple of the center frequency, is f,,,,,, and, when a transmit-
ting pulse has frequencies included in a plurality of frequency
bands, frequencies f; and F, ,, which respectively correspond
to a sum frequency of these frequencies and a difference
frequency therebetween.

CLO1=C2 0= . . . =C, O,
1 =frp

= Trspr:

fy={g

=t

[0096] Moreover, step S816 includes processing for detect-
ing the maximum value of a probe gain, and the following
condition, where a frequency at which the maximum value of
the probe gain is given is f,,,; and a bandwidth which cor-
responds t0 fg;,;,; 1S Oguy may be used in place of the

condition of ¢, Jo,=¢,J0,= . . . =¢,,/O,,.
CLJO1=C2J0r= . . . =€, [0,
[t Gaim
O =0CGaini
[0097] Further, in step S816, the following condition,

where a function representing signal intensity at frequency f
is G(f), may be used in place of the condition of ¢, Jo,=c, JO,=

... =C,J0,.
R
&=G(f)
[0098] Moreover, in step S816, the following condition,

where a frequency of a fractional multiple or integral multiple
of'aresonance frequency for contrast medium is f,,.,, may be

used in place of the condition of ¢, Jo,=¢, Jo,= . .. =¢,|0,,.
€101 =C2J0r= . .. =C, [0,
i g

[0099] Further, in step S811, instead of frequency bands

themselves of the received signal, among the frequency bands
of the received signal, it is assumed that a region, where
neither a fundamental wave component nor a harmonic com-
ponent is included, and, when a transmitting pulse has fre-
quencies included in a plurality of frequency bands, neither a
sum frequency component of these frequencies nor a differ-
ence frequency component therebetween is included, is
expressed by n,,,,, frequency bands, each having a center
frequency-f ,,,.; and a bandwidth 0O ,,,.;- It is also assumed
that a center frequency f; of ani-th sub-band is located in a j-th
band. Based on these assumptions, the following condition
may be created.

(fOAng/'(l _GOAngj/ z)éfz:éfbAngj(1+00Angj/ 2)A

(0:=00ng) U=1,2, ..., 1, 7=1, .. . Tigng)
[0100] Moreover, in step S811, it is assumed that there is
provided a means for detecting a frequency region where no
phase characteristic is changed. Instead of frequency bands
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themselves of the received signal, among the frequency bands
of the received signal, it is also assumed that the frequency
region, where no phase characteristic is changed, is expressed
by n,z, bands, each having a center frequency f;.,; and a
bandwidth O, z,,,. Moreover, it is assumed that a center fre-
quency f, of an i-th sub-band is located in a j-thband. Based on
these assumptions, the following condition may be created.

%th(l 'GOFth/ 2) éfi%’%ﬁhj(l +00Fltj/ 2)AG g001«"1:/)

(i=1,2,..., n,j=1,. .. nopyy)
[0101] An explanation will be next given of an example of
a method for dividing a frequency band indicated by param-
eters outputted by the optimal parameter calculation unit
using FIGS. 9 to 11. In the figures, a horizontal axis shows a
frequency and a vertical axis shows signal intensity in dB
where a frequency distribution of a received signal intensity
are shown by a dotted line and a center frequency of a divided
signal, a bandwidth thereof and signal intensity at the time of
addition are shown by solid lines, respectively.
[0102] FIG. 9A shows an example of an output result that
satisfies the condition of ¢, Jo,=c, Jo,=. .. =¢, o,. Namely,
this is an example in which a frequency band division method
is performed where the center frequencies are distributed with
equal intervals, the bandwidths are equal to one another, and
addition coefficients are also equal to one another.
[0103] FIG. 9B shows an example of an output result in the
embodiment in which a region, where a center frequency f;
includes a harmonic frequency, which is an integral multiple
of a center frequency of a transmitting signal, and also
includes, when a transmitting pulse has frequencies included
in a plurality of frequency bands, at least one of frequencies
corresponding respectively to a sum frequency of these fre-
quencies and a difference frequency therebetween. a sub-
harmonic frequency, which is a fractional multiple of the
center frequency, and In this example, triple frequencies were
taken into consideration. When the bandwidths are equal to
one another, all signal intensities are equal to one another at
the time of addition.
[0104] FIG. 9C shows an example of an output result in the
embodiment in which a center frequency f, includes a fre-
quency at which the maximum value of a probe gain is given.
When the center frequency is fixed to an extreme value of the
received signal intensity in the frequency distribution and the
bandwidth is also fixed from the distribution of the received
signal intensity, the addition intensity reaches a value which
is inversely proportional to the square root of the bandwidth
[0105] FIGS.10A and 10B are examples of an output result
in the embodiment in which an addition coefficient ¢, is pro-
portional to received signal intensity at a center frequency f,.
In the case of preserving the distribution shape as shown in
FIG. 10A, signal intensities are first determined as c, to
¢;<<C,. Regarding the bandwidths of the divided frequency
bands, the signal intensities are first determined, and there-
fore 0, 1s inversely proportional to the square of ¢, resulting in
0,<<0; to 03. FIG. 10B is an example with consideration
given to o/u=0.5. In the case of preserving the distribution
shape, the bandwidth of the frequency band having a high
intensity is exponentially narrowed. On the other hand, the
width of the filter that divides the signal is a certain fixed
width or more, and therefore the bandwidth of the region
having a high signal intensity is set to be wider than the
theoretical value. As a result, the divided signal of the region
having a high signal intensity has a larger contribution to
SSNR, and in an extreme case, approximation is performed
using only the divided signal of the region having a high
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signal intensity. This raises concern of the number of divided
signals m of the region having a high signal intensity. Namely,
in an extreme case, SSNR becomes m. Therefore, as shown
in FIG. 10B, in the case of preserving the distribution shape,
it is essential to prepare two or more divided signals having
almost equal signal intensities at the time of addition in order
to substantially improve SSNR.

[0106] FIG. 10C shows an example of an output result in
the embodiment in which, as a frequency region of the
divided signals, a region is set where the center frequency f;
and the bandwidth o, do not include a fundamental wave
component or a harmonic component, and also do not
include, when a transmitting pulse has frequencies included
in a plurality of frequency bands, a sum frequency component
of these frequencies or a difference frequency component
therebetween. A received signal is formed of a fundamental
wave 101, harmonics 102 and subharmonics 103, and these
components are connected to one another to form a board
frequency distribution having a low locality. The frequency
bands including the fundamental wave component and the
harmonic components are removed, that is, only the fre-
quency bands including subharmonics are extracted. In this
example, the center frequency of the fundamental wave was
described as f, and Y2 subharmonic, %2 subharmonic and %2
subharmonic were set as divided frequency bands. It should
be noted that a direct current component was included in the
region of %2 subharmonic and therefore the center frequency
was set close to the high frequency region and the bandwidth
is narrowly set. As a result, regarding the signal intensity ¢, at
the time of addition, ¢, and c; are equal to each other and ¢, is
slightly higher.

[0107] FIG. 10D shows an example of an output result of
the embodiment in which a center frequency f, and a band-
width o, are used as values for extracting only a frequency
region where no phase characteristic is changed. A received
signal is formed of a fundamental wave 101, harmonics 102
and a region 103 where a phase and amplitude caused by a
d-function like time series is flat, and these components are
connected to one another to form a board frequency distribu-
tion having a low locality. In this example, it is assumed that
no subharmonic is generated. However, the region having a
flat phase is extracted, with a result that a region correspond-
ing to a subharmonic frequency band is extracted, and values
of 3 times of the basic frequency, % times thereof and 72
times thereof are given to f}, T, {5, respectively. The result is
outputted where the bandwidths are equal to one another and
the signal intensities at the time of addition are also equal to
one another.

[0108] FIG.11A shows an example ofan output resultin an
embodiment in which an evaluation function J of sound
power, distance resolution and contact resolution, which are
image indexes, is maximized. A wide frequency band f; is
formed to obtain distance resolution and other relatively nar-
row frequency bands are equally divided in a received signal
intensity distribution. At this time, signal intensity c; of the
wide frequency band at the time of addition is smaller than
that of each of the narrow frequency bands. Moreover, the
center frequency of the wide frequency band does not match
any one of center frequencies of the narrow frequency bands.
The former is a result obtained when products of the square
roots of the addition coefficients c, of the central frequency f;
and the bandwidths 6 are made equal to each other. The latter
is a result obtained when a difference Af, =If,—f| in center
frequency between an i-th band signal and a j-th band signal
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is reduced to perform frequency band division with little
overlap of bands. In other words, the more the center frequen-
cies are separated from each other, the more SSNR is
improved. Accordingly, for making the wideband signals and
the narrowband signals coexist, in a case where the narrow-
band signals are equally divided with equal intervals and the
center frequencies of the wideband signals are set to an aver-
age value of the center frequencies of the narrow band signals,
it is desirable that the number of narrow-band signals be even
since the center frequencies of the divided signals do not
match one another.

[0109] Finally, FIG. 11B shows a configuration in which
SSNR can be improved even in a case where the center
frequencies of the divided signals must be matched one
another for some constraint. This shows an example in which
a bandwidth ratio of p,=0,/0; is reduced to obtain indepen-
dency of the divided signal.

EXPLANATION OF REFERENCE NUMERALS

[0110] 1 probe

[0111] 2 apparatus main body

[0112] 3 transmitting and receiving separation switch
[0113] 4 transmission beam former

[0114] 5 amplifying means

[0115] 6 reception beam former

[0116] 7 signal processor

[0117] 8 memory

[0118] 9 display unit

[0119] 10 input means

[0120] 11 control unit

[0121] 61 beam former

[0122] 62 frequency compound unit

[0123] 621 optimal parameter calculation unit

‘What is claimed is:

1. An ultrasonic imaging apparatus comprising:

a probe having a plurality of elements for transmitting or
receiving an ultrasonic signal;

a beam former that performs phasing and addition on the
ultrasonic signal received by the plurality of elements;

a frequency compound unit that performs frequency com-
pound imaging on the ultrasonic signal subjected to
phasing and addition;

an ultrasonic image generation unit that generates an ultra-
sonic image from the signal subjected to the frequency
compound imaging; and

a display means for displaying the generated ultrasonic
image,

wherein the frequency compound unit includes:

a frequency band division unit that divides the ultrasonic
signal subjected to phasing and addition into signals
corresponding to an arbitrary number of frequency
bands;

a separate detector that detects each of band divided signals
obtained by dividing the ultrasonic signal subjected to
phasing and addition into signals corresponding to the
arbitrary number of frequency bands and that uses the
detected signals as an arbitrary number of detected sig-
nals by bands; and

an accumulator that adds the arbitrary number of detected
signals by bands with a predetermined addition coeffi-
cient

2. The ultrasonic imaging apparatus according to claim 1,

wherein the frequency band division unit divides the fre-
quency band with a center frequency f;, a bandwidth o,,
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and an addition coefficient ¢, (i=1, 2, . . ., n) at the time
of addition, which are parameters of the frequency com-
pound imaging;

the separate detector detects the detected signals by the

divided bands, respectively; and

the accumulator adds intensities of the respective detected

signals with the addition coefficient c;,.

3. The ultrasonic imaging apparatus according to claim 2,
wherein the bandwidth o, and the addition coefficient ¢, (i=1,
2, ..., n)outputted by the accumulator satisfy a relationship
of the following equation.

€1f01=¢3[05= . . . =¢, [0,

4. The ultrasonic imaging apparatus according to claim 3,
wherein the addition coefficient c, satisfies o/u=0.5 where
the following equation is given.

5. The ultrasonic imaging apparatus according to claim 3,
wherein a difference Af,=If-f| in a center frequency
between an i-th band signal and a j-th band signal is reduced
to perform frequency band division with little overlap of
bands or a bandwidth ratio of p,=0,/0, is reduced to perform
frequency band division so that one frequency band includes
the other frequency band.

6. The ultrasonic imaging apparatus according to claim 3,
wherein the center frequency f; includes a harmonic fre-
quency, being an integral multiple of a center frequency of a
transmitting signal, and a sub-harmonic frequency, being a
fractional multiple of the center frequency, and also includes,
when a transmitting pulse has frequencies included in a plu-
rality of frequency bands, at least one of frequencies corre-
sponding respectively to a sum frequency of these frequen-
cies and a difference frequency therebetween.

7. The ultrasonic imaging apparatus according to claim 3,
wherein the center frequency f, includes a frequency at which
the maximum value of a probe gain is given.

8. The ultrasonic imaging apparatus according to claim 3,
wherein the addition coefficient ¢, is proportional to a
received signal intensity at the center frequency f.

9. The ultrasonic imaging apparatus according to claim 3,
wherein the center frequency f, includes a fractional multiple
or integral multiple of a resonance frequency of a contrast
medium.

10. The ultrasonic imaging apparatus according to claim 3,
wherein, as a frequency region of the divided signals, a region
is set where the center frequency f; and the bandwidth o, do
not include a fundamental wave component or a harmonic
component, and also do not include, when a transmitting
pulse has frequencies included in a plurality of frequency
bands, a sum frequency component of these frequencies or a
difference frequency component therebetween.

11. The ultrasonic imaging apparatus according to claim 3,
wherein the center frequency f; and the bandwidth o, are used
as values for extracting only a frequency region where no
phase characteristic is changed.
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12. The ultrasonic imaging apparatus according to claim 3,
wherein the center frequency f,, the bandwidth o, and the
addition coefficient c, are values that maximize the evaluation
function J which is expressed by a linear sum of image
indexes, which are. I; representing a sound power, I, repre-
senting a distance resolution, and I, representing a contrast
resolution, expressed by the following Expressions, where k;
is an arbitrary real number or Lagrangian undetermined coef-
ficient.
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13. The ultrasonic imaging apparatus according to claim
12, wherein the center frequency f,, the bandwidth o,, and the
addition coefficient c; are set as values that maximize the
evaluation function J under conditions expressed by

(fo(1-0¢/2) =i =fo;(1+0,/2)) A(0,=0¢) (i=1,2,. ..,
nj=1,..., n)

where a center frequency f; of an i-th sub-band is located in
a j-th band of the received signal having a center fre-
quency f,; and a bandwidth o,,.

14. The ultrasonic imaging apparatus according to claim
12, further comprising at least one of an evaluation weighting
coefficient input means for setting the coefficients k; of the
image indexes I;, I, and I; to real numbers as constants for
determining importance and Lagrangian undetermined coef-
ficients standing for imposition of a constraint condition that
the image indexes are fixed; and a constraint condition input
means for inputting a constraint condition upon maximizing
the evaluation function J.

15. The ultrasonic imaging apparatus according to claim 3,
further comprising a means for setting the center frequency f,
a bandwidth o,, and the addition coefficient c, to such values
that a direct current component is not included, or for remov-
ing the direct current component before frequency compound
imaging.
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