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(57) ABSTRACT

Method and device for performing ultrasonic imaging on a
region of interest are disclosed. The method comprises: emit-
ting a first ultrasonic pulse and receiving a first ultrasonic
echo signal; emitting a second ultrasonic pulse and receiving
a second ultrasonic echo signal; emitting a third ultrasonic
pulse and receiving a third ultrasonic echo signal; extracting
echo signal components from the first ultrasonic echo signal,
the second ultrasonic echo signal and the third ultrasonic echo
signal; and producing an ultrasonic image of the region of
interest according to the echo signal component; wherein,
amplitude weighting of the third ultrasonic pulse is equal to
the sum of amplitude weightings of the first ultrasonic pulse
and the second ultrasonic pulse in magnitude. The method
processes and modulates the plurality of ultrasonic echo sig-
nals, so as to separate nonlinear components and linear com-
ponents in the ultrasonic echo signals.
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FIG. 2
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ULTRASONIC IMAGING METHOD AND
DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of Chinese
Patent Application No. 201110393379.3, filed on Dec. 1,
2011, which is incorporated herein by reference.

TECHNICAL FIELD

[0002] The disclosure relates to medical ultrasound imag-
ing, in particular to methods and devices for ultrasound imag-
ing a region of interest.

BACKGROUND

[0003] Inamedical ultrasound imaging system, ultrasound
pulses are usually transmitted into a body using a transmitting
circuit. The ultrasound waves are reflected by interfaces of
tissue within the body. Visible ultrasound images of the tissue
within the body may be obtained by receiving and processing
echoes which carry characteristic information about the tis-
sue within the body.

[0004] During ultrasound imaging, weak boundaries and
small vessels sometimes may be vaguely imaged or may not
be imaged at all because of reverberation and the limitation of
resolution. During contrast imaging, there may be a big dif-
ference between acoustic impedances of a contrast agent and
the surrounding tissues, which may change absorption,
reflection, scattering and refraction of acoustic waves within
the tissues, thereby enhancing echo signals and improving
contrast resolution. In addition, microbubbles of the contrast
agent have significant nonlinear characteristics. When being
excited by ultrasound pulses, the degrees of stretch and
expansion of the microbubbles are different, such that the
ultrasound echoes reflected by them contain not only linear
components corresponding to the original ultrasound pulses,
but also nonlinear components. In the ultrasound echoes
reflected by body tissues containing the contrast agent, the
linear components contain not only the linear components
from the tissue, but also the linear components from the
contrast agent. Ultrasound images obtained by detecting and
processing fundamental linear components have low contrast
resolution and cannot clearly present perfusion of the contrast
agent in microangium and tissues, which may affect clinical
diagnosis. Therefore, detecting the nonlinear components in
the ultrasound echoes during ultrasound contrast imaging
may be necessary.

SUMMARY

[0005] The present disclosure provides methods and
devices which may separate linear components and nonlinear
components in ultrasound echo signals very well and conve-
niently extract the nonlinear components from the ultrasound
echo signals.

[0006] In some embodiments, a method for ultrasound
imaging is provided that may comprise: transmitting a first
ultrasound pulse to a region of interest; receiving ultrasound
echoes of the first ultrasound pulse reflected from the region
of interest to obtain a first ultrasound echo signal; transmit-
ting a second ultrasound pulse to the region of interest; receiv-
ing ultrasound echoes of the second ultrasound pulse
reflected from the region of interest to obtain a second ultra-
sound echo signal; transmitting a third ultrasound pulse to the
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region of interest; receiving ultrasound echoes of the third
ultrasound pulse reflected from the region of interest to obtain
athird ultrasound echo signal; extracting an echo signal com-
ponent based on the first ultrasound echo signal, the second
ultrasound echo signal and the third ultrasound echo signal;
generating an ultrasound image of the region of interest based
on the echo signal component; where amplitude weighting of
the third ultrasound pulse is equal in magnitude to a sum of
amplitude weightings of the first ultrasound pulse and the
second ultrasound pulse.

[0007] Also, in some embodiments, a device for ultrasound
imaging is provided that may comprise: a probe; a transmit-
ting circuit configured to transmit a first ultrasound pulse, a
second ultrasound pulse and a third ultrasound pulse to a
region of interest through the probe; a receiving circuit con-
figured to, through the probe, respectively receive ultrasound
echoes of the first ultrasound pulse to obtain a first ultrasound
echo signal, receive ultrasound echoes of the second ultra-
sound pulse to obtain a second ultrasound echo signal, and
receive ultrasound echoes of the third ultrasound pulse to
obtain a third ultrasound echo signal; a signal processing
module configured to extract an echo signal component based
on the first ultrasound echo signal, the second ultrasound echo
signal and the third ultrasound echo signal; an image process-
ing module configured to generate an image of the region of
interest based on the echo signal component; where ampli-
tude weighting of the third ultrasound pulse is equal in mag-
nitude to a sum of amplitude weightings of the first ultrasound
pulse and the second ultrasound pulse.

[0008] According to embodiments of the present disclo-
sure, echoes of a plurality of ultrasound pulses with different
amplitudes and phases (or polarities) may be processed and
the echo signals may be modulated, whereby in the modu-
lated signals, the linear components and the symmetric com-
ponents of the odd-order nonlinear fundamental components
are shifted away from their original frequency positions,
while the even-order nonlinear components (for example, the
secondary nonlinear components) and the asymmetrical com-
ponents of the odd-order nonlinear components, particularly
the nonlinear fundamental components generated by three-
order or higher odd-order components in echoes from con-
trast agents, still remain at their original frequency positions.
Therefore, the separation of the even-order nonlinear compo-
nents and the asymmetrical components of the odd-order
nonlinear components from the linear components and the
symmetrical components of the odd-order nonlinear compo-
nents may be achieved without transmitting the plurality of
ultrasound pulses such that the transmissions are delayed
with respect to each other, and the even-order nonlinear com-
ponents and/or the asymmetrical components of the odd-
order nonlinear components may be easily extracted from the
ultrasound echo signals for subsequent imaging processes,
such as contrastagent imaging. Furthermore, according to the
embodiments of the present disclosure, the linear compo-
nents and the symmetrical components of the odd-order non-
linear components may be separated from the even-order
nonlinear components and the asymmetrical components of
the odd-order nonlinear components without transmitting the
plurality of ultrasound pulses such that the transmissions are
delayed with respect to each other, therefore the control pro-
cesses for controlling the plurality of ultrasound pulses to be
transmitted such that transmission delays may be avoided.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG.11isa block diagram of a device for ultrasound
imaging a region of interest according to an embodiment of
the present disclosure;

[0010] FIG. 2 is a flow chart of a method for ultrasound
imaging a region of interest according to an embodiment of
the present disclosure;

[0011] FIG. 3isa block diagram of a signal process device
according to an embodiment of the present disclosure;
[0012] FIG. 4 are schematics showing time domain wave-
forms of a first operation signal, a third ultrasound echo
signal, and a second operation signal as well as an echo signal
component thereof according to an embodiment of the
present disclosure;

[0013] FIG. 5 are schematics showing time domain wave-
forms and spectrums of a symmetrical component and an
asymmetrical component of a nonlinear fundamental compo-
nent according to an embodiment of the present disclosure;
[0014] FIG. 6 are schematics showing time domain wave-
forms and spectrums of a nonlinear fundamental component
obtained by low pass filtering and a second operation signal
according to an embodiment of the present disclosure;
[0015] FIG. 71sa block diagram of a signal process device
according to another embodiment of the present disclosure;
[0016] FIG. 81isa block diagram of a signal process device
according to still another embodiment of the present disclo-
sure;

[0017] FIG.9isa block diagram of a signal process device
according to still another embodiment of the present disclo-
sure;

[0018] FIG. 10 is a group of schematics showing time
domain waveforms and spectrums of a third ultrasound echo
signal, a fourth ultrasound echo signal and a fifth operation
signal according to an embodiment of the present disclosure;
[0019] FIG. 11 is a group of schematics showing time
domain waveforms and spectrums of linear fundamental
components and secondary nonlinear components of a fifth
operation signal according to an embodiment of the present
disclosure;

[0020] FIG.12isablock diagram ofa signal process device
according to still another embodiment of the present disclo-
sure;

[0021] FIG.13isablock diagram ofa signal process device
according to still another embodiment of the present disclo-
sure;

[0022] FIG. 14 is a group of schematics showing time
domain waveforms and spectrums of a sixth operation signal
according to an embodiment of the present disclosure.

DETAILED DESCRIPTION

[0023] Asshown in FIG. 1, adevice for ultrasound imaging
of a region of interest according to an embodiment of the
present disclosure may include: a probe 1, a transmitting
circuit 2, a transmitting/receiving switch 3, a receiving circuit
4, beamforming module 5, signal processing module 6, image
processing module 7 and display 8.

[0024] The transmitting circuit 2 may transmit exciting
pulses which have been delayed for focus and have a certain
amplitude and polarity to the probe 1 through the transmit-
ting/receiving switch 3. The probe 1 may be excited by the
exciting pulses to transmit ultrasound waves to a region of
interest within a body tissue being examined (not shown in
the figure), and then, after a certain delay, it may receive
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ultrasound echoes reflected from the region of interest which
contains information about the tissue and converts the ultra-
sound waves into electrical signals. The receiving circuit 4
may receive the electrical signals converted by the probe 1 to
obtain ultrasound echo signals, and send the ultrasound echo
signals to the beamforming module 5. The beamforming
module 5 may perform a delay for focus, weighting and
channel summation, etc. on the ultrasound echo signals and
then send the ultrasound echo signals to the signal processing
module 6 to undergo related signal processes.

[0025] Theultrasound echo signals processed by the signal
processing module 6 may be sent to the image processing
module 7. Depending on different imaging modes required by
the user, the image processing module 7 may perform differ-
ent processes on the signals to obtain image data under dif-
ferent modes, which then may undergo logarithmic compres-
sion, dynamic range adjustment, digital scan conversion and
the like to obtain ultrasound images under different modes,
such as B mode images, C mode images, D mode images, etc.
[0026] The ultrasound images generated by the image pro-
cessing module 7 may be displayed on the display 8.

[0027] According to an embodiment of the present disclo-
sure, a working process of a device for ultrasound imaging of
a region of interest is shown in FIG. 2.

[0028] The transmitting/receiving switch 3 may be
switched into transmitting mode, and the transmitting circuit
2 may transmit a first ultrasound pulse via the probe 1,
[0029] The transmitting/receiving switch 3 may be
switched into receiving mode, and the receiving circuit 4 may
receive ultrasound echoes reflected from the region of interest
through the probe 1 to obtain a first ultrasound echo signal;
[0030] The transmitting/receiving switch 3 may be
switched into transmitting mode, and the transmitting circuit
2 may transmit a second ultrasound pulse via the probe 1;
[0031] The transmitting/receiving switch 3 may be
switched into receiving mode, and the receiving circuit 4 may
receive ultrasound echoes reflected from the region of interest
through the probe 1 to obtain a second ultrasound echo signal;
[0032] The transmitting/receiving switch 3 may be
switched into transmitting mode, and the transmitting circuit
2 may transmit a third ultrasound pulse via the probe 1;
[0033] The transmitting/receiving switch 3 may be
switched into receiving mode, and the receiving circuit 4 may
receive ultrasound echoes reflected from the region of interest
through the probe 1 to obtain a third ultrasound echo signal,
[0034] Then, the signal processing module 6 may extract
the echo signal components needed based on the first ultra-
sound echo signal, the second ultrasound echo signal and the
third ultrasound echo signal obtained (as described in detail
below), and the image processing module 7 may generate
ultrasound images of the region of interest based on the
extracted echo signal components.

[0035] During transmitting, the first ultrasound pulse, the
second ultrasound pulse and the third ultrasound pulse (which
are referred to as transmitted pulses) may have their own
respective amplitude and polarity. For example, the kth trans-
mitted pulse may be expressed as:

[it=apA(t)cos(or).

[0036] Where A(t) represents the envelope of the transmit-
ted pulse, cos(wt) represents the frequency of the carrier
wave, and a, represents the amplitude and polarity of the kth
transmitted pulse, where the absolute value of a,, represents



US 2014/0336513 Al

the amplitude of the transmitted pulse, and the sign (positive
or negative) of a, represents the polarity of the transmitted
pulse.

[0037] When transmitting the ultrasound pulses, the trans-
mitting circuit 2 can control the amplitude and the polarity of
the transmitted pulse, i.e., control the value of a,. In the
present disclosure, a, is the amplitude weighting of ultra-
sound pulses, where its absolute value represents the magni-
tude of the amplitude weighting and its sign represents the
direction of the amplitude weighting.

[0038] Control of the direction of the amplitude weighting
may be achieved by controlling the positive or negative polar-
ity of the transmitted pulses, while control of the magnitude
of the amplitude weightings of various transmitted pulses or
control of the difference between the magnitudes of ampli-
tude weightings of various transmitted pulses may be
achieved in a number of ways. For example:

[0039] 1. Keeping apertures for various transmitted pulses
constant while adjusting exciting voltages of them to cause
the absolute value of the amplitude weightings of various
exciting voltages to be the same as the absolute value of the
amplitude weightings of the transmitted pulses;

[0040] 2.Keeping the exciting voltages of various transmit-
ted pulses constant while adjusting the number of array ele-
ments in transmitting apertures for various pulses. For
example, given that the number of the array elements in the
transmitting apertures for pulses with a weighting is M and
the number of the array elements in the transmitting apertures
for pulses with a weighting (1-a)is N, the number of the array
elements in the transmitting apertures for pulses with a
weighting 1 is (M+N);

[0041] 3. Making both the exciting voltages and the trans-
mitting apertures of various transmitted pulses different,
which may cause the amplitudes of the various transmitted
pulses to be different.

[0042] Inother embodiments, they may also be achieved in
other ways and the present disclosure is not limited to these
specific ways described above.

[0043] The transmitted ultrasound waves may be reflected
by tissue medium within the region of interest, and the ultra-
sound echo signals obtained therefrom may contain both
linear fundamental components and high-order nonlinear
components. The ultrasound echo signals may be expressed
as:

W=y wifor

i=1
= wyay A(f)cos(wr) + wza,%AZ(t)cosz(wt) +

W3afA3(t)cos3(wt) +.o.

[0044] In the ultrasound echo signals, the component
w,a,A(t)cos(wt) may be referred to as a linear fundamental
component, the component w,a,”A*(f)cos® (wt) may be
referred to as a secondary nonlinear component, and the
component w,a,> A? (t)cos (wt) may be referred to as a three-
order nonlinear component. In this analogy, they may further
contain a four-order nonlinear component, a five-order non-
linear component and other nonlinear components. The non-
linear components mentioned above may be collectively
called high-order nonlinear components.
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[0045] Where w, is a coefficient of the linear fundamental
component or the high-order nonlinear components, wherein
=1,2,3....

[0046] Therefore, the amplitude factor of the linear funda-
mental component of the ultrasound echo signal correspond-
ing to the kth ultrasound pulse may be w,a,, the amplitude
factor of the secondary nonlinear component may be w,a,>,
the amplitude factor of the three-order nonlinear component
may be w,a,’, and 5o on.

[0047] According to the trigonometric formula:

3 1
coss(wt) = Zcos(wt) + Zcos(3wt},

[0048] in the three-order nonlinear component of the ultra-
sound echo signals, 75% of the energy is presented in the form
of fandamental component cos(wt), which may be referred to
as a nonlinear fundamental component; and 25% of the
energy is presented in the form of a three-order harmonic
component. While in the frequency domain, the three-order
harmonic component may be outside of the pass band of the
ultrasound probe, and the nonlinear fundamental component
may be in the pass band of the probe.

[0049] Inembodiments of the present disclosure, such non-
linear fundamental components and/or even-order nonlinear
components of the ultrasound echo signals may be extracted
using the methods and devices according to the present dis-
closure (as described in detail below).

[0050] According to the embodiments, when transmitting
the ultrasound pulses, the transmitting circuit 2 may control
the amplitude weightings of the first ultrasound pulse, the
second ultrasound pulse and the third ultrasound pulse. In one
embodiment, the amplitude weightings may be controlled
such that the magnitude of the amplitude weighting of the
third ultrasound pulse is the same as the magnitude of the sum
of the amplitude weightings of the first ultrasound pulse and
the second ultrasound pulse.

[0051] For example, in one embodiment, the amplitude
weighting of the first ultrasound pulse may be a, the ampli-
tude weighting of the second ultrasound pulse may be (1-a),
and the amplitude weighting of the third ultrasound pulse
may be -1, where O<a<1; or

[0052] the amplitude weighting of the first ultrasound pulse
may be (1-a), the amplitude weighting of the second ultra-
sound pulse may be a, and the amplitude weighting of the
third ultrasound pulse may be -1, where O<a<1.

[0053] For convenience of description, the disclosure is
described herein using normalized amplitude weightings.
The concept of normalization is known by those skilled in the
art and thus will not be further described herein.

[0054] It will be readily understood by those skilled in the
art that in the embodiments of the present disclosure, there is
no limitation on the sequence for transmitting the first ultra-
sound pulse, the second ultrasound pulse and the third ultra-
sound pulse and receiving respective echoes, which may be
performed in any sequence. For example, first, the first ultra-
sound pulse may be transmitted and corresponding echoes
may be received, second, the third ultrasound pulse may be
transmitted and corresponding echoes may be received, and
finally, the second ultrasound pulse may be transmitted and
corresponding echoes may be received; or, first, the second
ultrasound pulse may be transmitted and corresponding ech-
oes may be received, second, the first ultrasound pulse may be
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transmitted and corresponding echoes may be received, and
finally, the first ultrasound pulse may be transmitted and
corresponding echoes may be received; or the like, which will
not be listed one by one.

[0055] After the first ultrasound echo signal, the second
ultrasound echo signal and the third ultrasound echo signal
are obtained, the signal processing module 6 may extract
needed echo signal components based on the first ultrasound
echo signal, the second ultrasound echo signal and the third
ultrasound echo signal received. The echo signal components
mentioned herein may be asymmetrical components of non-
linear fundamental components and/or even-order nonlinear
components in the echo signals.

[0056] As mentioned above, the magnitude of the ampli-
tude weighting of the third ultrasound pulse may be the same
as the magnitude of the sum of the amplitude weightings of
the first ultrasound pulse and the second ultrasound pulse. In
addition, the direction of the amplitude weighting of the third
ultrasound pulse may be the same as or the reverse of the
direction of the sum of the amplitude weightings of the first
ultrasound pulse and the second ultrasound pulse.

[0057] In one embodiment, the amplitude weighting of the
third ultrasound pulse and the sum of the amplitude weight-
ings of the first ultrasound pulse and the second ultrasound
pulse may be the same in magnitude and reverse in direction.
[0058] A block diagram of the signal processing module 6
is shown in FIG. 2. In this embodiment, the signal processing
module may include a first summation unit 20, a first down-
sampling unit 22, a second down-sampling unit 24, a first
cross-combine unit 26 and a first extraction unit 28.

[0059] The first ultrasound echo signal and the second
ultrasound echo signal may be input into the first summation
unit 20, which may sum the first ultrasound echo signal with
the second ultrasound echo signal to obtain a first operation
signal. The obtained first operation signal may be sent to the
first down-sampling unit 22, which may down-sample the
first operation signal to obtain a down-sampled first operation
signal.

[0060] The third ultrasound echo signal may be sent to the
second down-sampling unit 24, which may down-sample the
third ultrasound echo signal to obtain a down-sampled third
ultrasound echo signal.

[0061] Then, the down-sampled first operation signal and
the down-sampled third ultrasound echo signal may be input
into the first cross-combine/splice unit 26, which may cross-
combine the down-sampled first operation signal and the
down-sampled third ultrasound echo signal to obtain a second
operation signal. The second operation signal may be sent to
the first extraction unit 28, which may extract needed echo
signal components from the second operation signal, for
example, the asymmetrical component of the nonlinear fun-
damental component or the secondary nonlinear component,
which are contained by the ultrasound echo signal.

[0062] Hereinafter, some embodiments of the present dis-
closure will be specifically described with reference to, for
example, that the amplitude weighting of the first ultrasound
echo is (1-a), the amplitude weighting of the second ultra-
sound echo is a, and the amplitude weighting of the third
ultrasound echo is -1.

[0063] Assuming that all of sampling frequencies of the
ultrasound echo signals corresponding to the transmitted
pulses are Fs. In one embodiment, the process may be as
follows:
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[0064] (1) summing the first ultrasound echo signal and the
second ultrasound echo signal to obtain the first operation
signal;

[0065] First, the first ultrasound echo signal corresponding
to the first ultrasound pulse with an amplitude weighting of
(1-a) is summed with the second ultrasound echo signal
corresponding to the second ultrasound pulse with an ampli-
tude weighting of a. The obtained first operation signal may
be expressed as S1(n). Since

a+(l1-a)=1,

[0066] this signal may contain a linear fundamental com-
ponent with an amplitude factor of 1.

[0067] S1(n)may also contain nonlinear fundamental com-
ponents generated by the first and second ultrasound pulses
with amplitude weightings of (1-a) and a, respectively. The
amplitudes of the nonlinear fundamental components may be
proportionate to wyx[a>+(1-a)?].

[0068] As shown in FIG. 4, the curve L1 in figure (A) is a
schematic showing the time domain waveform of the funda-
mental component of S1(n), and the curve L2 is schematic
showing the time domain waveform of the nonlinear funda-
mental component of S1(n).

[0069] (2) down-sampling the first operation signal to
obtain the down-sampled first operation signal,

[0070] S1(n) may be down-sampled to obtain the down-
sampled first operation signal with a sampling frequency of
Fs/2. The down-sampled first operation signal obtained by the
down-sampling process may be expressed as T1(n).

[0071] In one embodiment, the down-sampling process
may be performed by selecting data points directly from
S1(n) every one data point and serving the selected data
points as the data points of T1(n). For example, T1(n) may be:

T1(1) = S1(1);

T1(2)=51(3);
Tln)=S512n- 1)

[0072] Wheren=1,2.3,...,N,and Nis the length of T1(n),
1.e., the total number of data points in T1(n).

[0073] Furthermore, in another embodiment, the first
down-sampling unit 22 may pre-process S1(n) before down-
sampling the same. For example, the first down-sampling unit
22 may sum each data point in S1(n) with at least one adjacent
data point and replace the data point with the sum, and then
select data points from the pre-processed S1(n) every one data
point and serving the selected data points as data points of
T1(n). For example, T1(n) may be:

T1(1) = S1(1) + S1(2);

T1(2)=S1(3) + S1(4y;
Tln)=S512r-1)+S1(2n);

[0074] Wheren=1,2,3,...,N,and Nis thelengthof T1 (n),
1.e., the total number of data points in T1(n).
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[0075] (3) down-sampling the third ultrasound echo signal
to obtain a down-sampled third ultrasound echo signal;
[0076] The third ultrasound echo signal corresponding to
the third ultrasound pulse with an amplitude weighting of -1
may be expressed as S2(n). The third ultrasound echo signal
may contain a linear fundamental component with an ampli-
tude factor of -1 and a nonlinear fundamental component
which may be proportional to an amplitude factor w,x(-1)
3=_w,. The curve L4 in FIG. 4 is a schematic showing the
time domain waveform of the linear fundamental component
of S2(n), and the curve L3 is a schematic showing the time
domain waveform of the nonlinear fundamental component
of S2(n).

[0077] Similarly, the signal S2(n) may be down-sampled to
obtain the down-sampled third ultrasound echo signal with a
sampling frequency of Fs/2, which is expressed as T2(n).
[0078] For example, in one embodiment, the down-sam-
pling process may be performed by selecting data points
directly from S2(n) which has been delaved by one data point
every one data point and serving the selected data points as the
data points of T2(n). For example, T2(n) may be:

T2(1) = $202):;

T2(2) = §2(4);

T2(n) = 52(2n),

[0079] Wheren=1,2,3,...,N,and Nis the length of T2(n),
i.e., the total number of data points in T2(n).

[0080] In another embodiment, the second down-sampling
unit 24 may also pre-process S2(n) before down-sampling the
same similarly to S1(n). For example, It may be performed by
summing each data point in S2(n) with at least one of the
adjacent data points and replacing the data point with the sum,
and then selecting data points from the pre-processed S2(n),
whichhas been delayed by one data point every one data point
and serving the selected data points as data points of T2(n).
Thus, T2(n) may be:

T21) = 52(2) + S203);

T2(2) = S2(4) + $2(5);

T2(n)=522n) + 522n + 1);

[0081] Wheren=1,2,3,...,N,and Nis the length of T2(n),
i.e., the total number of data points in T2(n).

[0082] (4) cross-combining the down-sampled third ultra-
sound echo signal with the down-sampled first operation
signal to obtain a second operation signal;

[0083] In the present disclosure, “cross-combining” and
“cross-combine” may mean inserting the data points of two
signals into each other and combining them to form a new
signal. For example, in one embodiment, given that the sec-
ond operation signal obtained by cross-combining the down-
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sampled third ultrasound echo signal and the down-sampled
first operation signal is expressed as X1(n), X1(n) may be
obtained as follows:

X1(1)=TI(L);

X12)=TA1);
X13)=T1Q2):
X1(4) = T202);

X12rn-1)=Tl(n);

X12n) = T2n),

[0084] Wheren=1,2,3,...,N,and Nis the lengthof T1(n)
orT2(n), 1.e., the total number of data points in T1(n) or T2(n).
[0085] Therefore, for example, the data points with odd
serial numbers in the second operation signal X1(n) obtained
by cross-combining may come from the down-sampled first
operation signal T1(n), and the data points with even serial
numbers may come from the down-sampled third ultrasound
echo signal. The schematic showing the time domain wave-
form of a second operation signal obtained according to one
embodiment of the present disclosure is shown in FIG. 4(B).
[0086] Although the embodiments above describe them as
two signals (for example, T1(n) and T2(n)) cross-combined
by inserting the data points of the two signals into each other
every one data point, the present disclosure will not be limited
thereto. The cross-combining of two signals may also be
performed by inserting data points of the two signals into each
other in any desired manner to form desired new signals, for
example, every two data points, every three data points, or in
various ways, etc.

[0087] The obtained second operation signal X1(n) may
contain both linear fundamental components and nonlinear
fundamental components derived from high-order terms. The
schematics showing the time domain waveforms of the linear
fundamental component and the nonlinear fundamental com-
ponent in a second operation signal according to one embodi-
ment of the present disclosure are shown in FIGS. 4(C) and
4(D), respectively. The linear fundamental components con-
tained in the second operation signal which derive from S1(n)
and S2(n) respectively may have the same amplitudes, but
reverse polarity (a phase difference of 180 degrees). In the
second operation signal obtained by the cross-combining, the
linear fundamental component is modulated from its original
frequency position FO to frequency position Fs/2+F0 by a
modulation frequency with a frequency of Fs/2, as shown in
FIG. 4(C), and the nonlinear fundamental component, as
shown in FIG. 4(D), may be divided into two portions: one is
a symmetrical component with an amplitude factor of a>+(1-
a)®, and the other is an asymmetrical component with an
amplitude factor of 1-[a®+(1-a)’]. The symmetrical compo-
nent of the nonlinear fundamental component may exist in
both S1(n) and S2(n), while the asymmetrical component
may be the difference between the nonlinear fundamental
components in S1(n) and S2(n). This difference may be pro-
portional to 1-[a*+(1-a)’].

[0088] InFIG.5, (A)and (B)provide the schematics show-
ing the time domain waveforms of the symmetrical compo-
nent and the asymmetrical component in the nonlinear fun-
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damental component according to one embodiment of the
present disclosure, respectively. FIG. 5(C) and FIG. 5(D)
provide their spectrums, respectively. FIG. 5(C) shows that
the symmetrical component of the nonlinear fundamental
component in the second operation signal generated by S1(n)
and S2(n) (T1(n) and T2(n) are obtained by down-sampling
S1(n)and S2(n), respectively, therefore the second operation
signal may also be considered as being generated by S1(n)
and S2(n)) is modulated to both sides of Fs/2, and the asym-
metrical component of the nonlinear fundamental component
remains at its original frequency position F0.

[0089] Therefore, both the linear fundamental component
and the symmetrical component of the nonlinear fundamental
component of the second operation signal may be modulated
to both sides of Fs/2, and the asymmetrical component of the
nonlinear fundamental component may remain at its original
frequency position FO. In addition, the even-order nonlinear
components in the second operation signal remain at their
original frequency positions. For example, the secondary
nonlinear component remains at its original frequency posi-
tion 2F0. In fact, in some embodiments of the present disclo-
sure, the linear component and the symmetrical components
of odd-order nonlinear fundamental components in an opera-
tion signal obtained by cross-combining may be shifted away
from their original frequency positions, and the even-order
nonlinear components and the asymmetrical components of
the odd-order nonlinear fundamental components, particu-
larly the nonlinear fundamental components generated by
three-order or higher odd-order components in echoes from
contrast agents, still remain at their original frequency posi-
tions. In embodiments of the present disclosure, the first
ultrasound pulse, the second ultrasound pulse and the third
ultrasound pulse need not be transmitted in a way that trans-
missions are delayed with respect to each other. Therefore,
the embodiments of the present disclosure may separate the
linear components and the symmetrical components of the
odd-order nonlinear fundamental components from the even-
order nonlinear components and the asymmetrical compo-
nents of the odd-order nonlinear fundamental components
with each other without the need for transmitting the ultra-
sound pulses in a way that the transmissions are delayed with
respect to each other.

[0090] (5) extracting needed signal components from the
second operation signal;

[0091] As described above, both the linear fundamental
component and the symmetrical component of the nonlinear
fundamental component in the second operation signal may
be modulated to the both sides 0f Fs/2, i.e., may be modulated
to higher frequency positions, while the asymmetrical com-
ponent of the nonlinear fundamental component and the sec-
ondary nonlinear component may remain at their original
frequency positions. Therefore, the linear fundamental com-
ponent and the symmetrical component of the nonlinear fun-
damental component in the second operation signal may be
separated in the frequency domain from the asymmetrical
component of the nonlinear fundamental component and the
second nonlinear component. Therefore, the needed signal
components may be extracted from the second operation
signal by the first extraction unit.

[0092] Forexample, in one embodiment, the first extraction
unit may be a low-pass filter. The signal component extracted
from the second operation signal may be the asymmetrical
component of the nonlinear fundamental component. For
example, after the second operation signal passes through the
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low-pass filter, the linear fundamental component and the
symmetrical component of the nonlinear fundamental com-
ponent which have been modulated from their original fre-
quency position FO to (Fs/2)£FO may be removed by the
low-pass filter, while the asymmetrical component of the
nonlinear fundamental component may be output. As shown
in FIG. 6, (A) and (B) are, respectively, schematics showing
the time domain waveform and spectrum of the nonlinear
fundamental component output by the low-pass filter after the
second operation signal passes through the low-pass filter
according to one embodiment of the present disclosure.
[0093] Furthermore, in one embodiment of the present dis-
closure, the even-order nonlinear component, such as the
secondary nonlinear component, may also be extracted from
the second operation signal by the first extraction unit.
[0094] (6) generating images of the region of interest based
on the extracted signal component;

[0095] After the needed signal components, such as the
asymmetrical component of the nonlinear fundamental com-
ponent and/or the secondary nonlinear component, are
extracted, the images of the region of interest may be gener-
ated based on these extracted signal components. The meth-
ods for generating images of the region of interest based on
the signal components may be common methods in the artand
will not be described in detail herein.

[0096] In the embodiments described above, the direction
of the amplitude weighting of the third ultrasound pulse is
reversed to the direction of the sum of the amplitude weight-
ings of the first ultrasound pulse and the second ultrasound
pulse. However, in other embodiments, the direction of the
amplitude weighting of the third ultrasound pulse may be the
same as the direction of the sum of the amplitude weightings
of the first ultrasound pulse and the second ultrasound pulse.
In this case, before being down-sampled, the third ultrasound
echo signal may be inverted. That is, an inverter may be added
before the second down-sampling unit 24 in the embodiments
described above, as shown in FIG. 7. Other configurations
and processing methods in such embodiments may be the
same as or similar to those in the embodiments described
above and will not be described in detail.

[0097] In one embodiment of the present disclosure, the
ultrasound imaging process shown in FIG. 2 may further
include:

[0098] The transmitting/receiving switch 3 may be
switched into transmitting mode, and the transmitting circuit
2 may transmit a fourth ultrasound pulse via the probe 1;

[0099] The transmitting/receiving switch 3 may be
switched into receiving mode, and the receiving circuit 4 may
receive ultrasound echoes reflected from the region of interest
through the probe 1 to obtain a fourth ultrasound echo signal,

[0100] Where the amplitude weighting of the third ultra-
sound pulse and the sum of the amplitude weightings of the
first ultrasound pulse and the second ultrasound pulse may be
the same in magnitude and reverse in direction; the amplitude
weighting of the fourth ultrasound pulse and the sum of the
amplitude weightings of the first ultrasound pulse and the
second ultrasound pulse may be the same in magnitude and in
direction.

[0101] Then, the signal processing module 6 may extract
the needed echo signal component based on the first ultra-
sound echo signal, the second ultrasound echo signal, the
third ultrasound echo signal and the fourth ultrasound echo
signal received, and the image processing module 7 may
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generate ultrasound images of the region of interest based on
the extracted echo signal component.

[0102] In these embodiments, as shown in FIG. 8, besides
the first summation unit 20, the first down-sampling unit 22,
the second down-sampling unit 24, the first cross-combine/
splice unit 26 and the first extraction unit 28, the signal
processing module may further include an inverter 30, a third
down-sampling unit 32, a second cross-combine unit 34 and
a second summation unit 36.

[0103] In these embodiments, the process of the signal
processing module 6 may include:

[0104] The first ultrasound echo signal and the second
ultrasound echo signal may be input into the first summation
unit 20. The first summation unit 20 may sum the first ultra-
sound echo signal and the second ultrasound echo signal to
obtain a first operation signal. The obtained first operation
signal may be sent to the first down-sampling unit 22. The first
down-sampling unit 22 may down-sample the first operation
signal to obtain a down-sampled first operation signal,
[0105] The third ultrasound echo signal may be input into
the second down-sampling unit 24. The second down-sam-
pling unit 24 may down-sample the third ultrasound echo
signal to obtain a down-sampled third ultrasound echo signal;
[0106] The fourth ultrasound echo signal may be input into
the inverter 30. The inverter 30 may invert the fourth ultra-
sound echo signal to obtain a fourth inverted ultrasound echo
signal, which may be input into the third down-sampling unit
32. The third down-sampling unit 32 may down-sample the
fourth inverted ultrasound echo signal to obtain a down-
sampled, inverted fourth ultrasound echo signal;

[0107] Then, the down-sampled first operation signal and
the down-sampled third ultrasound echo signal may be input
into the first cross-combine unit 26, which may cross-com-
bine the down-sampled first operation signal and the down-
sampled third ultrasound echo signal to obtain a second
operation signal. The down-sampled first operation signal
and the down-sampled, inverted fourth ultrasound echo signal
may be input into the second cross-combine unit 34, which
may cross-combine the down-sampled first operation signal
and the down-sampled, inverted fourth ultrasound echo signal
to obtain a third operation signal;

[0108] The obtained second operation signal and the third
operation signal may be input into the second summation unit
36, which sums the second operation signal and the third
operation signal to obtain a fourth operation signal;

[0109] The obtained fourth operation signal may be sent to
the first extraction unit 28, which may extract needed echo
signal components from the fourth operation signal, such as
the nonlinear fundamental component or the secondary non-
linear component contained in the ultrasound echo signal.
[0110] In such embodiments, the methods for down-sam-
pling the first operation signal, the third ultrasound echo
signal and the fourth ultrasound echo signal and the methods
for pre-processing the signals before down-sampling the
same, the methods for cross-combining the down-sampled
first operation signal and the down-sampled, inverted fourth
ultrasound echo signal, and the methods for cross-combining
the down-sampled first operation signal and the down-
sampled third ultrasound echo signal may be the same as or
similar to those in the embodiments described above and will
notbedescribed in detail again. The method for extracting the
needed signal components from the fourth operation signal
may be low-pass filtering, and the first extraction unit 28 may
be a low-pass filter.
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[0111] For example, given that the fourth ultrasound echo
signal is expressed as S3(n), S3(n) may be inverted to obtain
-S3(n). Then, -S3(n) may be processed the same as S2(n).
For example, given that the down-sampled, inverted fourth
ultrasound echo signal is expressed as T3(n), in one embodi-
ment, it may be performed by selecting data points in -S3(n)
whichhas been delayed by one data point every one data point
and serving the selected data points as data points of T3(n).
For example, T3(n) may be:

T3(1) = -S3(2);
T3(2) = -S3(4);
T3(n) = -S3(2n);
[0112] Wheren=1,2.3,...,N, and Nis the length of T3(n),

i.e., the total number of data points in T3(n).

[0113] Or, in other embodiments, the third down-sampling
unit 32 may pre-process —S3(n) before down-sampling the
same similarly to S1 (n). For example, it may be performed by
summing each data point in -S3(n) with at least one of the
adjacent data points and replacing the data point with the sum,
and then selecting data points in the pre-processed -S3(n)
whichhas been delayed by one data point every one data point
and serving the selected data points as data points of T3(n).
For example, T3(n) may be:

T3(1) = -[52(2) + 523)];

T3(2) = -[S2(4) + S2(5)];

T3(n) = -[82(2n) + S2(2n + 1)];

[0114] Wheren=1,2.3,...,N,and Nis the length of T3(n),
1.e., the total number of data points in T3(n).

[0115] Inthese embodiments, the linear fundamental com-
ponents and the symmetrical components of the nonlinear
fundamental components in the second operation signals and
the third operation signals may be modulated to both sides of
Fs/2,1.e., to higher frequency positions, while the asymmetri-
cal components of the nonlinear fundamental components
and the secondary nonlinear components may remain at their
original frequency positions. The signal components needed
may be extracted from the sums of the second operation
signals and the third operation signals by the first extraction
unit 28. Since there may be correlation between valid signals
in the second operation signal and the third operation signal
while no correlation between noises in them, extracting the
needed signal components from the sums of the second
operation signals and the third operation signals may further
increase the signal-to-noise ratio of the extracted signal com-
ponents.

[0116] As shown in FIG. 9, in some embodiments of the
present disclosure, the embodiment shown in FIG. 8 may
further include a fourth down-sampling unit 38, a third cross-
combine unit 40 and a second extraction unit 50.

[0117] As described above, in one embodiment, the data
points of the third ultrasound echo signal S2(n) or the pre-
processed third ultrasound echo signal which has been
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delayed by one data point may be selected every one data
point and the selected data points may serve as data points of
the down-sampled third ultrasound echo signal T2(n). In such
embodiments, the fourth ultrasound echo signal S3(n) may
further be processed by the fourth down-sampling unit 38,
which may select data points from the fourth ultrasound echo
signal S3(n) or from the fourth ultrasound echo signal which
has been pre-processed similarly to those described above
every one data point, and the selected data points may serve as
the data points of the down-sampled fourth ultrasound echo
signal T4(n). The specific processes for down-sampling and
pre-processing may be the same as or similar to those
described above and will not be described in detail.

[0118] Then, the down-sampled third ultrasound echo sig-
nal T2(n) and the down-sampled fourth ultrasound echo sig-
nal T4(n) may be combined in the third cross-combine unit
40. The specific methods and processes for cross-combining
may be the same as or similar to those in the embodiments
described above and will not be described in detail again.
After the cross-combine, a fifth operation signal may be
obtained, which may be expressed as X3(n).

[0119] The fifth operation signal X3(n) may be obtained by
cross-combining the down-sampled third ultrasound echo
signal S2(n) (the amplitude weighting of which may be, for
example, -1) and the down-sampled fourth ultrasound echo
signal S3(n) (the amplitude weighting of which may be, for
example, 1). S2(n) and S3(n) contain both a fundamental
component and a secondary nonlinear component. In FIG. 10,
(A) and (B) are the schematics showing the time domain
waveforms of the fundamental components and the second-
ary nonlinear components in S2(n) and S3(n) according to an
embodiment of the present disclosure. In this embodiment,
the linear fundamental components in S2(n) and S3(n) have
the same amplitudes, but reverse polarity (with a phase dif-
ference of 180 degrees), while the secondary nonlinear com-
ponents in them have the same phases.

[0120] AsshowninFIG. 10,(C)is a schematic showing the
time domain waveform of X3(n) according to an embodiment
of the present disclosure, and (D) is a schematic showing the
spectrum of X3(n) according to an embodiment of the present
disclosure. As shown in FIG. 11, (A) and (C) are schematics
showing the time domain waveform and spectrum of the
linear fundamental component of X3(n), respectively, and (B)
and (D) are schematics showing the time domain waveform
and spectrum of the secondary nonlinear component of
X3(n), respectively.

[0121] FIG. 10(C), (D) and FIG. 11 show that the linear
fundamental component in the fifth operation signal X3(n) is
modulated from FO to (Fs/2)+F0, while the secondary non-
linear component remains at its original position 2F0 in fre-
quency domain.

[0122] Therefore, the secondary nonlinear component in
the fifth operation signal may be extracted by the second
extraction unit 50, which may be a low-pass filter.

[0123] In these embodiments, the fifth operation signal
obtained by cross-combining may be obtained based on the
echo signals corresponding to the third ultrasound pulse and
the fourth ultrasound pulse with amplitude weightings of -1
and 1 respectively (i.e., the third ultrasound echo signal and
the fourth ultrasound echo signal), therefore, the secondary
nonlinear component of the fifth operation signal may be
enhanced, which may facilitate subsequent extraction of the
secondary nonlinear component.

Nov. 13,2014

[0124] 1In these embodiments, the down-sampled third
ultrasound echo signal obtained by down-sampling the third
ultrasound echo signal which has been delayed by one point
using the second down-sampling unit 24 is used. In other
embodiments of the present disclosure, down-sampling the
third ultrasound echo signal may not be performed by the
second down-sampling unit 24, but by an additional fifth
down-sampling unit 52, as shown in FIG. 12. In this case, it is
possible that the fifth down-sampling unit 52 down-samples
the third ultrasound echo signal, while the fourth down-sam-
pling unit 38 down-samples the fourth ultrasound echo signal
after delaying it by one point: or the fourth down-sampling
unit 38 down-samples the fourth ultrasound echo signal,
while the fifth down-sampling unit 52 down-samples the third
ultrasound echo signal after delaying it by one point. The
obtained down-sampled third ultrasound echo signal and
down-sampled fourth ultrasound echo signal may be cross-
combined by the third cross-combine unit 40 to obtain the
fifth operation signal. Then, the secondary nonlinear compo-
nent may be extracted from the fifth operation signal by the
second extraction unit 50.

[0125] The configuration of other modules and other meth-
ods in these embodiments may be the same as or similar to
those of the embodiments described above and will not be
described in detail.

[0126] As shown in FIG. 13, in one embodiment of the
present disclosure, other than being processed by a respective
extraction unit to obtain needed signal components, the fourth
operation signal and the fifth operation signal may be input
into a third summation unit 56, which may sum the fourth
operation signal and the fifth operation signal to obtain a sixth
operation signal. Then the first extraction unit 28 may extract
needed signal components from the sixth operation signal.
[0127] Asshown inFIG.14,(A)is aschematic showing the
time domain waveform of the sixth operation signal accord-
ing to an embodiment, and (B) is a schematic showing the
spectrum of the sixth operation signal shown in (B). It is
shown that the sixth operation signal may contain a linear
fundamental component, a nonlinear fundamental compo-
nent and a secondary nonlinear component. The spectrum in
(B) shows that, in a/the frequency domain, the asymmetrical
component of the nonlinear fundamental component is
located at the frequency position F0, the secondary nonlinear
component is located at the frequency position 2F0, and the
symmetrical component of the nonlinear fundamental com-
ponent as well as the linear fundamental component are
modulated to the frequency position Fs/2zF0.

[0128] Therefore, here, broadband detection may be used.
For example, the secondary nonlinear component and the
asymmetrical component of the nonlinear fundamental com-
ponent may be extracted simultaneously by low-pass filter-
ing. In FIG. 14, (C) is schematic showing the time domain
waveform of the sixth operation signal which has been low-
pass filtered, and (D) is a schematic showing the spectrum
thereof.

[0129] In the embodiments of the present disclosure, by
processing the echoes corresponding to a plurality of ultra-
sound pulses with different amplitudes and phases (or polari-
ties) and modulating the echo signals, the linear component
and the symmetrical components of the odd-order nonlinear
components in the modulated signals may be shifted away
from their original frequency position, while the even-order
nonlinear components (for example, the secondary nonlinear
component) and the asymmetrical components of the odd-
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order nonlinear components, particularly the nonlinear fun-
damental components generated by the three-order and
higher odd-order components of the contrast agent echoes,
may remain at their original frequency positions. Therefore,
the separation of the even-order nonlinear components and
the asymmetrical components of the odd-order nonlinear
components from the linear components and the symmetrical
components of the odd-order nonlinear components may be
achieved without transmitting the plurality of ultrasound
pulses ina way that the transmissions are delayed with respect
to each other, and the even-order nonlinear components and/
or the asymmetrical components of the odd-order nonlinear
components may be easily extracted from the ultrasound echo
signals for subsequent imaging processes, such as contrast
agent imaging. Furthermore, according to the embodiments
of the present disclosure, the linear components and the sym-
metrical components of the odd-order nonlinear components
may be separated from the even-order nonlinear components
and the asymmetrical components of the odd-order nonlinear
components without transmitting the plurality of ultrasound
pulses ina way that the transmissions are delayed with respect
to each other, therefore the control processes for controlling
the plurality of ultrasound pulses to be transmitted in a way
that the transmissions are delayed with respect to each other
may be avoided.

[0130] Although the present disclosure has been described
through specific embodiments, it is not limited to these spe-
cific embodiments. Those of skill in the art should understand
that various modifications, alternatives, and variations may
be made based on the present disclosure, which should be in
the scope of protection of the present disclosure. Further-
more, “a (an) embodiment” or “another embodiment” men-
tioned above may represent different embodiments, or may
also be combined completely or partly in one embodiment.

What is claimed is:

1. A method for ultrasound imaging of a region of interest,
comprising:
transmitting a first ultrasound pulse to the region of inter-
est;
receiving ultrasound echoes of the first ultrasound pulse
reflected from the region of interest to obtain a first
ultrasound echo signal;

transmitting a second ultrasound pulse to the region of
interest;

receiving ultrasound echoes ofthe second ultrasound pulse
reflected from the region of interest to obtain a second
ultrasound echo signal;

transmitting a third ultrasound pulse to the region of inter-
est;

receiving ultrasound echoes of the third ultrasound pulse
reflected from the region of interest to obtain a third
ultrasound echo signal;

extracting an echo signal component based on the first
ultrasound echo signal, the second ultrasound echo sig-
nal and the third ultrasound echo signal; and

generating an ultrasound image of the region of interest
based on the echo signal component;

wherein amplitude weighting of the third ultrasound pulse
is equal in magnitude to a sum of amplitude weightings
of the first ultrasound pulse and the second ultrasound
pulse.
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2. The method of claim 1, wherein:

the amplitude weighting of the third ultrasound pulse is in
the opposite direction of the sum of amplitude weight-
ings of the first ultrasound pulse and the second ultra-
sound pulse;

wherein extracting an echo signal component based on the

first ultrasound echo signal, the second ultrasound echo
signal and the third ultrasound echo signal comprises:
summing the first ultrasound echo signal with the second
ultrasound echo signal to obtain a first operation signal;
cross-combining the third ultrasound echo signal and the
first operation signal to obtain a second operation signal;
and

extracting the echo signal component from the second

operation signal.

3. The method of claim 2, wherein cross-combining the
third ultrasound echo signal and the first operation signal to
obtain a second operation signal comprises:

down-sampling the third ultrasound echo signal to obtaina

down-sampled third ultrasound echo signal;
down-sampling the first operation signal to obtain a down-
sampled first operation signal; and

cross-combining the down-sampled third ultrasound echo

signal and the down-sampled first operation signal to
obtain the second operation signal.

4. The method of claim 3, further comprising:

before down-sampling the third ultrasound echo signal,

summing each data point in the third ultrasound echo sig-

nal with at least one adjacent data point in said third
ultrasound echo signal, and replacing said data point
with the sum; and/or

before down-sampling the first operation signal,

summing each data point in the first operation signal with

at least one adjacent data point in said first operation
signal, and replacing said data point with the sum.

5. The method of claim 1, further comprising:

transmitting a fourth ultrasound pulse to the region of

interest;

receiving ultrasound echoes of the fourth ultrasound pulse

reflected from the region of interest to obtain a fourth
ultrasound echo signal;

wherein:

the amplitude weighting of the third ultrasound pulse is in

the opposite direction of the sum of amplitude weight-
ings of the first ultrasound pulse and the second ultra-
sound pulse;

amplitude weighting of the fourth ultrasound pulse and the

sum of amplitude weightings of the first ultrasound
pulse and the second ultrasound pulse have same mag-
nitude and direction; and

extracting an echo signal component based on the first

ultrasound echo signal, the second ultrasound echo sig-
nal and the third ultrasound echo signal comprises:
extracting the echo signal component based on the first
ultrasound echo signal, the second ultrasound echo sig-
nal, the third ultrasound echo signal and the fourth ultra-
sound echo signal.

6. The method of claim 5, wherein extracting the echo
signal component based on the first ultrasound echo signal,
the second ultrasound echo signal, the third ultrasound echo
signal and the fourth ultrasound echo signal comprises:

summing the first ultrasound echo signal with the second

ultrasound echo signal to obtain a first operation signal;
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cross-combining the third ultrasound echo signal and the
first operation signal to obtain a second operation signal;

inverting the fourth ultrasound echo signal and cross-com-
bining the inverted fourth ultrasound echo signal and the
first operation signal to obtain a third operation signal;

summing the second operation signal with the third opera-
tion signal to obtain a fourth operation signal; and

extracting the echo signal component from the fourth
operation signal.

7. The method of claim 6, wherein cross-combining the
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11. The method of claim 10, further comprising:

before down-sampling the third ultrasound echo signal,

summing each data point in the third ultrasound echo sig-
nal with at least one adjacent data point in said third
ultrasound echo signal, and replacing said data point
with the sum; and/or

before down-sampling the fourth ultrasound echo signal,

summing each data point in the fourth ultrasound echo
signal with at least one adjacent data point in said fourth
ultrasound echo signal, and replacing said data point

third ultrasound echo signal and the first operation signal to
obtain a second operation signal and inverting the fourth
ultrasound echo signal and cross-combining the inverted
fourth ultrasound echo signal and the first operation signal to
obtain a third operation signal comprises:

with the sum.
12. The method of claim 9, further comprising:
summing the fourth operation signal and the fifth operation
signal to obtain a sixth operation signal; and
extracting the echo signal component from the sixth opera-

down-sampling the first operation signal to obtain a down-
sampled first operation signal;

down-sampling the third ultrasound echo signal to obtain a
down-sampled third ultrasound echo signal;

inverting the fourth ultrasound echo signal to obtain an
inverted fourth ultrasound echo signal,

down-sampling the inverted fourth ultrasound echo signal
to obtain a down-sampled, inverted fourth ultrasound
echo signal;

cross-combining the down-sampled third ultrasound echo
signal and the down-sampled first operation signal to
obtain the second operation signal; and

cross-combining the down-sampled, inverted fourth ultra-
sound echo signal and the down-sampled first operation
signal to obtain the third operation signal.

8. The method of claim 7, further comprising:

before down-sampling the first operation signal,

summing each data point in the first operation signal with
at least one adjacent data point in said first operation
signal, and replacing said data point with the sum; and/or

before down-sampling the third ultrasound echo signal,

summing each data point in the third ultrasound echo sig-
nal with at least one adjacent data point in said third
ultrasound echo signal, and replacing said data point
with the sum; and/or

before down-sampling the fourth inverted ultrasound echo
signal,

summing each data point in the inverted fourth ultrasound
echo signal with at least one adjacent data point in said
inverted fourth ultrasound echo signal, and replacing
said data point with the sum.

9. The method of claim 5, further comprising:

cross-combining the third ultrasound echo signal and the
fourth ultrasound echo signal to obtain a fifth operation
signal,

extracting an even-order nonlinear component from the
fifth operation signal; and

generating an ultrasound image of the region of interest
based on the even-order nonlinear component.

10. The method of claim 9, wherein cross-combining the

third ultrasound echo signal and the fourth ultrasound echo

signal to obtain a fifth operation signal comprises:

down-sampling the third ultrasound echo signal to obtain a
down-sampled third ultrasound echo signal;

down-sampling the fourth ultrasound echo signal to obtain
a down-sampled fourth ultrasound echo signal;

cross-combining the third down-sampled ultrasound signal
and the down-sampled fourth ultrasound echo signal to
obtain the fifth operation signal.

tion signal.

13. The method of claim 1, wherein:

the amplitude weighting of the third ultrasound pulse is in
the same direction as the sum of amplitude weightings of
the first ultrasound pulse and the second ultrasound
pulse;
wherein extracting an echo signal component based on the
first ultrasound echo signal, the second ultrasound echo
signal and the third ultrasound echo signal comprises:

summing the first ultrasound echo signal with the second
ultrasound echo signal to obtain a first operation signal;

inverting the third ultrasound echo signal and cross-com-
bining the inverted third ultrasound echo signal and the
first operation signal to obtain a second operation signal;
and

extracting the echo signal component from the second

operation signal.

14. The method of claim 13, wherein inverting the third
ultrasound echo signal and cross-combining the inverted third
ultrasound echo signal and the first operation signal to obtain
a second operation signal comprises:

inverting the third ultrasound echo signal to obtain an

inverted third ultrasound echo signal;

down-sampling the inverted third ultrasound echo signal to

obtain a down-sampled, inverted third ultrasound echo
signal,

down-sampling the first operation signal to obtain a down-

sampled first operation signal; and

cross-combining the down-sampled, inverted third ultra-

sound echo signal and the down-sampled first operation
signal to obtain the second operation signal.

15. The method of claim 14, further comprising:

before down-sampling the third inverted ultrasound echo

signal,

summing each data point in the inverted third ultrasound

echo signal with at least one adjacent data point in said
inverted third ultrasound echo signal, and replacing said
data point with the sum; and/or

before down-sampling the first operation signal,

summing each data point in the first operation signal with

at least one adjacent data point in said first operation
signal, and replacing said data point with the sum.

16. The method of claim 1, wherein the echo signal com-
ponent comprises an asymmetrical component of a nonlinear
fundamental component and/or an even-order nonlinear com-
ponent.

17. A device for ultrasound imaging a region of interest,
comprising:
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aprobe;

a transmitting circuit configured to transmit a first ultra-
sound pulse, a second ultrasound pulse and a third ultra-
sound pulse to the region of interest through the probe;

areceiving circuit configured to, through the probe, respec-
tively receive ultrasound echoes of the first ultrasound
pulse to obtain a first ultrasound echo signal, receive
ultrasound echoes of the second ultrasound pulse to
obtain a second ultrasound echo signal and receive ultra-
sound echoes of the third ultrasound pulse to obtain a
third ultrasound echo signal;

a signal processing module configured to extract an echo
signal component based on the first ultrasound echo
signal, the second ultrasound echo signal and the third
ultrasound echo signal; and

an image processing module configured to generate an
image of the region of interest based on the echo signal
component;

wherein amplitude weighting of the third ultrasound pulse
is equal in magnitude to a sum of amplitude weightings
of the first ultrasound pulse and the second ultrasound
pulse.

18. The device of claim 17, wherein:

the amplitude weighting of the third ultrasound pulse is in
an opposite direction of the sum of amplitude weight-
ings of the first ultrasound pulse and the second ultra-
sound pulse;

wherein the signal processing module comprises:

a first summation unit configured to sum the first ultra-
sound echo signal with the second ultrasound echo sig-
nal to obtain a first operation signal;

a first cross-combine unit configured to cross-combine the
third ultrasound echo signal and the first operation signal
to obtain a second operation signal; and

a first extraction unit configured to extract the echo signal
component from the second operation signal.

19. The device of claim 18, wherein the signal processing

module further comprises:

a first down-sampling unit configured to down-sample the
first operation signal to obtain a down-sampled first
operation signal;

a second down-sampling unit configured to down-sample
the third ultrasound echo signal to obtain a down-
sampled third ultrasound echo signal;

wherein the first cross-combine unit is further configured
to cross-combine the down-sampled third ultrasound
echo signal and the down-sampled first operation signal
to obtain the second operation signal.

20. The device of claim 17, wherein:

the transmitting circuit is further configured to transmit a
fourth ultrasound pulse to the region of interest through
the probe;

the receiving circuit is further configured to receive ultra-
sound echoes of the fourth ultrasound pulse through the
probe to obtain a fourth ultrasound echo signal;

wherein:

the amplitude weighting of the third ultrasound pulse is in
the opposite direction of the sum of amplitude weight-
ings of the first ultrasound pulse and the second ultra-
sound pulse;

the amplitude weighting of the fourth ultrasound pulse and
the sum of amplitude weightings of the first ultrasound
pulse and the second ultrasound pulse have the same
magnitudes and directions; and
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the signal processing module is further configured to
extract the echo signal component based on the first
ultrasound echo signal, the second ultrasound echo sig-
nal, the third ultrasound echo signal and the fourth ultra-
sound echo signal.

21. The device of claim 20, wherein the signal processing

module comprises:

a first summation unit configured to sum the first ultra-
sound echo signal with the second ultrasound echo sig-
nal to obtain a first operation signal;

a first cross-combine unit configured to cross-combine the
third ultrasound echo signal and the first operation signal
to obtain a second operation signal;

an inverter configured to invert the fourth ultrasound echo
signal,

a second cross-combine unit configured to cross-combine
the inverted fourth ultrasound echo signal and the first
operation signal to obtain a third operation signal;

a second summation unit configured to sum the second
operation signal with the third operation signal to obtain
a fourth operation signal; and

a first extraction unit configured to extract the echo signal
component from the fourth operation signal.

22. The device of claim 21, wherein the signal process unit

further comprises:

a first down-sampling unit configured to down-sample the
first operation signal to obtain a down-sampled first
operation signal;

a second down-sampling unit configured to down-sample
the third ultrasound echo signal to obtain a down-
sampled third ultrasound echo signal; and

a third down-sampling unit configured to down-sample the
inverted fourth ultrasound echo signal to obtain a down-
sampled, inverted fourth ultrasound echo signal;

wherein the first cross-combine unit is further configured
to cross-combine the down-sampled third ultrasound
echo signal and the down-sampled first operation signal
to obtain the second operation signal;

wherein the second cross-combine unit is further config-
ured to cross-combine the down-sampled, inverted
fourth ultrasound echo signal and the down-sampled
first operation signal to obtain the third operation signal.

23. The device of claim 20, wherein the signal processing

module further comprises:

athird cross-combine unit configured to cross-combine the
third ultrasound echo signal and the fourth ultrasound
echo signal to obtain a fifth operation signal; and

asecond extraction unit configured to extract an even-order
nonlinear component from the fifth operation signal;

wherein the image processing module is further configured
to generate the ultrasound image of the region of interest
based on the even-order nonlinear component.

24. The device of claim 23, wherein the signal processing

module further comprises:

a second down-sampling unit configured to down-sample
the third ultrasound echo signal to obtain a down-
sampled third ultrasound echo signal; and

a fourth down-sampling unit configured to down-sample
the fourth ultrasound echo signal to obtain a down-
sampled fourth ultrasound echo signal;

wherein the third cross-combine unit is configured to
cross-combine the third down-sampled ultrasound sig-
nal and the down-sampled fourth ultrasound echo signal
to obtain the fifth operation signal.
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25. The device of claim 20, wherein the signal processing

module further comprises:

athird cross-combine unit configured to cross-combine the
third ultrasound echo signal and the fourth ultrasound
echo signal to obtain a fifth operation signal; and

athird summation unit configured to sum the fourth opera-
tion signal and the fifth operation signal to obtain a sixth
operation signal;

wherein the first extraction unit is further configured to
extract the echo signal component from the sixth opera-
tion signal.

26. The device of claim 25, wherein the signal processing

module further comprises:

a fourth down-sampling unit configured to down-sample
the fourth ultrasound echo signal to obtain a down-
sampled fourth ultrasound echo signal;

a fifth down-sampling unit configured to down-sample the
third ultrasound echo signal to obtain a down-sampled
third ultrasound echo signal;

wherein the third cross-combine unit is further configured
to cross-combine the down-sampled third ultrasound
echo signal and the down-sampled fourth ultrasound
echo signal to obtain a fifth operation signal.

27. The device of claim 17, wherein:

the amplitude weighting of the third ultrasound pulse is in
the same direction as the sum of the amplitude weight-
ings of the first ultrasound pulse and the second ultra-
sound pulse;
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wherein the signal processing module comprises:

a first summation unit configured to sum the first ultra-
sound echo signal with the second ultrasound echo sig-
nal to obtain a first operation signal;

an inverter configured to invert the third ultrasound echo
signal;

a first cross-combine unit configured to cross-combine the
inverted third ultrasound echo signal and the first opera-
tion signal to obtain a second operation signal; and

a first extraction unit configured to extract the echo signal
component from the second operation signal.

28. The device of claim 27, wherein the signal processing

module further comprises:

a first down-sampling unit configured to down-sample the
first operation signal to obtain a down-sampled first
operation signal; and

a second down-sampling unit configured to down-sample
the inverted third ultrasound echo signal to obtain a
down-sampled, inverted third ultrasound echo signal;

wherein the first cross-combine unit is configured to cross-
combine the down-sampled, inverted third ultrasound
echo signal and the down-sampled first operation signal
to obtain the second operation signal.

29. The device of claim 17, wherein the echo signal com-
ponent comprises an asymmetrical component of a nonlinear
fundamental component and/or an even-order nonlinear com-
ponent.
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