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Description
TECHNICAL FIELD
[0001] The invention relates to diagnostic medical ultrasonic imaging.
BACKGROUND ART

[0002] Ultrasonic imaging is a well-known diagnostic medical technique that can generate a visible image of a region
of interest (ROI) by transmitting ultrasound into a patient’s body, and then receiving and processing reflected ultrasonic
echoes, whose characteristics carry information about the body tissues exposed to the sound waves.

[0003] In a conventional ultrasonic imaging system, a transmit circuit energizes an array of piezoelectric elements to
generate ultrasonic transmit pulses along focused beams into the ROI of the body. Many body tissues of interest are
typically nonlinear media such that non-linear distortion is created as the ultrasonic pulses propagate through them. The
nature of this distortion indicates characteristics of the tissues that can be extracted for display.

[0004] There is a continual effort to improve the quality of these diagnostic images, with "quality" being defined in
several different ways. As with many other forms of signal processing, the effort often involves trying to get as much
information as possible from the received signals while rejecting as much unwanted signal energy ("noise") as possible.
[0005] One known and common method is often referred to as "harmonic imaging." As the name implies, instead of
processing only the echo signal at the fundamental transmit frequency, this technique involves isolating and extracting
information from one or more harmonics of this fundamental frequency eitherin addition to or instead of at the fundamental
frequency alone. Such a technique is disclosed in:

United States Patent No. 6,206,833;
United States Patent No. 7,004,905;
United States Patent No. 7,104,956; and
United States Patent No. 7,513,870.

[0006] Echoes reflected from the ROI will typically include a linear component, which is associated with the ultrasonic
pulses, and a nonlinear component, associated with the characteristic of tissues and structures of the body. The nonlinear
component is extracted from the echoes, and the visible image is generated by processing and analyzing the nonlinear
component.

[0007] One other known method for improving imaging quality is often referred to as "phase inversion" or "pulse
inversion." This technique exploits the linearity of much of the medium through which the ultrasound pressure waves
propagate through the ROI by transmitting and receiving a first ultrasound pulse, and then soon thereafter transmitting
and receiving a second ultrasound pulse with a polarity opposite that of the first. Stated differently but equivalently, the
two paired pulses differ in phase by 180 degrees. The combined (typically, summed) return signals will therefore "cancel"
each other out (sum to zero) with respect to all linear propagation. The remaining signal is then either processed as is,
or a harmonic of it is processed to create the displayed image (thereby using both the "phase inversion" and "harmonic
imaging" techniques). United States Patent No. 5,632,277 and United States Patent No. 5,951,478 disclose examples
of systems that use the "phase inversion" technique. WO01/64108 discloses medical diagnostic ultrasound imaging
method fires a sequence of pulses which may be interleaved into a body and then receives, beam forms, weights and
sums the resulting echo signals to suppress first order echoes.

SUMMARY OF THE INVENTION

[0008] The invention is defined in independent claims 1 and 10. A diagnostic ultrasound image of a region of interest
(ROI) of a body is formed by transmitting into the ROI at least a first and a second ultrasound pulse, in which the second
pulse is phase-shifted relative to the first pulse by an amount other than 0 or 180 degrees. Discrete (quantized) received
signals from the pulses are interleaved to form a resultant operating signal that is detected and beamformed as the
operating signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009]

Figure 1 is a block diagram of an offset pulse ultrasonic imaging system in accordance with an embodiment;
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Figure 2 is a flowchart of an offset pulse ultrasonic imaging method in accordance with an embodiment;
Figure 3 is a block diagram of an offset pulse ultrasonic imaging system in accordance with another embodiment;
Figure 4 is a flowchart of an offset pulse ultrasonic imaging method in accordance with another embodiment;
Figure 5a-5(d) are graphs of waveforms for ultrasonic pulses and echoes in accordance with another embodiment;

Figure 6a-6(d) are graphs of echo waveforms at sample rates of 40MHz, shown in a conventional ultrasonic imaging
system and an ultrasonic imaging system in accordance with an embodiment respectively; and

Figure 7a-7(d) are graphs of echo waveforms at sample rates of 30MHz, shown in a conventional ultrasonic imaging
system and an ultrasonic imaging system in accordance with an embodiment respectively.

Figure 8 illustrates a two-pulse embodiment and how a second pulse is offset from a first.

Figures 9a and 9b illustrate how the pulses shown in Figure 8 may be quantized.

Figure 10 illustrates echo pulse interleaving.

Figure 11 illustrates how pulse offsetting and interleaving affect the spectrum of received signals.
DETAILED DESCRIPTION

[0010] The following detailed description refers to the accompanying drawings. The same reference numbers may be
used in different drawings to identify the same or similar elements. In the following description specific details may be
set forth such as particular structures, techniques, etc. in order to provide a thorough understanding of the various
aspects of the claimed invention. However, such details are provided for purposes of explanation and should not be
viewed as limiting with respect to the claimed invention. With benefit of the present disclosure it will be apparent to those
skilled in the art that the various aspects of the invention claimed may be practiced in other examples that depart from
these specific details. Moreover, in certain instances, descriptions of well known devices, circuits, and methods are
omitted so as not to obscure the description of the present invention with unnecessary detail.

[0011] Figure 1 shows a block diagram of an offset pulse ultrasonic imaging system 100 in accordance with an
embodiment. As shown in Figure 1, a transmit circuit 10 generates a plurality of ultrasonic pulse signals for each scan
line in a scan plane. The plurality of ultrasonic pulse signals is converted into a plurality of ultrasonic pulses by a
probe/transducer 20, which includes an array of piezoelectric elements. The structure and operation of an ultrasound
probe/transducer are well understood and can be summarized by saying thatit functions as a phased array of piezoelectric
transmit/receive elements that generate and respond to pressure waves at ultrasonic frequencies. The ultrasonic pulses
are offset relative to each other, which will be explained in detail later. The converted ultrasonic pulses are transmitted
into a region of interest (ROI) 30 of a body. Since tissues of the body are nonlinear media, the echoes, reflected from
the ROI 30, include a linear component associated with the ultrasonic pulses, and a nonlinear component associated
with the characteristics of the various body tissues and other structures.

[0012] The ultrasound echoes reflected back from these body tissues and structures are then converted into echo
signals by the probe 20. Conventional sampling, analog-to-digital and other circuitry is then used to convert the electrical
signals created by the piezoelectric elements in the probe into a series of digital equivalent values, which are then
supplied to an interleaver 40. As is explained in greater detail below, the interleaver 40 interleaves the values into a
sequence of samples to form an operating signal. The operating signal is supplied to a detector 50. An explanation of
the operating signal will be given in detail later. The nonlinear component is extracted from the operating signal in the
detector 50 and is then beamformed in a beamformer 60 to generate a scan line, a collection of which is then converted
in any know manner into a form suitable for display or recording or other processing by a user.

[0013] Figure 2 is a flowchart of an offset pulse ultrasonic imaging method in accordance with an embodiment. In one
embodiment, the method can be performed by the offset pulse ultrasonic imaging system 100 in Figure 1.

[0014] First, at step 10, a transmit circuit 10 generates a plurality K of ultrasonic pulse signals for each scan line in a
scan plane. That is, K ultrasonic pulse signals are emitted by the transmit circuit 10. For the K ultrasonic pulse signals,
each ultrasonic pulse signal is time-shifted relative to an immediately preceding ultrasonic pulse signal by a predetermined
amount. In one embodiment, the time-shift is t=1/(K-f;) where f; is an initial sample rate for each scan line.

[0015] Each of the K ultrasonic pulse signals may optionally be weighted by a corresponding weight coefficient
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,a) , where K=1, 2...K, and a is positive integer. If the K ultrasonic pulse signal is represented by

Py, ultrasonic pulse signals P4, P,,..., Pk can be represented as:

P;=A)sin(wt + @ )

P, =A(t+r)cos(-zKﬁ-a)sin(a)(t+r)+(Dp)

Pye=A(t+ (k- l)r)cos((k—_%[— -a)sin(o(t+(k-1)7)+ D)

The absolute ratio of two weight coefficients represents the amplitude ratio of the two corresponding ultrasonic pulse
signals. In the condition where the weight coefficient is positive, the waveform polarity of the corresponding ultrasonic
pulse signal is positive; on the other hand, if the weight coefficient is negative, the polarity is negative.

[0016] At step 20, the K ultrasonic pulse signals are converted into K corresponding ultrasonic pulses by the probe
20, wherein each ultrasonic pulse is time-shifted relative to an immediately preceding ultrasonic pulse by the predeter-
mined amount t. The K ultrasonic pulses are transmitted into the ROI 30 of the body. Because each of the K ultrasonic
pulses is time-shifted relative to an immediately preceding ultrasonic pulse by t, the K ultrasonic pulses are relatively
offset pulses emitted to the ROI 30.

[0017] Since many body tissues of interest comprise acoustically nonlinear media, the echoes, reflected from the ROI
30, include a linear component associated with the ultrasonic pulses and a nonlinear component associated with char-
acteristics of tissues of the body. At step 30, the probe 20 receives K echoes and converts the K echoes into K echo
signals. If the Kt echo signal is represented by Ey, echo signals E;, E,,..., El/(K=1,2...K) can be represented as:

E; =A@ sin(ot +D,)+ H(?)

E,=A@+ z')cos(ng -a)sin(w(t+7)+D,)+ cosz(%r ca)H(t+71)

E=

a)H(t+(k-Dr1)

A+ (k- 1)7)008((](——122—ﬂ-a)sin(a)(t +k-D7)+®D,) +Cosz((_k:1%)_2_’£_

where H(t) represents the nonlinear component which carries information on characteristic of tissues of the body.
[0018] In this embodiment, K ultrasonic pulse signals are emitted by the transmit circuit 10 for each scan line in the
scan plane associated with the initial sample rate f,. The interleaver 40 thus may receive K echo signals converted by
the probe 20 in the period of t=1/f,. That is, in each sample interval of 1/f;, K echo signals (E;, E.... E) can be received
by the interleaver 40. These echo signals (E;, E,... Ex) make up K samples in the sample interval of 1/f,.

[0019] Where the initial sample interval is 1/f, the number of initial samples is N for each scan line in the scan plane.
As mentioned above, there are K signals in the sample interval of 1/f,. The sampled values of the K signals in each
sample interval of 1/f; may then be interleaved in a sequence of the initial samples 1,2...N, to form the operating signal
for generating the scan line, the number of current samples is N-K. If the operating signal is represented by W(t), W(t)
may be made up of echo signals E4 Eqy... Eqx Exq Enp ... Exg .. Eg Epp .. Ejj . Ege ... Enq Eng . Epyjo - Epg 1= 1,2.N,
j=12.K.

W(t)= A@t)sin(wt + D@, )cosQraf, - 1)+ H(t) cos’ 2maf, -t)

= A(t)sin(wt + D, )cosnaf, - t) + % H({)+ —;—H(t) cos(4rmaf, -t)
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Where t = mz, m = 01,2..(N-K-1), T =%Kfs)

[0020] The K echo signals are interleaved in the sequence of the initial samples (1, 2...N) to form the operating signal
W(t) in the interleaver 40. The operating signal W(t) is supplied to a detector 50 at step 40. Then, at step 50, the nonlinear
component is extracted from the operating signal W(t) in the detector 50, and at step 60, the nonlinear component is
beamformed in a beamformer 60 to generate the scan line. Since the nonlinear component carries information about
characteristics of tissues of the body, a visible image of the ROI 30 is generated by analyzing the nonlinear component
using known scan conversion and display algorithms.

[0021] It can be concluded from the expression of W(t): (1) the sample interval of the operating signal is t, so the
effective sample rate of the operating signal is K-f; which is K times the initial sample rate f; (2) the linear component
of the operating signal is modulated to a. times £, i.e. the linear component is moved to both sides of a- f in the frequency
domain; whereas, for the nonlinear component, half is not modulated and the other half is modulated to 2af,. That is, in
the frequency domain, half of the nonlinear component is maintained at its original frequency and the other half is moved
to both sides at 2-of;.

[0022] Detection of the nonlinear component at either side of 2-a f; may avoid frequency overlap, or at least cause
less overlap than in known methods. Itis preferable to select a. and K by considering the following equation. In accordance
with Nyquist theorem:

4
Kf, > 2.(%
' 2

)’ ie. £24
a

[0023] Inthisembodiment, each of the Kultrasonic pulse signals may be weighted by a corresponding weight coefficient,
which causes the linear component to move to either side of af, in the frequency spectrum; as for the nonlinear component,
half is maintained at the original fundamental frequency and the other half is moved to either side of 2af,. Accordingly,
when the operating signal is analyzed in the detector 50, the nonlinear component is extracted efficiently because the
linear component and the nonlinear component are separated in the frequency domain.

[0024] In another embodiment, the linear component may be overlapped by part of the nonlinear component (e.g. the
nonlinear component moved to 2-a-f) in the frequency domain while the nonlinear component is maintained at the
original fundamental frequency (i.e. non-modulated nonlinear component) instead of the nonlinear component being
moved to both sides of 2:-a.f; (i.e. modulated nonlinear component). The relevant information-bearing nonlinear signal
component, can be extracted using known filtering methods provided that the non-modulated nonlinear component is
sufficiently separated from the linear component and the non-modulated nonlinear component.

[0025] Figure 3 shows a block diagram of an offset pulse ultrasonic imaging system 200 in accordance with another
embodiment. As compared with the offset pulse ultrasonic imaging system 100, the system 200 further comprises a
selector 5. The selector 5 may select suitable K and o for enabling the non-modulated nonlinear component to be
separated from the linear component in the frequency domain and not be interfered with due to frequency overlap caused
by the linear component and the modulated nonlinear component.

[0026] As shown in Figure 3, a transmit circuit 10’, based on the selected K and a, generates a plurality of ultrasonic
pulse signals for each scan line in a scan plane. The probe 20, interleaver 40, detector 50 and beamformer 60, can be
implemented using the same or similar devices and programming as shown in Figure 1.

[0027] Figure 4 is a flowchart of an offset pulse ultrasonic imaging method in accordance with an embodiment. In this
embodiment, the method can be performed by the offset pulse ultrasonic imaging system 200 shown in Figure 3. First,
at step 5, a selector 5 selects suitable K and o values. The selected K and a may enable the non-modulated nonlinear
component to be separated from the linear component, thereby reducing interference due to frequency overlap of the
linear and nonlinear components in frequency domain. At step 10°, a transmit circuit 10’, based on the selected K and
o, generates a plurality of ultrasonic pulse signals, for example K, for each scan line in a scan plane. The following steps
20-60 may be the same or similar as those shown in Figure 2.

[0028] The system and the method as shown in Figure 3 and Figure 4 will be illustrated further by providing a group
of particular values of K and a.. In one embodiment, K=2 and a =1. In accordance with the expression for P above, the
ultrasonic pulse signals P, and P, can be represented as:

Pi=A()sin(wt + @ )
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Pr=A4@+ r)cos(g[—?-a)sin(a)(t +7)+® )

=—A(t+7)sin(w(t +7)+ D)

[0029] In this example, the polarities of waveforms of ultrasonic pulse signals P, and P, are positive and negative
respectively, and the amplitude ratio of P; and P, is 1:1. The ultrasonic pulse signal P, is time-shifted relative to the
ultrasonic pulse signal P; by a predetermined amount t© = 1/(2f,). The waveforms for the ultrasonic pulses P, and P,
are illustrated in Figure 5a.

[0030] The ultrasonic pulses P; and P, are transmitted into the ROl 30 and echo signals are reflected back to the
transducer as usual. In accordance with the expression of echo signal Ex above, the echo signals E; and E, can be
represented as:

E;=A@)sin(at + @)+ H(¢)

E,=A(t+ 1)005(27”-a)sin(a)(t+r)+®e)+cosz(2%-a)H(t+r)

=—A(@+7)sin(w(t+7)+ D)+ H(t+71)

[0031] The waveforms for the echo signals E; and E, are illustrated in Figure 5b, where the echo signal E; is illustrated
with small circles and the echo signal E, is illustrated as small squares. The two echo signals E; and E, in each sample
interval of 1/f; are interleaved to form an operating signal W(t). In accordance with the expression of the operating signal
W(t) as above mentioned, W(t) can be represented as:

W(t)= A(t)sin(awt + D, )cosRrf, -t) +%H(t) + —;- H(t)cos(4nf, -1)

In this embodiment, the sample rate of the nonlinear component is 2f; (K=2), so the operating signal W(t) can be further
expressed as:

W)= A@) sin(a')t +®@,)cos2xf, - 1)+ H(t)

[0032] It can be concluded from the expression of W(t): (1) the sample rate of the operating signal is two times of the
initial sample rate f, i.e. 2-f, as shown in Figure 5c; (2) the linear component is moved to either side of fg in frequency
domain, the two central frequencies are located at (f-/27) and at (fy+o/2x) respectively; and the nonlinear component
is maintained at the fundamental frequency. Since the linear component and the nonlinear component are separated in
the frequency domain, and the sample rate of the nonlinear component is two times the initial sample rate £, the linear
component can be efficiently filtered using known filtering methods, for example, and the nonlinear component H(t) can
be extracted efficiently as shown in Figure 5d.

[0033] Further, in one illustrative embodiment, the initial sample rate f; is 40MHz, the central frequency of the linear
component is 6MHz and the central frequency of the nonlinear component is 12MHz. The waveforms of the operating
signal W(t) are illustrated in Figure 6¢ and Figure 6(d); whereas the waveforms of echoes in a conventional ultrasonic
imaging system are shown in Figure 6a and Figure 6b. There will be significant frequency overlap in conventional
ultrasonic imaging systems; however, according to the embodiment of the invention (K=2, a=1), not only the effective
sample rate is increased to two times the initial sample rate f (i.e. 80MHz), but the linear component is much more
completely separated from the nonlinear component in the frequency domain.

[0034] According to embodiments of the present invention, the sample rate of the nonlinear component is increased
by virtue of the parameter K. Thus, almost all frequencies in the frequency band of the nonlinear component can be
more efficiently detected even if the initial sample rate f, is not high.

[0035] In another embodiment, the initial sample rate f; is 30MHz. The waveforms of the operating signal W(t) are
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shown in Figure 7c and Figure 7(d); the waveforms of echoes in a conventional ultrasonic imaging system are shown
in Figure 7a and Figure 7b. As can be seen, because of significant frequency overlap in the conventional ultrasonic
imaging system, the information at the frequencies in the frequency band of the nonlinear component cannot be detected
completely; however, according to the embodiment of the present invention, not only the linear component can be
separated from the nonlinear component in the frequency domain, but the sample rate can be increased to two times
of the initial sample rate f; (in this example, 60MHz), which enables almost all signal at frequencies in the frequency
band of the nonlinear component to be much easier to isolate and detect.

[0036] Other groups of particular values of K and o can be selected. With the selected K and «, the effective sample
rate of the operating signal is increased to K times the initial sample rate f,, and the linear component is modulated to
a location as far as possible from the nonlinear component in the frequency domain.

[0037] According to another illustrative embodiment, K=6, a. =2, such that six ultrasonic pulse signals Py, P,... Pg are
generated for each scan line in the scan plane. The corresponding weight coefficients of the six ultrasonic pulse signals
may then be 1, -2, -2, 1, -2, -2. The polarities of the waveforms for the six ultrasonic pulse signals are thus positive,
negative, negative, positive, negative, negative, and the amplitude ratios of the six ultrasonic pulse signals are
1:0.5:0.5:1:0.5:0.5. For the six ultrasonic pulse signals, an ultrasonic pulse signal is time-shifted relative to an immediately
preceding ultrasonic pulse signal by a predetermined amount t = 1/(2f;).

[0038] The ultrasonic pulses P, P.... Pg are transmitted into the ROI 30, and the echoes reflected from the region 30
and sensed by the transducer as usual. The six echo signals E;, E,...Eg are then interleaved in a sequence of initial
samples to form an operating signal W(t). In accordance with the expression of the operating signal W(t) as above, W(t)
can be represented:

W(t)= A(t)sin(wt +®,)cos(4rf, - 1) +%H(t) +%H(t) cos(87f, - 1)

[0039] It can be concluded from the expression of W(t): the linear component is moved to either side of 2-f in frequency
domain; the two central frequencies are located at (2f - o/2r) and (2f, + w/2n) respectively; for the nonlinear component,
half of which is maintained at the original fundamental frequency and the other half of which is moved to either side of
4-f; and the two central frequencies are located at (4f, - @/ 7) and (4f5 + o/n), In this embodiment, the effective sampling
rate of the operating signal is increased to six times the initial sampling rate, that is, to 6-f; (K=6). Due to the interference
of frequency overlap, within an active range of 0~3 f; for frequency detection, the linear component, which is moved to
both sides of 2-f, is overlapped or partly overlapped with the nonlinear component, which is moved to both sides of 4f;
(-4f, + 6f; = 2f,) at 2-f; in the frequency domain. However, the other half of the nonlinear component, which is maintained
at original fundamental frequency, is not significantly affected by the frequency overlap. Since half of the nonlinear
component, which is maintained at original frequency, is separated from the linear component, which is moved to either
side of 2-f in the frequency domain, and the half of the nonlinear component, which is maintained at original frequency,
is not interfered with significantly by the frequency overlap, the linear component can be filtered out using conventional
filtering methods and the nonlinear component H(t) can be extracted from the operating signal W(t).

[0040] In an ultrasonic imaging system according to a preferred embodiment, K ultrasonic pulse signals are emitted
into a region of interest of a body for each scan line in a scan plane. Accordingly, K echoes are reflected by the region
of interest. An operating signal is formed by interleaving K echoes signals. When the operating signal is detected to
extract the information from the nonlinear component of the echoes, the frequency of the linear component of the echoes
is modulated away so as to enable more efficient separation from the nonlinear component in frequency domain.
[0041] The offset pulse ultrasonic imaging system and method thereof should not be limited to embodiments mentioned
above. It will be apparent to those skilled in the art that the various aspects of the invention claimed may be practiced
in other examples that depart from these specific details.

[0042] In an alternative embodiment of the ultrasonic imaging method, a plurality of groups of ultrasonic pulses are
transmitted into a region of interest of a body for each scan line in a scan plane, wherein each group of ultrasonic pulses
comprises K ultrasonic pulses. For example, a transmit circuit may generate three groups of ultrasonic pulses for each
scan line in a scan plane, each group of ultrasonic pulses comprising two ultrasonic pulses P, and P,, wherein P, is
time-shifted relative to P, by a predetermined amount, and the two ultrasonic pulses P, and P, are optionally weighted
by corresponding weight coefficients. The predetermined amount and the corresponding weight coefficients may adopt
parameters disclosed in above embodiments. The three groups of ultrasonic pulses (P4, P,, P4, Py, P4, P,) are emitted
into the region of interest. The echoes reflected from the region of interest are received by the probe/transducer as usual.
The received echoes accordingly include six echo signals (E;, E,, E,, E,, E,, E,). Each group of echo signals (E;, E,
pair) is interleaved in a sequence of initial samples to form an operating signal associated with the group of echo signals.
Therefore, three groups of echo signals (E;, E, pairs) are interleaved to form three operating signals W;, W,, Ws. The
nonlinear component associated with each of the groups of echo signals is then extracted from the corresponding
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operating signal; that is, nonlinear components h4, h, and h; are extracted from W,, W2, W respectively. In a module
such as the detector in above embodiments, the extracted nonlinear components h,, h, and h; can be combined, for
example, as a resultant of the extracted nonlinear components, by summing the nonlinear components, i.e. H= h;+hy+h,.
The SNR (signal-to-noise ratio) of H may thereby be improved in comparison with the SNR of each of linear components
h4, hy,and hs.

[0043] In addition, the selector described above may be configured to allow for user adjustment. The selector may
select suitable K and o values based on the active range of frequency detection. With the selected K and o, a transmit
circuit generates K ultrasonic pulse signals for each scan line in a scan plane. In an alternative embodiment, a particular
transmit circuit may generate a predetermined plurality of ultrasonic pulse signals for each scan line in a scan plane.
[0044] Further, as in other embodiments, the amplitude of each of the K ultrasonic pulse signals may be weighted by
a corresponding weight coefficient. In an alternative embodiment, K ultrasonic pulse signals are emitted to a region of
interest of a body for each scan line in a scan plane, wherein the amplitude of each of the K ultrasonic pulse signals is
not weighted. K echoes are reflected by the region of interest accordingly. An operating signal is formed by interleaving
K echoes signals. When the operating signal is detected to extract nonlinear component of the echoes, the effective
sampling rate of the operating signal is increased to K times the initial sample rate f,. Since the linear component is not
modulated, the linear component may be overlapped with the nonlinear component in the frequency domain. A narrow-
band filter that passes narrowband ultrasonic pulse signals may then be used to extract the nonlinear component in this
embodiment.

[0045] Also, an ultrasonic pulse signal is time-shifted relative to an immediately preceding ultrasonic pulse signal by
a predetermined amount. In some of the above-mentioned embodiments, the time-shift ¢ = 1/(K-f;) wherein f; is the initial
sample rate for each scan line. In an alternative embodiment, the time-shift t may be set another predetermined value,
for example 1/(2-K-f,). Correspondingly, some modifications might be made to the ultrasonic imaging system. For ex-
ample, a synchronizer may be added into the system as needed to keep the ultrasonic pulse signals emitted by the
transmit circuit and the received echoes synchronized so as to form an operating signal.

[0046] Figures 8-11 illustrate in a different and perhaps more visible way the two-pulse embodiment of the invention
described above. The illustrated example also shows the principle of the invention in terms of phase shift instead of time
shift, although these two representations are of course equivalent mathematically. In the illustrated example, two transmit
pulses P1 (t) and P2(t) are shown in greatly simplified form for the sake of clarity; all skilled in medical ultrasound
engineering realize that actual transmit pulses from a modern ultrasound imaging transducer - especially with the usual
multi-element phased piezoelectric array - may have a much more complicated waveform.

[0047] The main point to be illustrated in Figure 8 is that the second pulse in the series is generated so as to be offset
in phase from P1 by A6, which is neither 0 degrees nor 180 degrees. In other words, in this invention, the second pulse
P2 is not just a "repeat" (0° phase shift or a multiple of 360°) of the first pulse P1, nor is it the "inverse" (180° phase shift
or a multiple thereof) of P1, but is rather offset from P1 by an amount that is other than 0° or 180°.

[0048] Sampling of analog signals to generate corresponding numerical representations is of course a well-known
feature of almost all digital signal processing. In Figures 9a and 9b, receive/echo signals E1, E2 corresponding to transmit
pulses P1, P2, respectively, are illustrated in discrete form, such that E1=E1(i), i=0, 1, ... and E2=E2(j), j=0, 1, ...
[0049] Figure 10 illustrates graphically how E1 and E2 may be interleaved such that the values E2(j) are aligned "in
between" temporally adjacent values of E1(i). If P2 is sampled at the same frequency as P1, then each E2(j) value can
be interleaved temporally in the middle of the adjacent E1(i) values. The combined, thatis, interleaved resultant operating
signal Wwill thereby have twice as many values per cycle as either E1 or E2 alone; in other words, the effective sampling
rate of the interleaved resultant signal is twice the actual sampling rate used to quantize each of the return signals from
P1 and P2. The combined, interleaved operating signal W can then be processed as if it were a single discrete received
signal

[0050] Those skilled inthe art will readily see how the two-pulse embodiment illustrated in Figures 8-10 can be extended
to even more pulses with suitable relative offsets. In other words, although Figures 8-10 illustrate an example with K=2,
the principle can be extended to embodiments in which K>2.

[0051] Figure 11 illustrates the effect of transmit pulse offsetting and receive pulse interleaving. Assume first that there
were no such offsetting and interleaving. The spectral component at the fundamental frequency f, (shown with the
dashed line) and the spectral component at the first harmonic (centered on 2f,) will overlap (shown with hatched shading);
moreover, even a narrow-band filter will typically also pass energy from the fundamental component in addition to the
harmonic information, noise, and non-linear information N. One prior art way to try to overcome this inherent problem
is to then try to extract even higher-order harmonic information, but as is well known, the amplitude of such higher-order
harmonics becomes lower and lower, thereby making it more and more difficult to maintain a good signal-to-noise ratio.
[0052] The effect of transmit pulse offsetting and return signal interleaving and compounding is that the spectral
component at the fundamental frequency f, is shifted both upward and downward relative to the origin, with the positive

shift (illustrated by the arrow arc from the dashed f,, "curve" to the solid fs+f, curve. One advantage of this is that a band-
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pass filter narrowly tuned to the harmonic 2f, is not necessary; rather, even a broader-spectrum filter f can suffice;
alternatively, the signal from a band-pass filter will not be as degraded by component overlap.

[0053] The amount of offset, that is, AB may be adjusted according to the needs of any given implementation of the
invention and could even be made user-adjustable during scans to find a "best" image result. In general, as A6 increases,
the degree of separation, that is, fundamental component up-shift, will increase, but accuracy will decrease. For K=2, a
suitable value for A6 will typically be A6 = (f/2f) (1/360).

Claims
1. A method for creating an image of a region of interest (30) of a body comprising:

transmitting a first ultrasonic pulse (P1) into the region of interest;

sensing first received signals (E1) corresponding to ultrasonic energy from the first ultrasonic pulse reflected
from within the region of interest;

transmitting a second ultrasonic pulse (P2) into the region of interest;

sensing second received signals (E2) corresponding to ultrasonic energy from the second ultrasonic pulse
reflected from within the region of interest; and

creating the image of the region of interest as a function of the first and second received signals;

in which the second ultrasonic pulse is phase-shifted relative to the first ultrasonic pulse by an amount other
than zero degrees and 180 degrees the method being CHARACTERISED BY:

interleaving discrete representations of the first and second received signals to form a resultant operating
signal (W); and
creating the image as a function of the resultant operating signal.

2. The method of claim 1, further comprising:

extracting a nonlinear component from the operating signal; and
beamforming the nonlinear component to generate a scan line, whereby a series of scan lines form the image.

3. The method of claim 1, in which K received signals, corresponding to echo signals from respective, relatively phase-
offset transmitted ultrasonic pulses, are quantized and interleaved to form the resultant operating signal.

4. The method of claim 3, in which K is greater than two.
5. The method of claim 3, in which:

the phase shift is chosen such that the second ultrasonic pulse is transmitted with a time delay of 1/K-f;; and
the received signals are quantized with an initial sampling rate of f.

6. The method of claim 3, wherein amplitudes of the K ultrasonic pulses are weighted by corresponding weight coef-
ficients.

7. The method of claim 6, wherein
the weight coefficient for the amplitude of a kth ultrasonic pulse is

k-1

os( )

yk=1,2..K,

o is positive integer and
the center frequency of the linear component is moved to a f,.

8. The method of claim 7, wherein the (K, o) is selected from any one of groups of (2, 1) and (6, 2).

9. The method of claim 2, further comprising frequency filtering the operating signal using a filter than passes not only
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afrequency thatis a harmonic of a fundamental signal frequency, but also energy at the fundamental signal frequency
itself.

A system for creating an image of a region of interest (30) of a body comprising:

an ultrasound transducer (20) for transmitting a first ultrasonic pulse (P1) and at least a second ultrasonic pulse
(P2) into the region of interest;

the ultrasound transducer being arranged to sense first and second received signals (E1, E2) corresponding
to ultrasonic energy from the first and ultrasonic pulses, respectively, from within the region of interest;
transmit control circuitry (10) for causing the ultrasound transducer to generate the second ultrasonic pulse
phase-shifted relative to the first ultrasonic pulse by an amount other than zero degrees and 180 degrees
reception circuitry (40, 50, 60) for creating the image of the region of interest as a function of the first and second
received signals,

CHARACTERIZED in that

the reception circuitry includes an interleaver (40) provided for interleaving discrete representations of the first
and second received signals to form a resultant operating signal; and

detection (50) and beamforming (60) circuitry is provided for creating the image as a function of the resultant
operating signal.

The system of claim 10, in which the detection and beamforming circuitry comprises:

adetector (50) configured to extract a nonlinear component from the operating signal for each group of ultrasonic
pulses and to generate aresultant of the nonlinear component for each group of transmitted ultrasonic pulses; and
a beamformer (60) configured to beamform the resultant of the nonlinear component for each group of ultrasonic
pulses to generate a scan line, whereby a series of scan lines form the image.

The system of claim 10, in which the reception circuitry is configured to quantize and interleave K received signals,
corresponding to echo signals from respective, relatively phase-offset transmitted ultrasonic pulses, to form the
resultant operating signal.

The system of claim 12, in which K is greater than two.
The system of claim 12, in which:

K'is two or greater;

the transmit control circuitry (10) is configured to choose the phase shift such that the second ultrasonic pulse
is transmitted with a time delay of 1/K-f;; and

the reception circuitry (40, 50, 60) is configured to quantize the received signals with an initial sampling rate of fs.

The system of claim 14, wherein the transmit control circuitry (10) is configured to weight the amplitudes of the K
ultrasonic pulses by corresponding weight coefficients.

The system of claim 15, wherein
the weight coefficient for the amplitude of a kth ultrasonic pulse is

()

cos( o), k=1,2...K,

o is positive integer and
the center frequency of the linear component is moved to o f.

Patentanspriiche

1.

Ein Verfahren zur Erstellung eines Bildes eines Untersuchungsbereichs (30) eines Kérpers mit:

der Ubertragung eines ersten Ultraschallimpulses (P1) in den Untersuchungsbereich,

10
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der Erfassung erster Empfangssignale (E1), die der Ultraschallenergie des ersten Ultraschallimpulses entspre-
chen, der vom Untersuchungsgebiet reflektiert wird,

der Ubertragung eines zweiten Ultraschallimpulses (P2) in den Untersuchungsbereich,

der Erfassung zweiter Empfangssignale (E2), die der Ultraschallenergie des zweiten Ultraschallimpulses ent-
sprechen, der vom Untersuchungsgebiet reflektiert wird, und

der Erstellung einer Aufnahme des Untersuchungsbereichs als Funktion der ersten und zweiten Empfangssi-
gnale,

wobei der zweite Ultraschallimpuls im Vergleich zum ersten um einen Betrag phasenverschoben ist, der ungleich
0 und 180 Grad ist,

ein Verfahren DADURCH GEKENNZEICHNET, DASS:

diskrete Abbildungen der ersten und zweiten Empfangssignale liberlappt werden, um ein daraus resultie-
rendes Arbeitssignal (W) zu bilden, und
die Aufnahme als Funktion des resultierenden Arbeitssignals erstellt wird.

Das Verfahren gemaf Anspruch 1, das weiterhin Folgendes aufweist:
die Extraktion einer nichtlinearen Komponente des Arbeitssignals und die Strahlformung der nichtlinearen Kompo-
nente zur Generierung einer Abtastlinie wobei eine Reihe von Abtastlinien die Aufnahme ergibt.

Das Verfahren gemaR Anspruch 1, bei dem K Empfangssignale, die den Echosignalen der entsprechenden, pha-
senversetzt ausgesendeten Ultraschallimpulse entsprechen, quantisiert und Giberlappt werden, um das sich erge-
bende Arbeitssignal zu bilden.
Das Verfahren gemaf Anspruch 3, wobei K gréRer 2 ist.
Das Verfahren gemaf Anspruch 3, wobei:
die Phasenverschiebung so gewahlt wird, dass der zweite Ultraschallimpuls mit einer Zeitverzgerung von
1/K-f, Ubertragen wird, und

die empfangenden Signale mit einer anfanglichen Abtastrate von f; quantisiert werden.

Das Verfahren gemaf Anspruch 3, wobei die Amplituden der K Ultraschallimpulse durch entsprechende Gewich-
tungskoeffizienten gewichtet werden.

Das Verfahren gemaf Anspruch 6, wobei fir den Gewichtungskoeffizient der Amplitude des k-ten Ultraschallimpul-
ses gilt:

cos ZEE=D

K Jk=1,2. K,
o ist eine positive Ganzzahl, und die Mittenfrequenz der linearen Komponente wird zu af, verschoben.
Das Verfahren gemaR Anspruch 7, wobei (K, «) aus einer der Gruppen (2, 1) und (6, 2) gewahlt werden.
Das Verfahren gemaf Anspruch 2, das weiterhin eine Frequenzfilterung des Arbeitssignals mit einem Filter enthalt,

der nicht nur eine Frequenz Ubertragt, die eine Harmonische der Grundsignalfrequenz ist, sondern auch Energie
mit der Grundsignalfrequenz selbst.

10. Ein System zur Erstellung einer Aufnahme eines Untersuchungsbereichs (30) eines Kérpers mit:

einem Ultraschallwandler (20) zur Ubertragung eines ersten Ultraschallimpulses (P1) und mindestens eines
zweiten Ultraschallimpulses (P2) in den Untersuchungsbereich,

wobei der Ultraschallwandler zur Erfassung der ersten und zweiten Empfangssignale (E1, E2) ausgelegt ist,
die der Ultraschallenergie des ersten und zweiten Ultraschallimpulses entsprechen, die vom Untersuchungs-
gebiet reflektiert werden,

einem Ubertragungssteuerkreis (10), um den Ultraschallwandler zur Generierung des zum ersten Ultraschal-
limpuls um einen Betrag, der weder 0 noch 180 Grad entspricht, phasenversetzten zweiten Ultraschallimpulses

1"
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zu bringen, wobei der Steuerkreis (40, 50, 60) der Erstellung der Aufnahme des Untersuchungsbereichs als
Funktion der ersten und zweiten Empfangssignale dient,

DADURCH GEKENNZEICHNET, dass

der Empfangskreis einen Interleaver (40) enthalt, der dem Uberlappen der diskreten Abbildungen der ersten
und zweiten Empfangssignale dient, um ein daraus resultierendes Arbeitssignal zu bilden, und

der Erfassungs- (50) und Strahlenformungskreis (60) der Erstellung der Aufnahme als Funktion des resultie-
renden Arbeitssignals dient.

Das System gemafR Anspruch 10, bei dem der Erfassungs- und Strahlenformungskreis Folgendes enthailt:

einen Sensor (50), der zur Extraktion einer nichtlinearen Komponente des Arbeitssignals fiir jede Ultraschal-
limpulsgruppe und zur Generierung der Resultierenden der nichtlinearen Komponente jeder Gruppe Ubertra-
gener Ultraschallimpulse ausgelegt ist und

einen Strahlformer (60), der zur Strahlformung der Resultierenden der nichtlinearen Komponente jeder Gruppe
Ubertragener Ultraschallimpulse ausgelegt ist, um eine Abtastlinie zu generieren, wobei eine Serie von Abtast-
linien die Aufnahme ergibt.

Das System geméaR Anspruch 10, bei dem der Empfangskreis zur Quantisierung und Uberlappung der K Empfangs-
signale dient, die den Echosignalen der entsprechenden, phasenversetzt ausgesendeten Ultraschallimpulse ent-
sprechen, um das sich ergebende Arbeitssignal zu bilden.

Das System gemafR Anspruch 12, wobei K grof3er 2 ist.
Das System gemafR Anspruch 12, wobei:

K 2 oder groRer ist,

der Ubertragungssteuerkreis (10) so ausgelegt ist, dass die Phasenverschiebung so gewéhlt wird, dass der
zweite Ultraschallimpuls mit einer Zeitverzdgerung von 1/K-f, ibertragen wird, und

der Empfangskreis (40, 50, 60) so ausgelegt ist, dass die empfangenden Signale mit einer anfanglichen Abta-
strate von f; quantisiert werden.

Das System gemaR Anspruch 14, wobei der Ubertragungssteuerkreis (10) so ausgelegt ist, dass die Amplituden
der K Ultraschallimpulse durch entsprechende Gewichtungskoeffizienten gewichtet werden.

Das System gemafR Anspruch 15, wobei
fir den Gewichtungskoeffizient der Amplitude des k-ten Ultraschallimpulses gilt:

o), k=1,2...K,

cos( 2n(k-1)
K

o ist eine positive Ganzzahl, und die Mittenfrequenz der linearen Komponente wird zu af, verschoben.

Revendications

1.

Procédé de création d’une image d'une zone d’intérét (30) d’'un corps comprenant les étapes consistant a :

transmettre une premiére impulsion ultrasonore (P1) dans la zone d’intérét ;

détecter des premiers signaux regus (E1) correspondant a I'énergie ultrasonore de la premiére impulsion ul-
trasonore réfléchie par l'intérieur de la zone d'intérét ;

transmettre une deuxiéme impulsion ultrasonore (P2) dans la zone d’intérét ;

détecter des deuxiemes signaux regus (E2) correspondant a I'énergie ultrasonore de la deuxieme impulsion
ultrasonore réfléchie par I'intérieur de la zone d’intérét ; et

créer 'image de la zone d’intérét sous la forme d’'une fonction des premiers et deuxiémes signaux regus ;
dans lequel la deuxiéme impulsion ultrasonore est déphasée par rapport a la premiére impulsion ultrasonore
d’'une quantité autre que zéro degré et 180 degrés, le procédé étant CARACTERISE PAR :

12
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le fait d’entrelacer des représentations discrétes des premiers et deuxiémes signaux regus afin de former
un signal de fonctionnement résultant (W) ; et
le fait de créer I'image sous la forme d'une fonction du signal de fonctionnement résultant.

Procédé selon la revendication 1, comprenant en outre :

le fait d’extraire une composante non linéaire du signal de fonctionnement ; et
le fait de réaliser un beamforming (formation de voies) sur la composante non linéaire afin de générer une ligne
de balayage, grace a quoi une série de lignes de balayage forment 'image.

Procédé selon la revendication 1, dans lequel K signaux regus, correspondant aux signaux d’écho des impulsions
ultrasonores transmises, déphasées les unes par rapport aux autres, respectives sont quantifiés et entrelacés pour
former le signal de fonctionnement résultant.

Procédé selon la revendication 3, ou K est supérieur a deux.
Procédé selon la revendication 3, dans lequel :

le déphasage est choisi de telle sorte que la deuxiéme impulsion ultrasonore est transmise avec un retard de
1/Kfg; et
les signaux regus sont quantifiés avec une fréquence d’échantillonnage initiale de f.

Procédé selon la revendication 3, dans lequel les amplitudes des K impulsions ultrasonores sont pondérées par
des coefficients de pondération correspondants.

Procédé selon la revendication 6, dans lequel
le coefficient de pondération pour 'amplitude d’une ki®Me impulsion ultrasonore est

2n(k~1
cos(_n_(_l.a

)
K yhk=1,2. K,

o est un entier positif et
la fréquence centrale de la composante linéaire est déplacée a aof;.

Procédé selon la revendication 7, dans lequel le (K, o) est un groupe quelconque sélectionné parmi les groupes de
(2, 1) et (6, 2).

Procédé selon la revendication 2, comprenant en outre le fait de filtrer en fréquence le signal de fonctionnement en
utilisant un filtre qui ne laisse passer qu’une fréquence qui est une harmonique d’une fréquence de signal fonda-
mentale, mais également I'énergie a la fréquence de signal fondamentale elle-méme.

10. Systéme de création d’'une image d’'une zone d’intérét (30) d’un corps comprenant :

un transducteur ultrasonore (20) destiné a transmettre une premiére impulsion ultrasonore (P1) et au moins
une deuxieme impulsion ultrasonore (P2) dans la zone d’intérét ;

le transducteur ultrasonore étant agencé pour détecter des premiers et deuxiémes signaux regus (E1, E2)
correspondant a I'énergie ultrasonore des premiére et deuxieme impulsions ultrasonores, respectivement, pro-
venant de l'intérieur de la zone d’intérét ;

un circuitde commande de transmission (10) destiné a amener le transducteur ultrasonore a générer la deuxiéme
impulsion ultrasonore déphasée par rapport a la premiere impulsion ultrasonore d’une quantité autre que zéro
degré et 180 degrés,

un circuit de réception (40, 50, 60) destiné a créer 'image de la zone d'intérét sous la forme d’une fonction des
premiers et deuxiémes signaux regus,

CARACTERISE en ce que

le circuit de réception inclut un entrelaceur (40) prévu pour entrelacer des représentations discretes des premiers
et deuxiemes signaux regus afin de former un signal de fonctionnement résultant ; et

un circuit de détection (50) et de beamforming (60) est prévu pour créer I'image sous la forme d’une fonction
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du signal de fonctionnement résultant.
Systeme selon la revendication 10, dans lequel le circuit de détection et de beamforming comprend :

un détecteur (50) configuré pour extraire une composante non linéaire du signal de fonctionnement pour chaque
groupe d’impulsions ultrasonores et pour générer une résultante de la composante non linéaire pour chaque
groupe d’impulsions ultrasonores transmises ; et
un récepteur de beamforming (60) configuré pour réaliser un beamforming sur la résultante de la composante
non linéaire pour chaque groupe d’impulsions ultrasonores afin de générer une ligne de balayage, grace a quoi
une série de lignes de balayage forment I'image.

Systeme selon la revendication 10, dans lequel le circuit de réception est configuré pour quantifier et entrelacer K
signaux regus, correspondant aux signaux d’écho des impulsions ultrasonores transmises, déphasées les unes par
rapport aux autres, respectives pour former le signal de fonctionnement résultant.

Systeme selon la revendication 12, ou K est supérieur a deux.
Systeme selon la revendication 12, ou :

K est supérieur ou égal a deux ;

le circuit de commande de transmission (10) est configuré pour choisir le déphasage de telle sorte que la
deuxiéme impulsion ultrasonore est transmise avec un retard de 1/K«f; et

le circuit de réception (40, 50, 60) est configuré pour quantifier les signaux regus avec une fréquence d’échan-
tillonnage initiale de f,.

Systeme selon la revendication 14, dans lequel le circuit de commande de transmission (10) est configuré pour
pondérer les amplitudes des K impulsions ultrasonores par des coefficients de pondération correspondants.

Systeme selon la revendication 15, dans lequel
le coefficient de pondération pour 'amplitude d’une ki®me impulsion ultrasonore est

mk=D o

cos(
K ,k=1,2...K,

o est un entier positif et
la fréquence centrale de la composante linéaire est déplacée a af;.

14
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