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7) ABSTRACT

An ultrasonic imaging system and method form first and
second transmit beams characterized by a complex phase
separation angle (e.g. 90°) that differs from an integer
multiple of 180° along the same steering angle. First and
second backscattered signals are received in response to
these transmit beams, and the first and second backscattered
signals are combined in a weighted sum. By properly
selecting the weighting factors and the separation angle, the
resulting combined signal can be provided with various
advantageous features, such as a selective reduction in
negative frequency components, a selective enhancement of
fundamental frequency components, or a selective enhance-
ment of harmonic frequency components.
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MEDICAL DIAGNOSTIC ULTRASONIC IMAGING
TRANSMIT/RECEIVE METHOD AND APPARATUS

BACKGROUND

[0001] This invention relates to medical diagnostic ultra-
sonic imaging, and in particular to methods and apparatus
for reducing sampling rate requirements in ultrasonic imag-
ing and for improving fundamental/harmonic separation.

[0002] Modern ultrasound imaging systems using digital
techniques for receive beamformation are limited in their
frequency coverage by practical sample rates of analog-to-
digital converters for reception. Standard practice involves
sampling rates at or near four times the system carrier
frequency; this permits complex baseband demodulation in
the digital domain using simple, low-distortion techniques.
A system with, for example, 40 MHz sampling is thus
practically limited to 10 MHz imaging.

[0003] One object of certain embodiments of the present
invention is to increase the useful imaging frequency, rela-
tive to the sampling frequency, by a factor of two. In the
example above, a system capable of 40 MHz sampling can
be extended to 20 MHz imaging.

[0004] Harmonic imaging is an increasingly important
imaging mode for ultrasound imaging systems. In harmonic
imaging the target is insonified with ultrasonic energy in a
fundamental frequency band, and echoes from the target at
a harmonic of the fundamental frequency band are imaged.
In such systems it becomes important to suppress echo
signals in the fundamental frequency band, and in the past
this has been accomplished with the use of filters and with
two-pulse cancellation techniques.

[0005] Another object of other embodiments of the present
invention is to improve the suppression of either fundamen-
tal or harmonic echo signals in an ultrasonic imaging
system.

SUMMARY

[0006] This invention is defined by the following claims,
and nothing in this section should be taken as a limitation on
those claims.

[0007] By way of introduction, the methods and apparatus
described below acquire a complex signal as a function of a
backscattered signals from plurality of transmit beams.
These transmit beams are created using separate respective
components (such as the real part and the imaginary part) of
a desired complex insonification signal, and the correspond-
ing echo signals are combined in various ways to obtain
important advantages. As explained below, the echo signals
can be combined to emphasize linear echoes and to allow the
sampling rate for backscattered echo signals to be made as
low as two times the central carrier frequency f, of the
backscattered signals. The backscattered echo signals can be
combined in other ways to selectively enhance either the
fundamental or the harmonic components of backscattered
signals that include non-linear components.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a block diagram of an ultrasonic imaging
system that incorporates a first presently preferred embodi-
ment of this invention.
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[0009] FIG. 2 is a flow chart of a method practiced by the
embodiment of FIG. 1.

[0010] FIG. 3 is a waveform diagram illustrating opera-
tion of the embodiment of FIG. 1 and the method of FIG.
2.

[0011] FIGS. 4, 5 and 6 are frequency spectra illustrating
the operation of the system of FIG. 1 and the method of
FIG. 2.

[0012] FIG.7 is a block diagram of an ultrasonic imaging
system that incorporates a second preferred embodiment of
this invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0013] In the prior art each transmit excitation involves a
plurality of channels, each channel associated with a distinct
signal, to effect a transmit beam. The transmit excitation is
followed by reception, in which processing is applied to
signals sensed on a plurality of channels to effect a colinear
receive beam. Multiple beam techniques extend this method
using superposition to effect a plurality of beams from each
transmit excitation.

[0014] The methods and systems described below are
designed to reduce sampling rate requirements and/or to
suppress interference between fundamental and harmonic
signals. The disclosed embodiments achieve these results by
removing unwanted frequency spectra. The unwanted fre-
quency spectra that are removed can be any desired com-
bination of the following:

[0015] (1) The negative image of the fundamental fre-
quency;

[0016] (2) The negative image of the harmonic frequency;
[0017] (3) The positive image of the fundamental fre-
quency; and

[0018] (4) The positive image of the harmonic frequency.
[0019] The benefits of removing such unwanted frequency

spectra include the following:

[0020] (1) Potentially lowering the overall frequency
bandwidth, thereby reducing the sampling rate requirement;
and

[0021] (2) Suppressing interference between fundamental
and harmonic frequency spectra, thereby decreasing range
artifacts and increasing range resolution.

[0022] The embodiments described below form a linear
combination of n receive signals, g, (t). These receive signals
are associated with respective phase shifted transmit pulses
h,(t). Each individual transmit pulse h,(t) can be expressed
as follows:

Iy (1) = Refa(ne/™ o)

{a([)e(ZﬂfofWk) + a*([)e*J(Mfof+9kl}_

2 —
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[0023] For the nonharmonic case, where the fundamental
component of the receive signals is of interest, the receive
signal G,(f) takes the following form:

Lo ‘
Gi(f) = Tlge] = 1 A (=(f + L)+ A - fo)

[0024] The negative frequency image can be removed by
using two transmit firings that represent solutions of the
following equations:

e]-b)

[ e pif

9
e o it

[0025] 1In this equation, the top row of the final matrix is
associated with positive fundamental frequencies (A) and
the bottom row is associated with negative fundamental
frequencies (A*).

[0026] When the combined receive signal is expressed in
the form

80=Cogo()+C1g,(0).
[0027] and when 6, is set equal to zero, the equation for C,
and C; takes the following form:

Co 1 e’}gl _87}‘91 1
[Cl}_*f’gl—e’gl -1 1 [0}

1 e’fgl
T —2jsinfy | _g

[0028] One solution to this equation sets 8, equal to minus
m/2, in which case

[0029] Note, however, that there are many other solutions
where 6, is not equal to zero or m.

[0030] For the harmonic case, the receive signal G,(f) can
be expressed as follows:

Ly
Gi(f) = e 7B (—(f +2f) +

e Ax (= (f + fo)) + e THA(f — fo) +e PR B(f - 213,

[0031] where A and A* are the positive and negative
fundamental images and B and B* are the positive and
negative harmonic images, respectively.

[0032] Many alternatives are possible. With two transmit
firings, certain solutions retain the positive harmonic image
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(B) and remove the positive fundamental image (A) by
solving the following equation:

e l-lo}

[l 431261

1 e

[0033] where 0, is assumed to be equal to zero, and the top
and bottom rows of the final matrix are associated with B
and A, respectively. Alternately, the positive fundamental
component (A) can be retained and the positive harmonic
component (B) removed by solving the following equation:

e l-lo}

|:l 43}261

1 e

[0034] again assuming 8,, is equal to zero, and the top and
bottom rows of the final matrix are associated with B and A,
respectively.

[0035] 1In other embodiments, three transmit firings are
used, and the associated receive signals combined. For
example, three transmit firings can be used to retain the
positive harmonic image (B), to remove the positive funda-
mental image (A), and to remove the negative harmonic
image (B*) by solving the following equation:

1
0l
0

[0036] where the three rows of the final matrix are asso-
ciated with B, A, and A*, respectively. This approach
removes interferences and reduces the sampling rate.

1 &% i Co

€,
&)

1 &% PJn =

1 e i

[0037] Another approach is to retain the positive harmonic
image (B), to remove the negative fundamental image (A*),
and to remove the negative harmonic image (B*) to reduce
the sampling rate by a factor of 2. This can be done by
solving the following equation:

1 ¥ pir

1 0 it

1 e g i

[0038] where the three rows of the final matrix are asso-
ciated with B, A*, and B*, respectively.

[0039] As another alternative, 8, and 8, can be selected to
retain the positive fundamental image (A), to remove the
positive harmonic image (B), and to remove the negative
harmonic image (B*) by solving the following equation:
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1 & ¢ Co

Cy
Cr

1 &% &% =

0
0

[0040] where the three rows of the final matrix are asso-
ciated with B, A, and A*, respectively.

[0041] Other embodiments involve four or more transmit
firings. For example, with four transmit firings, the associ-
ated receive signals can be combined to retain only the
positive harmonic image by solving the following equation:

1 e it

1 &2 P pi2s
G
1 % e e || ¢ )

1 &1 g i3 >

o O O -

1 e/ i 28 C3

[0042] where the four rows of the final matrix are asso-
ciated with B, A, A*, and B¥, respectively. This minimizes
both harmonic/fundamental interference and sampling rate
requirements. Another approach using four transmit firings
retains only the positive fundamental image (A) by solving
the following equation:

1 &P @2 pi25 c
0
1 &M e i a

1 e e pi Cy

o O O

1 e g% i | LGS

[0043] where the four rows of the final matrix are asso-
ciated with B, A, A*, and B*, respectively. Note that for all
of the above cases, there are many possible solutions. By
using 0, equal to zero, /2, m, and so forth, the coefficients
C,; tend to be simpler and symmetrical.

[0044] In the foregoing discussion, 8,, 8,, 6,, 65 are
examples of complex phase angles, and the differences
(6,-9,), (6,-9,), (6,-8,) are examples of complex phase
separation angles.

[0045]

form

Note that the combined receive signal g(t) takes the

g0 =) G,

[0046] where C, is the weighting factor for the respective
backscattered signal g(t). In this example, all of the summed
backscattered signals are associated with spatially aligned
receive beams, and the corresponding transmit beams are
also spatially aligned. As discussed above, in many cases at
least two of the weighting factors C; have differing magni-
tudes. In the foregoing examples, the transmit beams asso-
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ciated with the combined backscattered signals are respec-
tive components of a single complex insonification signal
which differ in complex phase angle by a complex phase
separation angle that differs from an integer multiple of 180°
by more than X. In selected embodiments, X is greater than
1°, 50°, 10°, 20°, 40°, 60° or 80°.

[0047] The combined receive signal g(t) can be created in
an ultrasonic transmit/receive method that comprises the
following steps:

[0048] (a) forming a set of at least two transmit beams
corresponding to at least three respective components of a
complex insonification signal, each of the transmit beams
characterized by a respective complex phase angle;

[0049] (b) receiving at least two backscattered signals in
response to the transmit beams;

[0050] (c) weighting the backscattered signals with the
weighting factors C,, and

[0051] (d) combining the weighted backscattered signals
Cig(t) to form the combined receive signal. The transmit
beams of the set are all spatially aligned with one another,
as are the receive beams in the preferred embodiment.

[0052] Section I - Linear Case Embodiments
[0053] Method Steps
[0054] In the first embodiment of the invention described

below, each beam involves two transmit excitations, each
excitation followed by reception. The six steps of the
method are as follows:

[0055] One: Create a transmit beam using the real part of
the desired complex insonification signal (which is the
superposition of the real parts of the per-channel complex
signals) for a first transmit excitation.

[0056] Two: Receive the backscattered signal on a plural-
ity of channels and effect a receive beam colinear with the
transmit beam.

[0057] Three: Store the samples associated with the
receive beam of step two; these samples can be stored after
beamformation, or before beamformation, or at some inter-
mediate stage of per-channel processing and summation.

[0058] Four: Repeat the first step, using the imaginary part
of the desired complex insonification signal for a second
transmit excitation.

[0059]

[0060] Six: Multiply the samples associated with step five
by j (the square root of negative one) and add each resulting
sample to the corresponding sample of step two (having
been stored in step three) to effect a complex representation
of the signal resulting from the desired transmit/receive
beams.

[0061]

[0062] The signal processing for the method steps
described above can be performed as follows. Let the
desired signal for any transmit channel be given by

a(x,t) exp{j2niyt}, 1)

Five: Repeat the second step.

Signal Processing
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[0063] where a(x,t) is a complex bandlimited baseband
signal associated with transmission from spatial location x
and f; is the desired carrier frequency. The real and imagi-
nary parts of eq. (1) are

Re{a(x1) exp{jZJrIfOz}} {a(xt) exp{j2afyr}+a*(x1)

exp{~/2nfui}} ®
[0064] and

Imlalyn) explidnfur}}={a(or) exp{i2nfor}-a*(x1)

exp{~j2nfyt} {2/} ©)
[0065] respectively, where a*(x,t) is the complex conju-
gate of a(x,t). The desired transmit excitation is

[dx a(x,t) exp{j2nfot}, 4
[0066] where, of course, the integration is effected in

practice by summation in space over a plurality of transmit
channels. Step one of this embodiment transmits only the
real part of this

Re{gdx a(xt)  exp{j2nft}}=dx  Refa(x,)
exp{j2nfyt}}, 3
[0067] and step four similarly transmits only the imagi-

nary part. The spatio-temporal signal sensed on reception
during step two can be expressed as the output of an
operation H__, that maps the insonification to arbitrary points
in space and time. H, , thus encapsulates the characteristics
of the body under examination. We may not know much
about this operator a priori, but we do know that it is
substantially linear under conditions of diagnostic ultrasonic
insonification (i.e., superposition holds) and hermitian in its
frequency domain representation (i.c., real input signals
result in real output signals). The signal sensed on reception
in step two at spatial location x and time t can be represented
as

Hy {Jdx Re{a(x,t) exp{i2afot}}}, (0)
[0068]
step five

Hy o Jdx Im{a(x,t) exp{j2nfot}}}. U]
[0069] These signals are pure real, and their region of
support in the frequency domain is the same as that of the
transmit excitation signal of eq. (5). If we define a linear
reception operator R,  (which may include sampling, delay-
ing, phasing, weighting, filtering, frequency translation,
sample rate conversion and other linear operations), then
step three stores

and similarly for the signal sensed on reception in

Ry {H, {dx Re{a(x.t) exp{j2miot}}}}, ®
[0070] and step six effects

AT, S e
[0071] which, by superposition, is equivalent to

Reey{Hxo{Jdx a(xt) exp{j2afot}}}, (10)
[0072] which is the desired result.
[0073] This result holds even when a(x,t) is not a band-

limited baseband signal, and is similar to single-sideband
modulation in that it cancels the unwanted sideband (in this
case, the second terms on the right hand side of egs. (2) and
(3)) and reinforces the desired one (the first terms on the
right hand side of egs. (2) and (3)).

[0074] Prior art and common practice specify the recep-
tion operator R, , to be insensitive to the unwanted sideband
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(an approach which requires bandwidth constraints on a(x,
t)) and thereby require a higher sampling rate in the case of
a single transmit excitation.

[0075]

[0076] The method described above, in contrast to the
prior art, permits a reception operator that is sensitive to the
unwanted sideband; the method thereby permits a substan-
tially lower sample rate to be accommodated on reception.

[0077] Let a(x,t) be bandlimited to (-f,,f;). We can rep-
resent the desired received signal at location x as

Hy{fdx a(xt) exp{janfot}}=b(x,0) exp{j2aft}. an
[0078] Let the reception operator R, sample with peri-
odicity T; in the following we will ignore the other linear

operations required of R for beamformation, as the result
is independent of them. The samples stored in step two are

Ry yqaisei p9% Re{a(x) exp{j2nfyt}i=

Sampling Considerations

[0079] }b(x,nT) expij2 [fnTH+b*(x,nT) exp{-
2fon T2} (12)
[0080] and the samples acquired in step five are

Ry g% im{a(xf) exp+5512af,1}}} )=
[0081] {b(x,nT) exp{2rfonT}=b*(x,nT) exp{-
j2fon T} H273 (13)
[0082] Thus step six yields

b(x,nT) exp{j2nfynT}, (14)

[0083] which is the desired result. Given the bandwidth
constraints on b(x,t), it is obvious that the sample rate is
adequate in principle provided T~! is greater than or equal to
2f,. In the special case of T'=2f,, eq. (14) takes on the
simple form

bxnT) (-1)™ (s)

[0084] This is in contrast to the prior art, which typically
requires a sampling frequency T' greater than or equal to
4f.

[0085]

[0086] By exploiting the bandlimitedness of the signals
under consideration, and attending to their proper represen-
tation in the Nyquist band (0,2f;), the sample frequency on
reception need be no higher than 2f,. Demodulation to
baseband is particularly simple when the sample frequency
equals 2f,, involving only periodic reversals of sign. This
permits a digital system, which is always constrained to
some maximum sample rate, to operate at a higher imaging
frequency than would otherwise be possible.

[0087] The cost in performance of the method is a reduc-
tion in achievable frame rate, as each beam is developed
through two successive transmit excitations. In practical
imaging systems this may be offset by the increased line rate
available at higher frequencies due to decreased penetration.

[0088] The method described above can be used with
multiple beam transmit and receive beamformers and syn-
thetic line techniques as described in U.S. Pat. Nos. 5,675,
554, 5,623,928, and 5,667,373 and U.S. patent application
Ser. No. 08/432,615. The method is enhanced if the body
under examination is substantially stationary during the two

Benefits of the Method
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excitations and receptions necessary to form a line; clinical
experience indicates that this requirement is generally met in
practice.

[0089]

[0090] Turning now to the drawings, FIG. 1 shows a block
diagram of an ultrasonic imaging system 10 that incorpo-
rates a preferred embodiment of this invention. The imaging
system 10 includes a transmit beamformer 12 that applies a
plurality of transmit signals to individual transducer ele-
ments of a transducer array 16 via a transmit/receive switch
14. The transmit signals supplied by the transmit beam-
former 12 are phased to cause constructive interference in a
transmit beam at a selected range and a selected steering
direction.

[0091] Echo signals from the transmit beams are received
by the transducer elements of the transducer array 16 and
passed via the transmit/receive switch 14 to a plurality of
analog to digital converters 18 (ADC’s). Preferably a sepa-
rate ADC 18 is provided for each element or each group of
adjacent elements of the transducer array 16. The ADC’s 18
digitize the backscattered signals at a sampling rate f,, and
the digitized backscattered signals are supplied by the
ADC’s 18 to a receive beamformer 20, where conventional
delays and/or phase shifts and/or phase rotations are used to
coherently sum the digitized signals in order to produce one
or more receive beams for each transmit beam. The beam-
formed output signals from the receive beamformer 20 are
supplied to a line buffer 22 and to a summer 24. The line
buffer 22 and 30 the summer 24 are controlled such that the
receive beams are processed in sets of two. In FIG. 1 receive
beam R1 is stored in the line buffer 22 until it can be added
to receive beam R2 in the summer 24. The summer 24 is a
weighting summer that weights the receive beam R1 by the
weighting factor a (equal to 1 in this embodiment) and the
receive beam R2 by the weighting factor b (equal to j, the
square root of negative 1, in this embodiment). The output
of the summer 24 is a composite signal C that is supplied to
a conventional signal processor 26 which forms an image
signal that is displayed on the display 28.

[0092] FIG. 2 provides a flow chart of a method per-
formed by the system 10 of FIG. 1. As shown in FIG. 2, the
first step 50 is to select a next steering angle. Then a first
transmit beam T1 is formed along the selected steering angle
in step 52, and a first backscattered signal R1 is received in
step 54. Then a second transmit beam T2 is formed along
with same steering angle in step 56, and a second backscat-
tered signal R2 is received in step 38. In this method both of
the transmit beams T1, T2 are collinear, and both of the
backscattered signals R1, R2 are receive beams that are
collinear with the transmit beams T1, T2.

[0093] T1 and T2 can take the following general form as
a function of time t:

Specific Examples

TI(1) = Rela(ne*™ ey
= a,(t)cos2a for — a; (1)sin2x for;

2(n = [m{a([)eﬁﬂfor} = Re{a([)elz”fof*j%}
= a,(Dsin2x for + a;(1)cos2n for,
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[0094] where a(t)2a,(t)+ia ), and a(t), a(t) are both real.

[0095] Instep 60 the backscattered signals R1 and R2 are
combined to form the composite signal C by summing a *R1
with b *R2, where a equals 1 and b equals j in this
embodiment. In step 66 the method branches depending
upon whether the frame is complete. If not, control is
returned to step 50; if the frame is complete the method is
done.

[0096] FIG. 3 shows a waveform diagram of the two
transmit beam signals T1 and T2 for the case where T2 is
offset by a phase angle of about 90° with respect to T1. In
this context the phase angle is measured as a fraction of the
carrier frequency f, of the transmit beams T1, T2. FIG. 3
also shows the backscattered signals R1, R2, which are
similar to the transmitted signals T1, T2, except for a gain
change which is not illustrated. Note that the period of the
signals T1, T2, R1, R2 is to. FIG. 3 also shows the time tp,
between adjacent samples taken by the ADC 18. In this
embodiment to is equal to two times tp,.

[0097] The time delay of +t,/4 is an approximation, i.c.,
T2(t)=T1(t-t,/4), assuming the envelope is low frequency
compared to £, (i.e. a(t)=a (t-t,/4)).

[0098] FIGS. 4, 5 and 6 are frequency spectrum diagrams
for the transmit beams T1, T2 and the composite signal C,
respectively. (FIG. 5 plots the spectrum after multiplication
by j.) Note that the transmit signals T1 and T2 are identical
with respect to positive frequency components, but that
negative frequency components are inverted in T2 with
respect to T1. The result is that in the composite signal C (the
weighted sum of the receive signals R1, R2) the negative
frequency components cancel out, and the frequency range
of the composite signal C is approximately one-half of the
frequency range of the transmit signals T1, T2 and the
individual receive signals R1, R2. It is for this reason that the
sampling rate of the ADC 18 can be made slower than usual,
in this embodiment only twice the carrier frequency.

[0099] FIG. 7 provides a block diagram of an alternate
system 10" for implementing the present invention. The
various components of FIG. 7 are similar to those of FIG.
1, except in this case the line buffer 22 and the summer 24
are placed between the A to D converter 18 and the receive
beamformer 20. In this case the backscattered signals R1, R2
are individual transducer signals, prior to beamformation.

[0100] Inthe foregoing, the scale factors (a,b) and transmit
phase can be chosen to select a positive frequency spectrum.
Alternatively, scale factors and transmit phase can be chosen
to select a negative frequency spectrum, i.e., for positive
frequencies: R(t)=R1(t)+jR2(t); for negative frequencies:
R(t)=R1()—jR2(t).

[0101] The linear case embodiments provide the advan-
tage of increased system bandwidth for a given sampling
frequency. The bandwidth of the linear component is
approximately equal to the sampling frequency. No negative
image filter is required and potentially higher output sample
rates are made possible. Furthermore, noise can be reduced,
because aliasing of the filtered negative image is eliminated
(the negative image is inherently canceled). Moreover, since
the echo signals are real signals prior to demodulation and
phasing, postmemory processing is reduced from four mul-
tiply operations per sample to two.
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[0102]

[0103] The foregoing description of linear case embodi-
ments has assumed that the backscattered echo signal is
primarily composed of linearly scattered signals which
correspond in frequency to the frequency of the transmit
beam. This invention is also useful in the non-linear case,
where the backscattered echo signals include a substantial
component of non-linearly scattered ultrasonic energy. Typi-
cally, the frequency spectrum of the transmit beam peaks in
a fundamental frequency band, and this frequency spectrum
is shaped such that substantially no harmonic energy is
transmitted. The backscattered echo signal includes a large
component in the fundamental frequency band, but it also
includes a substantial component in a harmonic frequency
band. This harmonic frequency band may be centered, for
example, at a frequency twice that of the fundamental
frequency band.

[0104] Certain embodiments of the present invention can
be used to selectively enhance the harmonic component of
the backscattered echo signal, or to selectively enhance the
fundamental component of the backscattered echo signal.
Derivations similar to those set out above can be used to
show that the apparatus of FIGS. 1 or 7 and the method of
FIG. 2 can be used to enhance the fundamental component
and suppress the harmonic component by setting the weight-
ing parameters a and b to equal real values. For example, a
and b can both be set equal to 1. Similarly, derivations
similar to those set out above can be used to show that the
apparatus of FIGS. 1 and 7 and the method of FIG. 2 can
be used to selectively enhance the harmonic component and
to suppress the fundamental component of the combined
signal by setting the weighting parameters a, b to equal
magnitudes, where a is a real magnitude and b is an
imaginary magnitude. For example, a can be set equal to 1
and b can be set equal to .

[0105] For TI(t), T2(t) as described above, non-linearly
backscattered echo signals R1(t), R2(t) can take the follow-
ing form:

Section II - Non-Linear Case Embodiments

R1(1)=b(0)eH ™0t % (1)e~ 14701 g (1) o320 4 % () o~32ndot

RY( l) —b(f)e Hlol_pr(pe ol ju(f)el2ol g (fe™

]2:1:1
[0106] where b(f)=a%(t).

[0107] RI1(t) and R2(t) can be combined to recover the
fundamental component and to reject the harmonic compo-
nent:

R1(6)=R1(O)+R2(1)=(1-)a()e’Z® D (1+)a*(t)e T2t

[0108] In this case, R(t) has a bandwidth of 4f, so is
preferably sampled at f,=4f,, the conventional sampling
requirement

[0109] Alternatively, R1(t) and R2(t) can be combined to
recover the harmonic component and to reject the funda-
mental component:

R(r) = RI(1) - jR2(1)

= (1 + b/t + (1 + pb* (De H7o! 4 207 (De= 2o,

[0110] In this case R(t) has bandwidth of 8f, and is
preferably sampled at f,=8f,=4f,, where [;;=21.
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[0111] The fundamental and harmonic components can be
recovered in parallel using the same data:
R:()=R1()+R2(t)
Ry(H=R1(H)~jR2()
[0112] The sampling requirement can be reduced in the
non-linear case without fundamental rejection:
T1(H)=Re{a(r)el>™'}
T2(f)=Re{a(f)e> o34}
RI(=b(1)el 0t b= (p)e~ 1401 (1) 127014 s )2t
efot—i * ot fot—jr,
(t)e ]Qfgznml /24 b t)e —j4 i /2+u( )ejh AL
R(D)=R1()+R2(F)=b(H)* ™ +a(t)(14])el>™oY
V2a*(f)(~1f)e 7N,
[0113] In this case R(t) has bandwidth of ~6 f; and is
preferably sampled at f,26f,=3f,;, where f;=2f,. R(t) can
then be conventionally filtered to remove the fundamental
component.

[0114] Alternatively, four firings can be used to cancel the
fundamental component while preserving the advantage of a
low sample rate:

[0115] Ti(H)=Re{a(t)e™ ™"}

[0116] T2(t)=Re{a(t)e’>)

[0117] T3(t)=lm{a(t)e’> '}

[0118] T4(t)=Im{a(t)e>>*}

[0119] R(1)=R1(t)-jR2(t)+jR3(t)+R4(t)

[0120] R(t) can be sampled at f,=2f;;, and the fundamen-

tal component is rejected in R(t).

[0121] With a /2 phase shift, the benefit in the non-linear
case is to improve the range resolution; the sampling
requirement is fyZ4f; o,

Jo to recover the fundamental component
where frey =1 2/ to recover the harmonic component or the

fundamental and harmonic components

[0122] As used herein the term “complex weighting fac-
tor” is intended broadly to encompass any weighting factor
that can be expressed in the form L+jM, understanding that
either L or M may be 0.

[0123] 1In general, the weighting parameters a, b can be set
to desired complex numbers to achieve any of the benefits
described above. The embodiments discussed above provide
the advantage of increased system bandwidth in harmonic
imaging. Either the harmonic or the fundamental component
can be rejected effectively, and the bandwidth of the har-
monic component is substantially equal to the sampling
frequency divided by 2. These embodiments can be used to
generate independent images for compounding and associ-
ated speckle reduction by rejecting the harmonic in funda-
mental imaging and rejecting the fundamental in harmonic
imaging.

[0124]

[0125] The methods and systems described above can be
implemented using the widest variety of technologies. For

Section III - Concluding Remarks
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example, the transmit beamformer 12 can be either of the
analog or the digital type, and any suitable configuration or
architecture can be used for the ADC 18, the receive
beamformer 20, the line buffer 20, the summer 24, the signal
processor 26, and the display 28. Any suitable transducer
array 16 can be used, including one dimensional, 1.5 dimen-
sional, and 2 dimensional arrays, of any suitable geometry.

[0126] Embodiments of the present invention are compat-
ible with multibeam transmit beamformers (U.S. Pat. No.
5,675,554), with transmit line focus imaging systems (U.S.
Pat. No. 5,696,737), with alternating (spatially distinct) line
imaging (U.S. patent application Ser. No. 09/198,219), with
multibeam receive beamformers (U.S. Pat. No. 5,685,308),
with synthetic and analytic line interpolation (U.S. Pat. No.
5,623,928), and synthetic aperture techniques. All of these
patents are assigned to the assignee of the present invention.

[0127] As used herein the term “summing” is intended
broadly to include addition and subtraction.

[0128] The order in which the transmit signals T1, T2 are
sent is not critical, and if desired the imaginary component
of a complex transmit signal can be sent before the real
component.

[0129] In certain embodiments the backscattered signals
from a single set of transmit beams can be combined in two
different ways to produce two different results, such as a first
combination that suppresses selected fundamental compo-
nents and a second combination that suppresses selected
harmonic components.

[0130] The foregoing detailed description has described
only a few of the many forms that this invention can take.
For this reason, the foregoing description is intended by way
of illustration and not limitation. It is only the following
claims, including all equivalents, that are intended to define
the scope of this invention.

1. An ultrasonic transmit/receive method suitable for an
ultrasonic imaging system, said method comprising the
following steps:

(a) forming a first transmit beam characterized by a real
portion of a selected complex insonification signal;

(b) receiving a first backscattered signal in response to the
first transmit beam;

() forming a second transmit beam characterized by an
imaginary portion of the complex insonification signal,

(d) receiving a second backscattered signal in response to
the second transmit beam;

(¢) combining the first and second backscattered signals.

2. An ultrasonic transmit/receive method suitable for an
ultrasonic imaging method system, said method comprising
the following steps:

(a) forming first and second transmit beams characterized
by a phase difference of about 90°;

(b) receiving first and second backscattered signals in
response to the first and second transmit beams, respec-
tively; and

(c) combining the first and second backscattered signals.
3. The method of claim 1 or 2 wherein the combining step
comprises the steps of:
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weighting the first and second backscattered signals with
respective first and second complex weighting factors;
and

summing the weighted first and second backscattered

signals.

4. The method of claim 3 wherein the first weighting
factor is proportional to 1 and the second weighting factor is
proportional to j.

5. The method of claim 3 wherein the first weighting
factor is proportional to 1 and the second weighting factor is
proportional to 1.

6. The method of claim 3 wherein the first weighting
factor is proportional to j and the second weighting factor is
proportional to 1.

7. The method of claim 1 or 2 wherein the first and second
backscattered signals comprise respective receive beam-
formed signals.

8. The method of claim 1 or 2 wherein the first and second
backscattered signals comprise respective receive transducer
signals.

9. The method of claim 1 or 2 further comprising the step
of digitizing the first and second backscattered signals.

10. The method of claim 9 wherein the first and second
backscattered beams are characterized by a central fre-
quency fq, wherein the digitizing step is characterized by a
digitizing frequency of f,, and wherein f, is less than %f;.

11. The method of claim 10 wherein fj, is substantially
equal to twice f,.

12. The method of claim 1 or 2 wherein the first and
second transmit beams are substantially collinear.

13. The method of claim 7 wherein the beamformed
signals are substantially collinear.

14. The method of claim 13 wherein the first and second
transmit beams are substantially collinear.

15. An ultrasonic transmit/receive system for an ultra-
sonic imaging system, said transmit/reccive system com-
prising:

means for forming a first transmit beam characterized by
a real portion of a selected complex insonification
signal,

means for receiving a first backscattered signal in
response to the first transmit beam,

means for forming a second transmit beam characterized
by an imaginary portion of the complex insonification
signal;

means for receiving a second backscattered signal in
response to the second transmit beam;

means for combining the first and second backscattered

signals.

16. An ultrasonic transmit/receive system for an ultra-
sonic imaging system, said transmit/receive system com-
prising:

means for forming first and second transmit beams char-

acterized by a phase difference of about 90°;

means for receiving first and second backscattered signals
in response to the first and second transmit beams,
respectively; and

means for combining the first and second backscattered
signals.
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17. The invention of claim 15 or 16 wherein the combin-
ing means comprises:

means for weighting the first and second backscattered
signals with respective first and second complex
weighting factors; and

a summer responsive to the weighted first and second

backscattered signals.

18. The invention of claim 17 wherein the first weighting
factor is proportional to 1 and the second weighting factor is
proportional to j.

19. The invention of claim 17 wherein the first weighting
factor is proportional to 1 and the second weighting factor is
proportional to 1.

20. The invention of claim 17 wherein the first weighting
factor is proportional to j and the second weighting factor is
proportional to 1.

21. The invention of claim 15 or 16 wherein the first and
second backscattered signals comprise respective receive
beamformed signals.

22. The invention of claim 15 or 16 wherein the first and
second backscattered signals comprise respective receive
transducer signals.

23. The invention of claim 15 or 16 wherein the means for
forming the first and second backscattered signals further
comprise means for digitizing the first and second backscat-
tered signals.

24. The invention of claim 23 wherein the first and second
backscattered signals are characterized by a central fre-
quency [, wherein the digitizing means is characterized by
a digitizing frequency fp, and wherein fj, is less than %f,.

25. The invention of claim 24 where f, is substantially
equal to twice f,.

26. The invention of claim 15 or 16 wherein the first and
second transmit beams are substantially collinear.

27. The method of claim 21 wherein the beamformed
signals are substantially collinear.

28. The method of claim 27 wherein the first and second
transmit beams are substantially collinear.

29. An ultrasonic transmit/receive method for an ultra-
sonic imaging system, said method comprising the follow-
ing steps:

(a) forming a first transmit beam corresponding to a first
component of a complex insonification signal charac-
terized by a first complex phase angle;

(b) receiving a first backscattered signal in response to the
first transmit beam;

(c) forming a second transmit beam corresponding to a
second component the complex insonification signal
characterized by a second complex phase angle;

(d) receiving a second backscattered signal in response to
the second transmit beam;

(¢) combining the first and second backscattered signals;

wherein the first and second complex phase angles are
separated by a complex phase separation angle, and
wherein the complex phase separation angle differs
from an integer multiple of 180° by more than X°,
where X is greater than 1.

30. The method of claim 29 wherein X is greater than 5.

31. The method of claim 29 wherein X is greater than 10.

32. The method of claim 29 wherein X is greater than 20.
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33. The method of claim 29 wherein X is greater than 40.

34. The method of claim 29 wherein X is greater than 60.

35. The method of claim 29 wherein X is greater than 80.

36. An ultrasonic transmit/receive system for an ultra-
sonic imaging system, said transmit/reccive system com-
prising:

(2) means for forming a first transmit beam corresponding
to a first component of a complex insonification signal
characterized by a first complex phase angle;

(b) means for receiving a first backscattered signal in
response to the first transmit beam,

(c) means for forming a second transmit beam corre-
sponding to a second component the complex insoni-
fication signal characterized by a second complex
phase angle;

(d) means for receiving a second backscattered signal in
response to the second transmit beam;

(e) means for combining the first and second backscat-
tered signals;

wherein the first and second complex phase angles are
separated by a complex phase separation angle, and
wherein the complex phase separation angle differs
from an integer multiple of 180° by more than X°,
where X is greater than 1.
37. The invention of claim 36 wherein X is greater than
5.
38. The invention of claim 36 wherein X is greater than
10.
39. The invention of claim 36 wherein X is greater than
20.
40. The invention of claim 36 wherein X is greater than
40.
41. The invention of claim 36 wherein X is greater than
60.
42. The invention of claim 36 wherein X is greater than
80.
43. An ultrasonic transmit/receive method for an ultra-
sonic imaging system, said method comprising the follow-
ing steps:

(a) forming a set of at least three transmit beams corre-
sponding to at least three respective components of a
complex insonification signal, each of the transmit
beams characterized by a respective complex phase
angle;

(b) receiving at least three backscattered signals in
response to the transmit beams; and

(c) combining the at least three backscattered signals;

wherein the complex phase angles for the transmit beams

correspond to at least three different angles.

44. The method of claim 43 wherein the set of transmit
beams comprises four transmit beams, and wherein the
complex phase angles for the transmit beams correspond to
four different angles.

45. An ultrasonic transmit/receive method for an ultra-
sonic imaging system, said method comprising the follow-
ing steps:

(a) forming a set of at least three transmit beams corre-
sponding to at least three respective components of a
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complex insonification signal, each of the transmit
beams characterized by a respective complex phase
angle;

(b) receiving at least three backscattered signals in
response to the transmit beams,; and

(c) weighting the backscattered signals; and
(d) combining the weighted backscattered signals;
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wherein the transmit beams of the set are all spatially
aligned with one another.

46. The method of claim 45 wherein the weighting step
comprises the step of applying weights to the respective
backscattered signals, wherein at least two of the weights
differ in magnitude.
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