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ULTRASOUND TRANSDUCER ASSEMBLY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 15/314,301, filed Nov. 28, 2016, which is the
U.S. National Phase application under 35 U.S.C. § 371 of
International Application No. PCT/EP2015/062709, filed
Jun. 8, 2015, which claims the benefit of European Appli-
cation Serial No. 14172046.6, filed Jun. 12, 2014. These
applications are hereby incorporated by reference herein.

FIELD OF THE INVENTION

[0002] The present invention relates to an ultrasound
transducer assembly, in particular an ultrasound beamformer
for receiving ultrasound waves.

[0003] The present invention further relates to an ultra-
sound imaging system, in particular for in-body ultrasound
imaging like cardiovascular or transesophageal echocar-
diography imaging.

BACKGROUND OF THE INVENTION

[0004] Ultrasound imaging systems are generally known
producing real-time images of internal portions of a tissue of
a human body or the like. Such imaging systems include a
multiple channel transmit beamformer and a multiple chan-
nel receive beamformer either coupled to a single array of
ultrasonic transducers using a transmit and receive switch or
coupled separately to a transmit transducer array and a
receive transducer array. The transmit beamformer generates
timed electrical pulses and applies them to individual trans-
ducer elements to generate an ultrasound beam to a portion
of interest to be analyzed. A portion of the acoustic energy
is scattered back towards the transducer array from the
tissues structures. An array of received transducers, which
may be the same as the transmit transducers converts the
pressure pulses into corresponding electrical pulses. The
receive beamformer usually has a plurality of processing
channels with compensating delay elements, wherein a
delay value for each channel is selected to collect ultrasound
waves from a selected area of interest or from a selected
steering direction.

[0005] A corresponding ultrasound receive beamformer
with phased sub-arrays is e.g. known from U.S. Pat. No.
5,676,147.

[0006] The ultrasound penetration depth and, therefore,
the area of interest is inversely proportional to the resonance
frequency of the ultrasound waves, so that the field of view
is close to the transducer array for high ultrasound frequen-
cies. In order to provide high quality images of a field of
view, fine and precise timing delays are required for these
high ultrasound frequencies. Further, parasitic system-re-
lated time delays have an increased impact on the final
image quality for these frequencies.

[0007] U.S. Pat. No. 4,790,320 discloses an apparatus for
parallel processing of ultrasonic information to derive simul-
taneously multiple vectors of ultrasonic information per
ultrasonic transmission. The apparatus includes in a trans-
ducer array for each transducer element an analog to digital
converter and a delay processing subsystem associated with
each analog to digital converter. The output of each first
incremental delay means of all of the delay processing
subsystems 1is applied to a first summing network and,
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simultaneously, the output of each of the second incremental
delay means is applied to a second summing network which
produces a second vector of time synchronized echo infor-
mation.

SUMMARY OF THE INVENTION

[0008] Ttisan object of the present invention to provide an
improved ultrasound transducer assembly providing a
higher image quality with low technical effort.

[0009] It is furthermore an object of the present invention
to provide a corresponding ultrasound imaging system.
[0010] In a first aspect of the present invention, an ultra-
sound transducer assembly is presented that comprises:
[0011] a plurality of ultrasound transducer elements for
receiving ultrasound waves and for providing transducer
signals corresponding to the respectively received ultra-
sound waves,

[0012] a plurality of signal combiners for providing dif-
ferent output signals on the basis of the transducer signals,
and

[0013] a plurality of timing elements for providing differ-
ent time shifis to the transducer signals,

[0014] wherein each of the ultrasound transducer elements
is connected to a plurality of the signal combiners for
providing the transducer signals including the different time
shifts to different of the signal combiners, respectively.
[0015] In a further aspect of the present invention, ultra-
sound imaging system is presented comprising an ultra-
sound transducer array including a plurality of ultrasound
transducer elements for transmitting and receiving ultra-
sound waves and an ultrasound transducer assembly of this
kind.

[0016] Preferred embodiments of the invention are defined
in the dependent claims.

[0017] The present invention is based on the idea to
provide an ultrasound transducer assembly having a plural-
ity of transducer elements, wherein different transducer
signals of the transducer elements are differently time
shifted and provided to different signal combiners. Parasitic
delays or timing errors of the transducer signals can be
compensated when the different output signals of the signal
combiners are combined. Hence, a time delay of the trans-
ducer signals leads to an small amplitude error of the
micro-beamformed output signal of the transducer assembly
but not to a steering angle error so that the image quality of
the overall beamformer can be improved with low technical
effort.

[0018] The plurality of ultrasound transducer elements,
which are each connected to a plurality of the signal com-
biners form a group of first transducer elements of the
ultrasound transducer assembly.

[0019] In a preferred embodiment, each of the ultrasound
transducer elements is connected to a plurality of the timing
elements for providing the different time shifts to each of the
transducer signals. This is a possibility to achieve individual
time shifts and to provide the transducer signal including the
different time shifts to the different signal combiners.
[0020] Ina preferred embodiment, a plurality of secondary
transducer signals is formed from the transducer signal of
each of the ultrasound transducer elements and wherein each
of the split transducer signals is provided to one of the signal
combiners, respectively. The secondary transducer signals
are identical to the transducer signals and preferably formed
by splitting or copying the transducer signal. Since the
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transducer signals of each of the transducer elements are
provided to different signal combiners and since the trans-
ducer signals are differently time shifted, the timing errors
and/or propagation delays included in the transducer signals
can compensate each other, effectively.

[0021] In a preferred embodiment, the signal combiners
each comprise an adder. This is a possibility to combine the
plurality of transducer signals with a low technical effort.
[0022] In a preferred embodiment, the transducer signals
of the plurality of transducer elements provided to the
different signal combiners are weighted by means of differ-
ent weight factors. This is a possibility to adjust the output
signals combined at the signal combiners individually, since
the differently time shifted transducer signals can be
weighted individually. By means of the different weight
factors a precise compensation of the timing errors can be
achieved.

[0023] In a preferred embodiment, an amplifier or an
attenuator device is associated to each of the transducer
elements to provide different gain factors to the transducer
signals. It shall be understood that the gain factors may be
larger than one or smaller than one so that the transducer
signals are either attenuated or amplified. This is a further
possibility to individually set the transducer signals to an
individual value so that a precise compensation of the error
delays and an improved imaging can be achieved.

[0024] In a preferred embodiment, the gain factors of the
transducer signals provided to one of the signal combiners
having different absolute values. This is a possibility to
individually set the output signal of the different signal
combiners to an optimal combination of the transducer
signal.

[0025] In a preferred embodiment, the ultrasound trans-
ducer assembly further comprises a second plurality of
transducer elements, wherein a delay element is associated
to each of the second plurality of transducer elements for
providing a fixed time delay to the respective transducer
signals of the second plurality of transducer elements. This
is a possibility to achieve positive and negative time shifts
to the individual transducer signals since a fixed time delay
is provided to all transducer signals.

[0026] In a preferred embodiment, each of the second
plurality of transducer elements is connected to one of the
signal combiners. The second plurality of transducer ele-
ments form a second group of transducer elements of the
ultrasound transducer assembly. These transducer elements
can form a reference signal for the first transducer elements
which are connected to two of the signal combiners.

[0027] In a preferred embodiment, the plurality of second
transducer elements and the respectively connected delay
elements are virtual elements. This is a possibility to reduce
the technical effort, since these reference elements can be
simulated including the fixed time delay.

[0028] In a preferred embodiment, the time shift provided
to the transducer signals include a fixed time delay and a
relative time shift. This is a possibility to individually set the
time shift to positive or negative values.

[0029] In a preferred embodiment, the relative time shift
of the transducer signals provided to a first of the signal
combiners is a positive time shift and the relative time shift
of the transducer signals provided to a second of the signal
combiners is a negative time shift. This is a possibility that
the timing errors of the transducer signals can compensate
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each other, since the relative time shift provided to the signal
combiners are positive and negative time shifts of the same
transducer signals.

[0030] In a preferred embodiment, the time shifts of the
transducer signals provided to one of the signal combiners
have different absolute values. This is a further possibility to
achieve a precise compensation of the timing errors.
[0031] In a further preferred embodiment, the time shifts
of the transducer signals provided to one of the signal
combiners are multiples of on first time shift.

[0032] In a further preferred embodiment, the time shifts
of the transducer signals provided to different of the signal
combiners have different polarities.

[0033] The plurality of signal combiners are connected to
each other to combine the plurality of output signals to an
overall output signal of the transducer assembly. This is a
possibility to achieve a single error-compensated output
signal of the ultrasound transducer assembly.

[0034] In a further preferred embodiment, the plurality of
ultrasound transducer elements are connected to the signal
combiners in parallel to each other. This is a possibility to
combine the transducer signals to different output signals so
that a timing error compensation can be achieved.

[0035] As mentioned above, the ultrasound transducer
assembly according to the present invention can compensate
timing errors and/or parasitic delays of the transducer sig-
nals with low technical effort, since the transducer signals
are individually time shifted and provided to different signal
combiners, so that the timing errors are correspondingly
compensated by each other in the resulting output signal.
Hence, the timing errors lead only to an amplitude error of
the micro-beamformed output signal but not in a steering
angle error so that the image quality can be improved.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] These and other aspects of the invention will be
apparent from and elucidated with reference to the embodi-
ment(s) described hereinafter. In the following drawings
[0037] FIG. 1 shows a schematic representation of an
ultrasound imaging system in use to scan a volume of a
patient’s body;

[0038] FIG. 2 shows a schematic block diagram of a
known two-to-one channel receive beamformer of an ultra-
sound system;

[0039] FIG. 3 shows an embodiment of a receive beam-
former for timing error compensation;

[0040] FIG. 4 shows a further embodiment of a two-to-one
channel receive beamformer for timing error compensation;
[0041] FIG. 5 shows a further embodiment of a two-to-one
channel receive beamformer; and

[0042] FIG. 6 shows different sensitivity diagrams for
different receive beamformers and different timing errors.

DETAILED DESCRIPTION OF THE
INVENTION

[0043] FIG. 1 shows a schematic illustration of an ultra-
sound system 10 according to an embodiment, in particular
a medical three-dimensional (3D) ultrasound imaging sys-
tem. The ultrasound imaging system 10 is applied to inspect
a volume of an anatomical site, in particular an anatomical
site of a patient 12. The ultrasound system comprises an
ultrasound probe 14 having at least one transducer array
having a multitude of transducer elements for transmitting
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and/or receiving ultrasound waves. In one example, the
transducer elements each can transmit ultrasound waves in
form of at least one transmit impulse of a specific pulse
duration, in particular a plurality of subsequent transmit
pulses. The transducer elements may be arranged in a
one-dimensional array or a two-dimensional array, in pat-
ticular for providing a multi-planar or three-dimensional
images.

[0044] An ultrasound scan typically involves emitting
ultrasound waves that illuminate a particular volume within
a body, which may be designated as target volume. This can
be achieved by emitting ultrasound waves at multiple dif-
ferent angles. A set of volume data is then obtained by
receiving and processing reflected waves. A steering of the
ultrasound transducer is achieved by a receive beamformer
which provides individual delays to the individual ultra-
sound signals.

[0045] It shall be understood that the ultrasound probe 14
may either be used in a non-invasive manner (as shown in
FIG. 1) or in an invasive manner (not shown) as this is
usually done in two-dimensional transesophageal echocar-
diography (TEE). The ultrasound probe 14 may be hand-
held by the user of the system, for example medical staff or
a doctor. The ultrasound probe 14 is supplied to the body of
the patient 12 so that an image of an anatomical site, in
particular an anatomical object of the patient 12 is provided.
[0046] Further, the ultrasound system 10 may comprise a
control unit 16 that controls the provision of ultrasound
image via the ultrasound system 10. A control unit 16
controls the acquisition of data via the transducer array of
the ultrasound probe 14 and controls the signal and image
processing that form the ultrasound images out of the echos
of the ultrasound beams received by the transducer array of
the ultrasound probe 14.

[0047] The ultrasound system 10 may further comprise a
display 18 for displaying the 3D images to the user. Still
further, an input device 20 may be provided connected to the
display 18 or directly to the control unit 16.

[0048] The ultrasound system 10 comprises in general a
beamformer, which is provided for steering the transducer
elements to a focal point within the anatomical site to be
inspected. The individual transducer elements are steered to
the focal point by providing individual time delays to the
transducer signals so that the transit time of the ultrasound
waves from the focal point to the different transducer
elements can be compensated. By means of these individual
time delays provided by the beamformer, a steered ultra-
sound transducer can be provided.

[0049] The beamformer comprises a micro-beamformer,
which is located in the ultrasound probe 14 close to the
transducer array. The beamformer may further comprise a
system-beamformer integrated in the control unit 16 and
connected to the micro-beamformer for coarse beamform-
ing. The ultrasound system 10 further comprises an analog-
to-digital converter (ADC), which is preferably connected
between the micro-beamformer and the system-beamformer.
[0050] FIG. 2 shows an ultrasound transducer known from
the prior art which is generally denoted by 20. The ultra-
sound transducer 20 comprises a two-to-one channel receive
micro-beamformer which is adapted to reduce the effects of
timing errors by combining differently time shifted signals.
The ultrasound transducer 20 comprises a plurality of trans-
ducer elements 22, which are adapted to receive ultrasound
waves and to transform the ultrasound waves into an elec-

May 9, 2019

trical transducer signal X1-X4. The transducer elements 22
are each connected to an amplifier 24 for amplifying the
electrical transducer signals X1-X4, wherein the amplifiers
24 are preferably formed as operational amplifiers. The
transducer elements 22 are each further connected to a
timing element 26, which are adapted to provide a defined
time shift to the electrical signals X1-X4 received from the
transducer elements 22. Two of the transducer elements 22
are connected to one signal adder 28 in order to combine the
electrical signals to one output signal Y1, Y2 which are
combined by a coarse beamformer to an overall output
signal of the ultrasound transducer (not shown).

[0051] The timing elements 26, which are connected to
one of the signal adders 28 are adapted to provide a positive
and a negative time shift to the electrical transducer signals
X1-X4, respectively, so that timing errors can be compen-
sated at the signal adder 28. In practice, all timing elements
26 provide a fixed positive time delay to the electrical
transducer signals X1-X4 and the additional relative time
shift so that a positive and a negative time shift can be
implemented.

[0052] The disadvantage of these standard two-to-one
channel receive beamformers is that the time delay must be
set very precisely and that a grating lobe is generated already
for moderate timing errors so that the resulting image quality
is affected.

[0053] FIG. 3 shows an ultrasound transducer assembly
according to one embodiment of the present invention which
is generally denoted by 30. The ultrasound transducer
assembly 30 comprises a plurality of transducer elements
32, 34, 36, 38, 40 for receiving ultrasound waves and for
providing electrical transducer signals, which are generally
denoted by X1, X2, X3, X4, X5. The ultrasound transducer
assembly 30 further comprises in general an ultrasound
beamformer connected to the ultrasound transducer ele-
ments 32-40. The ultrasound beamformer shown in FIG. 3
is formed as a four-to-one channel micro-beamformer. The
ultrasound beamformer provides steering and focussing of
the ultrasound transducer elements 32-40 to a point by
providing a time shift to the electrical transducer signals
X1-X5 as described in the following. The ultrasound trans-
ducer elements 32-40 may be arranged in a one-dimensional
or a two-dimensional array of transducer elements in order
to provide a two-dimensional or a three-dimensional ultra-
sound image.

[0054] The ultrasound transducer assembly 30 and in
particular the ultrasound micro-beamformer comprises a
first signal combiner 42 and a second signal combiner 44
which provide a first output signal Y1 and a second output
signal Y2. The signal combiners 42, 44 are formed as signal
adders which combine electrical signals on the basis of the
ultrasound transducer signals X1-X4 and X2-X5 to form the
output signals Y1, Y2. The signal combiners 42, 44 are each
connected to the transducer elements 34, 36, 38 so that the
transducer elements 34, 36, 38 are connected in parallel to
each other.

[0055] The transducer elements 34, 36, 38, which form a
first group of transducer elements are each connected via a
first gain element 46 and a first timing element 48 to the first
adder 42. The transducer elements 34, 36, 38 are further
connected via a second gain element 50 and a second timing
element 52 to the second signal combiner 44. A plurality—in
this case—two secondary ultrasound signals are formed of
the ultrasound transducer signals X2, X3, X4 preferably by
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splitting or copying the ultrasound transducer signals X2,
X3, X4 and the secondary signals are provided with a gain
factor g by means of the gain elements 46, 50 to the timing
elements. The secondary ultrasound signals are identical to
the respective ultrasound transducer signals X2, X3, X4. The
secondary transducer signals are further provided with a
time shift T by means of the timing elements 48, 52. The gain
elements 46, 50 and the timing elements 48, 52 provide
different gain factors and different time shifts t to the
ultrasound transducer signals X2-X4 corresponding to the
position of the respective transducer element 34-36 and
corresponding to which of the signal combiners 42, 44 the
respectively gained and time shifted signal is provided.

[0056] The transducer elements 32, 40 are each connected
via a gain element 54 and a timing element 56 to only one
of the signal combiners 42, 44. The transducer elements 32,
40, which are respectively connected to one of the signal
combiners 42, 44 belong to a second group of transducer
elements. The gain elements 54 provide a reference gain to
the respective ultrasound transducer signal X1, X5 and the
timing elements 56 provide a fixed time delay Tl to the
ultrasound transducer signal X1, X5. The first and the
second timing elements 48, 52 each provide the fixed delay
71 to the respective ultrasound transducer signal X2, X3, X4
and an additional time shift, which is positive in the case of
the first timing elements 48 and negative in the case of the
second timing elements 52. Hence, the signals provided to
the first signal combiner 42 have a negative time shift
relative to the fixed time delay 71 and the signals provided
to the second signal combiner 44 have a positive time shift
with respect to the fixed delay t1. The output signals Y1, Y2
are finally combined e.g. by the system-beamformer to an
overall output signal (not shown) of the transducer assembly
30.

[0057] The signals provided to the signal combiners 42, 44
may be provided with a weight factor in order to weigh the
respective signals individually so that the respective indi-
vidual transducer signals X1-X5 have an individual influ-
ence on the wave form of the output signals Y1, Y2.
[0058] Due to the combination of the differently time
shifted and differently weighted ultrasound transducer sig-
nals X1-X5 combined by different signal combiners 42, 44,
the resulting overall output signal is less sensitive to timing
errors on the programmed delay profiles than the ultrasound
beamformers known from the prior art.

[0059] The gain factors g and the time shifts © of the gain
elements 46, 50, 54 and the timing elements 48, 52, 56 have
different values. The time shifts and the gain factors primar-
ily are:

71 =fixed delay,

sufficientlylarge to make all delays effectively positive
20 =711 -Ar

2b=71+(N-DAr

30 =11 -2A7

MBb=11+(N-2Ar

té4a=711-3A7

b =11+ (N -3)Ar
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-continued

g1 = reference gain
g2a=(N-1)/N=xgl
g2b=1/N=gl
g3a=(N-2)/N=xgl

g3 =2/N=gl

gNa=1{Nxgl

eNb=(N-1)/Nxgl,

wherein At is the incremental correction for the calculated
signal propagation delay difference and N is the number of
transducer elements 32-38 in a sub-channel, in this example
N=4. The structure can be used to provide any N-to-1
channel receive beamformer with N being any natural
number larger than one.

[0060] In a certain embodiment, the ADC may be inte-
grated in the micro-beamformer and connected between the
transducer elements and the gain elements 54, 46, 50. In a
certain embodiment, the ADC is preceeded by a low noise
amplifier with a fixed gain for all channels.

[0061] In a further embodiment, the transducer elements
32, 40 of the second group of elements which are only
connected to one of the signal combiners 42, 44 can be
implemented as virtual transducer elements, wherein the
fixed time delay of the first group of transducer elements are
aligned to the fixed time delay of the virtual transducer
elements.

[0062] In this case, the time shifts and the gain factors will
primarily be:

71 = fixed delay,
sufficiently large to make all delays effectively positive
2a=71-05%At

2b =11+ (N -05)A7r
3a =711 - 1.5A7

3b =11+ (N-15A7
t4da =711 - 2.5A7

b =71+ (N -2.5AT1

g1 = reference gain
g2a=(N)/(N +1)xgl
g2b=1/(N+1)xgl
g3a=(N-1/(N+Dasgl

g3b=2/(N+1)xgl

gNa=(1)/(N+1)=gl

gNb = (NY/(N +1)xgl

wherein At is the incremental correction for the calculated
signal propagation delay difference and N is the number of
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non-virtual (real) transducer elements 34, 36, 38 in a sub-
channel (in this example, N=3).

[0063] FIG. 4 shows an embodiment of the ultrasound
transducer assembly 30 including a two-to-one channel
micro-beamformer. In this embodiment, the ultrasound
transducer assembly 30 comprises three or more signal
combiners 60, 62, 64, which combine signals based on the
ultrasound transducer signals X1-X5 of two or three trans-
ducer elements 32-40. The signal combiners 60, 62, 64 arc
preferably formed as signal adders and provide the output
signals Y1, Y2, Y3 of the micro-beamformer which are
combined to an overall output signal by the (coarse) sys-
tem—beamformer (not shown). In this embodiment, the
transducer elements 32, 36, 40, which belong to the second
group of transducer elements are connected via the gain
element 54 and the timing element 56 directly to one of the
signal combiners 60, 62, 64, respectively. The transducer
elements 34, 38, which belong to the first group of trans-
ducer elements are connected to a gain element 66 for
providing a gain factor g to the respective ultrasound trans-
ducer signal X2, X4, wherein two separate secondary trans-
ducer signals are formed from the ultrasound transducer
signals X2, X4 including the gain factor g. The secondary
transducer signals are formed by splitting or copying the
transducer signals X2, X4, wherein the secondary transducer
signals are identical with the secondary transducer signals
except for the gain factor. The two secondary transducer
signals are time shifted by means of a first timing element 68
and a second timing element 70, respectively, wherein the
two secondary transducer signals are provided to different of
the signal combiners 60, 62, 64. Consequently, the trans-
ducer elements 32, 36, 40 which belong to the second group
of transducer elements and which are in this row the odd
transducer elements are directly connected to one of the
signal combiners 60, 62, 64 and the transducer elements 34,
38 which are the even transducer elements are connected to
two of the signal combiners 60, 62, 64.

[0064] As described above, the timing elements 56 pro-
vide a fixed delay 1 to the respective ultrasound transducer
signal X1, X3, X5 and the timing elements 68, 70 provide
the fixed delay ©1 and additionally a relative time shift -Ar,
+At to the ultrasound transducer signals X2, X4, wherein the
timing element 68 provide a negative time shift —At and the
timing element 70 provide a positive time shift +At to the
respective ultrasound transducer signal X2, X4.

[0065] Since the ultrasound transducer signals X2, X4 are
differently time shifted and gained by means of the gain
factor g, the overall output signal is less sensitive to timing
errors on the programmed delay profiles than the beam-
former known from the prior art so that a more precise
steering and a more precise imaging of the transducer
assembly can be achieved.

[0066] In a certain embodiment, the ADC may be inte-
grated in the micro-beamformer and connected between the
transducer elements and the gain elements 54, 56 (in prac-
tice, the ADC will be preceded by a low noise amplifier with
a fixed gain for all channels in this case)

[0067] FIG. 5 shows a further embodiment of the ultra-
sound transducer assembly 30. In this embodiment, the
transducer assembly 30 comprises the three or more signals
combiners 60, 62, 64 which receive each signals on the basis
of different ultrasound transducer signals X1-X5 provided
by the different ultrasound transducer elements 32-40.
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[0068] Identical with the embodiment of FIG. 4, the
ultrasound transducer signals X2, X4 of the ultrasound
transducer elements 34, 38 are provided with a gain factor
¢ and split into two split signals, which are differently time
shifted (positive and negative) by means of the timing
elements 68, 70 and provided to the respectively neighbored
signal combiner 60, 62, 64.

[0069] The ultrasound transducer signals X1, X3, X5 of
the ultrasound transducer elements 32, 36, 40 are provided
with a gain factor g by means of the gain element 54 and
split into two or three split signals, wherein one split signal
is provided with the fixed time delay by means of the timing
element 56 and the so delayed signal is provided to one of
the signal combiners 60, 62, 64. The other split signals are
time shifted by means of a first timing element 72 and a
second timing element 74, wherein the so differently time
shifted signals are provided to different of the signal com-
biners 60, 62, 64. The first timing elements 72 provide the
fixed time delay © and a negative time shift to the respective
split signal and the second timing elements 74 provide the
fixed delay T and a positive time shift to the split signal. In
this certain embodiment, three secondary transducer signals
are formed of the ultrasound transducer signals X3, X5 by
splitting or copying and provided with different time shifts
to three of the signal combiners, wherein the ultrasound
transducer signals X2, X4 are split into two split signals and
provided with different time shifts to two of the signal
combiners 60, 62, 64.

[0070] Additionally the split signals are weighted by
means of weight factors (G, 1-2G) at the signal combiners
60, 62, 64 in order to individually form the output signals
Y1,Y2,Y3 on the basis of the ultrasound transducer signals
X1-X5. Since the signals of three or more transducer ele-
ments 32-40 are combined at the signal combiners 60, 62,
64, the micro-beamformer output signal provided by this
embodiment of the ultrasound transducer assembly is less
sensitive to timing errors on the programmed delay profiles
than a simple two-to-one channel micro-beamformer.
[0071] In a certain embodiment, the ADC may be inte-
grated in the micro-beamformer and connected between the
transducer elements and the gain elements 54, 66 and in
practice, the ADC is preferably preceded by a low noise
amplifier with a fixed gain for all channels in this case.
[0072] In the following, the amplitude of grating lobes of
the overall output signal of the ultrasound transducer assem-
bly 20 of FIG. 2 and the ultrasound transducer assemblies 30
of FIGS. 4 and 5 are calculated in order to determine the
sensitivity to programmed timing errors.

[0073] In practice the generated micro-beamformer delay
will not be exactly equal to the desired delay. The difference
between the two delays is At_error:

+At_gen=+At+AT_error

-At_gen=—At-At_error

[0074] Note that itis assumed that the error on the positive
delay is equal in magnitude but with a negative sign relative
to the error on the negative delay. This is realistic since the
delays are generated on the same ASIC using the same type
of circuitry.

[0075] It is assumed that the ultrasound reflections of the
two transducer elements can be modeled by a narrowband
signal around the resonance frequency wyy. according to:

X1()=A(1-At_real2)*sin(0zg(1-At_real/2))

X2(6)=A(t+Av_real/2)*sin(wpgg(t+At_real/2))
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[0076] With +At_real=signal propagation delay difference
of ultrasound signals X1 and X2 for the actual reflection and
+At if the actual reflection arrives from the steering and
focusing direction

[0077] A(t)=amplitude of the envelope as a function of
time.
[0078] The output signal Y1_1 of the ultrasound trans-

ducer assembly shown in FIG. 2 (prior art) can be described
as follows:

Y1 1(t)= X1(t+A7r_gen/2) + X2(r — AT_gen/2)
= A(r - Ar_real/2 + At_gen/2)#sin(wggs (1 — AT_real /2 +
At_gen/2)) + A(t + At _real/2 — At_gen/2)x

sin(wpggs (1 + At _real /2 — A7 _gen/2))

[0079] For acoustic energy coming from the steering
direction (Y1_1s), this formula can be rewritten to:

Y1_Is(t) = A(r + At_error/2) #sin(wggs (f + AT_error/2)) + (eq. 1)

A(t — At _error/2) #sin{wggs (f — AT_error/2))

Y1_1s(t) = A(r) %2 xcos(Ar_error/ 2) #sin{wggs )

~AD=(2 - ((uRESALermr/Z)ZJ #sin(wgrgst)

[0080] For acoustic energy coming from the direction that
causes the first grating lobe (Y1_1g), this formula can be
rewritten to:

Y1 _lgft) = A(r + Ar_error/2) = sin{wpgs (f + AT_error/2)) — (eq. 2)

At — At _error/2 + T /2) #sin(wggs (f — AT_error/2))

Y1 1g(t) ~ A(r) % 2 #sin(A7_error/2)# cos(wggst)

= A1) AT_error #cos(wpgst)

[0081] In case of the ultrasound transducer 30 shown in
FIG. 4, the beamformer is transparent to all odd (even)
transducer signals. The even (odd) signals are transferred to
two signal combiners. E.g. the signal of transducer element
X2 is visible in outputs Y1 and Y2 according to:

Y1 _2()=gain*A(--At_gen)*sin(wgzz(t-At_gen))

Y2_2(r)=gain* A (t+At_gen)*sin(wpzs(t+AT_gen))

[0082] Typically gain factors (gain) are 0.5 . . . 0.6. In the
system beamformer (not shown) the signals are combined
according to:

(eq. 3)

Ytotal_2(f)=Y1_2(r+At_sys)+Y1_2(z-At_sys) (eq. 4)

wherein At_sys is the delay generated in the system beam-
former, located externally in the imaging system. It is
assumed that this system generates the correct steering or
focusing delays (the system beamformer typically has much
more calculation power than the micro-beamformer), so

+At_sys=+At=+Av_gen-At_error

—-At_sys=At=—At_gen+At_error
Rewriting equation 3 and 4 gives:

Ttotal_2(f)=gain*(4(r-Av_error) *sin(wpz¢(t-At_er-
ro1))+A(t+At_error)*sin(wggs(#+AT_error)))

mgain*2* A(1)*cos(wpgsAT_error) *sin(mzze*t) (eq. 5)
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[0083] Now it is possible to calculate the effective contri-
bution of odd and even transducer signals provided by the
first and second group of transducer elements to the output:

Y12 2()=X1(t-At_real/2+At_sys/2)+Mtotal2(++At_
real/2-At_sys/2)

[0084] For acoustic energy coming from the steering
direction (Y12_2s), this formula can be reduced to:

Y12 25(t) ~ A(2) # (1 + g 22 » cos(wres AT_error)) # sin(wggst) ~ (eq. 6)

A(D) %(2 = 0.5 # (ggs - AT_error)?) #sin(wges1); [g¢=03]

[0085] Foracoustic energy coming from the direction that
causes the first grating lobe (Y12_2g), the formula can be
rewritten to:

Y12 2¢(t) » A(1) # (1 — gain#2 = cos(wgpgs AT_error) = sin(wggst) & (eq- 7)

A(D) %0.5 % (wpps Ar_error)?  sin(wggst); - [g =0.5]

[0086] Eq. 7 shows that the amplitude of the grating lobes
of the proposed ultrasound transducer including the beam-
former for moderate timing errors is lower than the ampli-
tude of the grating lobes of the standard beamformer (eq. 2).
Timing errors result into a phase error between odd and even
ultrasound signals in case of the standard micro-beamformer
while timing errors result into an amplitude error for the
proposed micro-beamformer. As all timing errors result into
a reduced amplitude of the split or copied secondary trans-
ducer signals (eq. 5), itis attractive for imaging performance
to choose gain factor gain>0.5, e.g. g =[0.5 . . . 0.6].
[0087] In case of the second embodiment of the proposed
ultrasound transducer 30 shown in FIG. 5, the effect of the
timing error is further reduced. Processing of the even
transducer signals remains the same, typical value for gain
¢=0.5, The beamformer remains transparent for a major
fraction of the odd signals.

[0088] A small fraction of the odd signals is transferred to
neighbor output nodes. For example, the signal of transducer
element X3 is visible in output Y1, Y2 and Y3 according to:

Y1_3(t) = G A(7 — 2A7_gen) « sin(wggs (1 %2 -AT_gen)) (eq. 8)
Y2300 = (| = 24 G) % A(D)  sin(wggs?)

Y2 3(t) = G A(r+ 2A7_gen) = sin(cggs (r + 2AT_gen))

[0089] Typically gain factor g 32 0.5 and G=0.1667. In the
system beamformer in imaging system (not shown) the
signals are combined again according to:
Y, a3V 3(0+2AT sys)+ Y2 3(6+71 3(0=2-At_

sys) (eq. 9)
wherein At_sys is the incremental delay generated in the
system beamformer, located externally in the imaging sys-
tem. It is assumed that this system generates the correct
steering or focusing delays:

+At_sys=At=+At_gen-At_error

-At_sys=—At=—At_gen +At_error
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Rewriting equation 8 and 9 gives:

Ytotal 3(t) = G (A(z — 2A7_error) «sin(wggs (f — 2AT_error)) +  (eq. 10)

(1 —26) # A(D) #sin(wges ) +
G# (A1 + 2A7_error) #sin(wggs (7 + 2AT_error))
~ A # (1 + G+ 2% (cos(wrps 2AT_error) — 1)) #

sin(wggst)

[0090] Now it is possible to calculate the effective contri-
bution of odd and even signals to the output:

Y12 _3(r)=Ttotal_3(t-At_real/2+At_sys/2)+Ttotal 2
(t+At_real2-At_sys/2)

[0091] For acoustic energy coming from the steering
direction (Y12_3s), this formula can be reduced to:

Y12 3s(t) ~ A(r) # (1 + G+ 2 ¢ (cos(wgres2AT_error) — 1) + (eq. 11)

gain« 2 « cos(wprs AT_error)) = sin{wggst)
~ A()# (2 — 1.2 (wggs - Ar_error)?) « sin(wggs1);

lg = 0.5, G = 0.1667]

[0092] For acoustic energy coming from the direction that
causes the first grating lobe (Y12_3g), the formula can be
rewritten to:

Y12 2g(t) = A(r) (1 + G« 2 « (cos(wgps2AT_error) — 1) — (eq. 12

gain#2 xcos(wpgs AT_erron) = sin(wggst)

<~ A 0.1 % (wgps AT_error)? # sin(wggs1);

[g=0.5,G=0.1667]

[0093] From equation 12 it is clear that the grating lobes
are less dependent on the timing error and, therefore, the
ultrasound transducer assembly 30 is less sensitive for
timing errors in general.

[0094] InFIG. 6a-c, the angle sensitivity of the ultrasound
transducer assembly 20, 30 of FIGS. 2, 4 and 5 are shown
for different values of the timing error. The sensitivity is
calculated for a steering angle of -36° and a grating lobe is
generated at an angle of +25°.

[0095] All cases refer to far field sensitivity of the trans-
ducer array including the respective ultrasound beamformer.
Course delays have been programmed so that the beam is
steered to an angle of -36°. The simulated sensitivity is
shown for beamformer timing errors of 0.1*T,_/20.2*T,_/
20 and 3*T,_ /20 wherein T, _ is the period time of the
transducer resonance frequency.

[0096] As shown in FIG. 6a, the sensitivity of the trans-
ducer assembly 20 shown in FIG. 2 including the standard
two-to-one beamformer has no grating lobe for zero timing
error while the amplitude of the first grating lobe (happening
at +25 degrees) increases for increasing timing errors.
[0097] FIG. 65 is a simulation of the ultrasound transducer
assembly shown in FIG. 4, wherein the grating lobe at 25°
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is merely visible for a timing error of 3*T,,_/20. For smaller
timing errors, the grating lobe amplitude reduces rapidly.
[0098] FIG. 6¢ shows a simulation of the sensitivity of the
ultrasound transducer using the micro-beamformer of FIG.
5. The simulation diagram shows that an error of the timing
does reduce the sensitivity at the steering angle —36° but that
does not show any grating lobe

[0099] Consequently, the ultrasound transducer assem-
blies 30 according to the present invention provides a
reduced sensitivity to timing errors than the transducer
assemblies known from the prior art.

[0100] While the invention has been illustrated and
described in detail in the drawings and foregoing descrip-
tion, such illustration and description are to be considered
illustrative or exemplary and not restrictive; the invention is
not limited to the disclosed embodiments. Other variations
to the disclosed embodiments can be understood and
effected by those skilled in the art in practicing the claimed
invention, from a study of the drawings, the disclosure, and
the appended claims.

[0101] In the claims, the word “comprising” does not
exclude other elements or steps, and the indefinite article “a”
or “an” does not exclude a plurality. A single element or
other unit may fulfill the functions of several items recited
in the claims. The mere fact that certain measures are recited
in mutually different dependent claims does not indicate that
a combination of these measures cannot be used to advan-
tage.

[0102] Any reference signs in the claims should not be
construed as limiting the scope.

1. Ultrasound transducer assembly, comprising:

a plurality of ultrasound transducer elements for receiving
ultrasound waves and for providing transducer signals
corresponding to the respectively received ultrasound
waves,

a plurality of signal combiners for providing different
output signals on the basis of the transducer signals,
and

a plurality of timing elements for providing different time
shifts to the transducer signals,

wherein each of the ultrasound transducer elements is
connected to a plurality of the signal combiners for
providing the transducer signals including the different
time shifts to different of the signal combiners, and

wherein the plurality of signal combiners are connected to
each other to combine the plurality of output signals to
an overall output signal of the transducer assembly.

2. Ultrasound transducer assembly as claimed in claim 1,
wherein each of the ultrasound transducer elements is con-
nected to a plurality of the timing elements for providing the
different time shifts to each of the transducer signals.

3. Ultrasound transducer assembly as claimed in claim 1,
wherein a plurality of secondary transducer signals is
formed of the transducer signal of each of the ultrasound
transducer elements and wherein each of the secondary
transducer signals is provided to one of the signal combin-
ers, respectively.

4. Ultrasound transducer assembly as claimed in claim 1,
wherein the signal combiners each comprise a signal adder.

5. Ultrasound transducer assembly as claimed in claim 1,
wherein the transducer signals of the plurality of transducer
elements provided to the different signal combiners are
weighted by means of different weight factors.
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6. Ultrasound transducer assembly as claimed in claim 1,
wherein an amplifier or an attenuator device is associated to
each of the transducer elements to provide different gain
factors to the transducer signals.

7. Ultrasound transducer assembly as claimed in claim 6,
wherein the gain factors of the transducer signals provided
to one of the signal combiners have different absolute
values.

8. Ultrasound transducer assembly as claimed in claim 1,
further comprising a second plurality of transducer ele-
ments, wherein a delay element is associated to each of the
second plurality of transducer elements for providing a fixed
time delay to the respective transducer signals of the second
plurality of transducer elements.

9. Ultrasound transducer assembly as claimed in claim 8,
wherein each of the second plurality of transducer elements
is connected to one of the signal combiners.

10. Ultrasound transducer assembly as claimed in claim 8,
wherein the plurality of second transducer elements and the
respectively connected delay elements are virtual elements.
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11. Ultrasound transducer assembly as claimed in claim 1,
wherein the time shift provided to the transducer signals
include a fixed time delay and a relative time shift.

12. Ultrasound transducer assembly as claimed in claim
11, wherein the relative time shift of the transducer signals
provided to a first of the signal combiners is a positive time
shift and the relative time shift of the transducer signals
provided to a second of the signal combiners is a negative
time shift.

13. Ultrasound transducer assembly as claimed in claim
11, wherein the time shifts of the transducer signals provided
to one of the signal combiners have different absolute
values.

14. Ultrasound transducer assembly as claimed in claim 1,
wherein the plurality of ultrasound transducer elements are
connected to the signal combiners in parallel to each other.

15. Ultrasound imaging system comprising an ultrasound
transducer array including a plurality of ultrasound trans-
ducer elements for transmitting and receiving ultrasound
waves and an ultrasound transducer assembly as claimed in
claim 1.
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