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An ultrasound imaging system probe and system, and an imaging method

FIELD OF THE INVENTION
This invention relates to an ultrasound imaging system probe and the whole
system, and an imaging method. It relates in particular to the analogue to digital converter

circuits used in such imaging applications.

BACKGROUND OF THE INVENTION

Harmonic ultrasound imaging is one particular type of ultrasound imaging
technique which is gaining increased interest. It exploits non-linear propagation of
ultrasound through the body tissues. The high pressure portion of the wave travels faster than
low pressure portions resulting in distortion of the shape of the wave. This change in
waveform leads to generation of harmonics (multiples of the fundamental or transmitted
frequency) from the tissue. For example, it is known to use the second harmonic to produce
the image as the subsequent harmonics are of decreasing amplitude and hence insufficient to
generate a proper image.

The harmonic waves that are generated within the tissue increase with depth to
a point of maximum intensity and then decrease with further depth due to attenuation. Hence
the maximum intensity is achieved at an optimum depth below the surface.

Harmonic imaging is based on the transmission of a relatively low frequency
ultrasound waves that enable high penetration; and reception of one or more of the harmonics
of the transmitted signal that appear in the reflections due to different scatterers. In this way,
a higher penetration depth can be combined with higher special resolution than is achievable
for higher frequencies.

Harmonic imaging has very broad and increasing applications. It is used in
classical ultrasound imaging to obtain better special resolution with low frequency (e.g. 2.5 to
6 MHz) ultrasound. It becomes an even more interesting imaging method when higher
frequencies are used, because the existing methods become proportionally more complex and
costly. Especially, the low penetration depth of high-frequency ultrasound requires imaging

techniques that can circumvent this problem.
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In addition to classic imaging applications, harmonic imaging can play an
important role in applications like tissue characterization where it can enable accurate
differentiation between different tissues by providing accurate amplitude measurements at a
certain frequency or a combination of frequencies. The fine amplitude and frequency
resolution can provide information about tissues, boundaries and anomalies.

A problem with ultrasound imaging systems is the signal to noise of the
received information. This is improved by providing earlier analog to digital conversion (for
a digital signal, connectivity and signal processing are more robust to noise and interference)
but this gives rise to higher power consumption of the receiver circuitry.

The article "A 1.8V CMOS fourth-order Gm-C bandpass sigma-delta
modulator dedicated to front-end ultrasonic receivers” in Analog Integrated Circuits and
Signal Processing, vol. 48, no. 2, 9 May 2006 pages 121-132 (XP 019390181) discloses an
ultrasonic receiver which makes use of a band-pass sigma delta converter, so that the receiver

can be tuned to different frequencies.

SUMMARY OF THE INVENTION

The invention is defined by the claims.

According to examples in accordance with an aspect of the invention, there is
provided an ultrasound imaging system probe, comprising:

an imaging transducer head arranged to transmit an ultrasound signal at a
transmitted ultrasound frequency; and

a reception circuit for processing received reflected ultrasound signals,

wherein the reception circuit comprises an analogue to digital sigma delta
converter which comprises a closed loop which comprises a tunable band pass filter with
tunable center frequency and bandwidth, and

wherein the center of the pass band of the tunable band pass filter is tunable
between a first frequency which corresponds to the transmitted ultrasound frequency and a
second frequency which corresponds to a desired harmonic of the transmitted ultrasound
frequency.

The invention thus makes use of band-pass sigma-delta ADCs. There may be
one or more analog to digital sigma delta converters. These are devices from an emerging
technology that is primarily driven by applications like software defined radios, where this
type of converter can provide the required flexibility and programmability of the architecture.

A programmable center frequency is provided, and the pass band is selected by the
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ultrasound acquisition electronics. Further, the pass band and the center frequency may be
accurately tuned for example between the transmitted signal frequency or the desired
harmonic of the transmitted signal such that the ADC can be effectively positioned to process
only the desired frequency band. This can be done by introducing band pass tuning circuitry
that uses as a reference the known transmit frequency or its harmonics. The probe may have
very high frequency selectivity and very high amplitude resolution based on the
programmable band pass filter incorporated in the ADC closed (feedback) loop. The analog
to digital converter may also have programmable clock frequency and DAC scalability.

The band-pass conversion aims to optimize energy usage by converting only
the desired frequency band.

The center of the pass band of the tunable band pass filter may thus
correspond to a transmitted ultrasound frequency or a desired harmonic of the transmitted
ultrasound frequency. The band-pass conversion impacts the achievable signal to noise ratio
because the noise outside the band no longer influences the operation. This enables the
system to zoom in a band with higher resolution without chaining the noise performance for
the building blocks of the ADC.

The transducer head may comprise an array of transducer elements, and
wherein the signal processing circuit comprises an analogue to digital sigma delta converter
for each transducer element of the transducer head or for a group of transducer elements. In
this way, there is digitization at the level of the individual transducer elements.

The reception circuit may then comprise an amplifier between each transducer
element and the respective analog to digital sigma delta converter.

The band pass filter may be tunable between a low resolution high bandwidth
mode and a high resolution low bandwidth mode. These two modes then correspond to
different imaging modes for the ultrasound imaging system in which the probe is used.

The band pass filter may be further tunable to a medium resolution medium
bandwidth mode. There are then at least three different imaging modes.

The invention also provides an ultrasound system comprising:

an ultrasound imaging system probe as defined above;

a controller for controlling the probe;

a beamformer; and

a signal processing circuit for processing the signals from the reception circuit

to generated an ultrasound image.
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The ultrasound system may process received reflected ultrasound signals
which are harmonics of the transmitted ultrasound signals.

The controller may be adapted to control the tunable band pass filter in
synchronism with switching between different receiving operating modes of the ultrasound
system. These receiving operating modes may define different resolution versus bandwidth
options. Thus, the tuning of the band pass filter depends on the transmit frequency that is
used as well as the receiving mode that is used.

Examples in accordance with another aspect of the invention provide an
ultrasound imaging method, comprising:

providing ultrasound into a volume to be image using an imaging transducer
head; and

processing received reflected ultrasound signals, by tuning a band pass filter
within the closed loop of an analogue to digital sigma delta converter the band pass filter
having a tunable center frequency and bandwidth,

wherein the method comprises setting the center of the pass band of the
tunable band pass filter to the transmitted ultrasound frequency or a desired harmonic of the
transmitted ultrasound frequency.

In addition, the pass band may be set to another center frequency or
bandwidth. This might be required when the used transmission beamforming or signal type
(e.g. chirp) results into the appearance of signal components in a different frequency band.

The transducer head may comprise an array of transducer elements, and
wherein the method comprises performing analogue to digital conversion individually for

each transducer element of the transducer head.

BRIEF DESCRIPTION OF THE DRAWINGS
Examples of the invention will now be described in detail with reference to the
accompanying drawings, in which:
Figure 1 shows a known ultrasound imaging system which may be modified to
use the ultrasound probe design of the invention;
Figure 2 shows in more detail a first known approach to the analog to digital
conversion of the probe signals;
Figure 3 shows in more detail a second example of known approach to the

analog to digital conversion of the probe signals;
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Figure 4 shows in more detail a third example of approach to the analog to
digital conversion of the probe signals;

Figure 5 shows how different ultrasound probe technologies, and in particular
pressure-to-electrical conversion transducers, have different frequency characteristics;

Figure 6 shows how different operating modes may be used;

Figure 7 shows a known sigma delta analog to digital converter;

Figure 8 shows the frequency characteristics of output signal of the converter
of Figure 7;

Figure 9 shows a tunable sigma delta analog to digital converter for use in an
ultrasound probe of the invention;

Figure 10 shows the frequency characteristics of the converter of Figure 9 in
three different operating modes;

Figure 11 shows a control circuit for controlling the tuning of the tunable
sigma delta analog to digital converter of Figure 9;

Figure 12 shows the tunable sigma delta analog to digital converter of Figure 9
with a first example of tunable band pass filter; and

Figure 13 shows the tunable sigma delta analog to digital converter of Figure 9

with a second example of tunable band pass filter.

DETAILED DESCRIPTION OF THE EMBODIMENTS

The invention provides an ultrasound imaging system probe which comprises
an imaging transducer head and a reception circuit for processing received reflected
ultrasound signals. The reception circuit comprises an analogue to digital sigma delta
converter which comprises a closed loop which comprises a tunable band pass filter. This
enables the analog to digital converter to process only the desired frequency band. The ADC
conversion bandwidth and effective number of bits (ENOB) are in this way programmable
giving a more efficient probe design, and also enabling analog to digital conversion early in
the signal processing chain.

The general operation of an ultrasonic diagnostic imaging system will first be
described, with reference to Figure 1.

Note that the reception function of the system is in particular described below
since this invention relates to the analog to digital conversion in the receive channel.

The system comprises an ultrasound probe 10 which has CMUT transducer

array 10’ for transmitting ultrasonic waves and receiving echo information. The transducer
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array 10’ may alternatively comprise piezoelectric transducer elements formed of materials
such as PZT or PVDF. The transducer array 10’ is a one- or a two-dimensional array of
transducer elements capable of scanning in a 2D plane or in three dimensions for 3D
imaging.

The transducer array 10’ is coupled to a (optional) microbeamformer 12 in the
probe which controls reception of signals by the CMUT array cells or piezoelectric elements.
Microbeamformers are capable of at least partial beamforming of the signals received by
groups or "patches" of transducer elements as described in US Patents 5,997,479 (Savord et
al.), 6,013,032 (Savord), and 6,623,432 (Powers et al.).

The microbeamformer 12 is coupled by the probe cable to a transmit/receive
(T/R) switch 16 which switches between transmission and reception and protects the main
beamformer 20 from high energy transmit signals when a microbeamformer is not used and
the transducer array is operated directly by the main system beamformer. The transmission
of ultrasonic beams from the transducer array 10 is directed by a transducer controller 18
coupled to the microbeamformer by the T/R switch 16 and a main transmission beamformer
(not shown), which receives input from the user's operation of the user interface or control
panel 38.

One of the functions controlled by the transducer controller 18 is the direction
in which beams are steered and focused. Beams may be steered straight ahead from
(orthogonal to) the transducer array, or at different angles for a wider field of view. The
transducer controller 18 can be coupled to control a DC bias control 45 for the CMUT array.
The DC bias control 45 sets DC bias voltage(s) that are applied to the CMUT cells.

In the reception channel, partially beamformed signals are produced by the
microbeamformer 12 and are coupled to a main receive beamformer 20 where the partially
beamformed signals from individual patches of transducer elements are combined into a fully
beamformed signal. For example, the main beamformer 20 may have 128 channels, each of
which receives a partially beamformed signal from a patch of dozens or hundreds of CMUT
transducer cells or piezoelectric elements. In this way the signals received by thousands of
transducer elements of a transducer array can contribute efficiently to a single beamformed
signal.

The beamformed reception signals are coupled to a signal processor 22. The
signal processor 22 can process the received echo signals in various ways, such as band-pass
filtering, decimation, I and Q component separation, and harmonic signal separation which

acts to separate linear and nonlinear signals so as to enable the identification of nonlinear
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(higher harmonics of the fundamental frequency) echo signals returned from tissue and
micro-bubbles. The signal processor may also perform additional signal enhancement such as
speckle reduction, signal compounding, and noise elimination. The band-pass filter in the
signal processor can be a tracking filter, with its pass band sliding from a higher frequency
band to a lower frequency band as echo signals are received from increasing depths, thereby
rejecting the noise at higher frequencies from greater depths where these frequencies are
devoid of anatomical information.

The beamformers for transmission and for reception are implemented in
different hardware and can have different functions. Of course, the receiver beamformer is
designed taking into account the characteristics of the transmission beamformer. .In Figure 1
only the receiver beamformers 12, 20 are shown, since this invention relates to the reception
signal processing channel. In the complete system, there will also be a transmission chain
with a transmission micro beamformer, and a main transmission beamformer.

The function of the micro beamformer 12 is to provide an initial combination
of signals in order to decrease the number of analog cables. This is typically performed in the
analog domain.

The final beamforming is done in the main beamformer 20 and is typically
after digitization.

The transmission and reception channels use the same transducer array 10’
which has a fixed frequency band. However, the bandwidth that the transmission pulses
occupy can vary depending on the transmission beamforming that has been used. The
reception channel can capture the whole transducer bandwidth (which is the classic approach)
or by using bandpass processing it can extract only the bandwidth that contains the useful
information (e.g. the harmonics of the main harmonic).

The processed signals are coupled to a B mode (i.e. brightness mode, or 2D
imaging mode) processor 26 and a Doppler processor 28. The B mode processor 26 employs
detection of an amplitude of the received ultrasound signal for the imaging of structures in
the body such as the tissue of organs and vessels in the body. B mode images of structure of
the body may be formed in either the harmonic image mode or the fundamental image mode
or a combination of both as described in US Pat. 6,283,919 (Roundhill et al.) and US Pat.
6,458,083 (Jago et al.) The Doppler processor 28 processes temporally distinct signals from
tissue movement and blood flow for the detection of the motion of substances such as the

flow of blood cells in the image field. The Doppler processor 28 typically includes a wall



10

15

20

25

30

WO 2017/097968 PCT/EP2016/080409
8

filter with parameters which may be set to pass and/or reject echoes returned from selected
types of materials in the body.

For instance, the wall filter can be set to have a pass band characteristic which
passes signals of relatively low amplitude from higher velocity materials while rejecting
relatively strong signals from lower or zero velocity material. This pass band characteristic
will pass signals from flowing blood while rejecting signals from nearby stationary or
slowing moving objects such as the wall of the heart. An inverse characteristic would pass
signals from moving tissue of the heart while rejecting blood flow signals for what is referred
to as tissue Doppler imaging, detecting and depicting the motion of tissue. The Doppler
processor receives and processes a sequence of temporally discrete echo signals from
different points in an image field, the sequence of echoes from a particular point referred to
as an ensemble. An ensemble of echoes received in rapid succession over a relatively short
interval can be used to estimate the Doppler shift frequency of flowing blood, with the
correspondence of the Doppler frequency to velocity indicating the blood flow velocity. An
ensemble of echoes received over a longer period of time is used to estimate the velocity of
slower flowing blood or slowly moving tissue.

The structural and motion signals produced by the B mode and Doppler
processors are coupled to a scan converter 32 and a multi-planar reformatter 44. The scan
converter 32 arranges the echo signals in the spatial relationship from which they were
received in a desired image format. For instance, the scan converter may arrange the echo
signal into a two dimensional (2D) sector-shaped format, or a pyramidal three dimensional
(3D) image. The scan converter can overlay a B mode structural image with colors
corresponding to motion at points in the image field with their Doppler-estimated velocities
to produce a color Doppler image which depicts the motion of tissue and blood flow in the
image field. The multi-planar reformatter will convert echoes which are received from points
in a common plane in a volumetric region of the body into an ultrasonic image of that plane,
as described in US Pat. 6,443,896 (Detmer). A volume renderer 42 converts the echo signals
of a 3D data set into a projected 3D image as viewed from a given reference point as
described in US Pat. 6,530,885 (Entrekin et al.).

The 2D or 3D images are coupled from the scan converter 32, multi-planar
reformatter 44, and volume renderer 42 to an image processor 30 for further enhancement,
buffering and temporary storage for display on an image display 40. In addition to being
used for imaging, the blood flow values produced by the Doppler processor 28 and tissue

structure information produced by the B mode processor 26 are coupled to a quantification
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processor 34. The quantification processor produces measures of different flow conditions
such as the volume rate of blood flow as well as structural measurements such as the sizes of
organs and gestational age. The quantification processor may receive input from the user
control panel 38, such as the point in the anatomy of an image where a measurement is to be
made. Output data from the quantification processor is coupled to a graphics processor 36 for
the reproduction of measurement graphics and values with the image on the display 40, and
for audio output from the display device 40. The graphics processor 36 can also generate
graphic overlays for display with the ultrasound images. These graphic overlays can contain
standard identifying information such as patient name, date and time of the image, imaging
parameters, and the like. For these purposes the graphics processor receives input from the
user interface 38, such as patient name. The user interface is also coupled to the transmit
controller 18 to control the generation of ultrasound signals from the transducer array 10” and
hence the images produced by the transducer array and the ultrasound system. The transmit
control function of the controller 18 is only one of the functions performed. The controller 18
also takes account of the mode of operation (given by the user) and the corresponding
required transmitter configuration and band-pass configuration in the receiver analog to
digital converter. The controller 18 can be a state machine with fixed states.

The user interface is also coupled to the multi-planar reformatter 44 for
selection and control of the planes of multiple multi-planar reformatted (MPR) images which
may be used to perform quantified measures in the image field of the MPR images.

This invention concerns the signal processing of the received reflected signals,
and in particular it relates to the analog to digital conversion. Analog to digital band pass
conversion early in signal processing path enables a more efficient probe design.

Figure 1 shows the microbeamformer 12 and beamformer 20 before the signal
processing path, and thus they operate in the analogue domain.

There are known approaches to perform the signal processing in a different
way, and in particular the analog to digital conversion can be done before any beamforming
is implemented. There are two different ultrasound imaging systems with earlier digitization
as depicted in Figure 2 and Figure 3.

Figure 2 shows the signal processing after the beamforming of the received
signal as a single block 50. However, this represents the combination of the various units
shown in Figure 1 within the corresponding region 50.

In Figure 2, the received signals are processed using an analog frontend 52

comprising a low noise amplifier (LNA) 54, a programmable time gain compensation (TGC)
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amplifier 56, and an anti-aliasing filter (AAF) 58 followed by an analog to digital converter
60. A transmit receive (T/R) switch 16 is shown which includes analog multiplexing so that
analog multiplexers select groups of a reduced number of transducer elements to be
connected to the beamformer. The selected group of elements is then electronically updated
for each acoustic line. This approach is for example used in 2D ultrasound. It digitizes the
signal before performing digital beamforming in the beamformer 20. The analog to digital
conversion function is not performed in the probe itself. Instead, long and expensive cables
are used to connect the signals to the backend. Element 54 is in the probe and there is a long
cable between elements 54 and 56.

In Figure 3, which shows an architecture typically used for 3D imaging, there
is analog micro-beamforming on individual pixels of a group followed by digital
beamforming for the group. As shown, the transducer elements of the transducer array 10" are
divided into sub-arrays 10a ... 10n. Within each sub-array, each transducer has a low noise
amplifier (LNA) 54, and a programmable time gain compensation (TGC) amplifier 56
followed by a micro-beamformer 12 which operates in the analog domain. There is then
summation of the signals for the sub-array, followed by analog to digital conversion using the
analog to digital converter 60 followed by beam beamforming using the beamforming unit
20.

Ultrasound systems also differentiate on where the different functional blocks
are located. In Figure 2, for example, only part of the analog frontend 52 is typically
implemented in the ultrasound probe. In contrast, the amplification, filtering, beamforming
and controls are realized in a back-end system that is located in the scanner.

Furthermore, each system has a number of channels, each of which has a
transmitter and a switch (including a diode bridge) that allows the passage of high voltage
transmit pulses to the transducer elements, but blocks these pulses from reaching sensitive
receivers. Echoes return to each receiver, which consist of amplifiers in series, including one
that has a variable gain for TGC under user control. The output of each channel is passed on
to the receive beamformer 20.

Pulse echo signals from the body are received by array elements and go
through individual user-adjustable TGC amplifiers to offset the weakening of echoes by body
attenuation and diffraction with distance. These signals then pass on to the receive
beamformer 20.

Figure 4 shows in schematic form a digitized highly parallel front-end. Each

transducer element is coupled to an associated amplifier 20 which incorporates the time gain
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compensation (TGC) function. This approach provides early digitization of the received
signal. The analogue to digital conversion may then be implemented in the probe, so that the
connection cables are after the conversion to the digital domain.

The output from the amplifier 20 is digitized in analog to digital converter 60
before buffering in first in first out (FIFO) registers 62, which implement variable delays
before summation in summer 64.

There are many benefits to use early digitization for many types of transducer
configuration, including transducers for 3D imaging.

However, early digitization poses demanding requirements for the size and
power consumption of the front-end electronics and the ADC function in particular. The
requirements of the ADC function in terms of resolution such as the effective number of bits,
ENOB, and conversion bandwidth, BW, can vary significantly from one mode of operation to
another. ENOB and BW are the two most important parameters that are determined by the
requirements of the particular application (imaging mode or key feature extraction from the
imaging). These parameters also determine the requirements of the whole imaging system
and detailed specifications of the individual building blocks.

In ultrasound imaging systems, the usable signal frequency band is determined
by the frequency response of the ultrasound transduces. As illustrated in Figure 5, different
transducers operate in different frequency ranges (their acoustic performance varies with
transmitted frequency). Figure 5 shows the signal versus frequency for PZT, CMUT and
crystal (XTAL) transducers.

A low frequency enables more penetration and a higher frequency enables
improved tissue fill, finer detail and third harmonic imaging. Higher order harmonic imaging
may be enabled by using broadband transducers or by using a narrowband transducer at the
harmonic imaging frequency.

CMUT transducers have the broadest frequency band of operation. At the
same time, the full frequency bandwidth is never used for all the time. In fact, most imaging
modes use only parts of the total frequency band as shown in Figure 6. Figure 6 shows
different frequency responses of the CMUT transducer for different imaging modes. The dark
plot 20 shows a spectrum-live Doppler measurement mode. More details on the CMUT
transducer frequency response for different imaging modes can be found in WO 2015/028945
A3.
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The attenuation of ultrasound waves in the medium is an essential factor
affecting the configuration of the front-end electronics. Ultrasound waves attenuate on a
logarithmic scale rather than a linear scale.

This invention is based on the recognition that an adaptable band-pass signal
processing approach may be used to adapt the bandwidth and the resolution of each
measurement according to the requirements of each imaging mode.

Conventional ADCs are low pass, meaning that they can convert signals
located between DC and a frequency Fy, where Fy is the Nyquist frequency of the system.

Figure 7 shows the structure of a Sigma-Delta ADC suitable for ultrasound
image processing.

The analog input i(t) is low pass filtered in filter 70 before being clocked by a
1 bit analogue to digital converter 72 to generate the digital output o[ Ts]. A feedback path
includes a 1 bit digital to analogue converter 74, and the analogue feedback signal fb(t) is
combined with the input to derive a difference signal d(t) which is supplied to the low pass
filter 70.

Note that multi-bit ADC and DACs may instead be used in the feedback loop.

Figure 8 shows the desired signal band 80, the Nyquist frequency 82 and the
oversampled frequency band 84.

This converter, in its classical low-pass operation, converts a rather large
signal bandwidth that can exceed several times the bandwidth of the desired input signal.
Further, the accuracy that can be achieved largely depends on how big is the conversion
bandwidth. Obviously, in cases when the desired signal is in a narrowband at high frequency,
both converters become very inefficient in terms of power consumption and performance and
on top of that produce a lot of data that is not useful for proper image construction.

Figure 9 shows an analog to digital converter 110 which is modified in
accordance with the invention. The analog input i(t) is filtered in filter 112 before being
quantized in amplitude and time by the 1 bit analogue to digital converter 72 (as also in
Figure 7) to generate the digital output o[Ts]. A feedback path includes a 1 bit digital to
analogue converter 74, and the analogue feedback signal fb(t) is combined with the input to
derive a difference signal d(t) which is supplied to the filter 112.

As explained above, in the general case, the ADC and the DAC in the closed
loop may be multi-bit.

The analog to digital converter may have a programmable clock frequency and

DAC scalability.
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The clock frequency may be adjusted in order to achieve the following
benefits:

(1) it can be increased to increase the resolution in the conversion pass band,
by effectively increasing the oversampling ratio for this band

(i1) it can be decreased in order to save power (thereby to sacrifice some
resolution when not needed)

(1i1) it can be used also to tune the system. The system operation is a result of
the interaction of the loop filter with the clock frequency. When it is difficult to implement
the exact desired value for the loop filter coefficient, the overall desired performance can be
still achieved by adapting the clock frequency.

A fixed clock frequency may be preferred for a simplified implementation of
the whole system.

The DAC may be rescaled if the clock frequency changes, in order to assure
the same DAC output with the new clock. Furthermore, the DAC can be scaled to
accommodate different maximum input signals.

The filter 112 is a tunable band pass filter. In order to realize optimal position
of the pass-band, the filter programmability can be controlled by synchronization signals
derived from the transmit signals used for the particular imaging mode. This enables further
optimization of the overall signal processing chain and simplifies the design of the converter.

Most classic modes such as the brightness mode (B-mode or 2D mode) and the
Doppler mode may use the proposed principle which brings the benefit of converting only the
desired bandwidths.

In addition, harmonic imaging modes in which the transmission and reception
uses the same transducer array can be employed (e.g. for a given frequency). For example,
the transmitter transmits the signal with the low 1/3 of the frequency band of the transducer,
while receiver works in the upper 1/3 of the frequency band to capture the 3" harmonic of the
transmitted signal.

In addition, the transmission uses the whole band of one low frequency
transducer while the receiver uses another high-frequency transducer with a reception band
located at 3x higher frequencies.

Figure 10 shows the pass band of the filter 112 and the conversion band of the
complete ADC. The region 120 shows a narrow band very high resolution mode, for
example greater than 100dB with a bandwidth of 200kHz. This enables very accurate

amplitude measurements in a narrow frequency band for tissue characterization.
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The region 122 shows a moderate band and resolution mode, for example
greater than 80dB with a bandwidth of IMHz. The region 124 shows a broad band low
resolution mode, for example greater than 50dB with a bandwidth of 3MHz.

Thus, the band pass filter may be tunable between a low resolution high
bandwidth mode and a high resolution low bandwidth mode. The high bandwidth mode for
example has a pass band of more than 1MHz, for example more than 1.5MHz and possibly
more 3MHz, whereas the low / narrow bandwidth mode has a pass band of less than 1 MHz,
for example less than 750kHz, for example less than S00kHz and possibly less than 250kHz.
The y-axis in Figure 10 illustrates the achievable dynamic range (DR) of the complete A/D
converter. Typically the dynamic range is used to derive the resolution in terms of Effective
Number of Bits (ENOB). ENOB=(SNR-1.76)/6.04 where in the ideal case SNR (signal to
noise ratio) =DR.

The center frequency of the pass band is tuned to the transmit frequency or to
a harmonic of the transmit frequency. There are many options for the transmit frequency.
Typically diagnostic imaging uses 2MHz to SMHz, however for in-body imaging with
catheters, frequencies of 30MHz or higher can be used. For microvascular structures, ever
higher frequencies may be employed.

Adjusting the center frequency of the analog to digital converter is carried out
at a circuit level. The band pass filter is for example realized with a combination of active
and passive circuits. These can be used to adapt the center frequency and the pass-band of
the filter to the various modes outlined above. These modes are discussed further below.

The narrow bandwidth mode, for ultrasound acquisition below 1MHz can have
bandwidth as narrow as a few tens of kHz e.g. 100kHz. The corresponding high resolution
refers to the Dynamic Range (DR) and Signal to Noise Ratio (SNR) of the acquisition
electronics. They are considered high resolution if they exceed the values for classical B-
mode imaging which are below 12bit Effective number of bits (ENOB). The primary need
for the narrow band acquisition is driven by the subtle difference between different tissues
that result in characteristic narrow band reflections that can only be analyzed with high
accuracy and power efficiency with a narrow band signal acquisition. This mode is for
example used for Doppler imaging (continuous and pulsed).

The medium bandwidth mode is for example for harmonic imaging, in which
the ADC center frequency is at a harmonic of the transmission frequency. The benefit for
harmonic imaging is in the fact that when higher frequency signals are more attenuated, more

gain is need to acquire them. Applying gain only for these frequencies will require analog
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pre-filtering in order to avoid clipping from the stronger lower frequencies signals. Analog
filtering is typically expensive either in area or in power.

The large bandwidth mode is for example for B-mode or A-mode 2D and 3D
imaging. The bandwidth is set to match the bandwidth of the ADC transducer.

The three modes can be seen as completely independent but they may for
example be used in a sequence. Which mode to use will depend on the application or the
measurement within the application.

For example, in a pregnancy scan, B-mode imaging can be used for general
imaging while Doppler imaging can used for a particular measurement of blood flow e.g. in
the fetus heart. Enabling the implementation of both modes in one ultrasound front-end
provides efficiency and cost savings. Tissue characterization can again be a completely
independent measurement that is used outside the body for better characterization of tissues
or tissues boundaries, or inside the body (for example usage on catheters).

An imaging procedure might thus include initial usage of B-mode imaging
(large bandwidth lower resolution acquisition) which is then followed by harmonic imaging
with a higher resolution, and finally completed with a measurement type of image acquisition
with maximum accuracy (as achievable in using the narrow bandwidth mode). This is useful
when the data from the initial lower resolution imaging modes is used to guide the more
refined modes, for example by narrowing the volume that has to be imaged with very high
accuracy.

There are various ways to switch between the modes. One approach is for the
three modes to be sequentially executed and only a few parameters are required to pass from
one mode to the next. Alternatively, the modes can be interleaved. For example, after
scanning a small volume in the B-mode, Doppler or Tissue characterizations are used to
assess deeper the results or to provide input to a subsequent B-mode acquisition.

Figure 11 shows a control circuit for controlling the pass band of the filter of
the converter 110. The output of the filter is provided to a DSP 130 which controls the
transducer controller 18. Synchronization signals from the transducer controller 18 are used
to control the filter.

The DSP block 130 takes account of which signals have been used for
transmission (the frequency and bandwidth) and the desired imaging mode (which
determines which frequency bands have to be converted). In this case, the DSP 130 needs to
tune the analog band pass filter in the loop such that it is centered in the desired conversion

bandwidth. There are known approaches for how to tune the analog filter response using, as a
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reference, a fixed known frequency (e.g. the main frequency component of the transmission
signal).

The different modes of operation are enabled by design by introducing
programmability of the filter coefficients (the unity gain frequency of the integrators and the
values of the feedforward and the feedback coefficients in the loop filters shown the figures).
The preferred way to implement programmability will depend on the design of the filter. In
the case of active resistor-capacitor (RC) or transconductance-capacitor (Gm-C) filters that
are typically preferred, the coefficients are realized by selecting proper values for the
resistors, capacitors and the transconductance values.

For example, for the topologies of Figures 12 and 13 (described below) the
center frequency is determined by the unity gain frequency of the integrators and the local
feedback paths.

In order to vary the center frequency of the filter to a desired harmonic, all
coefficients should be scaled. Typically for a fixed clock all coefficients are scaled with
identical scale factor N, which is pre-calculated. In addition, for each coefficient, at least two
values are implemented in the hardware: a nominal value and N times the nominal value. For
each new bandwidth a new value of N has to be used and hardware enabled during
implementation.

If all coefficients are scaled with the same factor N, the center frequency
changes but not the bandwidth. To adjust also the bandwidth, the different poles in the
transfer function H(s) are scaled with a different factor. Again the scaling factor is pre-
calculated and enabled in the hardware.

This scaling can be used for a fixed clock as long as the center frequency of
the conversion is below fs/4 (fs is the sampling frequency). This requirement is needed in
order to maintain the stability of the ADC. Further, similar to the poles, the zero of the
transfer function H(s) (in the numerator of the transfer function) should be scaled with the
same coefficients. The transmission frequency and its harmonics can thus be used for
calibration of the nominal transfer function coefficients and the scaling factors N.

When this variable pass-band signal digitization is used in an ultrasound
imaging system, a highly flexible and energy and area efficient construction is enabled.

The converter may be used in the system of Figure 3 with analog
beamforming. However, it enables a variety of new options if digitization is performed very
early in the signal processing chain before any beamforming.

In particular the approach then addresses the following problems:
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(1) Analog-to-digital conversion of a broad frequency range of a few MHz is
very costly in terms of power and chip area. The cost depends also heavily on the resolution
that is required such that broadband high accuracy converters (>13 ENOB) typically have
hundreds of mW power consumption. In a band-pass configuration the power requirements
decrease significantly with the decrease of conversion bandwidth.

(i1) Band-pass sigma delta converters are very flexible and the acquisition
front-end can be adapted electronically, with a few configuration bits, to operate from a very
narrow band mode (e.g. a few kHz for CMUT base imaging) to the full CMUT bandwidth.
This can be done very quickly, even without adaptation of the CMUT bias voltages thus
increasing re-configuration speed and avoiding bias switching artifacts.

(ii1) Band-pass acquisition, naturally limits the amount of data because only
the frequency range that is needed by the particular imaging modality is actually acquired.
The non-desired noise band can be easily filtered with simple digital filters. This further
simplifies the requirements towards the complete system and decreases its power
consumption and cost.

In contrast to classical analog band-pass acquisition, where analog band-pass
filters are used, the proposed implementation has the advantages of much higher speed.
Analog band-pass filters are usually rather slow as they need settling time for each
consecutive signal acquisition. In band-pass sigma delta converters, the settling process is
occurring at start-up and during normal operation the built-in filter operates from a steady-
state mode and thus reacts very quickly to input signal changes.

The implementation is also much more stable. As analog band pass filter
typically incorporate resonators or other filters with positive feedback they are very prone to
instabilities, especially higher order filters. In a band pass sigma delta architecture, the
stability is guaranteed via the existing negative feedback loop and the filter construction may
guarantee its stability.

The design is also more easily scalable and configurable. This originates from
the several additional degrees of freedom that are introduced such as clock speed, DAC and
quantizer programmability that enable very broad configurability of the bass-band center
frequency and bandwidth.

The filter may be used to enable transmission at one frequency and detection
at another with electronic front-end reconfiguration.

The filter 112 may be implemented in various ways.
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Figure 12 shows an implementation of the circuit of Figure 9 having a multi-
level ADC 72 and DAC 74. The tunable band pass filter 112 has a feedback structure in
which the analogue feedback signal is applied through first gain elements 120 with
coefficient fx to addition nodes of the structure. Second gain elements 122 with coefficient
gx are in feedback paths to the addition nodes. There are integrators between the nodes.

Figure 13 shows an implementation of the circuit of Figure 9 again having a
multi-level ADC 72 and DAC 74. The tunable band pass filter 112 has a feed forward
structure in which the analogue feedback signal is applied only to the first addition node of
the structure. There are feedforward gain elements 130 with coefficient fx leading to a final
addition node. There are also feedback gain elements 132 with coefficient gx leading to
addition nodes of the structure. There are again integrators between the nodes.

These are just two known examples of possible programmable band pass filter
structure which may be used within the converter. Other filter structures may also be
employed.

The filters are programmable by making the fx and gx coefficients in the
architectures programmable as described above

By way of example, the link between the controller 18 and and the analog to
digital converter 110 (Figure 11) may be a reference frequency signal that is used to adapt the
Jx and gx coefficients such that the frequency response of the filter is matched to the
reference signal. This can be done, for example, by adapting the coefficients until the filter
response to the reference signal is maximized.

There may be more than one reference signal from the controller 18 to the
converter 110. The signals may be static for switching the filter to a pre-programmed known
state, or they may be for adapting the filter to a reference signal. The reference signal may be
time variable. A most simply implementation may have all modes enabled in hardware at
design. The controller can then switch between modes and just calibrate if needed.

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. 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. 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 advantage.

Any reference signs in the claims should not be construed as limiting the scope.
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CLAIMS:

1. An ultrasound imaging system probe, comprising:

an imaging transducer head (10') arranged to transmit an ultrasound signal at a
transmitted ultrasound frequency; and

a reception circuit for processing received reflected ultrasound signals,

wherein the reception circuit comprises an analogue to digital sigma delta
converter (110) which comprises a closed loop which comprises a tunable band pass filter
(112) with tunable center frequency and bandwidth, and

wherein the center of the pass band of the tunable band pass filter (112) is
tunable between a first frequency which corresponds to the transmitted ultrasound frequency
and a second frequency which corresponds to a desired harmonic of the transmitted

ultrasound frequency.

2. A probe as claimed in claim 1, wherein the transducer head (10') comprises an
array of transducer elements, and wherein the signal processing circuit comprises an

analogue to digital sigma delta converter for each transducer element of the transducer head.

3. A probe as claimed in claim 2, wherein the reception circuit comprises an
amplifier (20) between each transducer element and the respective analog to digital sigma

delta converter.

4. A probe as claimed in any preceding claim, wherein the band pass filter is
tunable between a low resolution high bandwidth mode and a high resolution low bandwidth

mode.

5. A probe as claimed in claim 4, wherein the band pass filter is further tunable

to a medium resolution medium bandwidth mode.

6. An ultrasound system comprising:

an ultrasound imaging system probe as claimed in any preceding claim;
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a controller (18) for controlling the probe;
a beamformer; and
a signal processing circuit for processing the signals from the reception circuit

to generated an ultrasound image.

7. A system as claimed in claim 6, wherein the controller is adapted to control
the tunable band pass filter in synchronism with switching between different receiving

operating modes of the ultrasound system.

8. A system as claimed in claim 6 or 7, wherein the reception circuit is for
processing received reflected ultrasound signals which are harmonics of the transmitted

ultrasound signal.

9. An ultrasound imaging method, comprising:

providing ultrasound signal into a volume to be imaged using an imaging
transducer head; and

processing received reflected ultrasound signals, by tuning a band pass filter
within the closed loop of an analogue to digital sigma delta converter, the band pass filter
having a tunable center frequency and bandwidth,

wherein the method comprises setting the center of the pass band of the
tunable band pass filter to the transmitted ultrasound frequency or a desired harmonic of the

transmitted ultrasound frequency.

10. A method as claimed in claim 9, wherein the transducer head comprises an
array of transducer elements, and wherein the method comprises performing analogue to

digital conversion individually for each transducer element of the transducer head.

11. A method as claimed in claim 9 or 10, comprising tuning the band pass filter
in synchronism with switching between different receiving operating modes of the ultrasound

system.

12. A method as claimed in claim 11, wherein the modes comprise a low

resolution high bandwidth mode and a high resolution low bandwidth mode.
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13. A method as claimed in any claim 12, wherein the modes further comprise a

medium resolution medium bandwidth mode.
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