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ABSTRACT

SENSING APPARATUS USING MULTIPLE ULTRASOUND PULSE SHAPES

A sensing apparatus comprising an ultrasound transceiver for transmitting ultrasound

signals into a sample and receiving a resultant ultrasound reflection signal from the
sample, a detector for processing signals received by the transceiver by comparing
the received signal against a reference signal to generate a response signal, the
response signal comprising values as a function of time that represent the strength
of the match between the received signal and the reference signal at the respective
time; and a driver capable of generating a plurality of pre-defined pulse templates.

Figure 4c
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SENSING APPARATUS USING MULTIPLE ULTRASOUND PULSE SHAPES

This invention relates to a sensing apparatus that outputs ultrasound signals at a
sample, receives reflections of those ultrasound signals from the sample and processes
the received signals to detect the reflections.

Ultrasound is an oscillating sound pressure wave that can be used to detect objects and
measure distances. A transmitted sound wave is reflected and refracted as it encounters
materials with different acoustic impedance properties. If these reflections and refractions
are detected and analysed, the resulting data can be used to generate images of the
environment through which the sound wave travelled.

Ultrasound can be used to identify particular structural features in an object. For
example, ultrasound may be used for non-destructive testing by detecting the size and
position of flaws in a sample. There are a wide range of applications that can benefit
from non-destructive testing, covering different materials, sample depths and types of
structural feature, such as different layers in a laminate structure, impact damage,
boreholes etc. Therefore, there is a need for a sensing apparatus that is capable of

performing well in a wide-range of different applications.

According to one embodiment, there is provided a sensing apparatus comprising: an
ultrasound transceiver for transmitting ultrasound signals into a sample and receiving a
resultant ultrasound reflection signal from the sample; a detector for processing signals
received by the transceiver by comparing the received signal against a reference signal to
generate a response signal, the response signal comprising values as a function of time
that represent the strength of the match between the received signal and the reference
signal at the respective time; and a driver capable of generating a plurality of pre-defined
pulse templates, the driver being operable in a use phase to apply a selected one of the
pre-defined pulse templates to the transceiver for driving it to transmit ultrasound signals,
the pre-defined pulse templates being such as to include at least two of the following: i) a
pulse template having been selected in a pre-use phase that consists of a single pulse
and that, when the transceiver is driven into air in the pre-use phase, generates a
response signal having a higher prominence of a primary peak than the response signals
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generated by any of the other pre-defined pulse templates that consist of a single pulse; ii)
a pulse template having been selected in the pre-use phase that consists of two or more
pulses and that, when the transceiver is driven into air in the pre-use phase, generates a
response signal having a higher prominence of a primary peak than the response signals
generated by any of the other pre-defined pulse templates; iii)) a pulse template having
been selected in the pre-use phase that, when the transceiver is being driven into a solid
in the pre-use phase, generates a response signal having a higher prominence of a
primary peak than the response signals generated by any of the other pre-defined pulse
templates; and iv) a pulse template having been selected in the pre-use phase that, when
the transceiver is driven in the pre-use phase, generates a response signal having a
higher proportion of its energy in a primary peak than the response signals generated by
any of the other pre-defined pulse templates.

Pulse template (i) may generate a response signal in which the ratio of the amplitude of
its primary peak to the amplitude of its largest side lobe is higher than in the response
signals generated by any of the other pre-defined pulse templates that consist of a single

pulse.

Pulse template (i) may generate a response signal in which the difference between the
amplitude of its primary peak and the amplitude of its largest side lobe is larger than in
the response signals generated by any of the other pre-defined pulse templates that
consist of a single pulse.

Pulse template (ii) may generate a response signal in which the ratio of the amplitude of
its primary peak to the amplitude of its largest side lobe is higher than in the response

signals generated by any of the other pre-defined pulse templates.

Pulse template (ii) may generate a response signal in which the difference between the
amplitude of its primary peak and the amplitude of its largest side lobe is larger than in
the response signals generated by any of the other pre-defined pulse templates.

Date Regue/Date Received 2020-11-26



CA 02863883 2014-09-18

Pulse template (i) may generate a response signal in which the ratio of the
amplitude of its primary peak to the amplitude of its largest side lobe is higher than in
the response signals generated by any of the other pre-defined pulse templates.

Pulse template (iv) may generate a response signal in which the ratio of the
amplitude of its primary peak to the mean absolute energy comprised in its side
lobes is higher in than the response signals generated by any of the other pre-

defined pulse templates.

The pre-defined pulse templates may include: (v) a pulse template that generates a
response signal having an FFT that has an occupied frequency bin with an amplitude
that is above a certain value but which is lower than the amplitude of any occupied
frequency bin above the certain value in the FFTs of the response signals generated

by any of the other pre-defined pulse templates.
Either or both of pulses (iii) and (iv) may consist of a single pulse.

The sensing apparatus may comprise a user input device configured to receive a
user input for selecting one of the pre-defined pulse templates to be applied to the

transceiver.

The detector may be configured to compare the received signal against a reference

signal that is selected in dependence on the selected pulse template.

The detector may be configured to compare the received signal against a match
filter.

The pre-defined pulse templates may include a pulse template consisting of two or

more pulses of the same length.
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The pre-defined pulse templates may include a pulse template consisting of two or
more pulses in which the length of one of those pulses is different from the length
of at least another of those pulses.

The pre-defined pulse templates include a pulse template consisting of a single step.

According to a second embodiment, there is provided a method of manufacturing a
sensing apparatus comprising: designing the apparatus, including: testing a
plurality of pre-defined pulse templates by driving each pre-defined pulse template
into a test substance; receiving a resultant ultrasound reflection signal from the test
substance; comparing the received signal against a reference signal to generate a
response signal; comparing the response signal against a selection criterion; and
selecting, as pre-defined pulse templates that the sensing apparatus is to be
capable of using, the pre-defined pulse templates being such as to include at least
two of the following: i) a pulse template that consists of a single pulse and that,
when the transceiver is driven into air in the pre-use phase, generates a response
signal having a higher prominence of a primary peak than the response signals
generated by any of the other pre-defined pulse templates that consist of a single
pulse; ii) a pulse template that consists of two or more pulses and that, when the
transceiver is driven into air in the pre-use phase, generates a response signal
having a higher prominence of a primary peak than the response signals generated
by any of the other pre-defined pulse templates; iii) a pulse template that, when the
transceiver is being driven into a solid in the pre-use phase, generates a response
signal having a higher prominence of a primary peak than the response signals
generated by any of the other pre-defined pulse templates; and iv) a pulse template
that, when the transceiver is driven in the pre-use phase, generates a response
signal having a higher proportion of its energy in a primary peak than the response
signals generated by any of the other pre-defined pulse templates; and materially

producing the apparatus so designed.

The test substance may be air. The test substance may be a solid.

Date Regue/Date Received 2020-11-26
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The method may comprise selecting two or more pre-defined pulse templates for
the sensing apparatus by driving each of the pre-defined pulse templates into two
or more different test substances and selecting, for each test substance, a pre-
defined pulse template that performed best against the selection criterion.

The method may comprise selecting two or more pre-defined pulse templates for
the sensing apparatus by comparing the response signal for each pre-defined pulse
template against two or more different selection criterion and selecting, for each
selection criterion, a pre-defined pulse template that performed best against that

criterion.

The method may comprise materially producing the apparatus by storing the
selected pulse template in a memory of the sensing apparatus.

Date Regue/Date Received 2020-11-26
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The present invention will now be described by way of example with reference to the

accompanying drawings. In the drawings:

Figures 1a to h show examples of different pulse templates;

Figure 2 shows an example of an ultrasound transceiver;

Figure 3 shows an example of a sensing apparatus;

Figures 4a to c show an example of an ultrasound signal, a match filter and a

response signal;

Figure 5 shows an example of a design and manufacture process;

Figure 6 shows an example of a handheld sensing apparatus; and

Figure 7 shows an example of how to activate multiple transmit lines in an ultrasound

transducer.

A sensing apparatus has an ultrasound transceiver for transmitting ultrasound
signals into a sample and receiving refiections of those signals from the sample. The
sensing apparatus also inciudes a detector for detecting the reflections. The
detection process is made more straightforward if the ultrasound signals have some
predefined shape so that the detector knows approximately what the refiections
should look like. The sensing apparatus has a driver, which is capable of generating
a predefined pulse template for use by the transceiver in generating the ultrasound
signal, so that the resulting ultrasound signal consists of pulses whose shape is at

least approximately known to the sensing apparatus.

The detector detects reflections by comparing the received signal against a
reference signal. This process generates a response signal, which comprises values
as a function of time that represents the strength of the match between the received
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signal and the reference signal at the respective time. The detector can use the
response signal to determine when a reflection was received at the transceiver and
also some measure of the signal energy comprised in that reflection. Both of these
measures are useful to the apparatus as they indicate the time-of-flight of the
reflection (so how deep in the sample the structural feature that triggered the
refiection is located) and can also give an indication of the type of material through
which the reflection has travelied.

The information that is gathered by the sensing apparatus is likely to be more
accurate the more accurately the reflections are detected by the detector. The exact
shape of the transmitted ultrasound signals is, in practice, known only approximately
to the detector because the pulse templates inevitably undergo some unquantifiable
changes on being converted into an analogue signal and then output as an
ultrasound signal. The inventors have found through practical experimentation that
some pulse shapes are detected more accurately than others, and also that a
particular pulse shape’s performance can vary depending of the type of material in
the sample and the structural feature that is being scanned. Experiments have also
indicated that although some pulse shapes produce different outputs at the scanning
apparatus, other pulse shapes produce outputs that are virtually indistinguishable
from each other. Examples of different pulse templates are shown in Figures 1(a) to
(h) and include templates that consist of only one pulse, or more than one pulse, of
various durations. It is also possible for a pulse template to consist of a single “step”
from low-to-high or from high-to-low. A puise may include both an increasing and a

decreasing step.

A sensing apparatus is preferably provided with two or more different pulse
templates so that an appropriate pulse template can be selected for the particular
sample. The pulse templates preferably perform: (a) differently from each other; and
(b) optimally for an intended application of the scanning apparatus, which implies
that a specific selection criteria are needed. The inventors have found that the
performance of a particular pulse template can be predicted by computing a number

of different metrics based on a response signal the pulse template generates when
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driven into air or a test sample. The driver of the sensing apparatus is therefore
preferably configured to generate a plurality of pre-defined pulse templates that
include at least two of the following:

i) a pulse template that consists of a single pulse and that, when the
transceiver is being driven into air, generates a response signal having a higher
prominence of a primary peak than the response signals generated by any of the
other pre-defined pulse templates that consist of a single pulse;

i) a pulse template that consists of two or more pulses and that, when the
transceiver is being driven into air, generates a response signal having a higher
prominence of a primary peak than the response signals generated by any of the
other pre-defined pulse templates;

i) a pulse template that, when the transceiver is being driven into a solid,
generates a response signal having a higher prominence of a primary peak than the
response signals generated by any of the other pre-defined pulse templates; and

iv) a pulse template that generates a response signal having a higher
proportion of its energy in a primary peak than the response signals generated by
any of the other pre-defined pulse templates.

To illustrate the differences between the different pulse templates: pulse template (i)
works particularly well for thin carbon plates; pulse template (ii) works particularly
well for imaging boreholes (but also performs well on impact damage and other
applications); pulse template (iii) works particularly well for imaging impact damage
(but also performs well on boreholes and other applications); and pulse template (iv)

works particularly well for metal or metal-like samples.

The apparatus will now be described in more detail with reference to a particular
example. This is for illustrative purposes only, and it should be understood that the
apparatus is not limited to any specific feature of this example.

An example of an ultrasound transceiver is shown in Figure 2. The dry coupling 201
may be formed of an elastomer or any other suitable material. The outer surface of
the dry coupling is applied to a sample when testing is to be done. Behind the dry
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coupling is a transducer laminate 202. It is comprised of transmitter 203 and receiver
204 circuits that are respectively formed of copper deposited on a polyimide film.
Each copper layer may form a series of electrodes. The electrodes might also be
formed of other materials — gold, for example. A layer of piezoelectric material 205
(PVDF in this example) is sandwiched between the copper layers. This layer
generates ultrasound signals when a high-voltage pulse train is sent out on the
transmitter electrode, causing the piezoelectric layer to start vibrating and output an
ultrasonic wave. In other examples the transducer might not comprise the adhesive
or base film layers. The electrodes might be deposited directly on the piezoelectric

layer.

The high-voltage pulse train is generated using a pulse template. Typicaily the pulse
template is a digital signal that is then converted into the analogue, high voltage
pulse train by the driver. This conversion may introduce small changes into the
shape of the pulses. Also, the rise and fall times and transmit delay of the transmitter
are usually specific to the transceiver and are largely unknown because of the
unknown responsiveness of the piezoelectric layer to the high-voltage pulse train.
These are two of the reasons why it is difficult to optimise the performance of the
apparatus using the shape of the pulse template alone, because that pulse template
will inevitably not be exactly what is transmitted as an ultrasound pulse. Therefore, it
is preferable to select particular pulse templates based on their actual performance

in accordance with quantifiable metrics.

In one example the transmitter and receiver circuits comprise a plurality of elongated
electrodes deposited in parallel lines on a flexible base layer. The transmitter and
receiver circuits may be laminated together. They may be arranged so that their
respective electrodes overlap at right angles to form an intersecting pattern. The

intersections form an array of transducer glements.

The number of transmitter and receiver electrodes is scalable. Hence transducers
can be designed of any desired size and shape. The electrode width is also scalable
to adjust the amount of energy output per electrode. The electrode width can also be
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adjusted in dependence on the desired focus. The distance between the electrodes
might also be varied. Generally it is preferred to have small gaps between
neighbouring electrodes to maximise ultrasound energy by stimulating as large an
area of the piezoelectric layer as possible. The thickness of the electrodes may be
chosen to control factors such as frequency, energy and beam focus. The thickness
of the base film may be chosen to control factors such as signal shape, frequency
and energy. The PVDF thickness can alsc be adapted to change signal shape,
frequency and energy (which are also dependent on the transmitting pulse shape).
The dry coupling thickness can be adapted to create a particular time lag between

transmitting the ultrasound pulses and receiving reflections of them from the sample.

An example of a sensing apparatus is shown in Figure 3. In this example the
transmitter and receiver are implemented by an ultrasound transducer 301, which
comprises a matrix array of transducer elements 312. These fransducer elements
form the receiver surface. The transmitter electrodes are connected to the driver
302, which supplies a pulse template to a particular electrode. The transmitter
control 304 selects the transmitter electrodes to be activated. The receiver
electrodes sense sound waves that are emitted from the object. The receiver module

306 receives and amplifies these signals.

The transmitter may transmit the sound pulses using signals having frequencies
between 100kHz and 30MHz, preferably between 1 and 15MHz and most preferably
between 2 and 10MHz.

The pulse selection module 303 and pulse generator 313 operate under the control
of the driver. The pulse selection module selects the particular pulse shape to be
transmitted. Usually this selection will be based on user input but it could be made
automatically by the apparatus in dependence on a particular application (e.g. a
particular structural feature to be scanned) or a material of the sample. The pulse
generator supplies the transmitter module with an analogue pulse pattern that will be
converted into ultrasonic pulses by the transducer. The pulse selection module may
have access to a plurality of predefined pulse templates stored in memory 314.



CA 02863883 2014-09-18

10

The apparatus alternately transmits and receives. When setting up a receive line and
transmitting a pulse on a transmit line, an acoustic wave is generated in the area of
overlap (the transducer element). This sound wave travels through a coupling pad
and into the material for inspection. The reflection of the sound wave is picked up by
the same receive line that was set up during transmission. The transmit lines may be
activated individually in turn. Another option is for the transmit lines to be activated in
groups, which provides more ultrasound energy and can provide better focus at
certain depths. An example of this is shown in Figure 7: each transmit operation
activates a plurality of transmit lines and each transmit operation in the sequence
overlaps the previous sequence by at least one transmit line. The transmit
operations progress line-by-line so that each transmit operation is one transmit
operation further across the matrix than the preceding operation. Each element in
the ultrasound transducer may obtain 2 to 4 time series by repeated measurement.
Each of these time series may be processed in accordance with the signal

processing methods described below.

The detector 305 processes the received ultrasound signals detect reflected sound
pulses and extract relevant information from the reflections. The detector may be
implemented by a signal processor. The signal is suitably time-gated so that the
signal processor only detects and processes reflections from depths of interest. The
time-gating may be adjustable, preferably by a user, so that the operator can focus
on a depth range of interest. The depth range is preferably 0 to 20mm, and most
preferably O to 15mm. The signal processor may receive a different signal from each
location on the receiver surface, e.g. at each transducer element. The signal

processor may analyse these signals sequentially or in parallel.

The signal processor suitably detects reflected pulses by comparing the received
signal with a reference signal. The reference signal may be representative of the
selected pulse template. There are a number of ways this may be achieved. A
preferred method is to use a match filter corresponding to the selected pulse
template (more information about how the match filter may be generated is given
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below). The apparatus may be arranged to accumulate and average a number of
successive samples in the incoming sample for noise reduction before the filtering is
performed. The analysis unit uses the match filter to accurately determine when the
reflected sound pulse was received. The signal processor performs features
extraction to capture the maximum amplitude of the filtered signal and the time at
which that maximum amplitude occurs. The signal processor may also extract phase

and energy information.

The signal processor is preferably capabie of recognising muitiple peaks in each
received signal. It may determine that a reflection has been received every time that
the output of the maich filter exceeds a predetermined threshold. It may identify a
maximum amplitude for each acknowledged reflection.

Examples of an ultrasound signal s(n) and a corresponding match filter p(n) are
shown in Figures 4a and b respectively. The ultrasound signal s(n) is a reflection of a
transmitted puise against air. The absolute values of the filtered time series (i.e. the
absolute of the output of the match-filter) for ultrasound signal s(n) and
corresponding match filter p(n) are shown in Figure 4c. This is the response signal.
The signal processor estimates the time-of-flight as the time instant where the
amplitude of the filtered time series is at a maximum. In this example, the time-of-

flight estimate is at time instant 64.

In one embodiment the apparatus may ampilify the filtered signal before extracting
the maximum amplitude and time-of-flight values. This amplification may be done by
the signal processor. The amplification might also be controlled by a different
processor or FPGA. In one example the time corrected gain is an analogue
amplification. This may compensate for any reduction in amplitude that is caused by
the reflected pulse’s journey back to the receiver. One way of doing this is to apply a
time-corrected gain to the filtered signal. The amplitude with which a sound pulse is
reflected by a material is dependent on the qualities of that material (for example, its
acoustic impedance). Time-corrected gain can (at least partly) restore the signal to
what it would have looked like when first reflected. The resulting image should then
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more accurately reflect the material properties of the structural feature that reflected
the pulse. The resulting image should also more accurately reflect any differences

between the material properties of the structural features in the object.

The image construction module may be configured to receive user input from user
input module 313. Generated images are output to display 311, which may be
contained in the same device or housing as the other components or in a separate
device or housing. The display may be linked to the other components via a wired or

wireless link.

Some or all of the image construction module and the image enhancement module
could be comprised within a different device or housing from the transmitter and
receiver components, e.g. in a tablet, PC, PDA or other computing device. However,
it is preferred for us much as possible of the image processing to be performed in the
transmitter/receiver housing {see e.g. handheld device 601 in Figure 6).

The image construction module may generate a number of different images using
the information gathered by the signal processor. Any of the features extracted by
the signal processor from the received signal may be used. Typically the images
represent time-of-flight, energy, amplitude and/or phase. The image construction
module may associate each pixel in an image with a particular location on the
receiver surface so that each pixel represents a reflection that was received at the

pixel's associated location.

The image construction module may be able to generate an image from the
information gathered using a single transmitted pulse. The image construction
module may update that image with information gathered from successive pulses.
The image construction module may generate a frame by averaging the information
for that frame with one or more previous frames so as to reduce spurious noise. This

may be done by calculating the mean of the relevant values that form the image.
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The selection of the pulse templates for the sensing apparatus could be performed
by the apparatus itself. The apparatus may have many pulse templates available to
it, which it can test in turn. This kind of calibration process might require the
involvement of a user, e.g. by firing the sensing apparatus against air and then
against a solid sample of appropriate material. It is more convenient, however, for
the pulse template selection to form part of a design and manufacture process that
produces a sensing apparatus as its end result. An example of such a process is

shown in Figure 5.

In step S501 of Figure 5 a plurality of pulse templates are generated for testing.
Each pulse template may contain one or more individual pulses, which may have
different shapes, amplitudes and durations. Various examples are shown in Figure 1.
As an example, the pulse template shown in Figure 1(h) consists of two separate
digital pulses. The distances a, b and ¢ represent the respective durations of the first
pulse, the second puise and the time between the two pulses. A large number of

different pulse templates may be generated by having “a”, “b” and “c’ vary. For
example, with a 64MHz clock, “a” and “b” might each vary between 4 and 15 clock
cycles and “c” might vary between 6 and 15 clock cycles. In step S502 each of the
pulse templates is tested in turn. Each pulse template may go through multiple
different rounds of testing, as described in more detail below. The tests may involve
driving the pulse templates into different substances, such as air or a solid of an
appropriate material. The response signal from each test is quantified according to a
number of different metrics (step S503). The results across all pulse templates and
all rounds of testing are then analysed (step S504) and the optimum pulse templates
are selected for the sensing apparatus (step S505). The optimum pulse templates
will usually depend on what applications the apparatus is intended for. In step S506
the sensing apparatus is manufactured to have the capability to generate the

selected pulse templates.

The design process may involve using a sensing apparatus such as that described
above to assess the relative performance of the different pulse templates against the

different selection criteria. This helps to give an accurate impression of how the
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pulse templates will perform in practice when generated by one of the sensing
apparatus. The design process is, however, likely to incorporate additional
processing power in the form of computers etc so that a large number of different

puise templates can be assessed reasonably quickly.

One additional step that may be incorporated into the selection method is a step of
generating match filters corresponding to the different pulse templates. The match
filter should ideally be similar in shape to a reflection of the transmitted pulse
template. The exact shape of the reflection is typically not known in advance (e.g.
because the transmitted pulse will not be exactly the same shape as the pulse
template, as explained above). One possibility is to carry out simulations to predict
the shape of the reflections. Another option is to iook at the shape of the reflections
in practice. For example, the pulse template may be driven into a sample. That
sample suitably has a known depth so that the time at which the reflection can be
expected is known. A section of the received signal may then be selected as
representing the reflection of the pulse template. A suitable section might be, for
example, 64 samples long. This section then forms the basis of the match filter for
that pulse template. In one example, the coefficients for the match filter may be
quantised to the nearest power-of-two so that the multiplication operations can be

reduced to simple binary left-shift operations.

In one example there may be three rounds of testing. In round one, ultrasound
generated using pulse templates having any number of pulses is fired towards air
and the “best” pulse template is selected in accordance with any desired criterion. In
round two, the ultrasound signals are again fired towards air, but in this instance the
pulse templates are restricted to those consisting of just one pulse. In round three,
ultrasound generated using pulse templates having any number of pulses is fired into
a sample. The sample is suitably of the same or a similar material to that with which
the eventual apparatus is expected to be used. Typically the reflection that is tested
against the selection criteria is the reflection from the back wall of the solid sample.
The time at which that reflection is expected is usually known in advance since the
thickness of the sample will be known, as will the speed of sound in that material.
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The criteria against which the pulse templates are evaluated may include one or

more of the following, as applied to the received refiection:

The ratio between the main lobe amplitude and the maximum absolute side
iobe amplitude.

The difference between the main lobe amplitude and the maximum absolute
side lobe amplitude.

The difference between the main lobe amplitude and the maximum absolute
side lobe amplitude, normalized with root-mean-square (RMS) of the matched
filter coefficients.

The main lobe amplitude divided by the mean absolute energy of all side
iobes.

The main lobe amplitude divided by the average absolute amplitude of all side
lobes.

The main lobe amplitude minus the average absolute amplitude of all side
lobes, normalized with the RMS of the matched filter coefficients.

The signal-to-noise ratio (SNR), i.e. the amplitude of the main lobe divided by
the RMS of the filter coefficients.

The bandwidth of the signal. This may be calculated using the derivative of a
smoothing spline approximation of the ultrasound signal.

The variance of the estimated time-of-flight.

The lowest amplitude of any occupied frequency bin in an FFT performed on
the response signal. This criteria may be modified by setting a minimum
threshold so that the selected pulse template is the one with an occupied
frequency bin having the lowest amplitude above the minimum threshold
rather than the lowest amplitude per se. The selected pulse template is
therefore the one having the lowest amplitude peak above a certain value,
where the certain value is zero or above.

A scheme that applies image-based criteria, i.e. criteria related to the quality
of the processed ultrasound image, such as noise, degree of blurring, etc.
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Variations of the above criteria may only consider positive side-lobes. (e.g. “the ratio
between the main lobe amplitude and the maximum positive side lobe amplitude”)
might also be used. Another options is to combine two or more pulse templates and
filters. For instance, one pulse template may be transmitted and filtered with a
correspondihg filter, then a second, different pulse template may be transmitted and
filtered with the corresponding match filter. The two filtered time series are then
averaged, and the criteria are computed on the averaged time series. This scheme

searches for the best pulse pair for each criterion.

In general, pulse templates that perform well against criteria that measure the
prominence of the primary peak tend to perform well in practice. The first seven
criteria listed above fall into this category. Pulse templates that show a high
proportion of their energy in the primary peak (a criterion which is also a member of
the “prominence” category) tend to perform particularly well in practice. Outside of
the “prominence” category, good results have been found with pulse templates that

perform well in accordance with the “FFT" criterion.

Preferably a sensing apparatus is capable of using two or more different pulse
templates. In order that the sensing apparatus is adaptable to different applications,
those pulse templates are preferably selected according to different criteria. The
sensing apparatus described above is capable of generating at least two pulse
templates, but it could equally be capable of generating three, four or more pulse

templates.

As an example, the following eight pulse templates were selected during the three
rounds of testing described above:
e Pulse template 1: the pulse template that generated the highest main lobe
to side lobe ratio in round 1.
» Pulse template 2: the pulse template that generated the highest difference
between the main lobe amplitude and side lobe amplitude in round 1.
e Pulse template 3: the pulse template that generated the highest SNR in

round 1.



CA 02863883 2014-09-18

17

e Pulse template 4: the pulse template that generated the highest ratio of the
main lobe amplitude to the mean absolute energy of all side lobes in round
1.

e Pulse template 5: the pulse template that generated the highest main lobe
to side lobe ration in round 2.

e Pulse template 6: the pulse template that generated the highest difference
between the main lobe amplitude and side lobe amplitude in round 2.

o Pulse template 7: the pulse template that generated the highest difference
between the main lobe amplitude and side lobe amplitude in round 3 (in this
example the solid was a CFRP (carbon-fiber-reinforced polymer)).

e Pulse template 8: the pulse template that generated the FFT with the

lowest amplitude occupied frequency bin.

The performance of a particular pulse template may be assessed in practice in
dependence on the quality of the images it generates. To a certain extent this is
subjective, but there are various qualitative assessments that can be made of image
quality, such as whether a structural feature having particular dimensions or located
at a particular depth is visible in the image, and how accurately the location and size
of a structural feature within a sample can be determined from the image. It has
been found that some pulse templates produce outputs that are virtually
indistinguishable from each other (for example, pulse templates that perform “best”
according to different ones of the “prominence” criteria in a particular test round
generally perform similarly in practice). Preferably a sensing apparatus is capable of
generating pulse templates that actually perform differently in practice (in addition to

having been selected in accordance with different criteria).

To return to the example above, the eight selected pulse templates tended to group
together in terms of their practical performance: (i) pulse templates 1 and 2 perform
similarly and work particularly well for imaging impact damage, but also for boreholes
and other applications; (i) pulse templates 3, 7 and 8 perform similarly and work
particularly well for imaging boreholes, but also for impact damage and other
applications; (iii) pulse templates 5 and 6 perform similarty and work particularly well
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for thin carbon plates; (iv) pulse template 4 is the most different from the other
templates and works best on metals or metal-like materials. An apparatus capable of
generating two or more of: (i) either pulse template 1 or 2; (ii) any of pulse templates
3, 7 or 8; (iii) either pulse template 5 or 6; and (iv) pulse template 4 has been found
to have a good range of pulse templates for automotive/aerospace applications. An

apparatus may produce any three of, or all four of those last groups (i) to (iv).

An example of a handheld device for imaging below the surface of an object is
shown in Figure 6. The device 601 could have an integrated display, but in this
example it outputs images to a tablet 602. The device could also output to any
suitable display, including a PC, laptop, pda, wearable displays etc. The connection
with a separate could be wired, as shown, or wireless. The device has a matrix array
603 for transmitting and receiving ultrasound signals. Suitably the array is
implemented by an ultrasound transducer comprising a plurality of electrodes
arranged in an intersecting pattern to form an array of transducer elements. The
transducer elements may be switched between transmitting and receiving. The
handheld apparatus comprises a dry coupling layer 604 for coupling ultrasound
signals into the object. The dry coupling layer also delays the ultrasound signals to
allow time for the transducers to switch from transmitting to receiving. A dry coupling
layer offers a number of advantages over other imaging systems, which tend to use
liquids for coupling the ultrasound signals. This can be impractical in an industrial
environment. If the liquid coupler is contained in a bladder, as is sometimes used,
this makes it difficult to obtain accurate depth measurements, which is not ideal for

non-destructive testing applications.

The matrix array 603 is two dimensional so there is no need to move it across the
object to obtain an image. A typical matrix array might be 30mm by 30mm but the
size and shape of the matrix array can be varied to suit the application. The device
may be straightforwardly held against the object by the operator. Commonly the
operator will already have a good idea of where the object might have sub-surface
flaws or material defects; for example, a component may have suffered an impact or
may comprise one or more drill or rivet holes that could cause stress concentrations.
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The device suitably processes the reflected pulses in real time so the operator can
simply place the device on any area of interest.

The handheld device also comprises a dial 605 that the operator can use to change
the pulse shape and corresponding match filter. The most appropriate pulse shape
may depend on the type of structural feature being imaged and where it is located in
the object. The operator views the object at different depths by adjusting the time-
gating via the display. Having the apparatus output to a handheld display, such as
tablet 602, or to an integrated display, is advantageous because the operator can
readily move the transducer over the object, or change the settings of the apparatus,
depending on what he is seeing on the display and get instantaneous results. In
other arrangements, the operator might have to walk between a non-handheld
display (such as a PC) and the object to keep rescanning it every time a new setting

or location on the object is fo be tested.

The apparatus and methods described herein are particularly suitable for analysing
bonding, for detecting debonding and delamination in composite materials such as
carbon-fibre-reinforced polymer (CFRP). This is important for aircraft maintenance. It
can also be used detect flaking around rivet holes, which can act as a stress
concentrator. The apparatus is particularly suitable for applications where it is
desired to image a small area of a much larger component. The apparatus is
lightweight, portable and easy to use. It can readily carried by hand by an operator to
be placed where required on the object.

Another application is in performing medical examinations. It is known to examine
patients using ultrasound in order to image features within the patient's body.
Typically, this requires a degree of specialisation on the part of the operator in order
to tune the operating parameters of the ultrasound equipment to develop a reliable
image. For example, the operator may need to adjust the equipment to account for
features of the patient such as the properties of their skin, particularly the depth of
the patient's subcutaneous fat in the region of the examination. By providing an

ultrasound inspection device having a series of pre-defined pulse programs, of the
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type described above, it can be possible for a non-specialised person to perform a
more reliable ultrasound inspection. The user can select from the pre-defined
programs one that produces acceptable results for the patient in question. The set
of pulse programs described herein may be particularly useful for imaging features
associated with the patient's skin, for example skin cancers, lipomas and
subcutaneous lesions. Such a system can allow ultrasound inspections to be
performed by nursing staff or general practitioners rather than specialists in medical

imaging, reducing cost and the need for biopsies.

The applicant hereby discloses in isolation each individual feature described herein
and any combination of two or more such features, {o the extent that such features
or combinations are capable of being carried out based on the present specification
as a whole in the light of the common general knowledge of a person skilled in the
art, irrespective of whether such features or combinations of features solve any
problems disclosed herein, and without limitation to the scope of the claims. The
applicant indicates that aspects of the present invention may consist of any such
individual feature or combination of features. In view of the foregoing description it
will be evident to a person skilled in the art that various modifications may be made
within the scope of the invention.
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CLAIMS:
1. A sensing apparatus comprising:

an ultrasound transceiver for transmitting ultrasound signals into a sample and

receiving a resultant ultrasound reflection signal from the sample;

a detector for processing signals received by the transceiver by comparing the
received signal against a reference signal to generate a response signal, the response
signal comprising values as a function of time that represent the strength of the match
between the received signal and the reference signal at the respective time; and

a driver capable of generating a plurality of pre-defined pulse templates, the driver
being operable in a use phase to apply a selected one of the pre-defined pulse templates
to the transceiver for driving it to transmit ultrasound signals, the pre-defined pulse

templates being such as to include at least two of the following:

i) a pulse template having been selected in a pre-use phase that consists of a single
pulse and that, when the transceiver is driven into air in the pre-use phase, generates a
response signal having a higher prominence of a primary peak than the response signals
generated by any of the other pre-defined pulse templates that consist of a single pulse;

ii) a pulse template having been selected in the pre-use phase that consists of two
or more pulses and that, when the transceiver is driven into air in the pre-use phase,
generates a response signal having a higher prominence of a primary peak than the
response signals generated by any of the other pre-defined pulse templates;

iii) a pulse template having been selected in the pre-use phase that, when the
transceiver is being driven into a solid in the pre-use phase, generates a response signal
having a higher prominence of a primary peak than the response signals generated by any
of the other pre-defined pulse templates; and

iv) a pulse template having been selected in the pre-use phase that, when the
transceiver is driven in the pre-use phase, generates a response signal having a higher

Date Regue/Date Received 2020-11-26
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proportion of its energy in a primary peak than the response signals generated by any of
the other pre-defined pulse templates.

2. A sensing apparatus as claimed in claim 1, in which pulse template (i) generates a
response signal in which the ratio of the amplitude of its primary peak to the amplitude of
its largest side lobe is higher than in the response signals generated by any of the other

pre-defined pulse templates that consist of a single pulse.

3. A sensing apparatus as claimed in claim 1 or 2, in which pulse template
(i) generates a response signal in which the difference between the amplitude of its primary
peak and the amplitude of its largest side Iobe is larger than in the response signals
generated by any of the other pre-defined pulse templates that consist of a single pulse.

4, A sensing apparatus as claimed in any one of claims 1 to 3, in which pulse template
(i) generates a response signal in which the ratio of the amplitude of its primary peak to
the amplitude of its largest side lobe is higher than in the response signals generated by

any of the other pre-defined pulse templates.

5. A sensing apparatus as claimed in any one of claims 1 to 4, in which pulse template
(i) generates a response signal in which the difference between the amplitude of its
primary peak and the amplitude of its largest side lobe is larger than in the response signals

generated by any of the other pre-defined pulse templates.

6. A sensing apparatus as claimed in any one of claims 1 to 5, in which pulse template
(iii) generates a response signal in which the ratio of the amplitude of its primary peak to
the amplitude of its largest side lobe is higher than in the response signals generated by
any of the other pre-defined pulse templates.

1. A sensing apparatus as claimed in any one of claims 1 to 6, in which pulse template
(iv) generates a response signal in which the ratio of the amplitude of its primary peak to
the mean absolute energy comprised in its side lobes is higher than in the response signals

generated by any of the other pre-defined pulse templates.

Date Regue/Date Received 2020-11-26
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8. A sensing apparatus as claimed in any one of claims 1 to 7, in which the pre-defined
pulse templates include: (v) a pulse template that generates a response signal having an
FFT that has an occupied frequency bin with an amplitude that is above a certain value but
which is lower than the amplitude of any occupied frequency bin above the certain value
in the FFTs of the response signals generated by any of the other pre-defined pulse
templates.

9. A sensing apparatus as claimed in any one of claims 1 to 8, comprising a user input
device configured to receive a user input for selecting one of the pre-defined pulse
templates to be applied to the transceiver.

10. A sensing apparatus as claimed in any one of claims 1 to 9, the detector being
configured to compare the received signal against a reference signal that is selected in
dependence on the selected pulse template.

11. A sensing apparatus as claimed in claim 10, the detector being configured to
compare the received signal against a match filter.

12. A sensing apparatus as claimed in any one of claims 1 to 11, in which the pre-
defined pulse templates include a pulse template consisting of two or more pulses of the
same length.

13. A sensing apparatus as claimed in any one of claims 1 to 12, in which the pre-
defined pulse templates include a pulse template consisting of two or more pulses in which
the length of one of those pulses is different from the length of at least another of those
pulses.

14. A sensing apparatus as claimed in any one of claims 1 to 13, in which the pre-
defined pulse templates include a pulse template consisting of a single step.

15. A sensing apparatus as claimed in any one of claims 1 to 14, in which the
transceiver comprises at least three transmit lines and is arranged for the transmit lines to
be activated in groups such that each transmit operation in a sequence overlaps a previous
transmit operation in the sequence by at least one transmit line.

Date Regue/Date Received 2020-11-26
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16. A method of manufacturing a sensing apparatus comprising:
designing the apparatus, including:

testing a plurality of pre-defined pulse templates by driving each pre-defined pulse

template into a test substance;
receiving a resultant ultrasound reflection signal from the test substance;

comparing the received signal against a reference signal to generate a response

signal;
comparing the response signal against a selection criterion; and

selecting, as pre-defined pulse templates that the sensing apparatus is to be
capable of using, the pre-defined pulse templates being such as to include at least two of

the following:

i) a pulse template that consists of a single pulse and that, when the transceiver is
driven into air in the pre-use phase, generates a response signal having a higher
prominence of a primary peak than the response signals generated by any of the other
pre-defined pulse templates that consist of a single pulse;

ii) a pulse template that consists of two or more pulses and that, when the
transceiver is driven into air in the pre-use phase, generates a response signal having a
higher prominence of a primary peak than the response signals generated by any of the

other pre-defined pulse templates;

iii) a pulse template that, when the transceiver is being driven into a solid in the
pre-use phase, generates a response signal having a higher prominence of a primary peak
than the response signals generated by any of the other pre-defined pulse templates; and

iv) a pulse template that, when the transceiver is driven in the pre-use phase,
generates a response signal having a higher proportion of its energy in a primary peak

than the response signals generated by any of the other pre-defined pulse templates;

Date Regue/Date Received 2020-11-26
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and materially producing the apparatus so designed.
17. A method as claimed in claim 16, in which the test substance is air.
18. A method as claimed in claim 16, in which the test substance is a solid.

19. A method as claimed in any one of claims 16 to 18, the method comprising selecting
two or more pre-defined pulse templates for the sensing apparatus by driving each of the
pre-defined pulse templates into two or more different test substances and selecting, for
each test substance, a pre-defined pulse template that performed best against the
selection criterion.

20. A method as claimed in any one of claims 16 to 19, the method comprising selecting
two or more pre-defined pulse templates for the sensing apparatus by comparing the
response signal for each pre-defined pulse template against two or more different selection
criteria and selecting, for each selection criterion, a pre-defined pulse template that

performed best against that criterion.

21. A method as claimed in any one of claims 16 to 20, the method comprising
materially producing the apparatus by storing the selected pulse template in a memory of
the sensing apparatus.

Date Regue/Date Received 2020-11-26



1/8

62.,5ns 93,75ns 234,375ns
(@) | | |_
218,75ns 109,375ns 62.,5ns
® | | |
93,75ns 171,875ns 273,75ns
© _| L
62.,5ns 93,75ns 62.,5ns
(d) | | | |
218,75ns
e |
203,125ns
® |
78,125ns 140,625ns 140,625ns
(¢)] | | |
78,125ns 156,25ns 156,25ns
hy | | | L
< 3 >4 c >4 b >

Date Regue/Date Received 2020-11-26

FIG. 1



2/8

Adaptive backing ~—206
/
Base Pl (polymide + adhesive)
203
Cu
Adhesive
202< PVDF ~—205
Adhesive
Cu
204
Base Pl (polymide + adhesive)
N
Dry coupling ~—201

FIG. 2

Date Regue/Date Received 2020-11-26



3/8

303

2

314

Memory

312 301 302
) ! / Pulse selection
sisl=ls]= | —] module
Doodd Driver
ooooo \\\\
ooOonoo | 304
Transmitter
control
306~ _ 305
Receiver
module
Detector
307 — Recei
eceiver 300
control
,| Image construction
313—
User input L 310
module Image enhancement
~311

Date Regue/Date Received 2020-11-26

Display

FIG. 3




4/8
1500

1000

500 n

VvV

ANNAANAAAA A
N \IUVVV“’V
500

-1000

-1500
0 50 100

150 200 250

300
Time instant (n)

350 400
Typical signal pulse

FIG. 4a

1500

1000

N
INANAEA

= h
w o NN

w U

=

-1500
0 10 20

30 40 50

60 70
Time instant (n)

Match filter corresponding to the pulse in Figure 1

FIG. 4b

Date Regue/Date Received 2020-11-26



5/8

x 108 Main lobe amplitude
18 /
16 ,
ide lob litud
14 A ‘A//Sleoeampme
” |
— 10 | i
w 8
6 N A
; | 1\,

LN I\
LAV AANE

v
All side lobes

Time instant (n)

Absolute value of the match filtered ultrasound signal. The upper
arrow indicates the amplitude of the main lobe, the middle arrow
indicates the amplitude of the largest side lobe and the lower
arrow indicates “all” the side lobes that are considered for some
of the selection criteria

FIG. 4c

Date Regue/Date Received 2020-11-26



Date Regue/Date Received 2020-11-26

6/8

Generate a plurality of
test templates

~—S501

A 4

Test each pulse
template in turn

~—S502

A 4

Quantify each response
signal against a plurality
of different measures

~—S503

A 4

Analyse all metrics

~—S504

A 4

Select “best” pulse
templates

—~—S505

A 4

Manufacture sensing
apparatus to be capable
of generating all selected

pulse templates

~—S506

FIG. 5



7/8

601

603 604

— 605

\ S

~602

FIG. 6

Date Regue/Date Received 2020-11-26



8/8

Shooting on Shooting on Shooting on Shooting on Shooting on
1 TX line 2 TX lines 3 TXlines 4 TX lines 5 TX lines
iy gididtg gifgQe O o Of il Qo
o000 diio giilo difgpo gilb
gfigoxgiipoxgiioxgiioxgllpo
o0i0po dfgio giilo digp diib
O4f0 dijfb difp difp difn
RX RX RX RX RX

Sequence example when shooting on 3 TX lines:
(only steps on TX line for each step)

dil D difh diib
Ogfl0 difpg giilo
[;]jTX[E]jTX[ ] TX
gfifgo dilo gifpo
Qi 8 difip difgn
RX RX RX
Side view - Shooting on several TX lines
1TX 2TX

Date Regue/Date Received 2020-11-26



605

601

603 g4

602




	Page 1 - COVER_PAGE
	Page 2 - ABSTRACT
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - DESCRIPTION
	Page 24 - CLAIMS
	Page 25 - CLAIMS
	Page 26 - CLAIMS
	Page 27 - CLAIMS
	Page 28 - CLAIMS
	Page 29 - DRAWINGS
	Page 30 - DRAWINGS
	Page 31 - DRAWINGS
	Page 32 - DRAWINGS
	Page 33 - DRAWINGS
	Page 34 - DRAWINGS
	Page 35 - DRAWINGS
	Page 36 - DRAWINGS
	Page 37 - REPRESENTATIVE_DRAWING

