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DESCRIPTION

[0001] The present invention relates to the investigation of physical properties of an object. It
has application in the field of imaging although not exclusively.

[0002] Various methods for investigating the physical properties of an object are known. For
example there are a wide range of imaging techniques which produce an image of an object
representing its physical properties. For example in the field of medical imaging, established
and widely used imaging methods include x-ray radiography, computed tomography (CT),
ultrasound imaging, magnetic resonance imaging (MRI), positron emission tomography (PET).

[0003] Different imaging methods are based on different physical phenomena. For example in
x-ray radiography and computed tomography (CT) x-rays interact with the object, in ultrasound
imaging ultrasound interacts with the object, and so on. As a result different imaging
techniques produce images of different physical characteristics of the object being imaged and
different imaging techniques have different advantages and limitations.

[0004] The choice of modality depends on the properties of the tissue being interrogated, for
example x-rays may be suitable for high hard and calcified tissues, MRI for soft tissues and
ultrasound for imaging changes in mechanical properties.

[0005] By way of example, comparing both of the common medical imaging methods of
ultrasound imaging and MRI provide relatively high resolution images, but ultrasound imaging
provides images of acoustic or mechanical properties whereas MRI provides images of
electromagnetic properties. Thus MRI provides a useful contrast mechanism that is particularly
useful in the medical imaging field because it shows essentially dielectric differences present in
many tissue types. Conversely MRI suffers from the problems of being relatively expensive and
of requiring powerful magnets.

[0006] Also, there are a range of spectroscopic techniques based on different physical
phenomena. Such spectroscopic techniques do not necessarily produce an image but provide
data in respect of a range of frequencies or wavelengths, for example of electromagnetic
radiation.

[0007] In the medical sphere there is a growing field of imaging systems based on dielectric
contrast that provide additional information for clinicians in determining tissue types, typically in
conjunction with ultrasound and x-rays. One proposed method is microwave imaging, which
has been under active research since 1998.

[0008] Ultra wideband radar systems have also been investigated to provide balance between
attenuation and resolution. This type of approach has been changed to produce good quality
images, but only recently have there been developed image reconstruction algorithms which
approach the potential resolution of this approach.
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[0009] Due to the different physical phenomena on which they are based, such different
imaging techniques and different spectroscopic techniques have different applications,
depending on the nature of the features of interest in the object.

[0010] WO-2010/043851 discloses a further type of imaging that may be referred to as being
acousto-electromagnetic in that it involves applying acoustic vibration to an object
simultaneously with illuminating the object with an illuminating electromagnetic wave.

[0011] The vibration of the object scatters and modulates the illuminating electromagnetic
wave, generating a scattered electromagnetic wave including Doppler components shifted from
the frequency of the illuminating electromagnetic wave by frequencies of the vibration of the
object under the acoustic vibration and multiples thereof. The received scattered wave is
received and data representing characteristics of the Doppler components such as amplitude
and phase is derived. The detected characteristics are dependent on the mechanical response
of the object and on the electromagnetic properties of the object, which cause an interaction
with the illuminating electromagnetic wave. Thus the detected characteristics provide
information on electromagnetic properties similar to MRI imaging but without requiring
magnets.

[0012] However, the method disclosed in WO-2010/043851 makes use of acoustic vibration
that is localized in a region of the object, for example using similar techniques to known
ultrasound imaging. This means that the method provides information from just that region,
because that is where the scattered Doppler components are generated. As a result, the
resolution of the imaging is similar to that achieved by ultrasound imaging, being limited by the
localization achievable on the basis of the wavelength of the acoustic vibration.

[0013] This combination of providing information on electromagnetic properties, with a
resolution derived from acoustic vibration offers advantages that may provide effective imaging
in a range of fields.

[0014] A challenge with acousto-electromagnetic imaging is simultaneously achieving a high
resolution and a high signal-to-noise ratio. There are many, often conflicting, factors that
influence these properties, making optimization difficult. It is possible for example to vary the
nature of the acoustic vibration and the configuration of the apparatus for producing the
acoustic vibration. The nature of the illuminating electromagnetic wave and the apparatus for
generating and receiving the electromagnetic wave can also be varied. Optimization is further
complicated by the constraints imposed by the context, for example a clinical context, within
which the device is to be used. For example, in the case of imaging objects within a human or
animal body it is important to provide a device that is convenient for a clinician to use and
which can be positioned appropriately relative to the human or animal being investigated.

[0015] WO 2010/043851 A1 discloses an imaging system for an object such as human or
animal tissue which uses scattering of an illuminating electromagnetic wave by acoustic
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vibrations to generate a scattered electromagnetic wave including Doppler components shifted
from the frequency of the illuminating electromagnetic wave by frequencies of the acoustic
vibration and multiples thereof.

[0016] G S ET AL: "Loop Antennas", 1 January 1993 (1993-01-01), ANTENNA ENGINEERING
HANDBOOK, XX, US, PAGE(S) 5-1, XP002698451, discloses use of single- and multiturn loops
for use as antennas for transmitting and receiving electromagnetic waves.

[0017] It is an object of the invention to address one or more of the above-mentioned
problems in the prior art. In particular, it is an object of the invention to provide an improved
system and corresponding method for investigating physical properties of an object in which an
acousto-electromagnetic image can be obtained with higher accuracy, reliability and/or
convenience.

[0018] According to an aspect of the invention, there is provided a system according to claim
1.

[0019] Thus, a system for investigating physical properties of an object using acousto-
electromagnetic imaging is provided in which the electromagnetic wave is generated or
received using a coil that surrounds an axis along which acoustic vibrations are output through
at least 180 degrees. In line with the normal use of the term "axis", the axis along which the
acoustic vibrations are output is a mathematical construction consisting of an infinitely long,
continuous line extending both in front of the acoustic transducer apparatus and behind.
Obviously, the output from the acoustic transducer apparatus will only lie on the part of the axis
that is in front of the acoustic transducer apparatus. However, the part of the surrounding coil
may be located at an axial position that is behind the acoustic transducer apparatus and
therefore "surrounds” (by at least 180 degrees) a portion of the axis that is behind the
transducer apparatus.

[0020] In an embodiment the surrounding coil comprises a closed loop and the axis along
which the acoustic vibrations are output passes through the inside of the closed loop. In
alternative embodiments, the surrounding coil comprises a closed loop and the axis along
which the acoustic vibrations are output passes outside of the closed loop (e.g. the closed loop
bends around the axis in the manner of the outline of a letter C or the outline of a horse-shoe).

[0021] The requirement for the coil to surround the axis through at least 180 degrees is such
that a half plane starting from the axis can be rotated about the axis through a range of angles
of at least 180 degrees whilst maintaining at least one intersection with the coil. For a given
angle of the half plane a single intersection will typically be made in the case where the coil
forms a closed loop and the axis along which the acoustic vibrations are output passes through
the closed loop, and two intersections will typically be made in the case where the coil forms a
closed loop and the axis along which the acoustic vibrations are output passes outside of the
closed loop.
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[0022] Optionally, the coil surrounds the axis through at least 270 degrees, optionally at least
350 degrees, optionally at least 359 degrees, optionally substantially 360 degrees.

[0023] The aperture of the coil serves to intercept and/or generate the magnetic field lines of
the incident/transmitted electromagnetic waves. In an embodiment the presence of the
aperture is exploited to locate the acoustic transducer apparatus in a manner that improves
compactness and efficiency. This facilitates alignment of the "look direction” of the transmitter
and/or receiver with that of the acoustic transducer for example. In embodiments where the
axis along which acoustic vibrations are output passes outside of the closed loop of the caill,
wrapping the coil around the axis so that it surrounds the axis through at least 180 degrees
also increases the extent to which the look direction of the transmitter and/or receiver is
aligned with that of the acoustic transducer. Aligning the look direction of the transmitter and/or
receiver with the look direction of the acoustic transducer maximizes the received Doppler
return signal because the motion induced by the acoustic vibration is more parallel to the
incident electromagnetic wave. Signal-to-noise is thereby improved relative to arrangements in
which the transmitter and/or receiver arrangement is/are not aligned with the acoustic
transducer apparatus in this way, for example where the transmitter and/or receiver
arrangements are provided entirely to one side of the acoustic transducer apparatus.

[0024] In an embodiment the coil is provided with a single turn. In other embodiments, the coil
has multiple turns.

[0025] In an embodiment, the coil is common to both the transmitter arrangement and the
receiver arrangement. This configuration further enhances compactness.

[0026] In an embodiment, the coil comprises at least two conductor sections connected
together by a capacitor. In an embodiment, the conductor sections and capacitors are
arranged alternately around a loop, for example circumferentially. The use of conductor
sections in series with capacitors allows the physical size of the coil to be greatly reduced while
keep the operating frequency within a desired frequency range (typically in the tens or
hundreds of megahertz for example).

[0027] In an embodiment, the coil comprises a conducting section having a thickness that is
smaller in a direction parallel to the average output direction of acoustic vibration than
perpendicular to the average output direction of acoustic vibration. The cross-section of the
conducting section may therefore appear relatively flat, for example in the manner of a tape.
This configuration provides a relatively high cross-sectional area, and thus high

conductivity and therefore efficiency, without the thickness of the coil in the output direction of
acoustic vibration becoming too large. Such a coil can also be positioned more effectively
against the surface of the body containing the object to be imaged. The average separation
between the surface of the body and the material of the coil is reduced. In certain applications
it may be preferred to fix (for example glue) the coil to the body, which is also facilitated by
providing a coil that is relatively flat in the direction perpendicular to the output direction of
acoustic vibration.
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[0028] The coil is fixedly connected to the acoustic transducer apparatus. This facilitates fixing
of the relative position of the coil with respect to the acoustic transducer apparatus, which may
improve reliability, for example by minimizing the risk of misalignment between the acoustic
vibration and the electromagnetic wave. In addition, the fixing facilitates incorporation into a
device that is easy for a clinician to manipulate, such as a handheld device.

[0029] The coil can be planar or non-planar. The coil can have one of various different shapes
when viewed along the direction of output of acoustic vibration, for example substantially
circular, substantially oval, substantially ellipsoidal, substantially polygonal. The coil may
comprise a continuous closed loop of conductor (at least when viewed along the axis along
which acoustic vibration is output). Alternatively, the coil may comprise a plurality of conductor
sections connected together by capacitors or other electrical components.

[0030] In an embodiment the selection of the acoustic vibration is optimized. The selection
needs to take into account the following characteristics of the imaging. A first factor is that the
choice of frequency impacts on the resolution of the imaging that may be achieved. This is
because the method involves localization of the acoustic vibration in a region of the object from
which the scattered Doppler components are generated. The second factor is that the
magnitude of the acoustic vibration of the object is also dependent on the frequency of the
acoustic vibration. This effect derives simply from the mechanical properties of the object
under investigation. For some objects, these two factors can compete, requiring careful choice
of the frequency of the acoustic vibration in order to balance these factors.

[0031] In an embodiment, a specific form of acoustic vibration is used that comprises a carrier
wave that is modulated by an AM waveform. This acoustic vibration is optimised to provide
advantages during imaging. In particular, the carrier wave is selected to provide the localization
of the acoustic vibration, whereas the AM waveform is chosen to include a frequency
component that provides a vibration of the object. The nature of amplitude modulation is that
the carrier wave has a higher frequency than the AM waveform. Thus, the AM waveform may
be selected to provide a vibration of the object of greater magnitude than the carrier wave.
Thus the present invention improves the flexibility in the choice of the selection of the acoustic
waveform, particularly for objects where the desired resolution requires the use of a frequency
that provides a low mechanical response. For such objects, the carrier wave may be selected
to optimize the resolution and the AM waveform may be independently chosen to provide a
significant mechanical response.

[0032] The AM waveform may take a variety of forms. In its simplest form, the AM waveform
may be a single frequency component, that is a sinusoidal waveform at a given frequency.
However, other waveforms having a fundamental frequency component and harmonic
frequency components may also be used, and can in some instances have the benefit of being
easy to generate. For example, the AM waveform may be a square wave, which is particularly
easy to generate simply by pulsing the carrier waveform on and off.
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[0033] Where the AM waveform has multiple frequency components, then in principle to detect
Doppler components shifted from the frequency of the illuminating electromagnetic wave i.e.
frequency of any of the frequency components of the AM waveform. However, desirably there
is used the fundamental frequency component the AM waveform, because this will generally
provide the frequency component of the largest magnitude and will provide the maximum
response. Furthermore, the fundamental frequency component is most easily isolated because
it has relatively large separation from other Doppler components.

[0034] The frequency component of the AM waveform that is utilized is selected having regard
to the relevant mechanical properties of the object. To optimize the response, this frequency
component desirably has a period of the same order of magnitude as the acoustic relaxation
time of the object in the regions under investigation.

[0035] The present invention may be applied to provide imaging of the object. In this case the
acoustic vibration is applied simultaneously or sequentially in a localized manner in a plurality
of regions with different amplitude modulation applied to the ultrasound excitation in each
region and the scattered electromagnetic wave generated in each of the plurality of regions is
received and used to derive data representing the at least one characteristic of the detected
Doppler component in respect of each region as image data. In this way, it is possible to
generate image data for a plurality of regions and thus build up an image representing
information on the physical properties of the object. In the case that the acoustic vibration is
localized in two dimensions, then the regions extend in the third direction and thus the image is
a two dimensional image (or shadow image). In the case that the acoustic vibration is localized
in three dimensions, then the regions are limited in extent in that third direction and a three-
dimensional image may be derived.

[0036] The acoustic vibration may be applied localized at the plurality of regions sequentially.
In this case, the acoustic vibration may have the same frequency which simplifies
implementation of the method but is not essential.

[0037] Alternatively, the acoustic vibration may be applied localized in the plurality of regions
simultaneously but utilizing different frequency components in each region. In this case,
frequency components applied to each region have different frequencies with the result that
the electromagnetic waves scattered from each region have different frequencies, allowing the
Doppler components simultaneously generated in respect of each region to be separated and
used to derive the image data representing at least one characteristic of the Doppler
components in respect of each region.

[0038] In principle, the present invention may also be used applying the acoustic vibration to
just a single region without providing imaging of the object. In this case, the information on the
physical properties of the object which is derived is useful nonetheless because it is based on
the physical phenomenon described above.

[0039] These properties mean that the imaging of the present invention can provide
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advantages over the established imaging methods when applied to imaging human or animal
tissue, including but not limited to medical imaging.

[0040] According to an alternative aspect of the invention, there is provided a method of
investigating physical properties of an object, comprising: applying to the object acoustic
vibration localized in two or three dimensions in a region in the object; illuminating the object
with an illuminating electromagnetic wave having a frequency in a range extending down from
30THz simultaneously with the application of acoustic vibration, the vibration direction of the
acoustic vibration having a component parallel to the propagation direction of the illuminating
electromagnetic wave so that the vibration of the object caused by the acoustic vibration in the
region generates a scattered electromagnetic wave including a set of Doppler components
shifted from the frequency of the illuminating electromagnetic wave by frequencies of the
vibration of the object caused by the acoustic vibration and multiples thereof; receiving the
scattered electromagnetic wave generated in the region; deriving, from the received scattered
electromagnetic wave generated in the region, data representing at least one characteristic of
the Doppler components, wherein the illuminating comprises using an antenna coil that
surrounds, through at least 180 degrees, an axis along which at least a portion of the acoustic
vibration from the acoustic transducer apparatus is output, and the coil is fixedly connected to
the acoustic transducer apparatus and illuminates the object while the coil and the acoustic
transducer apparatus are located on the same side of the object.

[0041] To allow better understanding, embodiments of the present invention will now be
described by way of non-limitative example with reference to the accompanying drawings, in
which:

Fig. 1 is a diagram of an imaging system;
Figs. 2 and 3 are graphs of two alternative waveforms of the acoustic vibration;

Figs. 4a to 4c are graphs of the frequency spectrum of the acoustic vibration, the illuminating
electromagnetic wave and the scattered electromagnetic wave;

Fig. 5 is a diagram of the signal processing apparatus of the imaging system;

Fig. 6 is a graph of SNR against modulation index for some specific constructions of the signal
processing apparatus;

Fig. 7 is a perspective view of an acoustic transducer apparatus of the imaging system;
Fig. 8 is diagram of a drive circuit of the acoustic transducer apparatus;

Fig. 9 is a diagram of a beamformer circuit of the drive circuit;

Fig. 10 is a perspective view of a transducer of the acoustic transducer apparatus;

Fig. 11 is a perspective view of an acoustic transducer apparatus 4 positioned within the
aperture of an antenna caoil;



DK/EP 2909609 T3

Fig. 12 is a front end view of the transducer/coil arrangement of Fig. 11;

Fig. 13 depicts an antenna coil comprising a plurality of circumferential conducting sections
separated by capacitors;

Fig. 14 is a top view of a transducer apparatus and a non-planar coil;
Fig. 15 is a front view of the transducer apparatus and non-planar coil of Fig. 14;

Fig. 16 depicts application of a system comprising separate transmitter and receiver
arrangements to a body comprising an object to be imaged.

[0042] There will first be described a system 1 for investigating physical properties of an object
2, as shown in Fig. 1. The object 2 may be a biological object, for example human or animal
tissue, in which case the system 1 may be applied in the field of medical imaging. However, the
present invention is not restricted to that field and may be applied to a range of objects in other
technical fields.

[0043] The system 1 includes a control unit 3 which controls the other components of the
system 1. The control unit 3 may be implemented by a computer apparatus running an
appropriate program.

[0044] The system 1 includes an acoustic transducer apparatus 4 which operates under the
control of the control unit 3. The acoustic transducer apparatus 4 in operation applies acoustic
vibration to the object 2.

[0045] In an embodiment, the nature of the acoustic vibration is as follows. The acoustic
vibration comprises a carrier wave amplitude modulated by an AM waveform that is periodic.

[0046] Two non-limitative examples of suitable acoustic waveforms are shown in Figs. 2 and 3,
wherein the carrier wave has in both cases a frequency fc. In Fig. 2, the AM waveform has its
simplest form comprising a fundamental frequency component of frequency fa. In Fig. 3, the
AM waveform is a square wave having a period of (1/fa), and hence comprising a fundamental
frequency component of frequency fa and harmonic frequency components that are multiples
of frequency fa.

[0047] The carrier wave is most simple to generate if it is a simple sinusoidal wave as shown in
Figs. 2 and 3, although in general, the carrier wave could have any other suitable waveform.

[0048] In general, the AM waveform may have a wide range of forms, but the use of the
square wave as in the example of Fig. 3 is advantageous in that it is very easily generated by
pulsing the carrier wave on and off. In the example of Fig. 3, the AM waveform is a square
wave having equal on and off periods but this is not essential and it could be a square wave
having unequal on and off periods. The nature of amplitude modulation is that carrier wave has
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a frequency that is smaller than the frequency of at least the fundamental frequency
component of the AM waveform, and typically of one or more of the harmonic frequency
components. In many practical embodiments, the carrier wave has a frequency that is smaller
than the frequency of the fundamental frequency component of the AM waveform by at least
one or two orders of magnitude.

[0049] The acoustic vibration is localized in a region 5 at a given location within the object 2.
The carrier wave is selected to provide the desired localization of the acoustic vibration. The
degree of localization is dependent on the wavelength, and so the frequency fc of the carrier
wave is chosen accordingly.

[0050] The acoustic vibration causes vibration of the object 2 in the region 5. The AM
waveform is selected to provide a vibration of the object 2 that is of greater magnitude than the
carrier wave at the frequency of at least one of the frequency components of the AM waveform
that is utilized, preferably the fundamental frequency component. As the carrier wave is
selected to provide localization of the acoustic vibration to achieve the desired resolution,
depending on the nature of object 2, the mechanical response of the object 2 might not be
optimal at the frequency of the carrier wave. Thus the AM waveform is used to provide
vibration of the object 2 at a lower frequency than the carrier wave, at which the magnitude of
the vibration of the object 2 is greater.

[0051] In general, the method may utilize any of the frequency components of the AM
waveform, but advantageously the fundamental frequency component is utilized because this
generally has a larger magnitude than the harmonic frequency components, if any, and
produces Doppler components of larger magnitude that are most easily separated from the
scattered electromagnetic wave.

[0052] To optimize the mechanical response of the object, the frequency component of the AM
waveform that is utilized, for example fa in the case of utilizing the fundamental frequency
component, may be selected to have a frequency that is of the same order of magnitude as
the acoustic relaxation time of the region 5 of the object 2. Such an acoustic relaxation time
can be measured or derived theoretically for the type of the object 2 under investigation.
Similarly, the frequency component that is utilized may be selected to have a frequency that
provides a resonant vibration of the object.

[0053] For some types of object, the AM waveform may provide a vibration of the object 2,
which is, at the frequency of the frequency components of the AM waveform utilized, of a
magnitude that is greater than the carrier wave by one or more orders of magnitude. In such
cases, the vibration of the object 2 at the frequency of the carrier wave is by comparison
insignificant and may be ignored.

[0054] As alternatives that are both illustrated in Fig.1, the acoustic vibration may be localized
in two dimensions in a region 5b (shown in dashed outline) that is limited in extent
perpendicular to the propagation direction of the acoustic vibration but extends along the
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propagation direction, or may be localized in three dimensions in a region 5a (shown in dotted
outline) that is also limited along the propagation direction. The localization of the acoustic
vibration may be achieved using conventional equipment as described in more detail below.
When localized in three dimensions, along the direction of propagation of the acoustic wave,
the acoustic vibration might be localized only instantaneously as the acoustic wave propagates.
In many fields of application such as medical imaging, the acoustic vibration is ultrasonic.

[0055] In the simplest embodiment, the acoustic vibration is localized at a single location at a
given time, that location being scanned over the object 2 so that the acoustic vibration is
applied to regions 5 at a plurality of different regions 5 successively. Such scanning may be
performed by using an acoustic transducer apparatus 4 which has a controllable focus or
beam, or alternatively by physically moving the acoustic transducer apparatus 4 with fixed
focus or beam, for example using a mechanical translator. The scanning may be carried out in
one, two or three dimensions.

[0056] In more complicated embodiments, the acoustic vibration is localized in regions 5 at
plural locations simultaneously but in this case the AM waveform of the acoustic vibration is
different in different locations, as discussed further below.

[0057] The system 1 also includes a transmitter arrangement comprising an antenna coil 6
connected via a directional coupler 8, to a radio frequency source 7 controlled by the control
unit 3 that supplies the antenna coil 6 with a drive signal that outputs a corresponding
electromagnetic wave. Thus the transmitter arrangement in operation illuminates the object 2
with an illuminating electromagnetic wave, typically having a radio frequency, and having a
sufficiently broad beam to cover the entire volume of the object 2 under investigation, ideally
uniformly. The illuminating electromagnetic wave is desirably a continuous wave rather than a
pulse. In this case, the illuminating electromagnetic wave has a constant amplitude and
frequency, at least over the period for which the interaction with the acoustic wave is monitored
by receiving the scattered Doppler components.

[0058] For ease of detection, the illuminating electromagnetic wave is predominantly of a
single frequency, but in general the illuminating electromagnetic wave could include a band of
frequencies. The frequency of the illuminating electromagnetic wave is greater than the
frequency of the acoustic vibration, preferably by at least an order of magnitude.

[0059] The illuminating electromagnetic wave is scattered by the object 2. Within the region 5,
there is an interaction between the object 2 that is vibrated by the acoustic vibration and the
illuminating electromagnetic wave, which causes the acoustic vibration of the object 2 in the
region 5 to modulate the scattered electromagnetic wave. In particular, the scattered
electromagnetic wave that is generated includes components at the frequency of the
illuminating electromagnetic wave and Doppler components at frequencies shifted from the
frequency of the illuminating electromagnetic wave by frequencies of the vibration of the object
and multiples thereof. This includes Doppler components at frequencies shifted from the
frequency of the illuminating electromagnetic wave by frequencies of the frequency
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components of the AM waveform and multiples thereof. Amplitude modulation is used as
described above to provide a greater magnitude of vibration at a frequency of at least one
frequency component of the AM waveform than at a frequency of the carrier wave, so the
Doppler components arising from the carrier wave are of lower magnitude and in many cases
insignificant and may be ignored.

[0060] This is illustrated graphically in Figs. 4a to 4c which are graphs of the frequency
spectrum of the acoustic vibration, the illuminating electromagnetic wave and the scattered
electromagnetic wave, respectively. In this example, the acoustic vibration comprises the
carrier wave at a frequency fc and a fundamental frequency component of frequency fa, as
shown in Fig. 2. The illuminating electromagnetic wave has a single EM frequency of fe.

[0061] The scattered electromagnetic wave comprises a central component of the EM
frequency fe of the illuminating electromagnetic wave.

[0062] The scattered electromagnetic wave also comprises Doppler components (sidebands)
at frequencies fetn.fa, where n is an integer, i.e. shifted from the EM frequency fe of the
illuminating electromagnetic wave by the frequency fa of the fundamental frequency
component of the AM waveform and multiples thereof Although Fig. 4c illustrates an example
with three Doppler components on each side, in general there could be any number of Doppler
components depending on the physical interaction. The Doppler components arising from
vibration at the frequency fc of the carrier are not shown in Fig. 4c, being less significant.

[0063] Where the AM waveform also comprises harmonic frequency components, there will be
further Doppler components shifted from the EM frequency fe of the illuminating
electromagnetic wave by the frequency of the harmonic frequency components of the AM
waveform and multiples thereof. However these further Doppler components overlap the
Doppler components shown in Fig. 4c of order two or greater, and so are difficult to separate.

[0064] The physical phenomenon behind the generation of the scattered electromagnetic
wave including the Doppler components is that boundaries between areas in the object 2
having different electrical properties such as conductivity and dielectric permittivity (or more
generally areas where those electrical properties change) scatter the illuminating electrical
magnetic wave and that vibration of those boundaries modulates the scattered wave. Thus it
may be considered that the central component having the frequency of the illuminating
electromagnetic wave corresponds to the scattering of the object 2 when stationary, whereas
the Doppler components are generated by the vibration of the object 2.

[0065] Indeed this physical phenomenon for the general case of a vibrating object is of itself
known, for example as disclosed in Lawrence et al., "Electromagnetic Scattering from Vibrating
Penetrable Objects Using a General Class of Time-Varying Sheet Boundary Conditions", IEEE
Transactions on Antennas and Propagation, Vol. 54, no. 7, pp. 2054-2061, July 2006. However
this document merely considers the electromagnetic wave scattered by metallic and dielectric
bodies which are vibrating without considering how the vibration is generated. In contrast in the
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present invention, the acoustic vibrations are applied localized in a region 5, meaning that the
any detected Doppler components in the scattered electromagnetic wave are known to have
been generated in the region 5. On this basis the system 1 uses the Doppler components to
provide information about the object 2 at the location of the region 5. In particular the detected
Doppler components are dependant on the mechanical response (compliance) of the object 2
at the location of the region 5 to the acoustic vibration and also on the electrical properties of
the object 2 at the location of the region 5. By applying the acoustic vibration to regions 5 at
different locations it is possible to build up an image of the object 2.

[0066] The system 1 also includes a receiver arrangement, which in the embodiment shown
also comprises the antenna coil 6. The receiver arrangement (antenna coil 6) is connected to
signal processing apparatus 9, which is controlled by the control unit 3. In this embodiment, the
antenna coil 6 thus acts as a common antenna coil for both transmitter and receiver
arrangements. In other embodiments, separate coils are provided respectively for the
transmitter and receiver arrangements.

[0067] The antenna coil of the receiver arrangement (antenna coil 6 when a common coil is
provided) is tuned to the frequency of the illuminating electromagnetic wave and is matched to
the measurement medium, that is to the object 2 and/or any medium (e.g. air or an acoustic
matching medium) provided between the object 2 and the antenna. In operation, the receiver
antenna receives the scattered wave and supplies it to the signal processing apparatus 9
which analyses it to detect the Doppler components arising from the frequency components of
the AM waveform that is utilized, and to output a signal representing the phase and amplitude
of the Doppler components, or in general any characteristics of the Doppler components.

[0068] The magnitude of the scattered Doppler components is maximised by the vibration
direction of the acoustic vibration being parallel to the propagation direction of the illuminating
electromagnetic wave. The vibration direction is parallel to the propagation direction of the
acoustic vibration, so this corresponds to the acoustic vibration and the illuminating
electromagnetic wave having parallel or antiparallel directions. This is because the mechanical
movement of the region 5 resolved along the propagation direction of the illuminating
electromagnetic wave is greatest in this direction, ignoring secondary motions which may be
induced in other directions due to mechanical distortion of bulk material. If there is an angle a
between the direction of the acoustic vibration and the propagation direction of the illuminating
electromagnetic wave, then the velocity of the acoustic vibration resolved along the
propagation direction of the illuminating electromagnetic wave is reduced, scaling with cos(a).
This has the effect that the magnitude of the scattered Doppler components is similarly
reduced, scaling with cos(a). Effectively this means that the vibration direction of the acoustic
vibration should not be perpendicular to the propagation direction of the illuminating
electromagnetic wave, and is preferably parallel, although the Doppler components may still be
observed with higher angles a.

[0069] In general, the receiver antenna may be located at any angle relative to the
propagation direction of the electromagnetic wave and the vibration direction of the acoustic
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vibration. This is because the scattered Doppler components can in principle be scattered in
any direction. The direction of scattering depends on the physical properties of the object 2 in
the region 5.

[0070] Advantageously, the scattered electromagnetic wave is received along a line parallel or
antiparallel to the propagation direction of the illuminating electromagnetic wave because the
scattering is typically strong in these directions. Reception along a line antiparallel to the
propagation direction of the illuminating electromagnetic wave may be achieved by the
transmitter antenna and the receiver antenna being located close together (subject to the
constraints imposed by their physical bulk) or being replaced by a common antenna connected
to appropriate circuitry (such as a directional coupler 8) to isolate the frequency source 7 from
circuitry handling the detected Doppler components.

[0071] However, the scattered electromagnetic wave may be received in other directions.
Advantageously, the scattered electromagnetic wave is received in plural directions. This can
provide additional information on the nature of object 2 in the region 5 because the direction of
scattering depends on the physical properties of the object 2 which causes the scattering.

[0072] The selection of the acoustic vibration and the illuminating electromagnetic wave will
now be discussed.

[0073] As the Doppler components are generated from the interaction caused by the acoustic
vibration of the region 5, the resolution of the image data 13 is equal to the size of that region 5
as governed by the degree of localization of the acoustic vibration achieved by the acoustic
transducer apparatus 5. The resolution is therefore dependent on the frequency fc of the
carrier wave in a similar manner to ultrasound imaging. Thus the present imaging technique
can achieve similar resolution to that achieved by ultrasound imaging. For example the
resolution might be less than a millimeter at very high ultrasound acoustic frequencies (roughly
speaking, 1mm resolution corresponds to a frequency of 1MHz, 100um to 10MHz, and 1um to
100MHz).

[0074] The frequency of the acoustic wave controls the resolution and is therefore chosen to
be sufficiently high to achieve the desired resolution having regard to the features of interest in
the object 2 being imaged. The frequency of the acoustic wave may be subject to practical
constraints similar to those with conventional ultrasound imaging, such as the frequencies
achievable by the acoustic transducer apparatus 4, and the penetration of the acoustic waves
in the object 2 being imaged.

[0075] The frequency fc of the carrier wave is selected having regard to the desired resolution
and also having regard to the depth of penetration that is achievable at different frequencies.
Generally, it is necessary to balance these two factors, again in a similar manner to ultrasound
imaging. Typically, the frequency fc of the carrier wave may be in a range extending from
10kHz to 1GHz. In the case that the object is a biological object, such as human or animal
tissue, typically the frequency fc of the carrier wave may be in a range extending up from
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1MHz, preferably up from 2MHz, and/or extending up to 50MHz, preferably up to 10MHz. Such
frequencies are ultrasonic, although in general acoustic frequencies in the audible range could
in principle be used in some fields of application.

[0076] The AM waveform of the acoustic vibration is chosen having regard to the mechanical
properties of the object 5 to provide vibration of desired magnitude, in the manner discussed in
detail above. Typically the frequency component of the AM waveform that is utilized, generally
the fundamental frequency of the AM waveform, has a frequency in a range extending from
1Hz to 100MHz. In the case that the object is a biological object, such as human or animal
tissue, then the frequency of the frequency component that is utilized is preferably in a range
extending up from 10kHz, preferably up from 100kHz, and/or extending up to 1kHz.

[0077] The EM frequency of the illuminating electromagnetic wave is selected as follows. The
image contrast mechanism is different from ultrasound imaging being dependent on the
physical interaction between the acoustic vibration and the illuminating electromagnetic
vibration and providing information on the mechanical response (compliance) of the object 2 to
the acoustic vibration and on the electrical properties of the object 2, as discussed above, for
example providing similar information to MRI without the requirement for magnets. Thus the
present imaging technique can be seen as an alternative to other imaging modalities. The
degree of absorption of the illuminating electromagnetic wave in the object 2 increases with its
frequency. Thus the frequency of the illuminating electromagnetic wave is chosen to be
sufficiently low to provide absorption in the object 2 which is sufficiently low to allow the entire
object 2 to be imaged.

[0078] Thus, the EM frequency is chosen having regard to the electromagnetic properties of
the object 2 in order to provide useful information about the object 2. In general the illuminating
electromagnetic wave is a radio wave having an EM frequency in a range extending up to
30THz, that is in the Terahertz band or below; up to 300GHz, that is in the EHF (Extremely
High Frequency) band or below, corresponding to microwave frequencies or below; or in some
fields of application up to 100GHz. In the case that the object 2 is a biological object such as
human or animal tissue, advantageously the range extends up to 100GHz, preferably up to
2GHz. This means that the interaction in the object 2 provides information on the
electromagnetic properties of the object 2 similar to MRI imaging.

[0079] The lower limit of the EM frequency is dependent on the ability of the signal processing
apparatus 9 described below to separate the Doppler components from the EM frequency,
noting that there is a limit in practice on how wide an EM envelope created by the amplitude
modulation that can be detected, as known in the field of wideband frequency modulation.
Therefore, typically the illuminating electromagnetic wave has an EM frequency in a range
extending up from a value of twice said frequency component of the AM waveform, preferably
ten times said frequency component of the AM waveform.

[0080] The object 2 may have a response which varies at different frequencies. Therefore, the
imaging may be performed with acoustic vibrations of different frequencies and/or with an
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illuminating electromagnetic wave of different frequencies. The different frequencies may be
applied at different times by repeating the operation of the system 1 but adjusting the acoustic
frequency. Alternatively different frequencies may be applied simultaneously to the same or
different regions 5. The different frequencies of excitation can also be achieved by using
pseudo random pulse sequences (such as maximal length sequences) or other spread
spectrum techniques. In this way, information may be obtained in respect of the different
frequencies of the acoustic vibrations and/or the illuminating electromagnetic wave, so the
technique is a spectroscopic technique. This allows better characterization of the nature of the
object 2.

[0081] The signal processing apparatus 9 includes an amplifier 10, a frequency-modulation
(FM) demodulator 11 and a digital signal processor 12.

[0082] The amplifier 10 receives and amplifies the signal received by the receiver antenna (via
directional coupler 8 in the embodiment shown, due to the receiver antenna being integrated
with the transmitter antenna into common antenna 6). Due to the low SNR, the amplifier 10 is
desirably a very low noise amplifier.

[0083] The amplified signal output by the amplifier 10 is supplied to an FM demodulator 11
which is arranged to detect, from the received, scattered electromagnetic wave, a Doppler
component shifted from the frequency of the illuminating electromagnetic wave by the
frequency of frequency component of the AM waveform utilized, typically the fundamental
frequency component. The FM demodulator 11 outputs a signal representing the phase and
amplitude of the Doppler component.

[0084] The FM demodulator 11 may have a detailed construction that is shown in Fig. 5 and
will now be described.

[0085] The FM demodulator 11 comprises a phase-locked loop (PLL) 60 that is supplied with
the scattered EM wave received by the receiver antenna, via the amplifier 10. The PLL 60
comprises a phase detector 61, a low pass filter 62, a gain stage 63, as well as a loop
controller 65 and a voltage controlled oscillator (VCO) 66 connected in a negative feedback
loop. As described below, the PLL 60 is locked to the EM frequency, and so the VCO 66
outputs a signal at that EM frequency. The phase detector 61 is supplied with the scattered
electromagnetic wave and with the output of the VCO 66. The phase detector 61 outputs the
phase error between its two input signals which is supplied through the low pass filter 62 and
the gain stage 63 to form the output signal. The output signal therefore contains the frequency-
demodulated signal comprising the set of Doppler components frequency-demodulated from
the EM frequency.

[0086] This frequency-demodulated signal is also passed back as a feedback signal in the
negative feedback loop to the loop controller 65. The loop controller 65 inverts the feedback
signal before supplying it to the VCO 66, so has to control the VCO 66 to output a signal having
the same EM frequency as the main component of the scattered electromagnetic wave. The
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loop controller 65 is therefore arranged as a Type | fixed gain controller, since this design is
likely to provide a relatively low noise. The loop controller 65 also shifts the level of the
feedback signal to adjust the centre frequency of the output of the VCO 66.

[0087] Two specific configurations for the PLL 60 are as follows.

[0088] The first configuration is intended to be used with an EM frequency of 790MHz. In this
first configuration:

the phase detector 61 is a Minicircuit ZX05-10L+, 10-1000Mhz, 3dBm, Lo DBD mixer;
the low pass filter 62 is a Minicircuit SLP-2.5+, 2.5MHz cut off, low pass filter; and

the VCO 60 is a Minicircuit ZX95-800C+, -97dbc/Hz noise at 1kHz, 790MHz centre frequency.

[0089] These components are chosen for their low noise. For example, the phase detector 61
is a diode mixer that produces a negligible amount of noise, despite having a nonlinear phase
response.

[0090] In this first configuration, the loop controller 65 is a heavily decoupled AD797
operational amplifier in a negative feedback configuration. The loop gain is chosen to be minus
100dB as a compromise between output noise and locked frequency range, since higher gain
will increase the noise to less desirable doubles.

[0091] The voltage shifting is accomplished by referencing the non-inverting input of the loop
controller 65 to a very low noise voltage source 67, for example provided by an analog device
ADR445 that produces a voltage of 5V that may be devalued by a potential divider. This
reference is decoupled using a large decoupling capacitor (not shown) to minimize any
potential 1/f noise in its output level.

[0092] The output of the loop controller 65 is supplied to the VCO 66 through a low pass filter
68 that is a single pole low pass filter consisting of a RC circuit, in order to reduce distortion
and increase stability.

[0093] During startup, the voltage source 67 is adjusted to vary the output voltage of the loop
controller 65. In particular, the voltage level fluctuates as the loop controller 65 stabilizes. A
more convenient method is to change the input voltage slightly (for example by the order of
5mV), which has the same effect. The operating DC points sets the voltage of the VCO 66,
which needs to correspond to the EM frequency of 790MHz, within 10kHz.

[0094] The feedback gain has been tested empirically to give acceptable knowledge
performance. Another potential improvement is to provide two stages of amplifiers in the
feedback loop, with the additional amplifier acting as a DC offset. This would allow the DC shift
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that needs to be corrected on startup, although at the cost of a small increase of noise levels.

[0095] A second configuration is intended to be used with an EM frequency of 434MHz. In this
second configuration:

the phase detector 61 is a Minicircuit ZX05-10L+, 10-1000Mhz, 3dBm, Lo DBD mixer;
the low pass filter 65 is a Minicircuit LPF-BOR3+, 0.3MHz cut off low pass filter; and

the VCO 60 is a Crystek CVSS-940, -110dbc/Hz noise at 1kHz, 434MHz centre frequency.

[0096] The second configuration the PLL 60 remains essentially the same as the first
configuration, except that for a voltage regulator used to supply the VCO 66.

[0097] In this second configuration, the components are substantive to reduce noise pickup.

[0098] The VCO 66 in this configuration is a high stability crystal based oscillator with a very
low phase noise, which has been found to be a significant source of noise.

[0099] The circuit has been tested with and without the low pass filter 68 on the input to the
VCO 66. It has been found that a large capacitance in the low pass filter 68 improves the SNR
by a small but significant amount, whilst reducing the lock range. In this second configuration,
the time constant of 0.03s has been empirically determined to be optimal.

[0100] The output of the PLL 60 is supplied to the lock-in amplifier 72, through a high pass
filter 70 and a gain stage 71 that also acts as a low pass filter, so that the high pass filter 70
and gain stage 71 together act as a band pass filter. The lock-in amplifier 72 uses a reference
frequency signal that a reference frequency equal to the frequency of the utilized frequency
components of the AM waveform, which is typically the fundamental frequency component of
the AM waveform. Thus the reference frequency is selected to be at a frequency of vibration of
the object 2 caused by the acoustic vibration. By way of comparison, if the acoustic vibration
were to comprise a single frequency component then the reference frequency would be the
frequency of that single frequency component.

[0101] As described above, the utilized frequency component may be any of the frequency
components of the AM waveform and multiples thereof, but is generally the fundamental
frequency component fa of the AM waveform. The reference frequency for the PLL 60 and
may be derived from a frequency source that is also used to derive the AM waveform (as
described further below) and that output a signal of frequency fa. Accordingly, the acoustic
transducer apparatus 4 may be connected to the FM demodulator 11 as shown in Fig. 1 to
supply the AM waveform or a signal of frequency fa from the frequency source to the the lock-
in amplifier 72.
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[0102] The lock-in amplifier 72 is arranged to extract from the frequency-demodulated signal
supplied thereto a signal at the reference frequency. Thus, the lock-in amplifier 72 extracts the
desired Doppler component. The lock-in amplifier 72 is further configured to generate the
amplitude and phase of the extracted signal, although it could equally be configured to
generate other characteristics thereof.

[0103] This configuration of the FM demodulator 11 combining the PLL 60 and the lock-in
amplifier 72 has been found to provide very sensitive detection of the Doppler component
despite the relatively low signal level thereof. In frequency modulation terms, embodiments of
the FM demodulator 11 have been found to be capable of detecting modulation indexes of the
order of 10 parts in 1 million. This high sensitivity is achieved by the combination of the PLL 60,
which effectively extracts the full set of Doppler components, and the lock-in amplifier 72 that
subsequently extracts the desired one of the Doppler components, typically at the frequency fa
of the fundamental frequency component. By way of example, Fig. 6 shows the performance of
the first configuration (EM frequency of 790MHz) and the second configuration (EM frequency
of 434MHz) with and without use of the capacitor in the low pass filter 68 (referred to as 'C' in
Fig. 6) and with a separate decoupling capacitor (referred to as 'Decap’ in Fig. 6) with a Is lock-
in time constant 1. For example, this shows that the second configuration can achieve a
sensitivity index k (SNR/MI) of around 17000.

[0104] To facilitate the FM demodulation, the FM demodulator 11 is provided with the signal of
the illuminating electromagnetic wave from the frequency source 7 and with the signal of the
utilized frequency component of the AM waveform of the acoustic wave from the acoustic
transducer apparatus 4.

[0105] The amplifier 10 and FM demodulator 11 may be formed by analog circuits, but digital
circuits could alternatively be used for any part of the amplifier 10 and FM demodulator 11. For
example, a digital implementation of the lock-in amplifier 72 is particularly advantageous when
plural regions 5 are simultaneously imaged as discussed below.

[0106] The signal representing the phase and amplitude of the Doppler component derived by
the FM demodulator 11, in particular output by the lock-in amplifier 72, are supplied to the
digital signal processor 12 which processes those characteristics of the Doppler components.
As the FM demodulator 11 detects characteristics of Doppler components at frequencies
shifted from the frequency of the illuminating electromagnetic wave by frequencies of the
frequency components of the AM waveform and multiples thereof, those characteristics are
known to have been derived from the region 5 of the object 2 at the current location of the
acoustic vibration. The digital signal processor 12 is supplied with information by the control
unit 3 identifying the current location of the acoustic vibration. The digital signal processor 12
stores image data 13 representing those characteristics detected in respect of each location as
the location is scanned over the object 2. The image data 13 may be stored, displayed and/or
output from the signal processing apparatus 9.

[0107] The digital signal processor 12 may store only the actually derived values of the phase
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and amplitude or other characteristics. These vary in dependence on the properties of the
object 2 at different locations as discussed above and therefore provide a useful image even
without further processing.

[0108] Optionally, the digital signal processor 12 may further process the actually derived
values of the phase and amplitude or other characteristics, on the basis of a model of the
interaction between the acoustic vibration and the illuminating electromagnetic wave, to derive
characteristics representing particular physical properties of the object 2 which are also stored
as image data 13. Such processing may provide information on properties of the object 2
which are more useful than the phase and amplitude themselves. For example in the case of
medical imaging, such processing may be used to characterise metabolite species which have
known electromagnetic responses.

[0109] The digital signal processor 12 may be implemented by a computer apparatus
executing an appropriate program, optionally being the same computer apparatus as used to
implement the control unit 3.

[0110] The connection from the radio frequency source 7 to the FM demodulator 11 shown in
Fig. 1 may be omitted in the case that the FM demodulator 11 has the construction shown in
Fig. 5. However, in an alternative construction of the FM demodulator 11 in which the PLL 60 is
replaced by a coherent detector, this connection is used to supply the coherent detector with
the drive signal output by the radio frequency source 7 having the EM frequency of the
illuminating electromagnetic wave. In this alternative, the coherent detector uses that signal to
detect signals at the EM frequency and therefore produces an output signal of a similar form to
the PLL 60. The acoustic transducer apparatus 4 and various variations thereof will now be
described.

[0111] As previously mentioned, the acoustic transducer apparatus 4 provides acoustic
vibration that is localized in a region 5 at a given time, that is localized in two dimensions in a
region 5b that extends in the propagation direction or localized in three dimensions in a region
5a that is limited in the propagation direction. This may be achieved using a conventional
apparatus that may provide a controllable focus or a fixed focus.

[0112] Fig. 7 shows a possible arrangement in which the acoustic transducer apparatus 4
comprises an array of transducers 20 which provide an electronically controllable focus at a
region 5. In this case, the acoustic wave output by the array of transducers 20 may be a
propagating beam. As known in the field of ultrasound imaging such beam-forming allows a
high energy focus to be formed at a desired location. In the present method this means that
the majority of the scattered electromagnetic wave contains information pertaining to the
region 5 of focus.

[0113] To provide localization in two dimensions, the array of transducers 20 may apply the
acoustic vibration as a continuous beam, so that the acoustic vibration is localized in space
within the propagating beam in the two dimensions perpendicular to the direction of
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propagation. To provide localization in three dimensions, the array of transducers 20 may still
apply the acoustic vibration as a beam, but as a beam that is not continuous, so that along the
third dimension in the direction of propagation, the acoustic vibration is localized
instantaneously as the acoustic wave propagates. The propagating beam may be a pulse
which is localized in a single region 5 at a given time which region 5 propagates through the
object 2 over time. Alternatively the propagating beam may have an AM waveform of varying
frequency so that different frequencies are localized in different regions 5 simultaneously.
Accordingly, the information supplied by the control unit 3 to the digital signal processor 12
indicates the timing of the propagating beam, thereby identifying the current location of the
acoustic vibration.

[0114] In the case that the propagating beam has an AM waveform of varying frequency, one
option is that the signal processing apparatus 9 is arranged to perform a Fourier Transform, or
other transform, of the received scattered signal into the time domain. Due to the different
frequencies of acoustic vibration being localized in different regions 5 simultaneously, such a
transform generates the characteristics in respect of each of the different regions 5. In this
way, a "movie" can be constructed and images as a function of time can be displayed with
extremely high temporal/spatial resolution.

[0115] To form the propagating beam, the acoustic transducer apparatus 4 comprises a drive
circuit 21 which provides a separate drive signal to each transducer 20 which drive signals vary
in amplitude and/or phase and/or delay to form the focus at the desired region 5. Such
formation of a beam from an array of transducers is known in itself, for example in the field of
ultrasound imaging.

[0116] As shown in Fig. 8, the drive circuit 21 includes a waveform generator 22 which
generates an oscillating signal having a waveform corresponding to the desired waveform of
the acoustic vibration and supplies it to a beamformer circuit 23. The beamformer circuit 23
may be implemented in analog or digital means. The waveform generator 22 comprises a
carrier frequency source 90 that outputs a signal having the frequency fc of the carrier wave,
and an AM waveform source 91 that outputs the AM waveform, which in the simplest case may
comprise a fundamental frequency component of frequency fa. The waveform generator 22
also comprises a mixer 92 that mixes the two signals output by the carrier frequency source 90
and the AM waveform source 91 to derive the oscillating signal.

[0117] The beamformer circuit 23 derives a signal for each transducer 20 from the oscillating
signal by modifying the amplitude and/or phase and/or delay by respective amounts that shape
the overall acoustic vibration output from the acoustic transducer apparatus 4 into a beam. The
beamformer circuit 23 operates under the control of the control unit 3 to provide a focus in a
desired region 5. The drive circuit 21 also includes amplifiers 24 for amplifying the signal for
each transducer 20 output by the beamformer circuit 23 to form the drive signal which is then
supplied to the respective transducers 20.

[0118] The beamformer circuit 23 may include programmable amplifiers (or attenuators)
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and/or phase shifters and/or delays to modify the oscillating signal. For example, the
beamformer circuit 23 may employ a quadrature arrangement as shown in Fig. 9 in respect of
each one of the transducers. This quadrature arrangement comprises an I-channel 25 and a
Q-channel 26 each supplied with the oscillating signal from the waveform generator 22. The I-
channel includes a /2 phase delay 27 for phase-delaying the oscillating the oscillating signal
so that the signals in the I-channel 25 and Q-channel 26 are in quadrature. The I-channel 25
and Q-channel 26 each include respective attenuators 27 and 28, the outputs of which are
supplied to an adder 30 for adding the attenuated quadrature signals. The respective degrees
of attenuation provided by each of the attenuators 27 and 28 may be controlled to thereby vary
the amplitude and phase of the signal output by the adder 30. This signal output by the adder
30 is optionally provided to a variable delay circuit 31 which may be varied to control the delay
of the drive signal.

[0119] The drive circuit 21 may be formed by analog circuits, but digital circuits could
alternatively be used for any part thereof.

[0120] Each transducer 20 may be formed as shown in Fig. 10 by a piece 43 of piezoelectric
material (or other electro-active material). The drive signal from the drive circuit 21 is applied
across the piece 43 of piezoelectric material which vibrates in response thereto thereby
generating an acoustic wave. The piece 43 of piezoelectric material is shown as being
cylindrical but may be shaped to direct the generated acoustic wave.

[0121] In Fig. 7, the array of transducers 20 is illustrated as a 2D planar array, but in general
any arbitrary form of array may alternatively be used, for example a 1D linear or conformal
array, a curved or conformal 2D array, a 3D array, or plural arrays on different sides of the
object 2.

[0122] As an alternative to forming a beam, this acoustic transducer apparatus 4 comprising
the array of transducers 20 may apply the acoustic vibration as a spot which is continuously
localized in space in three dimensions.

[0123] Using this acoustic transducer apparatus 4 comprising an array of transducers 20, the
location of the region 5 at which the acoustic vibration is localized may be scanned over the
object 2 under electronic control to derive information on different regions 5 and thereby build
up an image of the object 2.

[0124] In the case that the acoustic vibration is localized in two dimensions, then the image is a
two dimensional image (or shadow image) whose pixels contain information from the entirety
of the region 5b that extend through the object 2 along the propagation direction of the
acoustic vibration. In this case, a three dimensional image can be built up by moving the
acoustic transducer apparatus 4 and transmitter antenna 6 around the object 2 under
examination and taking a series of images with different angles of incidence. Then the series of
images may be transformed into a three dimensional image using similar transforms to those
conventional for other types of imaging such as computed tomography (CT) scanning.
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[0125] In the case that the acoustic vibration is localized in three dimensions, then a three-
dimensional image may be derived by scanning the region 5a in three dimensions.

[0126] Such scanning could also be achieved using an acoustic transducer apparatus 4 which
has a fixed focus, by physically moving the acoustic transducer apparatus 4.

[0127] As previously mentioned, in the simplest embodiment, the acoustic vibration is localized
in a single region 5 at a given time, the acoustic vibration being applied to regions 5 at a
plurality of different locations successively.

[0128] In more complicated embodiments, the acoustic vibration is localized in plural regions 5
at different locations simultaneously. In this case, the acoustic vibration has an AM waveform
including utilized frequency components, normally the fundamental frequency components,
having different frequencies in different regions 5.

[0129] One option is to use the acoustic transducer apparatus 4 comprising an array of
transducers 20 as described above but modified to simultaneously produce plural propagating
beams with AM waveforms of different frequencies. This may be achieved by replicating the
circuitry of the drive circuit 21, as described above and shown in Fig. 8, in respect of each of
the different frequencies used. The drive signals in respect of each frequency may be summed
and applied to the respective transducers 20. Whilst it would be possible to replicate the entire
circuitry of the drive circuit 21 described above, more conveniently, merely the waveform
generator 22 is replicated, as shown in dotted outline in Fig. 8. The same or different carrier
frequencies fc may be used to provide localization in each region 5 but in the case of using the
same carrier frequencies fc then a common carrier frequency source 90 may be provided. In
the case that the waveform generator 22 is replicated, the beamformer circuit 23 performs two
functions. Firstly, in respect of each waveform generator 22, the beamformer circuit 23 derives
a signal for each transducer 20 from the oscillating signal by modifying the amplitude and/or
phase and/or delay suitable for producing a beam directed to the respective region. Secondly,
the beamformer circuit 23 sums the derived signals in respect of each transducer 20 to derive
a summed signal that is supplied to the respective amplifiers 24. As the acoustic vibration has
different frequencies in different regions 5, the scattered electromagnetic wave has Doppler
components of different frequencies generated in the different regions 5, each having
frequencies shifted from the frequency of the illuminating electromagnetic wave by the different
frequencies of the frequency component of the AM waveform of the acoustic vibration (and
multiples thereof). The signal processing apparatus 9 is therefore arranged to detect and
derive characteristics of the different Doppler components which are known to have been
generated at the different locations of the regions 5. This may be achieved by the signal
processing apparatus 9 being arranged as described above but within the FM demodulator 11
replicating the lock-in-amplifier 72 in respect of each of the acoustic frequencies used. This is
discussed in further detail below.

[0130] In this manner, characteristics of the Doppler components and therefore image data 13
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may be simultaneously be derived in respect of plural regions 5. Many regions 5 may be
simultaneously imaged in this manner. This approach is limited by the ability of the signal
processing apparatus 9 to discriminate between Doppler components of different frequencies.

[0131] In some arrangements, plural regions 5 are simultaneously imaged allowing an image
to be derived without scanning the regions 5. In other arrangements, plural regions 5 are
simultaneously imaged but then the regions 5 are scanned to image other areas of the object
2. For example, one particular embodiment may employ a plurality of propagating beams
arranged in a 1D (or 2D) array to simultaneously image a 1D (or 2D) slice which propagates
through the object 2 allowing successive slices to be imaged, thereby building up a 2D (or 3D)
image in a similar manner to conventional medical ultrasound imaging as employed for
example in obstetric sonography. Thus, the use of plural regions 5 allows an image to be
scanned more quickly than if a single region 5 is used, thereby improving the image acquisition
period. This is a particular advantage in the case of imaging a living object as it reduces the
length of time for which the object needs to be stationary.

[0132] Alternatively, the system 1 may be implemented to investigate the properties of the
object 2 in a single region 5 without providing imaging across the object 2. In this case,
acoustic vibration is applied to just a single region 5. This may be achieved with the system 1
as described above but modifying the control implemented by the control unit 3. Alternatively,
the system 1 may be simplified, for example using an acoustic transducer apparatus 4 having
a fixed focus because scanning is not required.

[0133] When investigating the properties of the object 2 in a single region 5, it is particularly
advantageous to use acoustic vibrations of different frequencies and/or with an illuminating
electromagnetic wave of different frequencies, as described above. The different frequencies
may be applied at different times or simultaneously. In the latter case it is possible to tune the
system 1 to simultaneously investigate a wide range of frequencies without needing to use the
different frequencies to obtain information on regions 5 at different locations as is necessary
with some imaging implementations.

[0134] The size and detailed construction of the system 1 will depend on the field of
application. For example for use in medical imaging, the system 1 might be realised as a
dedicated device in which the acoustic transducer apparatus 4 is similar to an ultrasound head
in a conventional ultrasound imaging apparatus. In this case, the transmitter antenna and
receiver antenna might be integrated into the same ultrasound head.

[0135] Optionally, the system 1 might additionally incorporate an acoustic system 14
connected to the acoustic transducer apparatus and arranged to receive a reflected acoustic
wave from each of the regions 5 and thereby to derive acoustic image data 15 with derivation
of the image data 13 by the signal processing apparatus 9. The acoustic system 14 may be
arranged as conventional ultrasound imaging apparatus, thereby allowing the present method
to be integrated with conventional ultrasound imaging. The acoustic image data 15 and the
image data 13 may be registered with each other in space and time, for example using
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conventional image registration techniques, allowing the system 1 to simultaneously produce
two different types of image. This is advantageous in many fields, for example as a real time
system for dynamic diagnostics and monitoring.

[0136] Similarly the system 1 might be integrated with an ultrasound treatment system,
allowing monitoring of state of the object 2 during treatment.

[0137] Figures 11 and 12 depict an arrangement comprising an acoustic transducer apparatus
4 and an antenna coil 6. In an embodiment, the coil 6 is a common coil for use both as a
transmitter arrangement and as a receiver arrangement. In other embodiments, the coil 6 is
used as a transmitter arrangement only or as a receiver arrangement only. Figures 11 is a
perspective view of the arrangement. Figure 12 is a front end view.

[0138] In the embodiment shown, the coil 6 surrounds an axis 102 along which at least a
portion of the acoustic vibration from the acoustic transducer apparatus 4 is output. The coil 6
comprises a single turn or multiple turns. In an embodiment, the single turn or one or more of
the multiple turns surrounds the axis 102.

[0139] In the embodiment shown, the coil 6 surrounds the axis through substantially 360
degrees. However, this is not essential. In other embodiments, the coil 6 may surrounds the
axis only partially, for example through 180 degrees or more, optionally 270 degrees or more,
optionally 350 degrees or more, optionally 359 degrees or more.

[0140] In an embodiment, the coil 6 is configured such that a principle transmitting and/or
receiving direction (e.g. the direction along which transmission or detection of electromagnetic
waves is strongest) is parallel to or co-axial with the output from at least a portion of the
acoustic transducer apparatus.

[0141] In the example shown, a leading face 105 of the acoustic transducer apparatus 4 is
substantially co-planar with a leading face 107 of the coil 6. This may be desirable where the
coil 6 is to be brought into contact with the surface of the body containing the object to be
investigated at the same time as the acoustic transducer apparatus 4. In such an embodiment,
the part of the acoustic transducer apparatus 4 immediately adjacent to the leading face 105 is
also surrounded circumferentially by the coil 6. However, this is not essential. In other
embodiments, the leading face 105 of the acoustic transducer apparatus 4 protrudes forwards
of the leading face 107 of the coil 6 or is recessed backwards from the leading face 107. The
acoustic transducer apparatus 4 may even be positioned completely outside of the coil 6 (i.e.
such that the leading face 105 of the acoustic transducer apparatus 4 is axially behind the
trailing face 109 of the coil 6 or a trailing edge 111 of the acoustic transducer apparatus 4 is
completely in front of the leading face 107 of the coil 6).

[0142] Typically the coil 6 will be tuned to operate most efficiently at one or more frequencies
or frequency ranges. The central aperture of the coil 6 is designed respectively to intercept and
generate the magnetic field lines of the incident and transmitted waves. According to the



DK/EP 2909609 T3

present invention, the space provided by the aperture is exploited to locate the acoustic
transducer apparatus 4 in a compact and efficient manner. In particular, this arrangement
allows the "look direction” of the coil 6 (axis 102 in the example shown) to be substantially
parallel, or even co-axial, with the output direction of part or all of the acoustic vibration output
from the acoustic transducer apparatus 4. Thus, the Doppler return signal is maximized as the
induced motion in the object being imaged will be substantially parallel to the direction of
propagation of the electromagnetic wave.

[0143] Specifically, according to an embodiment the coil 6 is configured to have at least one
turn that surrounds an axis along which at least a portion of the acoustic vibration from the
acoustic transducer apparatus 4 is output (for example, the axis along which acoustic
vibrations are output from one of a plurality of transducers 20 in the case where the acoustic
transducer apparatus 4 comprises an array of transducers 20).

[0144] The detailed construction of the coil 6 can be varied according to the particular
circumstances in which the imaging is to be applied. However, it is beneficial in a wide range of
situations to construct the coil 6 so that one or more of the turns of the coil each comprise at
least two conductor sections that are connected together in series by a capacitor.

[0145] Fig. 13 is a schematic sectional view looking along the axis of the coil 6. The coil shown
comprises a turn having six conducting sections 108 connected together in series by six
capacitors 110. In the embodiment shown, the conducting sections 108 and capacitors 110 are
all identical but this is not essential. Additionally, fewer than six or more than six conducting
sections and/or capacitors may be provided. In an embodiment, one or more of the capacitors
is tunable to allow the frequency response of the coil 6 to be fine tuned.

[0146] The effect of constructing the coil 6 from conducting sections 108 connected in series
with capacitors 110 is to allow the physical size of the coil 6 to be reduced while maintaining the
operating frequency within a useful range of frequencies (typically within the tens or hundreds
of megahertz).

[0147] The cross-sectional profile of conducting portions of the coil 6, for example the cross-
section profile of conducting sections 108 in an embodiment of the type shown in Figure 13,
can in general take a variety of forms. However, it is generally desirable for efficiency to
achieve a relatively high electrical conductivity. A high electrical conductivity can be achieved
by providing a large cross-sectional area. However, space considerations may limit the choice
of cross-section. For example, circular cross-sectioned wire will tend to become unacceptably
bulky when the diameter is made sufficiently large to achieve the desired efficiency. According
to an embodiment, the cross-section of the coil 6 conducting is made relative wide and thin, in
the manner of a tape. In this way, a relatively large cross-sectional area can be achieved
without the associated height penalty. Such tapes can be oriented perpendicular or parallel to
the plane of propagation of the acoustic vibration. However, it is advantageous in many
contexts for the tape to be perpendicular as the structure can then lie flat against the surface of
the body (e.g. the human or animal body) that contains the object to be imaged.
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[0148] Specifically, according to an embodiment, as illustrated in Fig. 11, the coil 6 may be
configured to have at least one conducting section with a thickness 106 in a direction parallel to
a direction of output 102 of acoustic vibration that is smaller than the thickness 104
perpendicular to the direction of output 102 of acoustic vibration.

[0149] In an embodiment, the coil 6 is fixed (e.g. glued) to the body containing the object to be
imaged.

[0150] In the embodiment discussed with reference to Figs. 11 to 13 the coil 6 has a
substantially circular form (when viewed along the axis of the coil 6). In other embodiments a
different shape may be used, for example substantially oval, substantially ellipsoidal,
substantially polygonal, or an irregular shape. In an embodiment the shape of the coil is
adapted to the requirements of the acoustic transducer apparatus 4. For example, if the
acoustic transducer apparatus 4 is preferably provided in rectangular form, the coil 6 may also
be provided in a corresponding rectangular form.

[0151] In the embodiments discussed above with reference to Figs. 11 to 13, the coil 6 is
substantially planar. However, this is not essential. In other embodiments, the coil 6 is non-
planar. For example, when viewed in at least one direction perpendicular to the direction of
acoustic vibration propagation the coil 6 may comprise at least one portion that is at an oblique
angle to, and/or portions that are at different angles to, the direction of acoustic vibration
propagation (rather than all portions of the coil being at the same angle to, for example 90
degrees to, the direction of propagation).

[0152] In an embodiment, the coil 6 comprises a curved portion when viewed in at least one
direction perpendicular to the direction of acoustic vibration propagation. In an embodiment,
the coil 6 is curved so as to substantially conform with the shape of a portion of the body
against which, or in close proximity directly adjacent to which, the coil 6 will be positioned to
carry out imaging, or at least to conform to a greater extent than would be possible with a
planar coil 6.

[0153] Figures 14 and 15 depict an embodiment comprising a non-planar, "conforming" coil 6.
Figure 14 is a top view, looking along a direction perpendicular to the direction 102 of acoustic
vibration propagation output from the acoustic transducer apparatus 4. Figure 15 is a front
view along the direction of acoustic vibration propagation. As can be seen from Figure 14 the
coil 6 comprises portions that are at an oblique angle to the direction 102. The top and bottom
bars 128 of the coil 6 are curved, such that in Figure 15 the central region 120 is further back
into the page than the obliquely angled regions 124 either side. In the embodiment shown, the
side bars 122 are substantially straight and lie in the same plane. However this is not essential
and the side bars could also be curved.

[0154] The coil 6 may be seen as "conforming" to the shape of the body 2 because it is
shaped in a manner which enables the average distance of the coil 6 from the surface of the
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body 2 to be less than would be the case if the coil 6 was planar. In other words, the shape of
the conforming coil 6 is more similar to the shape of the surface of the body against which it is
to be brought than a planar coil 6 would be. In an embodiment, the coil 6 is shaped so that
when placed against the body a majority of the coil is substantially parallel to the surface of the
body.

[0155] Configuring the antenna coil to conform to the shape of the body is one way in which
the response of the coil can be focused preferentially onto a given volume within the body.
Focussing the response effectively reduces the illuminated volume in the body. Reducing the
illuminated volume makes it possible to reduce the total power into the body. In addition, the
return level of the unmodulated electromagnetic signal can be kept low. The sensitivity of the
system is controlled in part by the ratio of the modulated return to that of the unmodulated
return. Therefore the lower the level of the unmodulated return the better the sensitivity of the
coil and associated receiver arrangement. In addition, thermal and other noise sources are
spatially filtered out where they originate from regions that are outside of the volume of
interest.

[0156] It is important that the coil 6 is well matched to the body being investigated. A shaped
coil facilitates this process because it can be fitted more effectively against the body. The fitting
allows more of the coil 6 to be brought into close proximity and/or contact with the surface of
the body. Alternatively or additionally, the fitting enables the coil 6 to be brought against the
surface of the body more repeatably. The coil 6 can thus be brought into a good position more
easily and will tend to be more stable in that position, thus improving reliability and
repeatability.

[0157] In an embodiment, the coil 6 is shaped so that a majority of a leading face of the coil 6
can be brought into contact with the surface of the body to be investigated at the same time as
a leading face of the acoustic transducer apparatus is in contact with the surface. Optionally,
this is achieved in a hand-held device.

[0158] In the embodiments described with reference to Figs. 11 to 15, a single antenna coil
acts both as transmitter and receiver. In an embodiment of this type, a directional coupler 8 is
provided to separate out the transmitted and received signals. However, it is also possible that
two separate coils can be used as separate transmitter and receivers. Fig. 16 illustrates a
schematic embodiment of this type. Here, a transmitter coil 114 is provided separately from a
receiver coil 112. The transmitter and receiver coils 114, 112 are positioned opposite to each
other on either side of a body 2 containing the object to be imaged. The acoustic transducer
apparatus is provided within the transmitter coil 114 in the embodiment shown. The receiver
coil 112 is positioned opposite to the transmitter coil 114 and surrounds the axis of the acoustic
transducer apparatus 4. In the embodiment shown either or both of the transmitter coil 114 and
receiver coil 112 may surround the axis 102 along which at least a portion of the acoustic
vibration from the acoustic transducer apparatus 4 is output. In an alternative embodiment, the
coil 114 is configured to receive electromagnetic radiation and the coil 112 is configured to
transmit the electromagnetic radiation.
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[0159] Any of the coils mentioned above could be single turn coils or multiple turn coils.
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PATENTKRAV

1. System til undersagelse af en genstands fysiske egenskaber, hvilket

system omfatter:

en akustisk transduceranordning (4), der er indrettet til at pafere genstanden

(2) akustisk vibration lokaliseret i to eller tre dimensioner i et omrade i genstanden
(2);

en senderanordning, der er indrettet til at belyse genstanden (2) med en
belysende elektromagnetisk balge med en frekvens i et interval, der streekker sig
ned fra 30 THz, samtidigt med péaferingen af akustisk vibration, hvor
vibrationsretningen for den akustiske vibration har en komponent parallel med
udbredelsesretningen for den belysende elektromagnetiske belge, saledes at
vibrationen af genstanden (2) forarsaget af den akustiske vibration i omradet
genererer en spredt elektromagnetisk bglge indbefattende et saet Doppler-
komponenter forskudt fra frekvensen for den belysende elektromagnetiske balge
med frekvenserne for vibrationen af genstanden (2) forarsaget af den akustiske

vibration og multipla deraf;

en modtageranordning, der er indrettet til at modtage den spredte

elektromagnetiske balge genereret i omradet; og

en signalbehandlingsanordning, der er indrettet til at udlede, ud fra den
modtagne spredte elektromagnetiske belge genereret i omradet, data, der
repreesenterer mindst én egenskab ved Doppler-komponenterne, kendetegnet ved,

at:

senderanordningen omfatter en antennespole (6), der omgiver, over mindst
180 grader, en akse (102), langs hvilken mindst en del af den akustiske vibration fra

den akustiske transduceranordning udsendes, og

spolen (6) er fast forbundet med den akustiske transduceranordning (4) og
konfigureret til at belyse genstanden (2) med spolen (6) og den akustiske

transduceranordning (4) placeret pa en samme side af genstanden (2).
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2. System ifelge krav 1, hvor spolen (6) er feelles for bade senderanordningen

0g modtageranordningen.
3. System ifalge krav 1 eller 2, hvor:

en principiel sende- eller modtagelsesretning for spolen (6) er parallel med
eller koaksial med udsendelsen fra mindst en del af den akustiske

transduceranordning.

4. System ifaelge et hvilket som helst af de foregaende krav, hvor spolen (6)
omfatter mindst to ledersektioner, der er forbundet med hinanden ved hjeelp af en

kondensator.

5. System ifelge et hvilket som helst af de foregaende krav, hvor spolen (6)
omfatter en ledende sektion med en tykkelse, der er mindre i en retning parallel med
den gennemsnitlige udsendelsesretning for akustisk vibration end i en retning

vinkelret pa den gennemsnitlige udsendelsesretning for akustisk vibration.

6. System ifglge et hvilket som helst af de foregaende krav, hvor spolen (6)

omfatter en flerhed af viklinger.

7. System ifglge et hvilket som helst af de foregéende krav, hvor genstanden

(2) er menneske- eller dyreveaev.

8. System ifelge et hvilket som helst af de foregaende krav, hvor den
akustiske vibration omfatter en bzerebglge, der er amplitudemoduleret af en AM-

balgeform.

9. System ifelge krav 8, hvor signalbehandlingsanordningen er konfigureret
til at detektere, ud fra den modtagne, spredte elektromagnetisk balge, en Doppler-
komponent forskudt fra frekvensen for den belysende elektromagnetiske balge med
frekvensen for en frekvenskomponent af AM balgeformen, og til at udsende et
signal, der repreesenterer mindst én egenskab ved den detekterede Doppler-

komponent.

10. System ifalge et hvilket som helst af de foregaende krav, hvor spolen (6)

omgiver aksen (102) over mindst 350 grader.
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11. Fremgangsmade til undersegelse af en genstands (2) fysiske

egenskaber, hvilken fremgangsmade omfatter:

anvendelse af en akustisk transduceranordning (4) til at pafere genstanden (2)

akustisk vibration lokaliseret i to eller tre dimensioner i et omrade i genstanden (2);

belysning af genstanden (2) med en belysende elektromagnetisk balge med en
frekvens i et interval, der streekker sig ned fra 30 THz, samtidigt med anvendelsen
af akustisk vibration, hvor vibrationsretningen for den akustiske vibration har en
komponent parallel med udbredelsesretningen for den belysende
elektromagnetiske belge, saledes at vibrationen af genstanden (2) forarsaget af den
akustiske vibration i omradet genererer en spredt elektromagnetisk balge
indbefattende et saet af Doppler-komponenter forskudt fra frekvensen for den
belysende elektromagnetiske bglge med frekvenserne for vibrationen af

genstanden (2) forarsaget af den akustiske vibration og multipla deraf;
modtagelse af den spredte elektromagnetiske balge genereret i omradet og

udledning, fra den modtagne spredte elektromagnetiske balge genereret i
omradet, af data, der repreesenterer mindst én egenskab for Doppler-

komponenterne, kendetegnet ved, at:

belysningen omfatter anvendelse af en antennespole (6), der omgiver, over
mindst 180 grader, en akse (102), langs hvilken mindst en del af den akustiske

vibration udsendes, og

spolen (6) er fast forbundet med den akustiske transduceranordning (4) og
belyser genstanden (2), mens spolen (6) og den akustiske transduceranordning (4)

er placeret pa en samme side af genstanden (2).

12. Fremgangsmade ifalge krav 11, hvor spolen (16) placeres mod huden pa
et menneske eller dyr for at unders@ge fysiske egenskaber ved en genstand (2), der

omfatter veev fra mennesket eller dyret.

13. Fremgangsmade ifalge krav 12, hvor spolen (6) er saledes formet, at den

passer til den del af mennesket eller dyret, mod hvilken spolen (6) er placeret.
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DRAWINGS
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