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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 tom-
ography (CT), ultrasound imaging, magnetic resonance imaging (MRI), positron emission tomography (PET).

[0003] Differentimaging 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 arange 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 reso-
lution. 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.

[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] The present invention is concerned with the selection of the acoustic vibration.

[0015] This 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
localisation 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.

[0016] The present invention is concerned with optimising the selection of the acoustic vibration.
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[0017] According to the present invention, there is provided a method of investigating physical properties of an object,
comprising:

applying to the object acoustic vibration localised in two or three dimensions in a region in the object, the acoustic
vibration comprising a carrier wave that is amplitude modulated by an AM waveform, the carrier wave being selected
to provide the localization of the acoustic vibration and the AM waveform including a frequency component selected
to provide a vibration of the object of greater magnitude than the carrier wave;

simultaneously illuminating the object with an illuminating electromagnetic wave that has an EM frequency in a
range extending up to 30THz, the vibration direction of the acoustic vibration having a component parallel to the
propagation direction of the illuminating electromagnetic wave so that the acoustic vibration of the object in the
region generates a scattered electromagnetic wave including a set of Doppler components shifted from the frequency
ofthe illuminating electromagnetic wave by frequencies of the vibration of the object caused by the acoustic vibration
and multiples thereof; and

receiving the scattered electromagnetic wave generated in the region,

detecting, from the received, scattered electromagnetic wave, a Doppler component shifted from the frequency of
the illuminating electromagnetic wave by the frequency of said frequency component of the AM waveform; and
outputting a signal representing at least one characteristic of the detected Doppler component.

[0018] Furtheraccording to the presentinvention, there is provided a system capable of implementing a similar method.
[0019] The present invention provides a method of investigating the physical properties of an object using a similar
acousto-electromagnetic technique to that described WO-2010/043851 that involves applying acoustic vibration to an
object localised in two or three dimensions in a region in the object simultaneously with illuminating the object with an
illuminating electromagnetic wave. However, the present invention utilizes a specific form of acoustic vibration 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 localisation 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 presentinvention
proves 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. Such subjects, the carrier wave
may be selected to optimize the resolution and the AM waveform may be independently chosen to provide a significant
mechanical response.

[0020] 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 fre-
quency 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.

[0021] 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.

[0022] The frequency component of the AM waveform that is utilized is selected having regard to the relevant me-
chanical 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.

[0023] The step of detecting Doppler components may comprise:

supplying the received, scattered electromagnetic wave to a phase-locked loop locked to the EM frequency to
produce a frequency-demodulated signal comprising the set of the Doppler components frequency-demodulated
from the EM frequency;

supplying the frequency-demodulated signal to a lock-in amplifier configured to extract a signal at a reference
frequency equal to the frequency of said frequency component of the AM waveform.

[0024] The detection of the Doppler component essentially requires frequency demodulation of those Doppler com-
ponents from the components of the scattered electromagnetic wave of the same frequency as the illuminating electro-
magnetic wave. The phase-locked loop is locked to the EM frequency and therefore produces a frequency-demodulated
signal comprising all the set of Doppler components frequency-demodulated from the EM frequency. This frequency-
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demodulated signal is supplied to a lock-in amplifier, which is configured to extract a signal at a reference frequency
equal to the frequency of the vibration of the object. As the acoustic vibration comprises a carrier wave amplitude
modulated by an AM waveform, then the reference frequency is the frequency of the frequency component of the AM
modulation that is being utilised.

[0025] This combination of a phase-locked loop and a lock-in amplifier permits the detection of Doppler components
of an extremely low level. For example, in frequency modulation terms, the embodiments described hereinafter have
been arranged to detect modulation indexes of the order of ten parts in a million or better. This allows the acousto-
electromagnetic method to be applied to investigate the properties of an object with a high degree of sensitivity, allowing
accurate discrimination between different properties of the object.

[0026] The present invention may be applied to provide imaging of the object. In this case the acoustic vibration is
applied (a) simultaneously or (b) sequentially in a localised 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 localised 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 localised in three
dimensions, then the regions are limited in extent in that third direction and a three-dimensional image may be derived.
[0027] The acoustic vibration may be applied localised 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.

[0028] Alternatively, the acoustic vibration may be applied localised 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 differentfrequencies,
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.

[0029] Inprinciple, the presentinvention 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.

[0030] These properties mean that the imaging of the present invention can provide advantages over the established
imaging methods when applied to imaging human or animal tissue, including but not limited to medical imaging.
[0031] 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. 4ato 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 the imaging system applied to mammography;

Fig. 12 is a is a perspective view of the imaging system applied as a full body scanner;

Fig. 13 is a perspective view of the imaging system applied using a hand-held acoustic transducer apparatus;

Fig. 14 is a schematic diagram of an ARF excited area caused by a focused acoustic vibration;

Fig. 15 is a schematic diagram of diffraction planes showing a source field and a farfield;

Fig. 16 is a graph of the reduction factor in a modulation index against position for a Gaussian excitation;

Fig. 17 is schematic diagram of the imaging system in a multi-channel configuration;

Fig. 18 is a graph of scan time against the number of channels using such a multi-channel configuration;

Fig. 19 is a schematic view from above of the imaging system configured to perform a first experimental example;
Fig. 20 is a graph of the magnitude of a Doppler component against position for a 1D slice image in the first
experimental example;

Fig. 21 is a graph of the peak magnitude of the Doppler component for agar targets of different stiffness in the first
experimental example; and

Figs. 22 and 23 are both sets of 2D images of a lamb’s kidney in a second experimental example.
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[0032] 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.

[0033] 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.

[0034] 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.

[0035] 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.

[0036] 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.

[0037] 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.

[0038] 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 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.

[0039] The acoustic vibration is localised 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.

[0040] 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, which 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.

[0041] 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.

[0042] 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.
[0043] 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.

[0044] As alternatives that are both illustrated in Fig.1, the acoustic vibration may be localised in two dimensions in a
region 5a (shown in dashed outline) that is limited in extent perpendicular to the propagation direction of the acoustic
vibration but extends along the propagation direction, or may be localised in three dimensions in a region 5b (shown in
dotted outline) that is also limited along the propagation direction. The localisation of the acoustic vibration may be
achieved using conventional equipment as described in more detail below. When localised in three dimensions, along
the direction of propagation of the acoustic wave, the acoustic vibration might be localised only instantaneously as the
acoustic wave propagates. In many fields of application such as medical imaging, the acoustic vibration is ultrasonic.
[0045] In the simplest embodiment, the acoustic vibration is localised 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
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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.

[0046] In more complicated embodiments, the acoustic vibration is localised in regions 5 at plural locations simulta-
neously but in this case the AM waveform of the acoustic vibration is different in different locations, as discussed further
below.

[0047] The system 1 also includes a transmitter arrangement comprising a transmitter antenna 6 connected to a radio
frequency source 7 controlled by the control unit 3 that supplies the antenna 6 with a drive signal that outputs a corre-
sponding electromagnetic wave. Thus the transmitter arrangementin operation illuminates the object 2 with anilluminating
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.

[0048] 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.
[0049] 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 electromag-
netic 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 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.

[0050] 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.

[0051] The scattered electromagnetic wave comprises a central component of the EM frequency fe of the illuminating
electromagnetic wave.

[0052] The scattered electromagnetic wave also comprises Doppler components (sidebands) at frequencies fexn.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.

[0053] Where the AM waveform also comprises harmonic frequency components, there will be further Doppler com-
ponents 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.

[0054] 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.
[0055] 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
dielectricbodies which are vibrating without considering how the vibration is generated. In contrastin the presentinvention,
the acoustic vibrations are applied localised 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
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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.
[0056] A detailed mathematical analysis of the interaction is given later.

[0057] The system 1 also includes a receiver arrangement comprising a receiver antenna 8 connected to signal
processing apparatus 9 controlled by the control unit 3. The receiver antenna 8 is tuned to the frequency of the illuminating
electromagnetic wave and is matched to the measurement medium, that is the object 2 and/or any medium (e.g. air or
an acoustic matching medium) provided between object 2 and the receiver antenna 8. In operation, the receiver antenna
8 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 component 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.
[0058] In Fig. 1, the acoustic transducer apparatus 4 and the transmitter antenna 6 are shown alongside each other
so that the propagation direction of the acoustic vibration and the electromagnetic wave are the same, but this is not
essential and other arrangements are described below. In general, the locations of the acoustic transducer apparatus
4 and the transmitter antenna 6 relative to each other are chosen so that the vibration direction of the acoustic vibration
has a component parallel to the propagation direction of the illuminating electromagnetic wave. This is to generate the
Doppler scattering.

[0059] 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 « 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 o.

[0060] The acoustic transducer apparatus 4 and the transmitter antenna 6 may be located adjacent one another to
set the direction of the acoustic vibration parallel to the propagation direction of the illuminating electromagnetic wave.
An exactly parallel condition is limited by the constraints imposed by the physical bulk of the acoustic transducer apparatus
4 and the transmitter antenna 6 but they may be arranged sufficiently close to be parallel for the practical purpose of
maximising the Doppler scattering. Alternatively, the transmitter antenna 6 may be arranged on the opposite side of the
object 2 from the acoustic transducer apparatus 4.

[0061] In general, the receiver antenna 8 may be located at any angle relative to the propagation direction of the
electromagnetic wave and the vibration direction of the acoustic vibration. This is because the scattered Doppler com-
ponents 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.

[0062] 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 direc-
tions. Reception along a line antiparallel to the propagation direction of the illuminating electromagnetic wave may be
achieved by the transmitter antenna 6 and the receiver antenna 8 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) to isolate the frequency source 7 from circuitry handling the detected Doppler components.

[0063] However, the scattered electromagnetic wave may be received in other directions. Advantageously, the scat-
tered 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.

[0064] The selection of the acoustic vibration and the illuminating electromagnetic wave will now be discussed.
[0065] 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 localisation 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, 100pm to 10MHz, and 1um to 100MHz).

[0066] 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
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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.

[0067] 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 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.

[0068] 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.

[0069] The EM frequency of the illuminating electromagnetic wave is selected as follows. The image contrast mech-
anism 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.
[0070] 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, advan-
tageously 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.

[0071] 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.

[0072] The object 2 may have a response which varies at different frequencies. Therefore, the imaging may be per-
formed with acoustic vibrations of different frequencies and/or with an 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
differentregions 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.

[0073] The signal processing apparatus 9 includes an amplifier 10, a frequency-modulation (FM) demodulator 11 and
a digital signal processor 12.

[0074] The amplifier 10 receives and amplifies the signal received by the receiver antenna 8. Due to the low SNR, the
amplifier 10 is desirably a very low noise amplifier.

[0075] 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.

[0076] The FM demodulator 11 may have a detailed construction that is shown in Fig. 5 and will now be described.
[0077] The FM demodulator 11 comprises a phase-locked loop (PLL) 60 that is supplied with the scattered EM wave
received by the receiver antenna 8, 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
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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.
[0078] 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 electro-
magnetic wave. The 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.

[0079] Two specific configurations for the PLL 60 are as follows.

[0080] 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.

[0081] 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.

[0082] 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.

[0083] 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.

[0084] 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.

[0085] 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.

[0086] 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 that needs to be corrected on startup, although at the cost of a small increase of
noise levels.

[0087] 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.

[0088] 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.

[0089] In this second configuration, the components are substantive to reduce noise pickup.

[0090] 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.

[0091] 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.
[0092] 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 (which
is not in accordance with the invention) then the reference frequency would be the frequency of that single frequency
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component.

[0093] 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.

[0094] 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
72isfurther configured to generate the amplitude and phase of the extracted signal, although it could equally be configured
to generate other characteristics thereof.

[0095] 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.

[0096] To facilitate the FM demodulation, the FM demodulator 11 is provided with the signal of the illuminating elec-
tromagnetic 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.

[0097] 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.
[0098] 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.
[0099] The digital signal processor 12 may store only the actually derived values of the phase 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.

[0100] 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.

[0101] Thedigital signalprocessor 12 may be implemented by acomputer apparatus executing an appropriate program,
optionally being the same computer apparatus as used to implement the control unit 3. 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 alter-
native, 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.

[0102] As previously mentioned, the acoustic transducer apparatus 4 provides acoustic vibration is localised in a region
5 at a given time, that is localised in two dimensions in a region 5a that extends in the propagation direction or localised
in three dimensions in a region 5b 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.
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[0103] 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 is 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.

[0104] To provide localisation in two dimensions, the array of transducers 20 may apply the acoustic vibration as a
continuous beam, so that the acoustic vibration is localised in space within the propagating beam in the two dimensions
perpendicular to the direction of propagation. To provide localisation in three dimensions, the array of transducers 20
may still apply the acoustic vibration as a beam that is not continuous so that along the third dimension in the direction
of propagation, the acoustic vibration is localised instantaneously as the acoustic wave propagates. The propagating
beam may be a pulse which is localised 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 waveforem of varying frequency so that different
frequencies are localised 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.

[0105] 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 localised in different regions 5 simul-
taneously, 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.

[0106] Toform 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.

[0107] 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 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 afundamental 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.

[0108] 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.

[0109] The beamformer circuit 23 may include programmable amplifiers (or attenuators) 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 m/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.

[0110] The drive circuit 21 may be formed by analog circuits, but digital circuits could alternatively be used for any
part thereof.

[0111] 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.

[0112] 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.

[0113] As an alternative to forming a beam, this acoustic transducer apparatus 4 comprising the array of transducers
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20 may apply the acoustic vibration as a spot which is continuously localised in space in three dimensions.

[0114] Using this acoustic transducer apparatus 4 comprising an array of transducers 20, the location of the region 5
atwhich the acoustic vibration is localised 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.

[0115] Inthe case that the acoustic vibration is localised in two dimensions, then the image is a two dimensional image
(or shadow image) whose pixels contain information from the entirety of the region 5a 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 tomog-
raphy (CT) scanning.

[0116] In the case that the acoustic vibration is localised in three dimensions, then a three-dimensional image may
be derived by scanning the region 5b in three dimensions.

[0117] 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.

[0118] As previously mentioned, in the simplest embodiment, the acoustic vibration is localised in a single region 5 at
a given time, the acoustic vibration being applied to regions 5 at a plurality of different locations successively.

[0119] In more complicated embodiments, the acoustic vibration is localised 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.

[0120] 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 localistion in each region 5 but in the case
of using the same carrier frequencies fc then a common carrier frequency source 90. In the case that the waveform
generator 22 isreplicated, 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 electro-
magnetic 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.

[0121] In this manner, characteristics of the Doppler components and therefore image data 13 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.

[0122] 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.

[0123] 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.
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[0124] 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 but 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 imple-
mentations.

[0125] 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 6
and receiver antenna 8 might be integrated into the same ultrasound head.

[0126] Optionally, the system 1 might additionally incorporate an acoustic system 14 connected to the acoustic trans-
ducer 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 conventional image registration techniques, allowing the system 1 to simul-
taneously produce two different types of image. This is advantageous in many fields, for example as a real time system
for dynamic diagnostics and monitoring.

[0127] Similarly the system 1 might be integrated with an ultrasound treatment system, allowing monitoring of state
of the object 2 during treatment.

[0128] Some examples of the system 1 applied to different applications in the field of medical imaging wherein the
object 2 is human tissue are shown in Figs. 7 to 9. In each case, the transmitter antenna 6 and receiver antenna 8 are
replaced by a common antenna 16 connected to the radio frequency source 7 and the signal processing apparatus 9
via a directional coupler 17 that provides separation of the transmitted and received signals.

[0129] Fig. 11illustrates the system 1 applied to mammography in which the object 2 is a breast. The acoustic transducer
apparatus 4 and common antenna 16 are arranged on opposite sides of the breast, preferably with a matching medium
between the breast and the acoustic transducer apparatus 4, for example oil, matching gel or a flexible membrane. The
acoustic transducer apparatus 4 produces a narrow beam of acoustic vibration localised in two or three dimensions.
The acoustic transducer apparatus 4 and common antenna 16 are rotated together as shown by the arrows A to obtain
information from different directions that may be combined to derive a two dimensional image slice. Plural such image
slices may be obtained by moving the acoustic transducer apparatus 4 and common antenna 16 up and down as shown
by the arrows B.

[0130] Fig. 12 illustrates the system 1 applied as a full-body scanner in which the object 2 is the body of a human
subject. The system 1 includes a bed 50 that comprises a flexible membrane 51 supported across the top of a bath 52
of containing matching medium 53. The subject lies on the flexible membrane 51 below the level of the matching medium
53. The acoustic transducer apparatus 4 and common antenna 16 are supported opposite one another on a rotatable
gantry 54 that extends around the bath 52 so that the acoustic transducer apparatus 4 and common antenna 16 are on
opposite sides of the subject. Rotation of the gantry 54 as shown by the arrows C allows information to be obtained from
different directions that may be combined to derive a two dimensional image slice. Plural such image slices may be
obtained by moving the gantry 54 as shown by the arrows B.

[0131] Fig. 13 illustrates the system 1 applied implementing the acoustic transducer apparatus 4 as a conventional
hand-held apparatus of the type used for scanning a subject, for example during pregnancy. In this case, the common
antenna 16 is simply arranged beneath the subject, for example beneath a bed on which the subject lies, and the acoustic
transducer apparatus 4 is used in a conventional manner to simultaneously obtain an image in accordance with the
present invention and a conventional acoustic image.

[0132] A detailed mathematical analysis of the interaction giving rise to the scattered electromagnetic wave is now
given. This explanation is given in terms of the Acoustic Radiation Force (ARF) generated by the acoustic vibration.
[0133] ARF has been extensively studied from its theoretical discovery by Rayleigh and Langevin. In summary, ARF
is generated by acoustic wave propagation though a boundary of differing acoustic impedances in the direction of the
wave vector. ARF is usually associated with focused ultrasound, and have been used clinically for Acoustic Radiation
Force Imaging (ARFI) for measuring tissue stiffness.

[0134] ARF is generated from a sum of two pressures: Rayleigh radiation pressure, defined as the difference between
the average pressure with and without movements caused by the acoustic wave, and Langevin radiation pressure from
the difference between the mean pressure caused by absorption or reflection of the impedance boundary. In this appli-
cation, since we are looking at the movement of boundary between tissues, the Langevin radiation pressure is the main
focus.

[0135] The Langevin ARF can be calculated from a plain wave using:
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where / is the peak temporal average intensity, « is the attenuation coefficient of the boundary between tissues, and ¢
is the velocity of the acoustic wave. In the case of the present acoustic vibration, /is the peak temporal average intensity
of the carrier wave. Due to the amplitude modulation, this average intensity and hence the force vary with the AM
waveform. The force causes movements in the object 2 generated by the frequency components of the AM waveform,
in the same way as ARFI, which causes frequency modulation to any illuminating electromagnetic radiation. By appro-
priate selection of frequency of the AM waveform, the vibration of the object 2 caused thereby can be of significantly
greater magnitude than the magnitude of the vibration at the frequency of the carrier wave. From numerical simulation
and other published results, for the case of an object that is a biological sample, the peak displacement is expected to
be of the order of 10pm.

[0136] When an infinite sheet of dielectric boundary vibrate in an electromagnetic plane wave Uyei®t, the back scatter
field atthe boundary can be approximated by assuming quasi-static moving boundary condition and non-relativistic effect:

i[mt+21945in(a)at)}

U=pUge

PRERS
where & = — or the wave number of the electromagnetic wave, and A is the boundary’s amplitude of vibration. The

back scattered wave experience periodic phase modulation with maximum shift of +2kA radians. The maximum deviation
is rewritten as:

B =2kA

where fis called the modulation index. It is proportional to the vibration amplitude, which is in turn proportional to the
stiffness of the target boundary. In the proposed system, ARF is used to excite a small region of a dielectric boundary,
leading to Doppler shift. The acoustic vibration may be spatially scanned to obtain a raster scan of the target. Such a
raster scanning method also allows automatic registration of the ultrasound pulse echo imaging as well as the EMA
data, and this is used in the two dimensional measurements of lambs’ kidneys described below.

[0137] Since the area is small compared to the wavelength of the EM wave, full diffraction calculations is needed to
see the effect of the interaction between excited and unexcited areas, so that both of these phase contributions are
considered. The diffraction effects are derived initially for any circular symmetric functions, then specifically for a uniformly
excited circular region within a circular dielectric disc, and finally in case of a Gaussian distributed excitation.

[0138] Referenceis made toFig. 14 which is a schematic diagram of an ARF excited area 100 at the dielectric boundary
caused by a focused acoustic wave 102, and Fig. 15 which is a schematic diagram of diffraction planes showing the
source electric field formed by the ARF excited area 1000n the left, and the far-field on the right. Consider a cylindrical
coordinate system for two planes, one being a 'source’ plane 101 where the excited area 100 is placed and the other
being an ‘observer’ plane 103 where the receiver antenna 8 is located, where U(p,0,{) is the circular symmetric electric
field distribution at the 'source’ plane 101, and U(r,z,{) is the diffracted field at the 'observer’ plane 103, z meters away.
Under the far field condition, it is possible to use Fraunhofer approximation to the diffraction equation, provided that the

2

far-field condition z > is met, D is the characteristic size of the scattering region, i.e. the maximum extent of the

dielectric, and 1is the wavelength of the electromagnetic wave. Using this approximation, the circular symmetric diffraction
equation becomes [6]:

Ul(r,z,t)= A.ij(p,O,t)J0 [kr—pjdp
0 ‘ )
2nz _JTVZ

rz
A Az
where A= kT'e € I is the reflection coefficient associated with the dielectric disc, and J; is the zeroth order

iz
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Bessel function of the first kind. The reflection coefficient I' can be determined from the dielectric contrast by solving
Maxwell’'s equation at the dielectric boundary:

r nz _Th

T (s)

where N = /H / ¢ orthe refractive index of the material. It was also noted that changes in conductivity could also cause

reflection, which could be used for imaging inclusions with high salinity. Apply a sinusoidal vibration to the disc, we can
separate the electric field at the 'source’ plane 101 to spatial and temporal components:

U (l”, Z,I) _ A]‘O pUO (p, O) ejmt+jﬂ¢(p)cos[arctan[:jjcos(mat)JO (kr_pj dp
z

’ (6)
[0139] The spatially dependent g (,O) coS (arctan(rjj cos (@a[) phase term comes from the sinusoidal Doppler
z

shift due to varying spatial amount of excitation, g is the modulation index. Since only the phase shift is needed in the
received signal, the expression can be rewritten as a sum of the real and imaginary parts and factoring out the constant

angular velocity e/ :

z

Real: AI pU (p.0), [@j co{ Bé(p) cos(arctan (Bj]cos(a)at)]d o

z

Imaginary: A.T poU (p, O) Jo (kr_pj sin [ﬂgb (p)cos [arctan (BD coS (a)at)j dp
0 : ()

[0140] If B << 1 (which will be the case for displacements of 10-6 m), they are simplified to:

Real: A.j pU(p,O) Jy [k’/ijdp
0

Imaginary: A.cos (arctan (BD oS (a)at) T pU(p, O) Jo (kr_pj Bo (p) dp

(8)

[0141] The phase can be calculated by taking the arctan of the ratio of the two components. This is approximated by
ignoring the higher order terms to give the phase modulation in the far field:

IPU(/D,O)JO (krz'ojqﬁ(p)dp

TpU(p,O)JO(kIz)jdp

0

Phase =

B cos (arctan (Bn cos(w,?)
)
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[0142] So the effective modulation index £is multiplied by the ratio of the spatial Fourier transform of the excited area
divided by the spatial Fourier transform of the unexcited area.

[0143] A simple example is to use uniform circular excitation area that lies within a dielectric disc shown in Fig. 15.
Assuming that the source plane 101 has been illuminated with plane electromagnetic wave, the resulting phase modu-
lation becomes:

7,J, (krorj
z p
Phase =————< B cos (arctan (—D cos(w,1)

z

76
z (10)

where the on-axis modulation is simply the ratio of the two areas:

z

2
Phase = I’b_z B cos (arctan (Bn cos(w,1)
. (1)

[0144] With typical values expected to be used, the ratio is plotted against the displacement in the ’observer’ plane
103 in Fig. 16 which is a plot of the reduction factor in the modulation index using z = 0.2m; wavelength = 0.04m; r0 =
0.002m; R = 0.01m; r-y%/r,2 = 0.04.

[0145] The ratio increases to reach 1 when the receiver is placed at the null of the far-field pattern caused by the
dielectric disc, where [ is maximum. This is where the receiving antenna should be placed.

[0146] A Gaussian acoustic excitation is also calculated, since this will likely represent the excitation in practice. The
waist of the excitation is set to be the same as the radius in the uniform excitation ry :

77‘2

[pU(p.0), ("j’je[mzjdp

Phase =2 " o
[pU(p.0)J, (ijdp

0

B cos (arctan (BD cos(w,1)
(12)

[0147] Fig. 16 also shows the result for Gaussian excitation. It provides slightly slower increase in beta as the receiver
moves away from the axis, while the maximum is located at the same location compared to the uniform excitation. We
observe that the overall effect of the unmodulated region is to lower the modulation index at the receiver, scaling linearly
with the ratio of the area of excited to unexcited region. Therefore, the current EMA system uses a narrow horn antennas
to minimise returns from unexcited region.

[0148] Thereis now discussed further the application of acoustic vibration with different frequencies in different regions
5 in order to provide simultaneous scanning of the different regions. In particular, in each of the different regions 5, the
AM waveform of the acoustic vibration may be selected to be different by having different fundamental frequency com-
ponents, for example of frequencies fa, (fa+fs), (fa+2.fs), ..., (fa+(n-1).fs), where fs is the frequency separation between
the fundamental frequency components and n is the number of different frequencies used. Each different acoustic
vibration is localized in a different region 5 of the object 2, as illustrated schematically in Fig. 17.

[0149] The signal processing apparatus 9 is arranged to detect and derive characteristics of Doppler components
from each of the different acoustic vibrations, typically the Doppler component generated by the different fundamental
frequency components. This may be achieved by the signal processing apparatus 9 being arranged as described above
but, within the FM demodulator 11, the lock-in-amplifier 72 being replicated in parallel in respect of each of the acoustic
frequencies used, for example as illustrated schematically in Fig. 17. As each different Doppler component is known to
have been generated at a different region 5, this provides parallel scanning of the object over n frequency channels of
separation fs.

[0150] The selection of the different frequency channels will now be discussed.

[0151] The frequency channels are selected having regard to the SNR as follows.

[0152] The modulation index is a linear function of the amplitude of the vibration, which is in turn proportional to the
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probe power output. The SNR is finally calculated using:

SNR =kra.l

where k is the sensitivity index, t is the lock-in time constant of the lock-in amplifier 72, a. is a proportionality constant
and / is the power density from the acoustic transducer apparatus 4. Alternatively the power density is proportional to
the power output P:

==
A

where A is the ARF excited area.

[0153] Inalow SNR regime, the time constant limits the scan time of a single data point, since an extended integration
time is needed for an acceptable imaging SNR and the power density of the ARF is fixed for safety reasons. For N
scanning pixels, the scanning time T decreases directly with the number of channels n available:

[0154] In practice, the number of channels available is a function of the minimum frequency separation fs. This is
determined by the filter bandwidth of the lock-in amplifiers 72, so that the frequency channels do not overlap. This
bandwidth is inversely proportional to the time constant t. The total bandwidth available is determined by the frequency
response of the tissue, which is typically in the range of 100Hz. For tissue bandwidth B, the maximum number of channels
ng can be expressed using:

np =Bt

For N scanning pixels, the minimum time needed to complete a scan (T;,) is given by:

Combining these equations, the minimum number of channels required to obtain a desired minimum scan time is
therefore:

. _B.SMNR
min k(x]

The number of channels cannot in general increase indefinitely, since the power available to the acoustic transducer
apparatus 4 is limited. The maximum number of channels n,,,, is simply the maximum power output available divided
by the required power output:

[0155] Fig. 18 is a graph of the scan time against the number of channels n illustrating these two regimes.

[0156] In the imaging system described above in the second configuration with a decoupling capacitor, the SNR is
estimated to be 5 for time constant of 1 s and ultrasound intensity of 0.9W/cm2, giving « as 3.3x10-4 cm2/Ws. The tissue
bandwidth is typically of the order 100Hz. For an image of 40x40 pixels and using 1s time constant to achieve the
desirable SNR, this equates to 100 channels to reach the minimum total scan time of 16 seconds. The SNR can be
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increased by increasing number of channels and time constant, but the total scan time remains constant.

[0157] To decrease the scan time further, it is necessary to use a higher modulation frequency, which can be accom-
plished by using demodulator with higher sensitivity index.

[0158] The simplest method of parallel scanning uses an acoustic transfer apparatus 4 comprising multiple single
focus transducers, for example NDT (non-destructive testing) transducers, to produce spatially fixed ARF excitation
areas for mechanical scanning. The number of transducers is the same of the number of channels required. However,
they can be of the same type and frequency, which could simplify the manufacturing process. Their physical separation
of the transducers allows effective heat dissipation and higher acoustic intensity, which translates to higherimaging SNR.
[0159] Since it is difficult to integrate large number of focusing transducers, the maximum number of channels is
limited. The use of 10 channels is conceivable, and using the current receiver parameters, the scanning time is simply
divided by the number of channels, for example as follows:

Scan time for 1 channel 40x40 pixels: 1600 x 1s/60 = 26 minutes (SNR of 5)
Scan time for 10 channel 40x40 pixels: 1600 x 1s/60/10 = 2.6 minutes (SNR of 5)
Scan time for 10 channel 40x40 pixels: 1600 x 0.5s/60/10 = 1.3 minutes (SNR of 2.5)

[0160] Inmostclinical ultrasound machines, the transducer consists of individually programmable delay piezo elements
in a 1D linear phased array. The output power of these systems is lower than a typical NDT transducer, which requires
longer lock-in time for the same SNR. For example, the lock-in time typically required may be roughly 10 times longer
for a single channel measurement. The advantage of a 1D linear phased array is the ability to form arbitrary intensity
distribution in the sample on the fly, so it is possible to use back propagating algorithms to generated areas that are
modulated at different frequencies. Due to the 1D nature of the probe, it is difficult to control the wavefront to generate
large number of ARF regions uniformly for different channels. It is estimated that the maximum number of channels
achievable is close to 20, therefore producing the following scan times:

Scan time for 1 channel linear array 40x40 pixels: 1600 x 10s/60 = 260 minutes (SNR of 5)
Scan time for 10 channel linear array 40x40 pixels: 1600 x 10s/60/20 = 13 minutes (SNR of 5)
Scan time for 10 channel linear array 40x40 pixels: 1600 x 5s/60/20 = 7.5 minutes (SNR of 2.5)

[0161] Extending the 1D concept, there maybe used a 2D phased array of transducers operating similarly to 1D array.
The generation of a scattered wave is more robust due to the large number of elements available, using holographic
waveform generation as known in the art. This would allow implementation of a large number of channels, for example
of the order of 100. Allowing for the same power density in the 1D probe, the scan times are as follows:

Scan time for 1 channel 2D array 40x40 pixels: 1600 x 10s/60 = 260 minutes (SNR of 5)
Scan time for 100 channel 2D array 40x40 pixels: 1600 x 10s/60/100 = 2.6 minutes (SNR of 5)
Scan time for 100 channel 2D array 40x40 pixels: 1600 x 5s/60/100 = 1.3 minutes (SNR of 2.5)

[0162] There will now be described two experimental examples of the method of the present invention.

[0163] The first experimental example was performed using the imaging system 1 of Fig. 1 arranged in a configuration
shown in Fig. 19. The object 2 under investigation was an agar target 80 that was simply a block of agar. The agar target
80 was arranged in a tank 81 of water to allow good coupling and power transfer from the acoustic transducer apparatus
4 which was a focused non-destructive testing ultrasonic transducer with the following parameters:

Make Olympus
Diameter 1.25inch
Focal length 3.5inch
Centre frequency 2.25MHz
Focal spot size 3.8mm
Acoustic power density (average) | 100mW/mm?2

[0164] The transmitter antenna 6 and the receiver transmitter 8 were immersed in the tank 81 of water in a bistatic
configuration alongside the acoustic transducer apparatus 4. The illuminating electromagnetic wave had an EM frequency
of 800MHz. The path attenuation at this frequency is well within acceptable limits for the radar signal link budget. The
acoustic transducer apparatus 4 was arranged to provide a beam of acoustic vibration localised in two dimensions. The

18



10

15

20

25

30

35

40

45

50

55

EP 2 758 800 B1

agar target 80 was moved perpendicular to the propagation direction of the acoustic vibration by a computer-controlled
linear translation stage across the path of the beam at a distance of 89mm from the acoustic transducer apparatus 4 to
localise the beam in successive regions across a 1D slice of the agar target 80.

[0165] A sheet 82 of neoprene was provided in the tank 81 of water in the path of the acoustic vibration behind the
agar target 80 to absorb acoustic vibration, reducing reflections thereof and therefore reducing noise.

[0166] The agar target 80 was formulated to simulate the conductivity of soft tissue by the addition of a small amount
of NaCl (for example at a concentration of the order of 3g/L).

[0167] Theresults for a particular agar target 80 are shown in Fig. 20, which is a graph of the magnitude of the detected
Doppler component against the position of the agar target 80 for the case of an agar target 80 having a Young’'s modulus
of 2.1kPa and a diameter of 1.35cm. This graph shows a peak as the agar target 80 crosses the beam of the acoustic
vibration, and therefore is effectively a 1D slice image of the agar target 80.

[0168] To illustrate the discrimination of different conductive properties of the object 2, the experiment was repeated
varying the agar target 80 to change the concentration of agar to water to vary the stiffness from 2.1kPa to 8.5kPa, this
representing a range of stiffness that mimics healthy soft tissues.

[0169] The results are shown in Fig. 21, which is a graph of the peak magnitude of the Doppler components in the 1D
slice image plotted against the Young’s modulus of the agar target 80. This graft experimentally demonstrates an
approximately linear relationship as predicted by equation (3) above.

[0170] In the second experimental example, the imaging system 1 was used in the same configuration as shown in
Fig. 19, but the object 2 was a lamb’s kidney, instead of the agar target 80, to demonstrate scanning capability in
mammalian soft tissue. The acoustic transducer apparatus 4 was again arranged to provide a beam of acoustic vibration
localised in two dimensions, but the lamb’s kidney was scanned in 2D, rather than in 1D, by a computer-controlled XY
table in a plane perpendicular to the propagation direction of the acoustic vibration. This allowed the derivation of a 2D
image from a raster scan in a plane approximately in the middle of the object. This configuration is commonly called a
"C-scan" in medical vocabulary.

[0171] In a first measurement, a small incision was made into the side of the kidney and there was inserted therein a
5mm nodule of calcium carbonate having a relative dielectric constant of 6.5, in order to simulate a kidney stone.
[0172] Atthe same time as acquiring the acousto-electromagnetic image in accordance with the present method, there
was acquired an ultrasonic pulse echo image. Fig. 22 shows the images acquired by both modalities superimposed on
each other, the scanning area of the present method within the kidney being shown as a white overlay containing 100
x 80 pixels corresponding to a spatial dimension of 50 x 40mm. In Fig. 22, the left image is a photograph of a post-scan
dissection of the lamb’s kidney showing the inserted calcium carbonate module. The middle image is the same photograph
with the pulse echo image overlaid in registration. This shows the internal structure of the kidney such as the renal
pyramids and the renal veins, but these occlude the kidney stone, which is not distinguishable in this mode. The right
image is the photograph with the acousto-electromagnetic image in accordance with the present invention overlaid in
registration. In contrast with the pulse echo image taken at the same time, the sensitivity to changes in the dielectric
interface (i.e. due to the electromagnetic impedance mismatch) makes the kidney stone visible.

[0173] As predicted in equation (5) above, the signal acquired by the present method is dependent on the reflection
coefficient caused by the dielectric band mismatch and therefore it is possible also to detect and image conductive
inclusions. To test this capability, a further lamb’s kidney was injected with a saturated saline solution (30g NaCl/100g
water) in the centre to create an area of high conductivity. The further lamb’s kidney was then scanned over a larger
area of 100x80mm to image the whole kidney. The images acquired using the present method are shown in Fig. 23
wherein, the left image is a photograph of the kidney with the site of the saline solution circled, the middle image is an
ultrasound pulse echo image and the right image is the acousto-electromagnetic image of the injected site overlaid on
the ultrasound pulse echo image. It can be seen that the site of the saline solution is not distinguishable in the ultrasound
echo image, but is distinguishable in the acousto-electromagnetic image.

[0174] These results validate the suggestion from the theoretical analysis that the present method may be used to
image inclusions with different dielectric conductivity properties. A simulation of a calcite kidney stone shows that the
present method can be used to differentiate different tissue from the surrounding renal structure. The subsequent image
of saline solution shows that changes in conductivity are also picked up.

[0175] Thetheoretical calculation above also suggests that modulation index, which determines the required sensitivity,
can be reduced by stray reflection from regions that are not excited by ARF radar clutter and receives/transmit antenna
coupling in order to combat these effects, it is desirable to prove the sensitivity of the reception of the electro scattered
electromagnetic wave by using improving the sensitivity of the receiver antenna 8 and to reduce the mutual coupling
and cross torque.
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1. A method of investigating physical properties of an object (2), comprising:

applying to the object acoustic vibration localised in two or three dimensions in a region (5) in the object (2),
the acoustic vibration comprising a carrier wave that is amplitude modulated by an AM waveform, the carrier
wave being selected to provide the localization of the acoustic vibration and the AM waveform including a
frequency component selected to provide a vibration of the object of greater magnitude than the carrier wave;
simultaneously illuminating the object (2) with an illuminating electromagnetic wave that has an EM frequency
in a range extending up to 30THz, the vibration direction of the acoustic vibration having a component parallel
to the propagation direction of the illuminating electromagnetic wave so that the acoustic vibration of the object
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; and

receiving the scattered electromagnetic wave generated in the region (5),

detecting, from the received, scattered electromagnetic wave, a Doppler component shifted from the frequency
of the illuminating electromagnetic wave by the frequency of said frequency component of the AM waveform; and
outputting a signal representing at least one characteristic of the detected Doppler component.

2. A method according to claim 1, wherein said frequency component of the AM waveform has a period of the same
order of magnitude as the acoustic relaxation time of the region (5) of the object (2).

3. A method according to claim 1 or 2, wherein the carrier wave has a frequency in the range from 10kHz to 1GHz
and/or said frequency component of the AM waveform is in the range from 1Hz to 100MHz.

4. A method according to any one of the preceding claims, wherein 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
up from a value of ten times said frequency component of the AM waveform.

5. A method according to any one of the preceding claims, wherein said object (2) is a biological object, optionally
human or animal tissue, and at least one of the following applies:

the carrier wave has a frequency in a range extending up from 1MHz; the carrier wave has a frequency in a
range extending up to 50MHz;

said frequency component of the AM waveform is in a range extending up from 10kHz; said frequency component
of the AM waveform is in a range extending up to 1kHz; or

the illuminating electromagnetic wave has a frequency in a range extending up to 2GHz.

6. A method according to any one of the preceding claims being a method of imaging the object (2), wherein:

the step of applying acoustic vibration comprises applying the acoustic vibration localised in a plurality of regions
(5) either (a) sequentially or (b) simultaneously but with AM waveforms including frequency components of
different frequencies in each region (5);

the step of receiving the scattered electromagnetic wave comprises receiving the scattered electromagnetic
wave generated in each of the plurality of regions (5);

the step of detecting a Doppler component comprises detecting a Doppler component in respect of each region
(5);

the step of outputting a signal comprises outputting a signal representing at least one characteristic of the
detected Doppler component in respect of each region (5); and

the method further comprises storing data representing the at least one characteristic of the detected Doppler
component in respect of each region (5) as image data.

7. A system (1) for investigating physical properties of an object (2), the system (1) comprising:

an acoustic transducer apparatus (4) arranged to apply to the object acoustic vibration localised in two or three
dimensions in a region (5) in the object (2), the acoustic vibration comprising a carrier wave that is amplitude
modulated by an AM waveform;

a transmitter arrangement (6,7) arranged to illuminate the object (2) with an illuminating electromagnetic wave
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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 so that the vibration of the object (2) caused by the acoustic
vibration in the region (5) 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
(2) caused by the acoustic vibration and multiples thereof; and

areceiver arrangement (8) arranged to receive the scattered electromagnetic wave generated in the region (5);
and

a signal processing apparatus (9) 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 a
frequency component of the AM waveform, and to output a signal representing at least one characteristic of
the detected Doppler component.

A system according to claim 7, wherein said AM waveform has a fundamental frequency component and other
frequency components, said frequency component ofthe AM waveform being the fundamental frequency component.

A system according to claim 8, wherein the AM waveform is a square wave.

A system according to any one of claims 7 to 9, wherein the carrier wave has a frequency in the range from 10kHz
to 1GHz and/or said frequency component of the AM waveform is in the range from 1Hz to 100MHz.

A system according to any one of claims 7 to 10, wherein 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.

A system according to any one of claims 7 to 11, wherein said object is a biological object, optionally human or
animal tissue, and at least one of the following applies:

the carrier wave has a frequency in a range extending up from 1MHz;

the carrier wave has a frequency in a range extending up to 50MHz; said frequency component of the AM
waveform is in a range extending up from 10kHz;

said frequency component of the AM waveform is in a range extending up to 1kHz; or the illuminating electro-
magnetic wave has a frequency in a range extending up to 2GHz.

A system according to any one of claims 7 to 12, wherein the signal processing apparatus comprises:

a phase locked-loop (60) supplied with the received, scattered electromagnetic wave, the phase-locked loop
(60) being locked to the EM frequency and arranged to produce a frequency-demodulated signal comprising
the set of the Doppler components frequency-demodulated from the EM frequency; and

a lock-in amplifier (72) supplied with the frequency-demodulated signal and configured to extract a signal at a
reference frequency equal to the frequency of said frequency component of the AM waveform.

A system according to any one of claims 7 to 13, wherein:

the acoustic transducer apparatus (4) is arranged to apply, simultaneously with said first mentioned acoustic
vibration, a second acoustic vibration localised in two or three dimensions in a further region (5) in the object
(2), the second acoustic vibration comprising a carrier wave that is amplitude modulated by a second AM
waveform; and

the signal processing apparatus (9) is also arranged to detect, from the received, scattered electromagnetic
wave, a second Doppler component shifted from the frequency of the illuminating electromagnetic wave by the
frequency of said frequency component of the second AM waveform, and to output a second signal representing
at least one characteristic of the detected second Doppler component.

A system according to any one of claims 7 to 14, being an imaging system, wherein:
the acoustic transducer apparatus (4) is arranged to apply the acoustic vibration localised in a plurality of regions

(5) either (a) sequentially or (b) simultaneously but with AM waveforms including frequency components of
different frequencies in each region (5);
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the receiver apparatus (8) is arranged to receive the scattered electromagnetic wave generated in each of the
plurality of regions; and

the signal processing apparatus (9) is arranged to detect a Doppler component a Doppler component in respect
of each region, to output a signal representing at least one characteristic of the detected Doppler component
in respect of each region, and to store data representing the at least one characteristic of the detected Doppler
component in respect of each region as image data.

Patentanspriiche
1. Verfahren zum Untersuchen von physikalischen Eigenschaften eines Objekts (2), umfassend:

Anlegen von Schallschwingung, die in zwei oder drei Dimensionen in einem Bereich (5) in dem Objekt (2)
lokalisiert ist, an dem Objekt, wobei die Schallschwingung eine Tragerwelle umfasst, die durch eine AM-Wel-
lenform amplitudenmoduliert ist, wobei die Tragerwelle so gewahlt wird, dass sie die Lokalisierung der Schall-
schwingung vorsieht, und die AM-Wellenform eine so gewahlte Frequenzkomponente umfasst, dass sie eine
Schwingung des Objekts von gréRerer GroRenordnung als die Tragerwelle vorsieht;

gleichzeitiges Beleuchten des Objekts (2) mit einer beleuchtenden elektromagnetischen Welle, die eine EM-
Frequenz in einem sich bis zu 30 THz erstreckenden Bereich aufweist, wobei die Schwingungsrichtung der
Schallschwingung eine Komponente parallel zur Ausbreitungsrichtung der beleuchtenden elektromagnetischen
Welle aufweist, so dass die Schallschwingung des Objekts in dem Bereich eine gestreute elektromagnetische
Welle erzeugt, die einen Satz von Doppler-Komponenten umfasst, der von der Frequenz der beleuchtenden
elektromagnetischen Welle um Frequenzen der Schwingung des Objekts, die durch die Schallschwingung
hervorgerufen wird, und Vielfaches derselben verschoben wird; und

Empfangen der in dem Bereich (5) erzeugten gestreuten elektromagnetischen Welle,

Detektieren, aus der empfangenen gestreuten elektromagnetischen Welle,

einer Doppler-Komponente, die von der Frequenz der beleuchtenden elektromagnetischen Welle um die Fre-
quenz der Frequenzkomponente der AM-Wellenform verschoben ist; und

Ausgeben eines Signals, das mindestens eine Eigenschaft der detektierten Doppler-Komponente darstellt.

2. Verfahren nach Anspruch 1, wobei die Frequenzkomponente der AM-Wellenform eine Dauer der gleichen GréRen-
ordnung wie die akustische Relaxationszeit des Bereichs (5) des Objekts (2) aufweist.

3. Verfahren nach Anspruch 1 oder 2, wobei die Tragerwelle eine Frequenz in dem Bereich von 10 kHz bis 1 GH7
aufweist und/oder die Frequenzkomponente der AM-Wellenform in dem Bereich von 1 Hz bis 100 MHz liegt.

4. Verfahren nach einem der vorhergehenden Anspriiche, wobei die beleuchtende elektromagnetische Welle eine
EM-Frequenz in einem Bereich aufweist, der sich von einem Wert des Zweifachen der Frequenzkomponente der
AM-Wellenform, vorzugsweise von einem Wert des Zehnfachen der Frequenzkomponente der AM-Wellenform,
nach oben erstreckt.

5. Verfahren nach einem der vorhergehenden Anspriiche, wobei das Objekt (2) ein biologisches Objekt, optional
menschliches oder tierisches Gewebe, ist und mindestens eines von Folgendem zutrifft:

die Tragerwelle hat eine Frequenz in einem Bereich, der sich von 1 MHz nach oben erstreckt; die Tragerwelle
hat eine Frequenz in einem Bereich, der sich bis zu 50 MHz erstreckt;

die Frequenzkomponente der AM-Wellenform liegt in einem Bereich, der sich von 10 kHz nach oben erstreckt;
die Frequenzkomponente der AM-Wellenform liegt in einem Bereich, der sich bis zu 1 kHz erstreckt; oder

die beleuchtende elektromagnetische Welle weist eine Frequenz in einem Bereich auf, der sich bis zu 2 GHz
erstreckt.

6. Verfahren nach einem der vorhergehenden Anspriiche, welches ein Verfahren zur Bildgebung des Objekts (2) ist,
wobei:

der Schritt des Anlegens von Schallschwingung das Anlegen der in mehreren Bereichen (5) lokalisierten Schall-
schwingung entweder (a) nacheinander oder (b) gleichzeitig, aber mit AM-Wellenformen, die Frequenzkompo-
nenten unterschiedlicher Frequenzen in jedem Bereich (5) umfassen, umfasst;

der Schritt des Empfangens der gestreuten elektromagnetischen Welle das Empfangen der in jedem der meh-
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reren Bereiche (5) erzeugten gestreuten elektromagnetischen Welle umfasst;

der Schritt des Detektierens einer Doppler-Komponente das Detektieren einer Doppler-Komponente beziiglich
jedes Bereichs (5) umfasst;

der Schritt des Ausgebens eines Signals das Ausgeben eines Signals, das mindestens eine Eigenschaft der
detektierten Doppler-Komponente bezlglich jedes Bereichs (5) darstellt, umfasst; und

das Verfahren weiterhin das Speichern von Daten, die die mindestens eine Eigenschaft der detektierten Doppler-
Komponente bezlglich jedes Bereichs (5) darstellen, als Bilddaten umfasst.

7. System (1) zum Untersuchen von physikalischen Eigenschaften eines Objekts (2), wobei das System (1) umfasst:

10.

11.

12.

eine Schallwandlereinrichtung (4), die ausgelegt ist, um an dem Objekt eine Schallschwingung anzulegen, die
in zwei oder drei Dimensionen in einem Bereich (5) in dem Objekt (2) lokalisiert ist, wobei die Schallschwingung
eine Tragerwelle umfasst, die durch eine AM-Wellenform amplitudenmoduliert ist;

eine Senderanordnung (6, 7), die ausgelegt ist, um das Objekt (2) mit einer beleuchtenden elektromagnetischen
Welle mit einer Frequenz in einem sich von 30 TH7 nach unten erstreckenden Bereich gleichzeitig mit dem
Anlegen der Schallschwingung zu beleuchten, wobei die Schwingungsrichtung der Schallschwingung eine
Komponente parallel zur Ausbreitungsrichtung der beleuchtenden elektromagnetischen Welle aufweist, so dass
die Schwingung des Objekts (2), die durch die Schallschwingung in dem Bereich (5) hervorgerufen wird, eine
gestreute elektromagnetische Welle erzeugt, die einen Satz von Doppler-Komponenten umfasst, die von der
Frequenz der beleuchtenden elektromagnetischen Welle um Frequenzen der Schwingung des Objekts (2), die
durch die Schallschwingung hervorgerufen wird, und

Vielfaches davon verschoben wird; und

eine Empfangeranordnung (8), die ausgelegt ist, um die in dem Bereich (5) erzeugte gestreute elektromagne-
tische Welle zu empfangen; und

eine Signalverarbeitungseinrichtung (9), die ausgelegt ist, um aus der empfangenen gestreuten elektromagne-
tischen Welle eine Doppler-Komponente zu detektieren, die von der Frequenz der beleuchtenden elektroma-
gnetischen Welle um die Frequenz einer Frequenzkomponente der AM-Wellenform verschoben wurde, und
um ein Signal auszugeben, das mindestens eine Eigenschaft der detektierten Doppler-Komponente darstellt.

System nach Anspruch 7, wobei die AM-Wellenform eine Grundfrequenzkomponente und andere Frequenzkom-
ponenten aufweist, wobei die Frequenzkomponente der AM-Wellenform die Grundfrequenzkomponente ist.

System nach Anspruch 8, wobei die AM-Wellenform eine Rechteckwelle ist.

System nach einem der Anspriiche 7 bis 9, wobei die Tragerwelle eine Frequenz in dem Bereich von 10 kHz bis 1
GH7 aufweist und/oder die Frequenzkomponente der AM-Wellenform in dem Bereich von 1 Hz bis 100 MHz liegt.

System nach einem der Anspriiche 7 bis 10, wobei die beleuchtende elektromagnetische Welle eine EM-Frequenz
in einem Bereich aufweist, der sich von einem Wert des Zweifachen der Frequenzkomponente der AM- Wellenform,
vorzugsweise des Zehnfachen der Frequenzkomponente der AM- Wellenform, nach oben erstreckt.

System nach einem der Anspriiche 7 bis 11, wobei das Objekt ein biologisches Objekt, optional menschliches oder
tierisches Gewebe, ist und mindestens eines von Folgendem zutrifft:

die Tragerwelle hat eine Frequenz in Bereich, der sich von 1 MHz nach oben erstreckt;

die Tragerwelle hat eine Frequenz in einem Bereich, der sich bis zu 50 MHz erstreckt; die Frequenzkomponente
der AM-Wellenform liegt in einem Bereich,

der sich von 10 kHz nach oben erstreckt;

die Frequenzkomponente der AM-Wellenform liegt in einem Bereich, der sich bis zu 1 kHz erstreckt; oder die
beleuchtende elektromagnetische Welle weist eine Frequenz in einem Bereich auf, der sich bis zu 2 GHz
erstreckt.

13. System nach einem der Anspriiche 7 bis 12, wobei die Signalverarbeitungseinrichtung umfasst:

einen Phasenregelkreis (60), der mit der empfangenen gestreuten elektromagnetischen Welle versorgt wird,
wobei der Phasenregelkreis (60) mit der EM-Frequenz synchronisiert und ausgelegt ist, um ein frequenzdemo-
duliertes Signal zu erzeugen, das den von der EM-Frequenz frequenzdemodulierten Satz der Doppler-Kompo-
nenten umfasst; und

23



(]

10

15

20

25

30

35

40

45

50

55

EP 2 758 800 B1

einen Lock-in-Verstéarker (72), der mit dem frequenzdemodulierten Signal versorgt wird und ausgelegt ist, um
ein Signal bei einer Referenzfrequenz gleich der Frequenz der Frequenzkomponente der AM-Wellenform zu
extrahieren.

14. System nach einem der Anspriiche 7 bis 13, wobei:

die Schwallwandlereinrichtung (4) ausgelegt ist, um gleichzeitig mit der ersten erwdhnten Schallschwingung
eine zweite Schallschwingung anzulegen, die in zwei oder drei Dimensionen in einem weiteren Bereich (5) in
dem Objekt (2) lokalisiert ist, wobei die zweite Schallschwingung eine Tragerwelle umfasst, die durch eine
zweite AM-Wellenform moduliert ist; und

die Signalverarbeitungseinrichtung (9) auch ausgelegt ist, um aus der empfangenen gestreuten elektromagne-
tischen Welle eine zweite Doppler-Komponente zu detektieren, die von der Frequenz der beleuchtenden elek-
tromagnetischen Welle um die Frequenz der Frequenzkomponente der zweiten AM-Wellenform verschoben
wurde, und um ein zweites Signal auszugeben, das mindestens eine Eigenschaft der detektierten zweiten
Doppler-Komponente darstellt.

15. System nach einem der Anspriiche 7 bis 14, welches ein Bildgebungssystem ist, wobei:

die Schallwandlereinrichtung (4) ausgelegt ist, um die Schallschwingung, die in mehreren Bereichen (5) loka-
lisiert ist, entweder (a) nacheinander oder (b) gleichzeitig, aber mit AM-Wellenformen, die Frequenzkomponen-
ten unterschiedlicher Frequenzen in jedem Bereich (5) umfassen, anzulegen;

die Empfangereinrichtung (8) ausgelegtist, um die in jedem der Bereiche erzeugte gestreute elektromagnetische
Welle zu empfangen. und

die Signalverarbeitungseinrichtung (9) ausgelegt ist, um eine Doppler-Komponente eine Doppler-Komponente
beziiglich jedes Bereichs zu detektieren, um ein mindestens eine Eigenschaft der detektierten Doppler-Kom-
ponente bezlglich jedes Bereichs darstellendes Signal auszugeben und um Daten, die die mindestens eine
Eigenschaft der detektierten Doppler-Komponente beziiglich jedes Bereichs darstellen, als Bilddaten zu spei-
chern.

Revendications
1. Procédé d'investigation de propriétés physiques d’un objet (2), comprenant les étapes ci-dessous consistant a :

appliquer, a I'objet, une vibration acoustique localisée dans deux ou trois dimensions dans une zone (5) au sein
de l'objet (2), la vibration acoustique comprenant une onde porteuse qui est modulée en amplitude par une
forme d’onde a modulation AM, I'onde porteuse étant sélectionnée de maniére a fournir la localisation de la
vibration acoustique, et la forme d’'onde a modulation AM incluant une composante de fréquence sélectionnée
de maniere a fournir une vibration de 'objet de plus grande ampleur que celle de I'onde porteuse ;

éclairer simultanément 'objet (2) avec une onde électromagnétique éclairante qui présente une fréquence EM
dans une plage s’étendant jusqu’a 30 THz, la direction de vibration de la vibration acoustique présentant une
composante paralléle a la direction de propagation de I'onde électromagnétique éclairante, de sorte que la
vibration acoustique de I'objet au sein de la zone génére une onde électromagnétique dispersée incluant un
ensemble de composantes Doppler décalées par rapport a la fréquence de I'onde électromagnétique éclairante
par des fréquences de la vibration de I'objet occasionnée par la vibration acoustique et des multiples connexes ;
et

recevoir 'onde électromagnétique dispersée générée dans la zone (5) ;

détecter, a partir de 'onde électromagnétique dispersée recue, une composante Doppler décalée par rapport
a la fréquence de I'onde électromagnétique éclairante par la fréquence de ladite composante de fréquence de
la forme d’onde a modulation AM ; et

générer en sortie un signal représentant au moins une caractéristique de la composante Doppler détectée.

2. Procédé selon la revendication 1, dans lequel ladite composante de fréquence de la forme d’onde a modulation AM

présente une période du méme ordre de grandeur que le temps de relaxation acoustique de la zone (5) de I'objet (2).

3. Procédé selon la revendication 1 ou 2, dans lequel 'onde porteuse présente une fréquence dans la plage allant de

10 kHz a 1 GHz et/ou ladite composante de fréquence de la forme d’onde a modulation AM se situe dans la plage
allant de 1 Hz a 100 MHz.
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4. Procédé selon I'une quelconque des revendications précédentes, dans lequel 'onde électromagnétique éclairante
présente une fréquence EM dans une plage croissante s’étendant a partir d’'une valeur égale au double de ladite
composante de fréquence de la forme d’onde a modulation AM, de préférence a partir d’'une valeur égale a dix fois
ladite composante de fréquence de la forme d’onde a modulation AM.

5. Procédé selon I'une quelconque des revendications précédentes, dans lequel ledit objet (2) est un objet biologique,
facultativement du tissu humain ou animal, et au moins I'une des conditions suivantes s’applique :

I'onde porteuse présente une fréquence dans une plage croissante s’étendant a partirde 1 MHz ; 'onde porteuse
présente une fréquence dans une plage s’étendant jusqu’a 50 MHz ;

ladite composante de fréquence de la forme d’'onde a modulation AM se situe dans une plage croissante
s’étendant a partir de 10 kHz ; ladite composante de fréquence de la forme d’onde a modulation AM se situe
dans une plage s’étendant jusqu’a 1 kHz ; ou

'onde électromagnétique éclairante présente une fréquence dans une plage s’étendant jusqu’a 2 GHz.

6. Procédé selon I'une quelconque des revendications précédentes, lequel correspond a un procédé d’'imagerie de
I'objet (2), dans lequel :

I'étape d’application de la vibration acoustique consiste a appliquer la vibration acoustique localisée dans une
pluralité de zones (5) soit (a) de maniére séquentielle, soit (b) de maniére simultanée, mais avec des formes
d’onde a modulation AM incluant des composantes de fréquence de différentes fréquences dans chaque zone
(5);

I'étape de réception de I'onde électromagnétique dispersée consiste a recevoir 'onde électromagnétique dis-
persée générée dans chaque zone de la pluralité de zones (5) ;

I'étape de détection d’'une composante Doppler consiste a détecter une composante Doppler a I'égard de
chaque zone (5) ;

I'étape de génération en sortie d’'un signal consiste a générer en sortie un signal représentant au moins une
caractéristique de la composante Doppler détectée a I'égard de chaque zone (5) ; et

le procédé comprend en outre I'étape consistant a stocker des données représentant ladite au moins une
caractéristique de la composante Doppler détectée a I'égard de chaque zone (5), sous la forme de données
d’'image.

7. Systéme (1) d’'investigation de propriétés physiques d’un objet (2), le systeme (1) comprenant :

un appareil de transducteur acoustique (4) agencé de maniere a appliquer, a I'objet, une vibration acoustique
localisée dans deux ou trois dimensions dans une zone (5) au sein de I'objet (2), la vibration acoustique com-
prenant une onde porteuse qui est modulée en amplitude par une forme d’onde a modulation AM ;

un agencement d’émetteur (6, 7) agencé de maniere a éclairer I'objet (2) avec une onde électromagnétique
éclairante présentant une fréquence dans une plage décroissante s’étendant a partir de 30 THz simultanément
a l'application de la vibration acoustique, la direction de vibration de la vibration acoustique présentant une
composante paralléle a la direction de propagation de I'onde électromagnétique éclairante, de sorte que la
vibration de 'objet (2) occasionnée par la vibration acoustique au sein de la zone (5) génére une onde électro-
magneétique dispersée incluant un ensemble de composantes Doppler décalées par rapport a la fréquence de
I'onde électromagnétique éclairante par des fréquences de la vibration de I'objet (2) occasionnée par la vibration
acoustique et des multiples connexes ; et

un agencement de récepteur (8) agencé de maniére a recevoir 'onde électromagnétique dispersée générée
dans la zone (5) ; et

un appareil de traitement de signal (9) agencé de maniére a détecter, a partir de 'onde électromagnétique
dispersée regue, une composante Doppler décalée par rapport a la fréquence de I'onde électromagnétique
éclairante par la fréquence d’'une composante de fréquence de la forme d’onde a modulation AM, et a générer
en sortie un signal représentant au moins une caractéristique de la composante Doppler détectée.

8. Systéme selon la revendication 7, dans lequel ladite forme d’onde a modulation AM présente une composante de
fréquence fondamentale et d’autres composantes de fréquence, ladite composante de fréquence de la forme d’'onde

a modulation AM correspondant a la composante de fréquence fondamentale.

9. Systéme selon la revendication 8, dans lequel la forme d’'onde a modulation AM est une onde carrée.
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Systeme selon I'une quelconque des revendications 7 a 9, dans lequel 'onde porteuse présente une fréquence
dans la plage allant de 10 kHz & 1 GHz et/ou ladite composante de fréquence de la forme d’onde a modulation AM
se situe dans la plage allant de 1 Hz a 100 MHz.

Systeme selon 'une quelconque des revendications 7 a 10, dans lequel 'onde électromagnétique éclairante présente
une fréquence EM dans une plage croissante s’étendant a partir d’'une valeur égale au double de ladite composante
de fréquence de la forme d’onde a modulation AM, de préférence égale a dix fois ladite composante de fréquence
de la forme d’onde a modulation AM.

Systeme selon I'une quelconque des revendications 7 a 11, dans lequel ledit objet est un objet biologique, faculta-
tivement du tissu humain ou animal, et au moins I'une des conditions suivantes s’applique :

I'onde porteuse présente une fréquence dans une plage croissante s’étendant a partir de 1 MHz ;

I'onde porteuse présente une fréquence dans une plage s’étendant jusqu’a 50 MHz ;

ladite composante de fréquence de la forme d’'onde a modulation AM se situe dans une plage croissante
s’étendant a partir de 10 kHz ;

ladite composante de fréquence de la forme d’onde a modulation AM se situe dans une plage s’étendantjusqu’a
1kHz ; oul'onde électromagnétique éclairante présente une fréquence dans une plage s’étendant jusqu’a 2 GHz.

13. Systéme selon I'une quelconque des revendications 7 a 12, dans lequel I'appareil de traitement de signal comprend :

une boucle a verrouillage de phase (60) recevant I'onde électromagnétique dispersée regue, la boucle a ver-
rouillage de phase (60) étant verrouillée sur la fréquence EM et étant agencée de maniére a produire un signal
a fréquence démodulée comprenant I'ensemble des composantes Doppler démodulées en fréquence, a partir
de la fréquence EM ; et

un amplificateur synchronisé (72) recevant le signal a fréequence démodulée et configuré de maniére a extraire
un signal a une fréquence de référence égale a la fréquence de ladite composante de fréquence de la forme
d’onde a modulation AM.

14. Systéme selon I'une quelconque des revendications 7 a 13, dans lequel :

I'appareil de transducteur acoustique (4) est agencé de maniére a appliquer, simultanément a ladite premiére
vibration acoustique mentionnée, une seconde vibration acoustique localisée dans deux ou trois dimensions
dans une zone supplémentaire (5) au sein de I'objet (2), la seconde vibration acoustique comprenant une onde
porteuse qui est modulée en amplitude par une seconde forme d’onde a modulation AM ; et

I'appareil de traitement de signal (9) est également agencé de maniére a détecter, a partir de I'onde électro-
magneétique dispersée recue, une seconde composante Doppler décalée par rapport a la fréquence de I'onde
électromagnétique éclairante par la fréequence de ladite composante de fréquence de la seconde forme d’'onde
a modulation AM, et a générer en sortie un second signal représentant au moins une caractéristique de la
seconde composante Doppler détectée.

15. Systéme selonl'une quelconque des revendications 7 a 14, lequel correspond a un systéeme d’imagerie, dans lequel :

I'appareil de transducteur acoustique (4) est agencé de maniére a appliquer la vibration acoustique localisée
dans une pluralité de zones (5) soit (a) de maniére séquentielle, soit (b) de maniére simultanée, mais avec des
formes d’onde a modulation AM incluant des composantes de fréquence de différentes fréquences dans chaque
zone (5) ;

'agencement de récepteur (8) est agencé de maniére a recevoir 'onde électromagnétique dispersée générée
dans chaque zone de la pluralité de zones ; et

I'appareil de traitement de signal (9) est agencé de maniere a détecter une composante Doppler a I'égard de
chaque zone, a générer en sortie un signal représentant au moins une caractéristique de la composante Doppler
détectée a I'égard de chaque zone, et a stocker des données représentant ladite au moins une caractéristique
de la composante Doppler détectée a I'égard de chaque zone, sous la forme de données d’'image.
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