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(57) Abstract: An imaging system for an object such as human or animal tissue uses scattering of an illuminating electromagnetic
wave by acoustic vibrations to generate a scattered electromagnetic wave including Doppler components shifted from the frequen-
cy of the illuminating electromagnetic wave by frequencies of the acoustic vibration and multiples thereof. An acoustic transducer
apparatus applies acoustic vibrations localised in two or three dimensions in a plurality of regions. A transmitter simultaneously il-
luminates the object with an illuminating electromagnetic wave that has a frequency in the range from 100MHz to 100GHz, the
vibration direction of the acoustic vibration having a component parallel to the propagation direction of the illuminating electro-
magnetic wave. A receiver receives the scattered electromagnetic wave. A signal processing apparatus derives characteristics of
the Doppler components, and stores image data representing the derived characteristic.
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Investigation of Physical Properties of an Object

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

Various methods for investigating the physical properties of an object are known. For

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

Different imaging methods are based on different physical phenomena. For example in x-ray

10 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. Thus different imaging
techniques have different advantages and limitations. By way of example, comparing both of the
common medical imaging methods of ultrasound imaging and MRI provide relatively high resolution

15 images, but ultrasound imaging provides images of acoustic or mechanical properties whereas MRI
provides images of electromagnetic properties. Thus MRI is more useful for imaging some objects,
but conversely suffers from the problem of requiring powerful magnets.

Similarly, there are a range of spectroscopic techniques based on different physical
phenomena. Such spectroscopic techniques do not necessarily produce an image but provide data in

20 respect of a range of frequencies or wavelengths, for example of electromagnetic radiation.

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.

The present invention is concerned with a technique for investigating the physical properties

25 of an object which is different from such established techniques.

According to a first aspect of 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;

30 simultaneously illuminating the object with an illuminating electromagnetic wave that has a
frequency in a range extending down from 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 Doppler components shifted from the frequency of the illuminating electromagnetic wave

35 by frequencies of the acoustic vibration and multiples thereof; and

receiving the scattered electromagnetic wave generated in the region, and

deriving from the received, scattered electromagnetic wave data representing at least one
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characteristic of the Doppler components.

According to a further aspect of the present invention, there is provided a system
implementing a similar method.

Thus the present invention provides for investigation of physical properties of an object
based on the physical phenomenon of an acoustic vibration of the object scattering and modulating
an electromagnetic wave that has a frequency in a range extending down from 30THz illuminating
the object, that is a radio wave in the Terahertz band or below. The present invention is
advantageously applied to an object that is human or animal tissue, for example 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 fields.

By means of the vibration direction of the acoustic vibration having a component parallel to
the propagation direction of the illuminating electromagnetic wave, the scattered electromagnetic
wave includes Doppler components shifted from the frequency of the illuminating electromagnetic
wave by frequencies of the acoustic vibration and multiples thereof. Characteristics of such Doppler
components are detected. The detected characteristics are dependent on the mechanical response of
the object in that region to the applied acoustic vibration and on the electromagnetic properties of
the object in that region 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.

The present invention may be applied to provide imaging of the object. In this case the
acoustic vibration is applied localised in a plurality of regions and the scattered electromagnetic
wave generated in each of the plurality of regions is received and used to derive data representing at
least one characteristic of the Doppler components in respect of each region as image data.

Thus, there is simultaneously applied localised acoustic vibration and an electromagnetic
wave, and, as the acoustic vibration is localised in two or three dimensions in a region in the object,
any detected Doppler components (being shifted from the frequency of the illuminating
electromagnetic wave by frequencies of the acoustic vibration or multiples thereof) are known to
have been generated by the interaction in the region of the acoustic vibration. 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.

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
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the method but is not essential.

Alternatively, the acoustic vibration may be applied localised in the plurality of regions
simultaneously but with different frequencies in each region. In this case, the electromagnetic waves
scattered from each region have different frequencies, allowing the data representing at least one

5 characteristic of the Doppler components to be separately derived in respect of each region.

The localisation may be achieved in a similar manner to known ultrasound imaging
techniques. For example, to apply acoustic vibration localised in two dimensions, the acoustic
vibration may be applied as a beam, or, to apply acoustic vibration localised in three dimensions, the
acoustic vibration may be applied as a spot continuously localised in three dimensions or as a pulsed

10 beam localised in space in two dimensions and localised along the propagation direction at different
times as the acoustic vibration propagates. This means that the resolution of the imaging is similar to
that achieved by ultrasound imaging, being limited by the localisation achievable on the basis of the
wavelength of the acoustic vibration.

The present invention may also be used applying the acoustic vibration to just a single

15 region without providing imaging of the object. Nonetheless, the information on the physical
properties of the object which is derived is useful because it is based on the physical phenomenon
described above.

Optionally and with particular advantage in the case of applying the acoustic vibration to
just a single region, the method is performed with acoustic vibrations of different frequencies and/or

20 with an illuminating electromagnetic wave of different frequencies. In this way, data representing at
least one characteristic of the Doppler components may be obtained in respect of the different
frequencies of the acoustic vibrations and/or the illuminating electromagnetic wave. In this case the
present invention is implemented as a spectroscopic technique which is useful for some objects
because it allows better characterisation of the nature of the object.

25 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.

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:

30 Fig.1 is a diagram of an imaging system;

Figs. 2(a) to 2(c) are graphs of the frequency spectrum of the acoustic vibration, the
illuminating electromagnetic wave and the scattered electromagnetic wave;

Fig. 3 is a perspective view of an acoustic transducer apparatus of the imaging system,;

Fig. 4 is diagram of a drive circuit of the acoustic transducer apparatus;

35 Fig. 5 is a diagram of a beamformer circuit of the drive circuit;

Fig. 6 is a perspective view of a transducer of the acoustic transducer apparatus;
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Fig. 7 is a perspective view of the imaging system applied to mammography;

Fig. 8 is a is a perspective view of the imaging system applied as a full body scanner; and

Fig. 9 is a perspective view of the imaging system applied using a hand-held acoustic
transducer apparatus.

5 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 human or animal tissue, for example 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 fields.

The system 1 includes a control unit 3 which controls the other components of the system 1.

10 The control unit 3 may be implemented by a computer apparatus running an appropriate program.

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. The acoustic vibration is localised in a region 5 at a given location within the object 2.
As alternatives that are both illustrated in Fig.1, the acoustic vibration may be localised in two

15 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,

20 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.

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

25 5 at a plurality of different regions 5 successively. Such scanning may be performed by using an
acoustic transducer apparatus 4 which has a controllable focus or beam, or alternatively by
physically moving the acoustic transducer apparatus 4 with fixed focus or beam, for example using a
mechanical translator. The scanning may be carried out in one, two or three dimensions.

In more complicated embodiments, the acoustic vibration is localised in regions 5 at plural

30 locations simultaneously but in this case the acoustic vibration has different frequencies at different
locations, as discussed further below.

For ease of detection, the acoustic vibration is predominantly of a single frequency.
However, in general the acoustic vibration could include a band of frequencies.

The system 1 also includes a transmitter arrangement comprising a transmitter antenna 6

35 connected to a radio frequency source 7 controlled by the control unit 3. The transmitter

arrangement in operation illuminates the object 2 with an illuminating electromagnetic wave having
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aradio 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
5 wave is monitored by receiving the scattered Doppler components.

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.

10 The illuminating electromagnetic wave is scattered by the object 2. Within the region 5,
there is an interaction between the acoustically vibrating object 2 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 which is
generated includes a component at the frequency of the illuminating electromagnetic wave and

15 Doppler components at frequencies shifted from the frequency of the illuminating electromagnetic
wave by frequencies of the acoustic vibration and multiples thereof.

This is illustrated graphically in Figs. 2(a) to 2(c)) which are graphs of the frequency
spectrum of the acoustic vibration, the illuminating electromagnetic wave and the scattered
electromagnetic wave, respectively. In this case, the acoustic vibration and the illuminating

20 electromagnetic wave each have a single frequency of fa and fe, respectively. The scattered
electromagnetic wave has a central component of the frequency fe of the illuminating
electromagnetic wave. The scattered electromagnetic wave also has Doppler components
(sidebands) at frequencies fexn.fa, where n is an integer, i.e. shifted from shifted from the frequency
fe of the illuminating electromagnetic wave by the frequency fa of the acoustic vibration and

25 multiples thereof. Although Fig. 2(c) 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 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

30 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

35 vibration of the object 2.

Indeed this physical phenomenon for the general case of a vibrating object is of itself
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known, for example as disclosed in Lawrence et al., “Electromagnetic Scattering from Vibrating
Penetrable Objects Using a General Class of Time-Varying Sheet Boundary Conditions”, IEEE
Transactions on Antennas and Propagation, Vol. 54, no. 7, pp. 2054-2061, July 2006. However this
document merely considers the electromagnetic wave scattered by metallic and dielectric bodies
5 which are vibrating without considering how the vibration is generated. In contrast in the present

invention, 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

10 on the mechanical response (compliance) of the object 2 at the location of the region 5 to the
acoustic vibration and also on the electrical properties of the object 2 at the location of the region 5.
By applying the acoustic vibration to regions 5 at different locations it is possible to build up an
image of the object 2.

The system 1 also includes a receiver arrangement comprising a receiver antenna 8

15 connected to signal processing apparatus 9 controlled by the control unit 3. In operation the receiver
8 receives the scattered wave and the signal processing apparatus 9 analyses it to detect the Doppler
components and derive to the phase and amplitude of the Doppler components, or in general other
characteristics of the Doppler components.

In Fig. 1, the acoustic transducer apparatus 4 and the transmitter antenna 6 are shown

20 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

25 generate the Doppler scattering.

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

30 having parallel or antiparallel directions. This is because, the mechanical movement of the region 5
resolved along the propagation direction of the illuminating electromagnetic wave is greatest in this
direction, ignoring secondary motions which may be induced in other directions due to mechanical
distortion of bulk material. If there is an angle a between the direction of the acoustic vibration and
the propagation direction of the illuminating electromagnetic wave, then the velocity of the acoustic

35 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
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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 .

5 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

10 Doppler scattering. Alternatively, the transmitter antenna 6 may be arranged on the opposite side of
the object 2 from the acoustic transducer apparatus 4.

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 components can in principle be scattered in any direction. The

15 direction of scattering depends on the physical properties of the object 2 in the region 5.

Advantageously, the scattered electromagnetic wave is received along a line parallel or
antiparallel to the propagation direction of the illuminating electromagnetic wave because the
scattering is typically strong in these directions. Reception along a line antiparallel to the
propagation direction of the illuminating electromagnetic wave may be achieved by the transmitter

20 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.

However, the scattered electromagnetic wave may be received in other directions.

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

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

30 The amplifier 10 receives and amplifies the signal received by the receiver 8. The amplified
signal output by the amplifier 10 is supplied to the FM demodulator 11 which is arranged to derive
the phase and amplitude of the Doppler components of the scattered wave. As the modulation of the
illuminating electromagnetic wave by the vibration of the region 5 is primarily frequency-
modulation, the FM demodulator 11 may employ conventional FM techniques to derive

35 characteristics of the Doppler components such as phase and amplitude. To facilitate the FM
demodulation, the FM demodulator 11 is provided with the signal of the illuminating
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electromagnetic wave from the frequency source 7 and with the signal of the acoustic wave from the
acoustic transducer apparatus 4.

In the case that acoustic vibration in a region 5 at a given location is at a single frequency,

the FM demodulator 11 may include a coherent detector arranged to detect the frequency of the
5 acoustic wave in the Doppler components.

The amplifier 10 and FM demodulator 11 are typically formed by analog circuits, but digital
circuits could alternatively be used.

The phase and amplitude of the Doppler components derived by the FM demodulator 11 are
supplied to the digital signal processor 12 which processes those characteristics of the Doppler

10 components. As the FM demodulator detects characteristics of the Doppler components which are at
a frequency shifted from the frequency of the illuminating electromagnetic wave by frequencies of
the acoustic vibration 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

15 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.

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

20 different locations as discussed above and therefore provide a useful image even without further
processing.

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

25 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.

The digital signal processor 12 may be implemented by a computer apparatus executing an

30 appropriate program, optionally being the same computer apparatus as used to implement the control
unit 3.

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

35 apparatus 5. The resolution is therefore dependent on the wavelength of the acoustic wave in a

similar manner to ultrasound imaging. Thus the present imaging technique can achieve similar
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resolution to that achieved by ultrasound imaging. For example the resolution might be less than a
millimetre at very high ultrasound acoustic frequencies (roughly speaking, 1mm resolution
corresponds to a frequency of 1IMHz, 100pm to 10MHz, and 1um to 100MHz)

On the other hand, the image contrast mechanism is different from ulirasound imaging being

5 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.

10 The present imaging technique may be applied to imaging in a range of fields, for example
in medical imaging wherein the object 2 is human or animal tissue, by appropriate selection of the
frequencies of the acoustic vibration and the illuminating electromagnetic wave.

The illuminating electromagnetic wave is a radio wave having a frequency in a range
extending: down from 30THz, that is in the Terahertz band or below; down from 300GHz, that is in

15 the EHF (Extremely High Frequency) band or below, corresponding to microwave frequencies or
below; or in some fields of application down from 100GHz. In the case that the object 2 is human or
animal tissue, advantageously the range extends down from 100GHz. This means that the interaction
in the object 2 provides information on the electromagnetic properties of the object 2 similar to MRI
imaging. For many applications, the range extends down to 100MHz.

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

25 imaged. By way of illustration, if the object 2 being imaged is human or animal tissue, for example
in the field of medical imaging, the frequency of the acoustic wave might typically be in the range
extending down from 10MHz and/or extending down to 1GHz. Such frequencies are ultrasonic,
although in general acoustic frequencies in the audible range could in principle be used in some
fields of application.

30 The object 2 may have a response which varies at different frequencies. Therefore, the
imaging may be performed with acoustic vibrations of different frequencies and/or with an
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

35 different regions 5. 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
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spectroscopic technique. This allows better characterisation of the nature of the object 2.

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

5 object 2 to be imaged.

The acoustic transducer apparatus 4 and various variations thereof will now be described.

As previously mentioned, the acoustic transducer apparatus 4 provides acoustic vibration is
localised in a region S at a given time, that is localised in two dimensions in a region Sa that extends
in the propagation direction or localised in three dimensions in a region 5b that is limited in the

10 propagation direction. This may be achieved using a conventional apparatus that may provide a
controllable focus or a fixed focus.

Fig. 3 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

15 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.

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

20 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

25 5 propagates through the object 2 over time. Alternatively the propagating beam may have a varying
frequency so that different frequencies of acoustic vibration 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.

30 In the case that the propagating beam has a 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 simultaneously, such a transform generates the characteristics
in respect of each of the different regions 5. In this way, a "movie" can be constructed and images as

35 a function of time can be displayed with extremely high temporal/spatial resolution.

To form the propagating beam, the acoustic transducer apparatus 4 comprises a drive circuit
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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. As shown in Fig. 4,
the drive circuit 21 includes a frequency source 22 which provides an oscillating signal of the
desired frequency to a beamformer circuit 23. 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. 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.

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. 5 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 frequency source 22. The I-channel includes a 7/2 phase delay 27 for
phase-delaying the oscillating the 6sci11ating 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.

Each transducer 20 may be formed as shown in Fig. 6 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.

In Fig. 3, 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.

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

Using this acoustic transducer apparatus 4 comprising an array of transducers 20, the
location of the region 5 at which 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.
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In the 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 Sa 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

5 4 and transmitter antenna 6 around the object 2 under examination and taking a series of images
with different angles of incidence. Then the series of images may be transformed into a three
dimensional image using similar transforms to those conventional for other types of imaging such as
computed tomography (CT) scanning.

In the case that the acoustic vibration is localised in three dimensions, then a three-

10 dimensional image may be derived by scanning the region 5b in three dimensions.

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.

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

15 different locations successively.

In more complicated embodiments, the acoustic vibration is localised in plural regions 5 at
different locations simultaneously. In this case, the acoustic vibration has different frequencies in
different regions 5.

On option is to use the acoustic transducer apparatus 4 comprising an array of transducers

20 20 as described above but modified to simultaneously produce plural propagating beams of different
frequencies. This may be achieved by replicating the circuitry of the drive circuit 21 described above
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.

As the acoustic vibration has different frequencies in different regions 5, the scattered

25 electromagnetic wave has Doppler components of different frequencies generated in the different
regions 5, each having frequencies shifted from the frequency of the illuminating electromagnetic
wave by the different frequencies of the 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

30 regions 5. This may be achieved by the signal processing apparatus 9 being arranged as described
above but replicating the FM demodulator 11 in respect of each of the acoustic frequencies used. 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, limited by the ability of the signal processing apparatus 9 to discriminate

35 between Doppler components of different frequencies.

In some arrangements, plural regions S are simultaneously imaged allowing an image to be
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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

5 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.
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

10 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.

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

15 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 implementations.

20 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.

25 Optionally, the system 1 might additionally incorporate an acoustic system 14 connected to
the acoustic transducer apparatus and arranged to receive a reflected acoustic wave from each of the
regions 5 and thereby to derive acoustic image data 15 with derivation of the image data 13 by the
signal processing apparatus 9. The acoustic system 14 may be arranged as conventional ultrasound
imaging apparatus, thereby allowing the present method to be integrated with conventional

30 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 simultaneously produce two different types of image. This is advantageous in many
fields, for example as a real time system for dynamic diagnostics and monitoring.

Similarly the system 1 might be integrated with an ultrasound treatment system, allowing

35 monitoring of state of the object 2 during treatment.

Some examples of the system 1 applied to different applications in the field of medical
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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.

Fig. 7 illustrates 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.

Fig. 8 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.

Fig. 9 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.

Any discussion of the prior art throughout the specification should in no way be
considered as an admission that such prior art is widely known or forms part of common general
knowledge in the field.

Unless the context clearly requires otherwise, throughout the description and the claims,
the words “comprise”, “comprising”, and the like are to be construed in an inclusive sense as
opposed to an exclusive or exhaustive sense; that is to say, in the sense of “including, but not

limited to”.
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Claims

1. 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
5 the object;
simultaneously illuminating the object with an illuminating electromagnetic wave that has a
frequency in a range extending down from 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
10 including Doppler components shifted from the frequency of the illuminating electromagnetic wave
by frequencies of the acoustic vibration and multiples thereof; and
receiving the scattered electromagnetic wave generated in the region, and
deriving from the received, scattered electromagnetic wave data representing at least one
characteristic of the Doppler components.
15

2. A method according to claim 1, wherein the object is human or animal tissue.

3. A method according to claim 1 or 2, wherein said range of the frequency of the illuminating
electromagnetic wave extends down from 100GHz.

20
4, A method according to any one of the preceding claims, wherein said range of the frequency

of the illuminating electromagnetic wave extends down to 100MHz.

5. A method according to any one of the preceding claims, wherein the acoustic vibration has a

25 frequency in the range from 10MHz to 1GHz.

6. A method according to any one of the preceding claims, wherein the vibration direction of
the acoustic vibration and the propagation direction of the illuminating electromagnetic wave are
parallel.

30
7. A method according to any one of the preceding claims, wherein the scattered
electromagnetic wave is received along a line parallel or antiparallel to the propagation direction of

the illuminating electromagnetic wave.

35 8. A method according to any one of the preceding claims, wherein the method is performed

with acoustic vibrations of different frequencies and/or with an illuminating electromagnetic wave
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of different frequencies to derive data representing said at least one characteristic of the Doppler
components in respect of the different frequencies of the acoustic vibrations and/or the illuminating

electromagnetic wave.

9. A method according to any one of the preceding claims, wherein at least one characteristic
of the Doppler components includes at least one of an amplitude or a phase of one or more of the

Doppler components.

10. A method according to any one of the preceding claims, wherein the step of deriving at least
one characteristic of the Doppler components comprises frequency-modulation demodulating the
Doppler components from the component of the scattered electromagnetic wave of the same

frequency as the illuminating electromagnetic wave.

11. A method according to any one of the preceding claims, wherein
the acoustic vibration is applied as acoustic vibration of a single frequency, and
the step of deriving at least one characteristic of the Doppler components further comprises

coherently detecting the single frequency in the demodulated Doppler components.

12. A method according to any one of the preceding claims being a method of imaging an
object, wherein:

the step of applying acoustic vibration comprises applying the acoustic vibration localised in
a plurality of regions sequentially or simultaneously but with different frequencies in each region;

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

the step of deriving data comprises deriving data comprises deriving data representing at
least one characteristic of the Doppler components in respect of each region; and

the method further comprises storing the derived data in respect of each region as image

data.

13. A method according to claim 12, further comprising simultaneously obtaining an acoustic
image by, in respect of each of the plurality of regions, receiving a scattered acoustic wave, deriving
therefrom at least one characteristic of the scattered acoustic wave, and storing image data

representing the derived characteristic in respect of each region.

14. A method according to claim 12 or 13, wherein the acoustic vibration applied to the object

is localised in three dimensions in a region in the object.
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15. A method according to claim 14, wherein the acoustic vibration is applied to the object as at

least one spot continuously localised in space in three dimensions in a region in the object.

16. A method according to claim 15, wherein the acoustic vibration is applied to the object
simultaneously as a plurality of spots of different frequencies each continuously localised in space in

three dimensions in different regions in the object.

17. A method according to claim 15, wherein the acoustic vibration is applied to the object as a
spot continuously localised in space in three dimensions in a single region at a time, the single

region being scanned.

18. A method according to claim 14, wherein the acoustic vibration is applied as at least one
propagating beam localised in space in a first and second dimension and localised in a third

dimension in different regions at different times as it propagates.

19. A method according to claim 18, wherein the acoustic vibration is applied as a pulse.

20. A method according to claim 18, wherein the acoustic vibration is applied with a frequency
which varies over time so that acoustic vibration of different frequencies is simultaneously localised

in different regions along the third dimension.

21. A method according to claim 20, wherein the step of deriving therefrom at least one
characteristic of the Doppler components comprises performing a transform of the received scattered
electromagnetic wave into the time domain to obtain the at least one characteristic of the Doppler

components from different regions along the third dimension.

22. A method according to any one of claims 14 to 21, wherein the acoustic vibration is applied
as a plurality of simultaneous propagating beams of different frequencies localised in space in a first

and second dimension in different regions.

23. A method according to claim 12 or 13, wherein the acoustic vibration applied to the object

is localised in two dimensions in a region in the object.

24, A method according to claim 23, wherein the acoustic vibration is applied as at least one

beam continuously localised in space in said two dimensions.
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25. A method according to claim 24, wherein the acoustic vibration is applied as a plurality
of simultaneous beams of different frequencies each localised in space in said two dimensions in

different regions.

26. A method according to claim 24, wherein the acoustic vibration applied to the object is

localised in a single region at a time, the single region being scanned.

217. A method according to any one of the preceding claims, wherein the acoustic vibration

is applied by an array of acoustic transducers having a fixed focus or a controllabie focus.

28. A method according to any one of the preceding claims, wherein the illuminating

electromagnetic wave is a continuous wave.

29. A system for investigating physical properties of an object, the system comprising:

an acoustic transducer apparatus arranged to apply to the object acoustic vibration
localised in two or three dimensions in a region in the object;

a transmitter arrangement arranged to illuminate the object with an illuminating
electromagnetic wave having a frequency in a range extending down from 30THz
simultaneously with the application of acoustic vibration, the vibration direction of the acoustic
vibration having a component parallel to the propagation direction of the illuminating
electromagnetic wave so that so that the acoustic vibration of the object in the region generates a
scattered electromagnetic wave including Doppler components shifted from the frequency of the
illuminating electromagnetic wave by frequencies of the acoustic vibration and multiples
thereof;

a receiver arrangement arranged to receive the scattered electromagnetic wave generated
in the region; and

a signal processing apparatus arranged to derive, from the received scattered

electromagnetic wave generated in the region, data representing at least one characteristic of the

Doppler components.
30. A system according to claim 29, wherein the object is human or animal tissue.
31 A system according to claim 29 or 30, wherein said range of the frequency of the

illuminating electromagnetic wave extends down from 100GHz.

32. A system according to any one claims 29 to 31, wherein said range of the frequency of

the illuminating electromagnetic wave extends down to 100MHz.
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33. A system according to any one of claims 29 to 32, wherein the acoustic vibration has a
frequency in the range from 10MHz to 1GHz.
34. A system according to any one of claims 29 to 33, wherein the vibration direction of the

5 acoustic vibration and the propagation direction of the illuminating electromagnetic wave are

parallel.

35. A system according to any one of claims 29 to 34, wherein the scattered electromagnetic
wave is received along a line parallel or antiparallel to the propagation direction of the illuminating

10 electromagnetic wave.

36. A system according to any one of claims 29 to 35, wherein the acoustic transducer apparatus
is arranged to apply acoustic vibrations of different frequencies and/or with an illuminating
electromagnetic wave of different frequencies, and the signal processing apparatus is arranged to

15 derive data representing at least one characteristic of the Doppler components in respect of the

different frequencies of the acoustic vibrations and/or the illuminating electromagnetic wave.

37. A system according to any one of claims 29 to 36, wherein at least one characteristic of the
Doppler components includes at least one of the amplitude and phase of one or more of the Doppler

20 components.

38. A system according to any one of 29 to 37, wherein the signal processing apparatus includes
a frequency-modulation demodulator arranged to demodulate the Doppler components from the
component of the scattered electromagnetic wave of the same frequency as the illuminating

25 electromagnetic wave.

39. A system according to anyone of claims 29 to 38, wherein
the acoustic transducer apparatus is arranged to apply acoustic vibration of a single
frequency in the region, and
30 the signal processing apparatus further includes a coherent detector arranged to detect the

single frequency in the Doppler components.

40. A system according to anyone of claims 29 to 39 being an imaging system, wherein
the acoustic transducer apparatus is arranged to apply acoustic vibration localised in a
35 plurality of regions sequentially or simultaneously but with different frequencies in each region;

the receiver is arranged to receive the scattered electromagnetic wave generated in each of
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the a plurality of regions; and
the signal processing apparatus is arranged to derive data representing at least one
characteristic of the Doppler components in respect of each region, and to store the derived data in

respect of each region as image data.

41. A system according to claim 40, further comprising an acoustic imaging system arranged to
receive a scattered acoustic wave from each of said regions and to derive acoustic image data

therefrom.

10 42. A system according to claim 40 or 41, wherein the acoustic transducer apparatus comprises

an array of acoustic transducers.

43, A system according to any one of claims 40 to 42, wherein the acoustic transducer apparatus
is arranged to apply the acoustic vibration localised in three dimensions in a region in the object.

15
44, A system according to claim 43, wherein the acoustic transducer apparatus is arranged to-
apply the acoustic vibration as at least one spot continuously localised in three dimensions in a

region in the object.

20 45. A system according to claim 44, wherein the acoustic transducer apparatus is arranged to
apply the acoustic vibration simultaneously to a plurality of spots of different frequencies each

continuously localised in space in three dimensions in different regions in the object.

46. A system according to claim 44, wherein the array of acoustic transducers is arranged to
25 apply the acoustic vibration as a spot continuously localised in space in three dimensions in a single

region at a time, and to scan that single region over time.

47. A system according to claim 43, wherein the array of acoustic transducers is arranged to
apply the acoustic vibration as at least one propagating beam localised in space in a first and second

30 dimension and localised in a third dimension in different regions at different times as it propagates.

48. A system according to claim 47, wherein the array of acoustic transducers is arranged to

apply the acoustic vibration simultaneously as a plurality of propagating beams of different

frequencies localised in space in a first and second dimension in different regions in the object.
35

49. A system according to any one of claims 40 to 42, wherein the acoustic transducer apparatus
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is arranged to apply the acoustic vibration localised in two dimensions in a region in the object.

50. A system according to any one of claims 29 to 49, wherein the transmitter arrangement

and the receiver arrangement share a common antenna.

51. A system according to any one of claims 29 to 50, wherein the illuminating

electromagnetic wave is a continuous wave.

52. A method or system for investigating physical properties of an object substantially as
herein described with reference to any one of the embodiments of the invention illustrated in the

accompanying drawings and/or examples.
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