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(57) Abstract: An implant device 12 for use within the body comprises: a data source; and a
non- self-resonant antenna for backscatter communications with an external communication
system. The non-self-resonant antenna comprises at least two electrodes 16 including two con-
ductive patches 16 that are arranged to be spaced apart when the implant device 12 is in use
The implant device 12 is arranged to control the backscattering properties of the non- self-
resonant antenna in order to thereby transmit data from the data source to the external commu-
nications system. The implant device 12 is arranged such that the backscattering properties of
the non-self-resonant antenna are controlled by one or more electrical switch(es) 14 including
an electrical switch that is arranged to change the impedance of the non-self-resonant antenna
by switching between coupling the at least two electrodes 16 via body tissue 18 and coupling
the at least two electrodes 16 via a conductive pathway.
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MEDICAL IMPLANT WITH
WIRELESS COMMUNICATION

The present invention relates to a medical implant arranged for wireless
communication from within the body, and to a system for communication with the implant, as
well as to related methods.

Medical implants are used to gather information about the body and to interact with
the body in various contexts. For example, capsule endoscopes are used to gather images
within the digestive systems as well as to obtain samples or deliver drugs, neural prosthetic
systems link the brain with external devices and exchange electrical signals with the brain,
cardiac pacemakers or cardiac leadless pacemakers are used to synchronize the heart beats
and various other devices have been proposed that rely on being held within the body or
passed through the body. For all of these medical implant devices it provides advantages if
there can be wireless communication with other devices outside or inside the body. This may
be for wireless control or programming of the implant, for transmission of data from sensors
such as cameras, temperature sensors, blood monitoring sensors and the like, and other
things.

Typical data transfer rates and the depth of the implant beneath the body surface are
set out in the table below. Wireless data transmission within these ranges is highly desirable
in order to allow for fully wireless operation of the implant. In fact for some applications it is
impossible to have a wired connection from out of the body to the implant, and difficult as
well as inconvenient to have a wired link to a separate implanted transmitter device closer to

the body surface (as is used in some cases for neural prosthetics).

Application Required data rate Range

| Capsule endoscope (video 1-100 Mbps 30-150 mm
streaming)
Heart monitoring 40-200 Kbps 100 mm
Neural monitoring 512 sensors, 430 Mbps 20-30 mm

For a fully wireless connection from outside the body to the location of the implant
device challenges can be generated both by the need for a minimum data transfer rate and
by the depth of the body tissue.

Implant devices with wireless communication capabilities and also wireless power
transfer have been proposed in the prior art. For example, US 2013/0215979 describes a
method for simultaneous power and data transfer from the exterior of the body to an implant
device. A circuit at the implant device is used for power harvesting from the exterior RF

signal and there may be backscatter communication from the implant to the exterior device.
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Load modulation is proposed for transmitting a data signal back to the exterior device. A part
of the charging RF signal is used for backscatter communication and the remainder is used
for the wireless power transfer.

US 2014/0055088 describes a method for wireless charging of an implant device.
The backscatter from the communication coil is used to indicate the best frequency for
efficient charging. Thus the external transmitter can adjust its frequency for wireless power
transfer based on a rudimentary feedback mechanism using backscattered information.

US 2014/0084855 discusses wireless power transfer and data transmission to an
implant (from exterior to implant). A backscatter signal is received in the exterior system and
is processed in order to either control the implant impedance matching unit or to alter the
frequency of the exterior device. In both cases this is done in order to obtain maximum
wireless power transfer.

None of these existing devices can fully satisfy the ideal requirements for data
transfer rates and also penetrate sufficiently deep into the body. There is a need for a more
effective way to communicate with medical implants, and in particular to increase the
possible depth of body tissue for which communications can be effective, whilst at the same
time avoiding undue use of the implant device's internal power supply. The ability to
communicate reliably with implant devices at locations deeper within the body would greatly
enhance the utility of wireless data transmission for medical implants.

Viewed from a first aspect, the invention provides an implant device for use within the
body, the implant device comprising: a data source; and a non-self-resonant antenna for
backscatter communications with an external communication system, the non-self-resonant
antenna comprising at least two electrodes including two conductive patches that are
arranged to be spaced apart when the implant device is in use; wherein the implant device is
arranged to control the backscattering properties of the non- self-resonant antenna in order
to thereby transmit data from the data source to the external communications system; and
wherein the implant device is arranged such that the backscattering properties of the non-
self-resonant antenna are controlled by one or more electrical switch(es) including an
electrical switch that is arranged to change the impedance of the non-self-resonant antenna
by switching between coupling the at least two electrodes via body tissue and coupling the at
least two electrodes via a conductive pathway.

With this combination of features the non-self-resonant antenna can be controlled
with very low power required from the implant device and with the possibility of a high
change in antenna impedance, which allows for effective backscattering communication with
an external transmitter/receiver system, which would generally include antennas outside of

the body. The use of a non-self-resonant antenna allows for a large radar cross section
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(RCS) and hence for efficient backscatter performance. The switch changes the impedance
of the non-self-resonant antenna by changing the degree to which the surrounding body
tissue impacts on the effective impedance of the antenna. Thus, the switch can be open in
order that the body tissue is a primary part of the coupling within the antenna circuit, or the
switch can be closed so that the two patches are coupled by the conductive pathway and the
body tissue has minimal impact since it is only within the antenna circuit in "parallel" with the
conductive pathway. It will be appreciated that by this approach, and the use of two patch
antennas with a spacing between, it becomes possible to create a significant change in
backscattering properties with minimal use of power at the implant device.

The antenna of the first aspect is a non-self-resonant antenna. In this context self-
resonance means that the antenna structure and geometry is designed in a way to provide
resonance (as used in common antenna methodology). With non-self-resonance (such as an
electrode antenna) the antenna itself has no resonance but the impedance of the medium
around the antenna can provide the resonance. Resonance may be unnecessary for
operation of the non-self-resonant antenna, and instead the operation of the antenna may be
based on impedance changes. In example embodiments, when we use the non-self-
resonant antenna is used in a conductive medium comprising biological tissues then a
current path may be generated between two electrodes of the antenna inside the conductive
medium. The current path extends to the biological environment and generates a larger area
with a current distribution in the biological medium. The size of the area is much larger than
the physical size of the antenna. This give rise to a large virtual size for the antenna and thus
high efficiency is achieved. In prior art using a self-resonant antenna, the antenna efficiency
is limited to the physical size of the antenna geometry, whereas with a non-self-resonant
antenna such as in the first aspect the antenna efficiency can be increased using the larger
virtual size of the antenna.

The non-self-resonant antenna and the electrical switch(es) advantageously make
use of the impedance of body tissue to affect the backscattering properties of the non-self-
resonant antenna, with a two-part antenna having two electrodes arranged to be spaced
apart and in contact with the body tissue when in use. The spacing between the electrodes
may for example be from 5 mm to 35 mm.

The non-self-resonant antenna uses two conductive patches as electrodes that may
form the main components of the non-self-resonant antenna. Metal patches may be used.
The two electrodes can be arranged to be in contact with the body tissue, such as via direct
tissue contact with the conductive material of the patches, or with an intervening layer of a
thin bio-compatible non-conductive coating, such as a polymer coating. The layer of bio-

compatible non-conductive material can allow for a gap in the coupling of the antennas to the
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body tissue, which can enhance operation of the antenna. The layer may be provided via a
housing such as a shell placed around the antenna and other parts of the implant device.
The housing or coating may encapsulate the implant device and serve to seal it to prevent
the internal parts from direct exposure to body tissues and body fluids. This can also
enhance the safety of the device and/or reduce the need for bio-compatible materials for the
remainder of the device. The layer may for example have a thickness of 1 mm or less, such
as a thickness of about 0.5 mm. In some examples a coating with a thickness of 0.1 mm or
less may be used.

The backscattering properties of the non-self-resonant antenna are controlled by an
electrical switch that is arranged to change the impedance of the non-self-resonant antenna
by switching between coupling the two electrodes via the biological medium (e.g. body
tissue) and coupling the two electrodes via a conductive pathway. Thus, in effect when the
switch is open then a high impedance is provided due to coupling via the biological tissue,
and when the switch is closed a low (nominally zero) impedance is provided via the
conductive pathway through the switch. The large variation of the impedance can be
identified by a receiving antenna placed on the body surface or under the skin. High
efficiency of the reflections is achieved due to the large RCS, large bandwidth of the device
and large impedance variations. This can generate a large reading range at depths up to 18
cm with a low/moderate transmitter power. High data rates of 12 Mbps have been measured
and it is expected that a potential of 70 Mbps can be achieved.

The example antenna uses two conductive patches providing two electrodes of the
antenna and these patches are selectively coupled via a switch. The conductive patches
may take various forms. They may be considered as patch antennas and hence as distinct
from other antennas such as coil antennas or loop antennas.

The conductive patches may in one simple example be patches arranged for
attachment to body tissue, whereby the attachment to the body tissue serves to fix the
patches with a spacing between them. The switch may then connect or disconnect a
conductive pathway between the patches so that the impedance of the body tissue has a
lesser or greater effect on the effective impedance of the antenna.

The conductive patches may be spaced apart by virtue of their mounting to a part of
the implant, such as a body or a housing of the implant, with the two patches at different
points along a length of the implant. In some examples the implant has a tubular form, such
as a cylindrical tube or a tube of any other prismatic shape, and the two conductive patches
are mounted to the tube and spaced apart along the length of the tube. A tubeis a

convenient form for implant devices with various purposes, such as for capsule endoscopy.
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One or both conductive patches may have a generally two dimensional form such as
a rectangle or a disc. One or both conductive patches may have a three dimensional form
such as a tube, a section of a sphere (e.g. a hemisphere) or some other three dimensional
surface shape such as a surface of rotation of a curve.

In one example the implant device comprises two tube shaped conductive patches,
which may advantageously be placed on a tube of the implant, such as a tubular body of the
implant. In another example the implant device comprises one tube shaped conductive
patch and one patch with a differing shape, such as a disc or a non-tubular three dimensional
form (e.g. a section of a sphere, for example a hemisphere). With this arrangement the tube
conductive patch and the non-tube conductive patch may be placed on a tube of the implant,
for example with a disc on a flat end of the tube, or a hemisphere or other three dimensional
form on a rounded end of the tube.

The conductive patches may take the form of tubes of conductive material, such as
cylindrical tubes or rings. It is straightforward to manufacture and handle such tubes, and
they can readily be inserted into body tissue in various ways. In addition, it is easy to place
two conductive tubes (or rings) on a larger non-conductive tube in order to achieve the
required distance between the tubes within the body as well as allowing for space to house
the switching components and potentially also other elements of the implant device. The
same approach can be used with two conductive patches of other shape mounted on a tube,
as discussed above. In example embodiments the distance between the two conductive
patches (e.g. the distance between two tubes) is limited to be 50 mm or below, optionally 35
mm or below. The distance between the conductive tubes may be at least 5 mm, and it may
be in the range 5-35 mm as noted above. Cylindrical tubes such as rings may be used. The
cylindrical tubes may have a diameter of at least 3 mm, optionally at least 4 mm, and in some
examples a diameter in the range 3 mm to 15 mm. The conductive tubes may have a length
along their axis of at least 1 mm, optionally at least 3 mm, and in some examples in the
range 3 mm to 6 mm.

The implant device uses one or more switching devices for controlling the
backscattering properties, and these may be low power electrical switching devices such as
transistors. For example, Field-effect transistors (FET)s such as CMOS FETs may be used.
In one example the transistor is a CMOS MMIC device that advantageously can operate with
ultra low power. The use of a transistor provides a low power way to alter the backscatter
properties of the antenna.

An internal power source of the implant device may be used to control the electrical
switch(es) as well as also powering the data source. This internal power source may be a

battery or optionally it may be a wireless power transfer system that can use the same
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antenna as the antenna used for backscatter communications. The implant device preferably
does not take power from the antenna during the backscattered communication, which
ensures that the antenna can be optimised for maximum reflection and hence maximum
range for the backscatter communications with the external communication systems. In fact a
cycle of the data (0 or 1) can be used for power harvesting and the other cycle for data
transmission.

There may be multiple electrical switches and filters having differing effects on the
antenna's backscattering properties and hence allowing for more than two different states for
the backscattered signal. This can allow for more complicated data transfer and higher data
rates. The method becomes similar to frequency division multiplexing (FDM) for multiband
data communication by shrinking high data rate in multiple frequencies. In addition, the
switch and filter combination can separate the path for wireless power transfer and data
transfer. For multiple frequency usage, the external device should transmit in the multiple
frequencies of interest.

The implant device is preferably a medical implant device and it may include sensors
for gathering data for medical use, such as use in medical diagnostic methods or for medical
research. The sensors are preferably connected to the data source in order to provide
information used to generate the data that is transmitted from the data source to the external
communication system. The implant device may additionally include additional data
processing devices such as a computer processor and/or a memory for data storage.

As noted above it has been proposed in the prior art to combine backscatter
communications with wireless power transfer. Using wireless power transfer reduces the
range for backscatter within the body since the antenna must necessarily absorb some of
and often a major part of the transmitted energy. With the present antenna the design of the
antenna in the backscatter communication configuration is for maximum reflection and hence
minimal absorption of energy, and the implant device is preferably arranged to use as much
as possible of the energy incident on the antenna for backscatter communications. The
implant device may be arranged such that there is no wireless power transfer during
communication of data via the antenna. Optionally there is never any wireless power
transfer, although in some instances there may be a separate use of wireless power transfer
when backscatter communication is not being carried out.

The data source or sensors of the implant may have their own battery or a separate
wireless power transfer system. The data source may be arranged to provide a data signal
for controlling the backscattering properties of the antenna to thereby transmit data from the
data source to the external communication system. Preferably this is a low power data signal

thereby ensuring maximum lifetime for the implant device. By minimising the power
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requirement at the implant device the lifespan of the device is maximised whilst also allowing
for a high data rate of the backscatter communications.

The implant device may be used to communicate with a second implant device, and
thus there may be transfer of data between the first implant device and the second implant
device, with the second implant device advantageously transmitting an electromagnetic wave
toward the implant device, and being arranged to receive a backscattered signal from the
implant device.

Alternatively or additionally the implant device may be provided in combination with
an external communication system that interacts with the implant device to receive data from
the implant device. For example, this may be in the context of a system for gathering medical
data about a patient.

The external communication system can be arranged to transmit an electromagnetic
wave toward the implant device, and to receive a backscattered signal from the implant
device. This may be done using a single antenna acting as both transmitter and receiver, but
preferably the external communication system includes separate transmitting and receiving
antenna. One reason for using multiple antennas is to reduce the coupling between the
transmission antennas and receiving antennas in order to prevent the receiver saturation.
This allows the receiver to operate in its full dynamic range for receiving the relatively weak
backscatter signals. In addition, in case of multipath propagation, using bi-static (dual
antennas) or multi-static (multiple antennas) performs better than mono-static (single
antenna) configurations as this removes the probability of deep signal fading.

The electromagnetic wave may be a radio wave and in particular may be at a
frequency designated for use with medical implants. Such frequencies are selected based on
their availability and loss characteristics in living tissues. The Industrial, Scientific and
Medical (ISM) frequency band, and Medical Implant Communication Service (MICS) at 400,
600, 800 and 1400 MHz are used for wireless communication with medical implants and the
external communication system may hence use one of these frequencies. Due to the
behaviour of the non-self-resonant antenna then any frequency from DC to 1500 MHz is
expected to allow for communication from the implant to the external communication system.

The transmitter may comprise an on body antenna as the transmitter antenna, This
may be an arrangement of any efficient radiator toward the implant device. There may be
muitiple transmitting antennas at multiple locations acting together in order to transmit the
electromagnetic wave toward the implant device. The use of multiple antennas at different
locations can allow the signal strength at the implant device to be maximised whilst avoiding
excessive levels of electromagnetic radiation at the body surface, thus increasing the

potential range for the backscatter communications without exceeding limits on the exposure
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of the patient to radiation. In addition, the multiple antennas on the body surface can be
placed in orthogonal configurations to implement the polarization diversity, thus the received
signal is less dependent on the implant orientation. This is mandatory for applications such
as capsule endoscopy in which the capsule is moving in the digestive tract and it may have
different orientations relative to the external antenna.

The transmitting antenna(s) may be placed directly on the body with a separation gap
to prevent direct contact to the skin. Alternatively, or additionally, a matching layer may be
placed between the antenna(s) and the skin. The matching layer may comprise a low loss
dielectric material, for example water or an aqua based dielectric material. With the use of a
matching layer the body Specific Absorption Rate (SAR) is reduced and heat generated due
to the radiation can be dissipated.

In some implementations, the external communications system may be arranged to
reduce the amount of the coupled power at the receiver antenna due to the transmitter
antenna by using multiple transmitter antennas to make a null coupled signal at the receiver.
This means that even a very weak backscatter signal can be recovered at receiver.

The invention further extends to the use of an implant device as in the first aspect, for
example in order to gather medical information about a patient or to treat the patient. The
implant device may include any of the other features discussed above.

The use of the implant device may comprise: implanting or inserting the implant
device into the patient; transmitting an electromagnetic wave toward the device from an
external communication system that is outside of the body; controlling the backscattering
properties of the antenna in order to thereby transmit data from the data source using the
backscattered signal from the antenna; and receiving the backscattered signal at the external
communications system.

Optionally, the use of the device may include using the implant device to gather
medical information at one or more locations within the patient's body, and then transmitting
this information out of the body via the backscatter communications with the external
communication system. The use of the device may further include controlling the
backscatter properties of the antenna to transmit data via the backscatter signal by means of
switches as described above.

Certain preferred embodiments of the present invention will now be described by way
of example only and with reference to the accompanying drawings, in which:

Figure 1 is a plot of conductivity versus frequency for some biological tissues;

Figure 2 shows an arrangement for galvanic electrodes as a non-self-resonant
antenna;

Figure 3 is a circuit model representing the operation of the switch in Figure 2;
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Figures 4A to 4E show various arrangements for the implant device and in particular
for the conductive patches providing electrodes of the antenna;

Figure 5 shows test results with backscatter signal level plotted against frequency;

Figure 6 shows the backscatter signal level versus depth for different capsule sizes
25, 15 and 5 mm at 455 MHz;

Figure 7 shows a backscatter signal at a spectrum analyser for a test of a transmitted
period signal with implant capsule at depth 9 cm;

Figure 8 shows USRP spectrum analyser measurements for the same test:

Figure 9 shows the decoded data signal from the test of Figure 8;

Figure 10 shows the spectrum analyser measurements for a similar test with the
implant capsule at a depth of 17 cm

The preferred embodiments relate to an implant device with a non-self-resonant
antenna for backscatter communications as well as to an external communication system for
receiving data from the implant device. The implant device gives rise to a new technique of
wireless backscatter data connectivity for the medical implant communications. The
proposed human body backscatter communication (HBBC) is appropriate for the conductive
mediums, in which the regular backscatter communication and RFID techniques are
hindered due to the tissues’ loss and the implant antenna performance degradation. Similar
to the backscatter techniques, our approach removes the transmitter from the implant device
that can save the power consumption of the implant and physical space. A remote reader is
used to transmit RF energy and read the information signal which is modulated by the
implant’s data source. Using this approach, the implant power consumption for
communication reduces from several m-watt to some nano-watt thanks to using a switch
circuit instead of a full transmitter chain in a conventional wireless communication. Thus high
data rate and long-life connectivity are guaranteed with small implant devices.

Our unique technology is based on the non-resonating antenna which performs
effectively in the conductive mediums. The non-resonating antennas can provide ultra-high
efficiency in the conductive mediums and ultra-wideband performance compared to the
resonating antennas. Thus the link budget with the non-resonating antennas performs
significantly better than the resonance base antennas. We implement the impedance of the
media around the antenna for the antenna impedance tuning, and with the backscatter
method the media’s impedance is altered using the implant data signal and switch.

A reliable data connectivity with low to high rates (potential up to 70 Mbps) for the
implant depths beyond 18 cm becomes feasible with a moderate transmitter power level
(less than 100 m watts) of the remote reader. Therefore the system can be implemented for

high depths connectivity. The implant size in our new approach can be reduced to 5 mm and
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it can be less ( 1mm) for short distances. The method can be used for the implant to implant
or implant to external body communication scenarios with potential applications in wireless
cardiac pacemakers, wireless capsule endoscopy (WCE) and in-body wireless sensor
network.

The regular wireless backscatter communication and RFID techniques are used in
free space in which a remote reader transmits EM wave, and the received signal with a
resonance antenna structure of a tag device is modulated and the signal is re-transmitted in
the wave propagation channel. A switch circuit in the tag device performs the signal
modulation. The remote reader demodulates the wave reflections for data detection.
Operating at the tag resonance is essential to increase the antenna radar cross section
(RCS) and provide appropriate backscatter link budget. The size of the tag antenna plays a
crucial role on the system’s performance, and by reducing the electrical size of the antenna
from the resonance length (M4) the efficiency of the scheme is degraded.

Using the conventional backscatter and RFID methods are feasible for superficial
medical implant communications for the sensing purpose. In this application, the
communication range is small (1-3 cm), and the data rate is limited to some kbps. The main
limitation is the implant size that should be low (< 30mm) and the frequency dependent loss
of the biological tissues that increases with frequency. This imposes using the MHz
frequency range (< 1500 MHz). Therefore, the normalised antenna size becomes small (<
AM10) causing the antenna efficiency reduction. Furthermore, due to the small size, the
antenna reactive field (near field) becomes significantly strong that is absorbed by the
antenna surrounding tissues and give rise to the specific absorption rate (SAR) that reduces
further the total antenna efficiency. These inherent limitations with the resonant antennas
limit the application of RFID for biomedical implant communication.

Using antennas with large RCS and tuning the implant antenna resonance can help
on increasing the communication range of the implant device. However, due to the small
efficiency of an implanted antenna and the limitations on the applied reader’s power (due to
RF absorption and SAR) the communication range in earlier work with resonant antennas
has been limited to about 8 cm with an applied power of 100 m watts. Also, the resonance
frequency of the implant antenna shifts due to different tissues’ loading that plays a crucial
role in the backscatter performance. A complex system should be used to find the best
frequency for the backscatter. Furthermore, the data rate that can be delivered with a small
resonating antenna is limited.

The currently proposed approach is based on a backscatter mechanism which is
adapted for the conductive or lossy mediums such as the biological environments. We use a

non-self-resonant antenna with medium impedance modulation for realising human body
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backscatter communications (HBBC). The efficiency of the new antenna is not affected by
the lossy material similar to the resonance antennas. The non-self-resonant antenna can
provide appropriate impedance in the conductive mediums by exploiting the loss of the
environment for matching. The antenna should have direct contact with the biological tissues,
or it can hold a tiny gap (<0.5mm) as coating with the surrounding material. As the antenna is
a non self-resonance structure, the efficiency is not a factor of the antenna electrical length.
Thus the antenna can hold very small size with high efficiency. The near-field of the non-self-
resonant antenna is not strong compared to the resonance structures thus the dissipated
power around the antenna is significantly low. This introduces small specific absorption rate
(SAR). All these features provide a reliable communication link with a remote reader for
HBBC application that cannot be achieved with the conventional RFID and self-resonance
technigues.

The implant media defines the impedance of the proposed non-self-resonant antenna
instead of the antenna structure itself. As the medium impedance can be assumed constant
for over 30% of centre frequency, we can define the antenna as frequency independent. The
result is that the antenna becomes ultra-wideband and can perform from DC to several GHz
frequency ranges. Consequently, the same antenna can be used for galvanic and radiative
communications. Also, the potential data rate of the system becomes significantly high due to
the available bandwidth with low distortion.

To implement the backscatter modulation using our non-resonating antenna, we alter
the impedance between two loci of the implant electrodes in the medium through an internal
switch mechanism. Thus, we can use the impedance of the environment and modulate it.
Therefore, efficient backscatter performance is achieved. The backscatter device is ultra-
wideband, and thus a wide range of frequencies (DC-1500 MHz) can be used for data
communications in the biological tissues. Also, due to the available wideband feature, we can
transmit very high data rate (70 Mbps at 450 MHz centre frequency). We note that the
operation in all the frequency range is not similar and is not optimal. The operation mainly
depends on the separation between the two electrodes of the antenna. Small separation
imposes better operation at higher frequencies.

The proposed design is used for communications from implant to implant or from
implant to an on-body receiver with applications for wireless pacemakers and wireless
capsule endoscopy (WCE). The disclosure herein provides the design and measurement
results of the technology above. We describe the design concept of the new HBBC device,
and the arrangement of the reader’s antenna together with the system implementation. The
measurements are conducted to provide the optimum frequency for HBBC, the effects of the

device size and communication depths are measured.
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The HBBC is presented for two possible scenarios:

- Implant to implant communications for frequencies below 30 MHz with
galvanic communications.

- Implant to on-body communications based on the radiative coupling for
frequencies above 70 MHz.

Using backscatter for implant devices requires compact size implementation less than
35 mm. The frequency range that the biological tissues indicate small conductivity values
(less loss) are below 1500 MHz (see Figure 1 for a plot of conductivity versus frequency for
some biological tissues). Therefore, the electrical size of an implanted antenna becomes less
than A/10 that is in the categories for the small antennas. The small antennas indicate strong
near-field with high Q-factor and narrow bandwidth. Loading a small antenna with the lossy
biological tissues such as the implant scenarios, dissipates most of the evanescent waves to
the antenna surrounding tissues and thus reduces the antenna efficiency and the Q-factor
drops. Therefore, using resonance antenna structure becomes problematic for the medical
implant applications. This is the inherent character of any small antenna in the implant
applications and indicates low efficiency.

Figures 2 and 3 show a design considered for biological conductive mediums, in
particular for backscatter communications. The antenna 12 includes two metallic electrodes
16 with a small distance between the electrodes 16. A remote reader 18 receives signals
from the antenna 12 via backscatter communications. The antenna 12 in free space shows
an infinite impedance between the two electrodes 16. However, if the antenna immersed in a
conductive medium, the device impedance is specified by the material characteristics
between the two electrodes 16 and the separation of the electrodes 16. A gap between the
electrodes 16 and the body tissue can also have an impact, such as the gap 22 provided by
the optional shell 24 discussed below in relation to Figures 4B, 4C and 4D. Also, as the
material for the biological tissues is frequency dependent the impedance between the
electrodes 16 also becomes frequency dependent. The curves in Figure 1 show that the
conductivity can be considered as almost flat for about 30% of bandwidth at frequencies
below 500 MHz. The proposed antenna 12 with two electrodes 16 can be used as an active
transmitter or receiver for a broad range of frequencies (DC-1000 MHZ) with appropriate
impedance matching. The antenna impedance for a capsule size larger than 5 mm is in a
range that can be tuned effectively for wideband usage. The main problem with using the
antenna as a direct transmitter is the resistance between the two electrodes 16, and this can
be small depending on the tissues between the electrodes 16. The low resistance drains the

transmitter's power and reduces the transmitter efficiency.
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For the backscatter purpose, a wire connection between the antenna electrodes 16
with a switch circuit 14 between both electrodes 16 is used. By controlling the switch
operation, the impedance of the medium between the two electrodes 16 can be modulated
between zero ohms (for the switch on) and the medium’s impedance (for switch off) defined
by the conductivity (o S/m) of the media and the separation between the electrodes 16. By
reducing the conductivity (for example at fat tissues) the impedance between the electrodes
16 increases and with high conductive tissues (blood, muscle) the impedance reduces. Thus
the antenna is easy to implement at lossy mediums in contrast to a resonating antenna.
Therefore, if a remote reader provides a voltage difference in the medium between the two
electrodes 16, the switching alters the current in the equivalent circuit that can be retrieved
by the reader. Controlling the switch 14 with the implant data source expresses the signal
modulation at the reader’s side18. As can be seen, the environment impedance switching is
the basis for our backscatter communications and not the device self-impedance. Therefore,
any signal and frequency that can provide an appropriate voltage difference between the two
electrodes 16 can be used for the sensing purpose.

The electrodes 16 can be provided by cylindrical tubes (or rings) of conductive
material which are shown in side view in Figure 2, with the dimension W being a length/width
of the tube along the axis of the cylinder and the dimension D being a diameter of the tubes.
The dimension L shows the spacing between the two electrodes 16. We propose the
distance between the electrodes 16 of range (5 mm <L<35 mm) for optimum link
performance for all frequency range from DC-1000 MHz and the diameter of the electrodes
16 is proposed for (D >4 mm) and the strip width (tube length) of (W>1 mm). However, we
can use smaller size L, D and W with some loss in the system performance.

Figures 4A to 4E show various arrangements for the implant device and in particular
for the conductive patches providing electrodes of the antenna. These implant devices may
be manufactured for HBBC measurement.

Figure 4A shows the use of two conductive patches 16 for the antenna electrodes,
with these patches being attached to body tissue 18. The switch circuit 14 is connected to
the two patches 16 via wires 20. The attachment of the patches to the body tissue 18 is
used to fix them at the required spacing.

The examples of Figures 4B to 4E differ from that of 4A in that a body of the implant
device 12 is used to support the patches 16 and hence to provide spacing between the
patches. The implant device 12 in these examples has a tubular form, which is shown in
cross-section. The switch circuit 14 as well as the conductive pathway (20, not shown) is
within the body of the implant device 12. The patches 16 forming electrodes of the antenna

are placed at an outer part of the implant device 12.
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In Figure 4B the patches 16 take the form of two tubes at two ends of the implant
device 12. In Figure 4C the implant device 12 uses one tube shaped patch 16 and one disc-
shaped patch 16. The disc-shaped patch 16 is at an end of the tubular form of the implant
device. The example of Figure 4D uses rounded ends for the implant device 12 and one of
the patches 16 is a tube, whilst the other patch 16 is a curved surface fitted to one of the
rounded ends. For example, this may be a section of a sphere. Optionally there is a gap 22
between the patches 16 (i.e. the electrodes) and the body tissue, with this gap 22 being
provided by an outer shell 24. The gap 22 operates as a capacitive element. The use of a
gap 22 in this way may be done for backscatter applications at high frequencies (e.g. above
70 MHz).

The implant device 12 might include a camera (not shown) or other sensors. With the
use of a camera this could be placed at an end of the device where there is no patch 16,
such as the left hand end of the implant device 12 of Figure 4D.

For some applications it may be useful to have a conductive outer shell 26, as shown
in Figure 4E. In this case the two patches 16, which may be a disc-shaped patch 16 at one
end and a tube-shaped patch 16 at the other end, should be shielded from the conductive
outer shell 26 by insulating material 28. Relevant applications include those in which using
the metal is required for reasons of biocompatibility and/or long life of the implant device 12.
An example of this is for leadless cardiac pacemakers. The backscatter electrodes 16
should be isolated in RF (reader frequency) from the casing. The electrodes 16 can be in
contact with the surrounded medium or with a coupling gap.

In the experiments to validate the proposed concept different implant capsules have
been manufactured and measured inside body phantom filled with phantom material (for
example saline 4%) for simulating the human body tissues. A water container of 50x30x30
cm® was used as our test phantom and filled with the fluid. The on-body antennas were
placed on the container’s surface. The capsule antenna 12, by way of example using an
antenna configuration as shown in Figure 4B, was immersed in the liquid in front of the
reader antennas and parallel with the reader’s antenna surface. A wide range of view angles
in front of the reader antennas can provide data connectivity with the implant capsule 12. To
cover whole areas for the scenarios with unknown locations and orientations of the capsule
device 12, multi-antenna usage is proposed with a selection mechanism for providing the
connectivity. The measurements have been validated for the in-vivo animal experiments
confirming similar performance as the liquid homogeneous phantom.

In the first measurement setup, we define the frequency range which is appropriate
for HBBC application. We consider two different scenarios with a conductive and radiative
link. In the radiative link, the on-body antenna is placed with a gap to the container’s surface.
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The source power is 0 dBm (1m watt) and the backscatter signal level is recorded for the
capsule at depth= 80 mm. A capsule size of 25 mm is used in the measurement process.
Figure 5 shows the backscatter signal level versus frequency. As shown, the frequency
range of 420-550 MHz shows high backscatter signal level. Other frequencies at 90 and 180
MHz provides good signal level. For the frequencies at 300 MHz band the signal level drops.
Here we are interested in the MICS and RFID frequency bands at 402 MHz and 450 MHz.
We note that the transmitted signal is not modulated thus the regulations for the un-
modulated signal is applied to our system. The received signal is modulated and has
wideband property, but the signal level is less than -85 dBm. As the modulated signal level is
too small, it can be accepted by the regulatory standards for transmission. For instance,
UWB transmission with a signal level below -80 dBm is an unlicensed band. Therefore, there
is not any bandwidth limitation with the reflected signals which are feeble.

In the second measurement for HBBC, the same scenario with the reader antennas
inside the liquid phantom is measured. The reader antennas are in direct contact with the
medium. As expected, the high-frequency components are attenuated due to the direct
contact with the lossy medium. However, the low-frequency band (galvanic coupling) is
dominant for the frequencies below 30 MHZ in which the backscatter signal is significant.
Therefore, the galvanic part is useful for low frequencies. The available bandwidth is limited
in the lower frequencies. The bandwidth would be enough for HBBC connectivity with low
rate requirements about 30% of the transmitter frequency. The same set-up can be used for
high data rate connectivity with transmitting at low frequency and receiving the backscatter
signal at a higher frequency (upconverted reflections). For example, by transmitting in some
kHz in the forward path, we can modulate the backscatter signal at a higher subcarrier rate
(1-10 MHZ) in the backwards path to obtain larger bandwidth for the data. In this case, the
reader in TX and RX has different frequencies. This method would be appropriate for
wireless pacemaker usage. Also, we can consider galvanic coupling for the forward path and
the radiation for the backwards path. By using this communication style, the transmitted
signal is in kHz and the reflected signal is at high frequency (MICS frequency band). The
requirement is that a fast switching at the backwards frequency must be operated.

Considering the frequency range of 420-550 MHz for the radiative HBBC, we have
measured data connectivity with different capsule sizes. In this measurement scenario, SDR
is used as the transmitter and receiver device. We applied a power level of 50 m watt to
measure the connectivity within depth, and the backscatter signal quality is recorded. Figure
6 shows the backscatter signal level versus depth for different capsule sizes 25, 15 and 5
mm at 455 MHz. The capsule of size 25 mm performs better than the smaller capsules
because of the available higher induced voltage at the electrode ends and the larger
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differential RCS provided by the impedance switching. The capsule with 5 mm size performs
about 15 dB worse than the 25 mm capsule. Increasing the capsule size for more than 25
mm will not increase the backscatter signal significantly. This finding indicates that we can
reduce the capsule size to 5 mm or less depend on the applicable depth. The backscatter
path loss at 455 MHz band is about 5 dB/cm for all capsules. The loss decay is smaller at
close distances to the reader due to the available near field of the reader.

Using the applied power of 50 mwatt, we can provide a depth connectivity up to 18
cm with signal level of -95 dBm. The capsule with 5 mm size can operate to depths of around
13 cm. The data rate for these systems is around 12 Mbps. The system can provide high
data rate up to 70 Mbps in a single channel with small distortion. Frequency division
multiplexing (FDM) can be used for an improved receiver performance.

Operating at 650 MHz can provide an increased link performance by 10 dB for the
small capsule of size 5 mm. Therefore we should make a tradeoff between frequency and
size of the implant capsule. Small size capsules provides improved backscatter at high
frequencies. The measurements have been conducted in in-vivo animal experiments using a
pig under general anesthesia. High data rate connectivity is illustrated for in-depth (12-18
cm) applications in the abdomen and chest of the animal for wireless capsule endoscopy and
wireless pacemaker applications.

The measurement of backscatter with the galvanic capsule shows that the signal loss
for one-way connectivity is maximum 1.5 dB/cm and is 2.5 dB/cm for the radiative links. The
efficiency of the coupling between the on-body and capsule antenna for capsule size of 25
mm is -10 dB. The coupling with complete matching provides a link with 30 dB loss at 8 cm.
This means by transmitting 100 m watt, the received power at the capsule is 100 microwatt.
Considering an efficiency of 35% for a rectifiers circuit we can deliver 35 microwatt power to
the implant at 400 MHz frequency band. We expect more power transfer for the conductive
scenarios using the non-resonating antenna, as the loss is smaller in the lower frequencies
by about 8 dB for 8 cm. Therefore the proposed non-self-resonant antenna 12 can be used
for WPT.

In another example, measurements were taken with SDR at 450 MHz band. USRP
N210 was used as the reader system, the TX frequency was set to 450 MHz and the power
is 0 dBm. A capsule size (L) of 25 mm was used at 9 cm depth, and the capsule was
switched at 1 Mbps. The backscatter signal at the spectrum analyser was measured as
shown in Figure 7. Similarly, the spectrum was measured on USRP spectrum analyser and
this is shown in Figure 8, and the data signal is decoded as shown in Figure 9.

The measurements were also conducted for a depth of 17 cm with increasing TX
power to 15 dBm (30 mwatt) and RX gain of 15 dB in which we can detect the data signal of
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1 Mbps. Based on the USRP bandwidth of 20 MHz the same performance can be achieved
for data rate up to 10 Mbps. The spectrum for depth 17 cm is shown in Figure 10 with the BS
level -88.6 dBm.

The relative rotation of the reader antenna and capsule antenna 12 can cause signal
degradation due to the polarisation mismatch. For a relative polarisation angle of 45 degrees,
the signal loss is 5 dB and is increased to 10 dB for 60 degrees of relative rotation. The
signal further reduces for rotation angles above 60 degrees. Therefore, the arrangement of
the reader antennas should be adjusted to compensate for the relative rotation by multi-
antenna configuration.

An implantable device is proposed that is adapted for conductive mediums and that
allows for effective backscatter communications with low power usage. The introduced
antenna 12 is a non-self-resonant structure with two conductive electrodes 16 that makes
use of the impedance of body tissue during the antenna operation. As the antenna 12 is a
non-resonating device, the losses associated with the near field, in the small resonating
antennas, is not a limiting factor. The non-self-resonant antenna 12 is frequency independent
with very wide range of stable impedances with frequency. Therefore, ultra wideband
performance with the antenna 12 can be obtained. For the backscatter operation, a switch
mechanism 14 is used to alter the system impedance between the two electrodes 16. The
modulation of the medium impedance is used to express the data and backscatter
connectivity. The proposed system can offer very high data rate connectivity of 70 Mbps at
450 MHz centre frequency for depths beyond 18 cm. The system is tested with different
capsule sizes of 5, 15, 25 mm and data connectivity up to 12 Mbps to depths 12-18 cm are
demonstrated with 50 m watt of the applied power. Depending on the usage and application
scenarios, the frequency ranges from DC to 1500 MHz can be used for the backscatter
connectivity. The power consumption of the implant device reduces from m-watt to several
nano-watts thanks to using a switchboard instead of a complete transmitter in the implant.
The technology is appropriate for WCE and pacemaker or implant wireless sensors network
connectivity.

The proposed technique can also provide analogue data connectivity for the implant
device in case that a varactor diode is used as the switch instead of the switch circuit 14. The
reason is that we use the medium impedance modulation and not the antenna impedance
that can reduce the RCS of the antenna.

Therefore, by using the concept of data transfer with the medium impedance
modulation, we can provide data connectivity for very deep implant devices with small
applied power to the medium. One reason for this is that the system is not based on an

antenna resonance in which the tissue loading diminishes the high Q value of a small
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antenna. Also, all the frequency range from DC to several GHz can be covered for the
backscatter data transfer. Any method that can provide a voltage difference between the two
electrodes 16 of the implant device can be used for the backscatter sensing.

Two frequency ranges are considered for generating the voltage difference between
two loci in the conductive medium.

1- Low frequencies (below 30 MHz) in which the electric conduction is the main way
of signal transmission in the medium.

2- High frequencies (frequencies above 80 MHz) based on radiation of the RF field
into the conductive medium.

For electric conduction direct contact between the electrodes 16 and the conductive
medium is essential. However, for radiative coupling, a gap between the reader 20 and the
medium is required to induce the electric field in the environment. Also, the implant device in
the radiative scenario can hold a spacer or a non-conductive coating. Different frequency
bands that can provide high penetration inside the biological tissues and provide a larger
voltage difference between the implant electrodes 16 are found through extensive
measurements. A summary of the features and findings are as follows:

¢ An implant device using a non-self-resonant antenna 12 with two electrodes 16 can
operate for backscatter data connectivity for all frequency range from DC to GHz. The
lower band is limited to several tens of kHz to prevent the ionic movements and™ =
biological cell damage. The upper band is limited by the material loss of the biological
tissues nominally to below 1000 MHz.

e The backscatter method is based on the medium impedance modulation and not the
antenna impedance modulation used in the conventional RFID and free space
backscatter.

» There is no resonating antenna for the implant radiator. Consequently, the device
size and Q-factor are not the criteria for backscatter in conductive mediums.

e The media impedance modulation approach can be integrated into any shape of an
implant device such as cylindrical or planar structures. The only requirement is to
have enough separation between the electrodes 16 of the implant device to obtain a
considerable impedance between electrodes 16.

¢ The separation between the two electrodes 16 of a device defines the system
impedance and performance. The separation depends on the available space of the
implant. Lengths between 25-35 mm are optimal. However, it can be reduced to
about 15 mm with some loss of performance. Small sizes are possible around 5 mm

but operation at higher frequencies is recommended.
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¢ The thickness or diameter of the device is not a critical factor. The electrode surface
can be in the order of mm? (exp. 2x2 mm?).

» Two ways of energy transfer to the implant device are considered by using the
reader: Galvanic coupling and radiative coupling.

» The optimum frequency band for the galvanic conduction is proposed for the implant
to implant communication for frequency range of DC to 30 MHz.

e The galvanic HBBC can be used for the implant to an external device communication
if the wave radiation around the body is not permitted.

» The frequency range for radiative coupling is measured in the phantom and optimum
frequency of operation is extracted: namely three frequency bands are distinguished:
90, 180 and 450 MHz. We can define the frequency range at 650 MHz for
communication with small implants of size 5 mm. Similar results have been confirmed
using in-vivo animal experiments.

s For the galvanic method, a conductive contact between external electrodes 16 and
the body is required. We can use a conductive gel to provide the connection. In the
MHz range, the fatty tissues have less effect on the link performance loss.

¢ As the implant system is frequency independent device, Ultra wide bandwidth is
available for data transmission due to the nature of the backscatter phenomenon. The
bandwidth is mainly limited by the backscatter signal amplitude dispersion. This
problem can be easily solved by a matched filter. The available bandwidth is more
than 70 MHz at the 450 MHz centre frequency for radiative coupling mechanism.

e The transmitter is a single tone signal transmitter and follows the related regulations
for the transmitter power. For example, at 450 MHz it can be up to 300 mwatts. The
backscatter signal which is modulated is below -80 dBm and can be considered as
UWB spectrum in the unlicensed band.

e Using the galvanic method, the bandwidth is limited to about 20% without amplitude
dispersion. It can be increased if a matched filter is used.

e Using multi-frequency for multi-capsule implementation is possible by applying an RF
filter in the switching path of the implant device.

e Backscatter with a capsule of 25 mm and data rate of 12 Mbps is demonstrated for
depth 8 cm and 1 m watt transmitted power. The power rating of 50 m watts can
provide connectivity to the depth of 18 cm at the centre frequency of 450 MHz.

»  Similar connectivity and depth of communication can be achieved with the galvanic

method. However, the data rate is limited due to the limited bandwidth.
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CLAIMS:

1. An implant device for use within the body, the implant device comprising:

a data source; and

a non-self-resonant antenna for backscatter communications with an external
communication system, the non-self-resonant antenna comprising at least two electrodes
including two conductive patches that are arranged to be spaced apart when the implant
device is in use;

wherein the implant device is arranged to control the backscattering properties of the
non-self-resonant antenna in order to thereby transmit data from the data source to the
external communications system; and

wherein the implant device is arranged such that the backscattering properties of the
non-self-resonant antenna are controlled by one or more electrical switch(es) including an
electrical switch that is arranged to change the impedance of the non-self-resonant antenna
by switching between coupling the at least two electrodes via body tissue and coupling the at

least two electrodes via a conductive pathway.

2. An implant device as claimed in claim 1, wherein the spacing between the electrodes

is in the range 5 mm to 35 mm.

3. An implant device as claimed in claim 1 or 2, wherein comprising a layer of bio-
compatible non-conductive material for providing a gap between the body tissue and the

electrodes.

4. An implant device as claimed in claim 3, wherein the layer of bio-compatible non-
conductive material is provided by a shell around the outside of the implant device

5. An implant device as claimed in claim 3 or 4, wherein the layer has a thickness of 1

mm or less, such as a thickness of about 0.5 mm.

6. An implant device as claimed in any preceding claim, wherein the at least one of the

conductive patches takes the form of a tube of conductive material.

7. An implant device as claimed in claim 6, wherein the conductive patches are provided

by two conductive tubes on a larger non-conductive tube.



WO 2019/141782 21 PCT/EP2019/051166

8. An implant device as claimed in claim 6 or 7, wherein the conductive tube(s) forming
the conductive patch(es) have a diameter in the range 3 mm to 15 mm and a length along

their axis in the range 3 mm to 6 mm.

9. An implant device as claimed in any of claims 1 to 6, wherein the conductive patches
include one or more of a disc-shaped patch, or a patch provided by a section of a spherical

surface.

10. An implant device as claimed in any preceding claim, wherein the backscattering
properties of the antenna are controlled by one or more electrical switch(es) that change the
load and/or geometry of the antenna, and wherein the device comprises multiple electrical
switches and filters having differing effects on the antenna's backscattering properties and

hence allowing for more than two different states for the backscattered signal.

11. An implant device as claimed in any preceding claim, wherein the implant device is a
medical implant device and includes one or more sensor(s) for gathering data for medical

use.

12. An implant device as claimed in claim 11, wherein the one or more sensor(s) are
connected to the data source in order to provide information used to generate the data that is

transmitted from the data source to the external communication system.

13. An implant device as claimed in claim 11 or 12, wherein the data source and/or the
one or more sensor(s) of the implant device are powered by a battery or a separate wireless

power transfer system.

14, An implant device as claimed in any preceding claim, wherein the implant device is
arranged such that there is no wireless power transfer to the implant antenna during

backscatter communication of data using the implant antenna.

15. An implant device as claimed in any preceding claim, wherein the data source is
arranged to provide a data signal for controlling the backscattering properties of the antenna
to thereby transmit data from the data source to the external communication system.
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16. A combination of an implant device as claimed in any preceding claim as a first
implant device, along with a second implant device arranged to communicate with the first

implant device.

17. A combination of an implant device as claimed in any of claims 1 to 15 and an
external communication system that is arranged to transmit an electromagnetic wave from a
transmitter toward the implant device and to receive a backscattered signal from the implant

device at a receiver.

18. A combination as claimed in claim 17, wherein the electromagnetic wave is a radio

wave at a frequency approved for use with medical implants.

19. A combination as claimed in claim 17 or 18, wherein the transmitter comprises an on

body antenna.

20. A combination as claimed in claim 19, comprising multiple transmitting antennas at
multiple locations on the body acting together in order to transmit the electromagnetic wave

toward the implant device.

21. A combination as claimed in claim 20, wherein the external communications system is
arranged to reduce the amount of the coupled power at a receiver antenna due to the
transmitter antenna by using the muitiple transmitter antennas to make a null coupled signal

at the receiver and increase the signal to interference ratio.

22. Use of an implant device or combination as claimed in any preceding claim.

23. Use as claimed in claim 22, comprising: implanting or inserting the implant device into
the patient; transmitting an electromagnetic wave toward the device from an external
communication system that is outside of the body; controlling the backscattering properties of
the antenna in order to thereby transmit data from the data source using the backscattered
signal from the antenna; and receiving the backscattered signal at the external

communications system.

24. Use as claimed in claim 23, comprising: using the implant device to gather medical

information at one or more locations within the patient's body, and then transmitting this
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information out of the body via the backscatter communications with the external
communication system.
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