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(57)  According to an aspect of the present invention,
there is provided an antenna comprising a magnetostric-
tive layer configured to, in receive mode, convert a mag-
netic field of a detected electromagnetic wave into me-
chanical strain, and a piezoelectric layer configured to,

in receive mode, receive the strain from the magneto-
strictive layer and produce a voltage output based ther-
eon, wherein the piezoelectric layer comprises a mem-
ristive material.
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Description
FIELD
[0001] The present invention relates generally to an

antenna, and more specifically to an antenna comprising
amemristive material. Arelated antenna array and meth-
od are also provided.

BACKGROUND

[0002] A wireless communication system operating in
a radio frequency range requires an antenna to convert
an electromagnetic wave into an electrical current indic-
ative of the received signal and vice versa. Typically, the
antenna is driven by an analogue circuit connected to a
signal processing unit. In most systems, the signal re-
ceived by the antenna does not travel directly to a logic
element responsible for decoding the signal and extract-
ing the transmitted information. Instead, the signal typi-
cally has to travel through modules such as an analog-
to-digital (ADC) converter, memory, and/or a digital sig-
nal processor (DSP). Each of these modules has asso-
ciated noise sources, thereby degrading the signal-to-
noise-ratio (SNR) of the system.

[0003] Furthermore, such modulesinclude parasitic el-
ements which introduce propagation delay, increasing
the time interval between the signal being received by
the antenna and the information contained within the sig-
nal being extracted. A different approach is therefore re-
quired in order to provide a device capable of faster ex-
traction of the information contained within the received
signal.

[0004] Itis an example aim of example embodiments
of the present invention to at least partially avoid or over-
come one or more disadvantages of the prior art, whether
identified herein or elsewhere, or to at least provide a
viable alternative to existing apparatus and methods.

SUMMARY

[0005] Accordingtoan aspect of the presentinvention,
there is provided an antenna comprising a magnetostric-
tive layer configured to, in receive mode, convert a mag-
netic field of a detected electromagnetic wave into me-
chanical strain, and a piezoelectric layer configured to,
in receive mode, receive the strain from the magneto-
strictive layer and produce a voltage output based ther-
eon, wherein the piezoelectric layer comprises a mem-
ristive material. Thus, an antenna having an intrinsic
memory and signal processing capability can be provid-
ed, thereby enabling faster extraction of information con-
tained within the received signal. Computation can be
performed directly in the memory element, which also
performs a sensing operation to thereby detect and proc-
ess received signals.

[0006] In transmit mode, the piezoelectric layer may
be configured to receive a voltage input and produce me-
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chanical strain based thereon, and the magnetostrictive
layer may be configured to receive the mechanical strain
produced by the piezoelectriclayer to produce and output
an electromagnetic wave based thereon. As such, the
antenna can employ the piezoelectric layer comprising
the memristive material in transmission of signals, in ad-
dition to the reception.

[0007] The piezoelectric layer may be arranged to be
set to a defined condition by an application of a voltage
and/or charge. Thus, due to the inherent properties of
the memristive material comprised therein, the piezoe-
lectric layer can be set to a desired condition in an easy
manner.

[0008] The piezoelectric layer may be arranged to be
set to the defined condition prior to a receiving and/or
transmitting operation of the antenna being performed.
As such, the antenna can be preset (in other words, pre-
programmed) prior to normal use and therefore can be
considered as a programmable system.

[0009] Setting the piezoelectric layer to the defined
condition may comprise varying a conductance of the
piezoelectric layer by application of the voltage. The con-
ductance of the memristive material is closely associated
with synaptic weights, i.e. the strength of synaptic con-
nections. Thus, by applying a voltage, the conductance
can be decreased and/or increased to actualise the for-
getting and learning behaviour of the piezoelectric layer,
respectively, thereby exhibiting synaptic behaviour sim-
ilar to biological systems.

[0010] The conductance of the piezoelectric layer may
be varied based on at least one of a frequency of the
applied voltage and polarity of the applied voltage. As
the conductance of the memristive material is dependent
on the stimulated pulse shape and frequency, the prop-
erties of the piezoelectric layer can be easily modified.
[0011] The piezoelectric layer may be configured to
retain the set condition after the application of the voltage.
Thus, the piezoelectric layer can act as a non-volatile
memory, due to the presence of the memristive material.
[0012] The piezoelectric layer may be configured to
produce the voltage output based on a charge resulting
from the received strain and the set condition of the pie-
zoelectriclayer. Thus, the antenna can produce an output
based on not only the detected signal, but also the set
state of the piezoelectric layer.

[0013] The piezoelectric layer may be configured to
produce the voltage output when a charge resulting from
a received strain is equal to a threshold value defined
based on the set condition of the piezoelectric layer.
Thus, the antenna can produce an output only when the
pre-programmed signal pattern is acquired, disregarding
signal without the desired characteristic as noise. This is
done by the antenna without interaction with any addi-
tional processing units, thereby reducing propagation de-
lay of the signal and thus reducing the time taken for the
antenna to extract information from the desired signal.
[0014] The memristive material may comprise an-
nealed aluminium nitride, AIN. Thus, the antenna can be
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manufactured used readily available materials, thereby
improving manufacturability and reducing cost.

[0015] According to another aspect of the invention,
provided is an antenna array comprising a plurality of
antennas as described herein. Thus, an antenna having
an intrinsic signal processing capability can be provided,
thereby enabling faster extraction of information con-
tained within the received signal. Computation can be
performed directly in the memory element, which also
performs a sensing operation to thereby detect and proc-
ess received signals.

[0016] Each of the plurality of antennas of the antenna
array may be arranged to individually be set to a defined
condition by application of a voltage. Thus, greater pro-
grammability can be achieved, as each of the individual
antennas can be set to a condition enabling identification
of a particular signal.

[0017] According to another aspect of the invention,
provided is a method of manufacturing an antenna, the
method comprising the steps of providing a piezoelectric
layer comprising a memristive material, and providing a
magnetostrictive layer disposed on the piezoelectric lay-
er. Thus, anantenna having anintrinsic signal processing
capability can be provided, thereby enabling faster ex-
traction of information contained within the received sig-
nal. Computation can be performed directly in the mem-
ory element, which also performs a sensing operation to
thereby detect and process received signals.

[0018] The method may comprise the step of providing
annealed aluminium nitride, AIN, as the memristive ma-
terial. Thus, the antenna can be manufactured used read-
ily available materials, thereby reducing cost.

BRIEF DESCRIPTION OF THE FIGURES

[0019] Embodiments of the invention will now be de-
scribed by way of example only with reference to the
figures, in which:

Figure 1 schematically depicts an antenna, in ac-
cordance with an example embodiment;

Figure 2 schematically depicts a thin-film bulk acous-
tic resonator, FBAR, comprising a piezoelectric lay-
er, in accordance with an example embodiment;
Figure 3 schematically depicts an antenna array
comprising a plurality of antennas, in accordance
with an example embodiment;

Figure 4 schematically depicts a method of manu-
facturing an antenna, in accordance with an example
embodiment.

DETAILED DESCRIPTION

[0020] As discussed above, there are numerous dis-
advantages associated with existing antennas. These
range from a significant expense associated with the ex-
isting antennas due to the amount of circuitry required,
to delay in extracting information from the signal received
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by the antenna, or the amount of noise that is erroneously
picked up instead of the desired signal. In general, there
exists norelatively inexpensive, flexible yet simple design
that would allow the antenna to process the received sig-
nal in the element also performing the sensing operation.
[0021] According to the presentdisclosure, it has been
realised that the problems associated with the existing
approaches can be overcome in an inexpensive and ef-
fective manner. In particular, the present disclosure pro-
vides a magnetoelectric antenna comprising a memris-
tive material.

[0022] Figure 1 schematically depicts an antenna in
accordance with an example embodiment. In this exam-
ple, the antenna 100 comprises a magnetostrictive layer
102 and a piezoelectric layer 104. Importantly, the pie-
zoelectric layer 104 comprises a memristive material.
[0023] The antenna 100 may be a thin-film bulk acous-
tic resonator (FBAR) antenna. As the antenna 100 oper-
ates at the acoustic resonant frequency rather than of an
EM wave resonant frequency, the size of the antenna
can be significantly reduced, to a size comparable to the
electromagnetic wavelength, without performance deg-
radation. As such, the antenna 100 may be particularly
suitable for use in applications where high resonant fre-
quency, small size and low weight are desirable.

[0024] The antenna 100 receives and transmits elec-
tromagnetic waves through the magnetoelectric effect at
its acoustic resonance frequency. During a receiving op-
eration of the antenna 100, the magnetostrictive layer
102 is configured to convert a magnetic field of a detected
electromagnetic wave into mechanical strain, to be re-
ceived by the piezoelectric layer 104. The piezoelectric
layer 104 produces a voltage output based on the strain
received from the magnetostrictive layer 102. In detail,
in receive mode, the magnetostrictive layer 102 may
sense H-components of electromagnetic waves, which
induce an oscillating strain transferred to the piezoelec-
tric layer 104. The piezoelectric layer 104 may then pro-
duce a voltage output.

[0025] Conversely, during a transmitting operation of
the antenna 100, the piezoelectric layer 104 is configured
to receive a voltage input and produce mechanical strain
based thereon. Such voltage input may originate from
the antenna 100 itself, or from an external component of
an antenna system. The magnetostrictive layer 102 is
configured to then receive the mechanical strain pro-
duced by the piezoelectric layer 104 to produce and out-
put an electromagnetic wave based thereon. In detail,
the piezoelectric layer 104 may receive an alternating
voltage input to produce an oscillating mechanical strain.
In response to the mechanical excitation, the magneto-
strictive layer 102 may then induce a magnetisation os-
cillation, or a magnetic current, that radiates electromag-
netic waves to therefore transmit a signal.

[0026] As mentioned above, the piezoelectric layer
104 comprises a memristive material. Notably, the mem-
ristive material exhibits non-volatile memory character-
istics and continuous conductance change property,
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therefore making it suitable for use in neuromorphic sys-
tems. A memristive material can be compared to a syn-
apse in a brain.

[0027] The cellular mechanism that underlies learning
and memory in human and animal brains is called long-
term potentiation (LTP).LTP is a persistent strengthening
of synapses based on recent patterns of activity. These
are patterns of synaptic activity that produce a long-last-
ing increase in signal transmission between two neurons.
Short-term potentiation (STP) refers to a process in which
synaptic transmission is transiently enhanced. In this
manner, STP can be thought of as short-term memory.
STP can change into LTP through the process of repeat-
ed impressions involving many biological changes.
[0028] Ingeneralterms, a memristor (i.e., a memristive
device) is a two-terminal resistive switching device that
can maintain its internal resistance states depending on
the history of applied voltages/currents. The two termi-
nals behave similarly to an axon and dendrite that con-
nect pre-neurons and post-neurons of a synapse, with
the conductance of the switching layers comparable to
the weight of the synapse. By changing the conductance
of the memristor to a set state, the device can be used
to realise the memorisation function of the human brain,
by simulating the change from an unmemorised state to
the STP and LTP states.

[0029] The piezoelectric layer 104 may be set to a de-
fined condition by application of a voltage. Setting the
piezoelectric layer 104 to the defined condition may com-
prise varying a conductance of the piezoelectric layer
104 by application of the voltage or charge. In particular,
by applying a voltage to the piezoelectric layer 104, the
conductance of the memristive material comprised in the
piezoelectric layer 104 can be modified, thereby realising
the memorisation function described above. The voltage
to be applied to the piezoelectric layer 104 may be an
external bias voltage/charge, or an internal charge pro-
duced by the antenna 100 due to the piezoelectric effect.
[0030] Similarly, as the two quantities are intrinsically
linked, electrical resistance of the piezoelectric layer 104
may also be modified through application of a voltage.
In particular, the resistance of the memristive material
comprised in the piezoelectric layer 104 may be modified
in such way.

[0031] The condition (or state) of the piezoelectriclayer
104 may depend on the prior state, amplitude of the ap-
plied voltage, and acquisition time of the voltage/signal.
For example, after application of a first voltage, the con-
dition of the piezoelectric layer 104 may be changed from
aninitial state to afirst state. If a second voltage is applied
to the piezoelectric layer 104 after the first voltage has
been applied, the condition of the piezoelectric layer 104
may be changed from the first state to a second state.
[0032] The conductance of the piezoelectric layer 104
may be varied based on at least one of a frequency of
the applied voltage and the polarity of the applied voltage.
For example, by applying continuous positive voltage
pulses, the conductance of the memristive material com-
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prised in the piezoelectric layer 104 can be changed from
an initial state to a higher state. Conversely, by applying
negative voltage pulses, the conductance of the mem-
ristive material 104 can be changed from an initial state
to a lower state. The conductance of the memristive ma-
terial may also be changed by modifying a duration of
the applied voltage.

[0033] The piezoelectric layer 104 may be configured
to retain the set condition after the application of the volt-
age. As discussed above, a voltage may be applied in
order to change the conductance of the memristive ma-
terial comprised in the piezoelectric layer 104 can be
changed from an initial state to a higher state. This
change in conductance of the memristive material is re-
tained for a period of time after the application of the
voltage has ceased, thereby enabling the non-volatile
memory operation of the memristive material. In other
words, there is no need for a constant voltage application
in order to vary the conductance of the memristive ma-
terial in the piezoelectric layer 104. Varying the conduct-
ance/resistance of the memristive material comprised in
the piezoelectric layer 104 may change a resonant fre-
quency of the antenna 100.

[0034] Theretentiontime canbedefined as the amount
of time during which the piezoelectric layer 104 will retain
its set state, for example the amount of time during which
the memristive material comprised in the piezoelectric
layer 104 will retain its conductance at a changed state.
The retention time may be increased by increasing at
least one of the number of voltage pulses, pulse width
and/or pulse magnitude.

[0035] The piezoelectric layer 104 may be arranged to
be set to the defined condition prior to a receiving and/or
transmitting operation of the antenna being performed.
In such way, the antenna 100 may be pre-programmed
or pre-set to the defined condition.

[0036] As discussed above, strain is generated by the
magnetostrictive layer 102 by converting a magnetic field
of a detected electromagnetic wave, i.e. the signal being
detected by the antenna 100. The piezoelectric layer 104
may be configured to produce the voltage output based
on a charge resulting from the received strain and the
set condition of the piezoelectric layer 104. As such, the
voltage output produced by the piezoelectric layer 104
may depend not only on the detected electromagnetic
wave, but also on the set condition of the piezoelectric
layer 104. For example, the voltage output may depend
on the received strain, resulting from the detected elec-
tromagnetic wave, and the modified conductance of the
memristive material comprised in the piezoelectric layer
104.

[0037] The piezoelectric layer 104 may be configured
to produce the voltage output when a charge resulting
from the received strain is equal to a threshold value de-
fined based on the set condition of the piezoelectric layer.
That s, the piezoelectric layer 104 may be configured to
produce the voltage output only at the pre-programmed
signal pattern acquisition. The piezoelectric layer 104
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may be pre-programmed to respond to a specific signal
pattern by employing the memory capabilities of the
memristive material comprised therein. This can be re-
alised by setting the piezoelectric layer 104 to the defined
condition, corresponding to the signal pattern that a user
wishes to detect.

[0038] In detail, the process of signal recognition by
the memristive material comprised in the piezoelectric
layer 104 may employ the switching nature of memris-
tors. As discussed above, by application of a voltage, the
conductance and the resistance of the memristive mate-
rial may be changed.

[0039] Figure 2 schematically depicts a thin-film bulk
acoustic wave resonator (FBAR) 200, comprising a pie-
zoelectric layer, in accordance with an example embod-
iment. The piezoelectric layer may be equated to the pi-
ezoelectric layer 104 shown in Figure 1. The piezoelectric
layer may be sandwiched between a first electrode 210
(for example, a top electrode) and a second electrode
216 (for example, a bottom electrode) to thereby form a
thin-film bulk acoustic resonator (FBAR) 200.

[0040] The piezoelectric layer may comprise a plurality
of layers. The plurality of layers of the piezoelectric layer
may comprise a switchable resistance layer 212. The
resistance of the switchable resistance layer 212 may be
variable between a high resistance state and a low re-
sistance state. The plurality of layers may also comprise
a capacitive layer 214.

[0041] The charge generated by the piezoelectric lay-
er, caused by the detected electromagnetic wave, may
modulate a voltage across the capacitive layer 214 of the
memristive material comprised in the piezoelectric layer.
The overall resistance/impedance of the antenna 100
may be controlled by the switchable resistance layer 212.
The resulting changes in at least one of a conductance,
resistance, impedance and capacitance of the memris-
tive material comprised in the piezoelectric layer may
modulate the resonantfrequency of the FBAR 200, there-
by changing the resonant frequency of the antenna 100.
[0042] Asdiscussed above, the antenna 100 operates
by converting the electromagnetic signal into the me-
chanical strain produced in the magnetostrictive layer
102. The mechanical strain transferred into the piezoe-
lectriclayer 104 is then converted into a voltage. In detail,
this may cause a potential difference to be induced in the
capacitive layer 214. When the voltage across the ca-
pacitive layer 214 reaches a switching threshold, switch-
ing may occur in the memristive material. The switching
threshold may be pre-programmed in the memristive ma-
terial. The switching threshold may correlate with a
known signal pattern expected to trigger the switching in
the memristive material, enabling switching to occur only
if a desired signal pattern is detected by the antenna 100.
[0043] Signals not corresponding to the desired signal
pattern may be treated by the antenna 100 as noise and
dropped at the time of reception. That is, such signals
may not trigger switching of the memristive material.
[0044] The memristive material may comprise an-
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nealed aluminium nitride, AIN. However, the skilled per-
son would appreciate that other piezoelectric materials
exhibiting memristive properties may also be used.
[0045] Theannealingmay comprise O, annealing. The
O, annealing may decrease the number of oxygen va-
cancies in an interface between the aluminium nitride
layer and a top electrode of the FBAR. Through the an-
nealing process, a high dielectric thin film may be formed.
This high relative dielectric constant layer enables the
memristive material to exhibit synaptic behaviour.
[0046] Importantly, the above-described configuration
of the antenna 100 is particularly useful where there is a
need to rapidly detect and identify a signal with a partic-
ular characteristic. As the piezoelectric layer 104 em-
ploys the memristive material comprised therein to trigger
a response only when a desired signal pattern is detect-
ed, the need for interaction with a processing unit (such
as a digital signal processor) is significantly reduced or
eliminated. This allows for the computation to be done in
the piezoelectric layer 104 without altering the mechan-
ical stiffness of the layer, which would decrease its com-
pliance and degrade the efficiency of the electromagnetic
wave signal conversion. Thus, by enabling signal
processing in the piezoelectric layer 104 without chang-
ing its mechanical state, an improvement can be
achieved over the existing systems.

[0047] Furthermore, by enabling signal processing di-
rectly in the antenna 100, the signal path can be short-
ened, therefore accelerating the speed at which informa-
tion can be extracted from the detected signal. As such,
the antenna 100 may be suitable for applications where
minimum delay is needed, such as detecting a radio fre-
quency (RF) signal pattern reflected from a fast-moving
object.

[0048] Figure 3 schematically depicts an antenna array
comprising a plurality of antennas, in accordance with an
example embodiment. The antenna array 1000 compris-
es a plurality of antennas 100. The resonant frequencies
of the plurality of antennas 100 may be the same. Alter-
natively or additionally, the resonant frequencies of the
each of the plurality of antennas 100 may be different,
such that a plurality of different resonant frequencies can
be independently sensed. That is, each one of the plu-
rality of antennas 100 may be arranged to individually be
set to a defined condition by application of a voltage, in
order to enable the multi-channel operation. The detect-
ed electromagnetic wave may be processed in parallel
by each antenna 100 of the antenna array 1000. This
may be achieved by using a network of a row multiplexer
302 and a column multiplexer 304 to individually address
each antenna 100 of the antenna array 1000.

[0049] Figure 4 schematically depicts a method of
manufacturing an antenna, in accordance with an exam-
ple embodiment. The antenna may be, for example, the
antenna 100 described herein. The method comprises,
in step 402, providing a piezoelectric layer comprising a
memristive material. As discussed above in relation to
Figure 1, since the piezoelectric layer employs the mem-
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ristive material comprised therein to trigger a response
only when a desired signal pattern is detected, the need
for interaction with a processing unit (such as a digital
signal processor) is significantly reduced or eliminated.
Furthermore, by enabling signal processing directly in
the antenna, the signal path can be shortened, therefore
accelerating the speed at which information can be ex-
tracted from the detected signal.

[0050] In step 404, the method comprises providing a
magnetostrictive layer disposed on the piezoelectric lay-
er. In another embodiment, the method may comprise
providing a magnetostrictive layer first, with the piezoe-
lectric layer comprising a memristive material disposed
on the magnetostrictive layer. Alternating the layer order
may enhance the performance of the antenna for certain
applications, depending on the specific design. The
method may also comprise providing a plurality of vertical
stacks of piezoelectric-magnetostrictive layer pairs.
[0051] The method may also comprise the step of pro-
viding annealed aluminium nitride, AIN, as the memris-
tive material. However, the skilled person would appre-
ciate that other piezoelectric materials exhibiting mem-
ristive properties may also be used.

Claims
1.  An antenna comprising:

amagnetostrictive layer configuredto, inreceive
mode, convert a magnetic field of a detected
electromagnetic wave into mechanical strain;
and

a piezoelectric layer configured to, in receive
mode, receive the strain from the magnetostric-
tive layer and produce a voltage output based
thereon,

wherein the piezoelectric layer comprises a
memristive material.

2. The antenna according to claim 1, wherein, in trans-
mit mode, the piezoelectric layer is configured to re-
ceive a voltage input and produce mechanical strain
based thereon, and the magnetostrictive layeris con-
figured to receive the mechanical strain produced by
the piezoelectric layer to produce and output an elec-
tromagnetic wave based thereon.

3. The antenna according to claim 1 or 2, wherein the
piezoelectric layer is arranged to be set to a defined
condition by application of a voltage and/or charge.

4. The antenna according to claim 3, wherein the pie-
zoelectric layer is arranged to be set to the defined
condition prior to a receiving and/or transmitting op-
eration of the antenna being performed.

5. The antenna according to claim 3 or 4, wherein set-
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10.

1.

12.

13.

14.

ting the piezoelectric layer to the defined condition
comprises varying a conductance of the piezoelec-
tric layer by application of the voltage.

The antenna according to claim 5, wherein the con-
ductance of the piezoelectric layer is varied based
on at least one of a frequency of the applied voltage
and polarity of the applied voltage.

The antenna according to any one of claims 3 to 6,
wherein the piezoelectric layer is configured to retain
the set condition after the application of the voltage.

The antenna according to claim 3 to 7, wherein the
piezoelectric layer is configured to produce the volt-
age output based on a charge resulting from the re-
ceived strain and the set condition of the piezoelec-
tric layer.

The antenna according to claim 8, wherein the pie-
zoelectric layer is configured to produce the voltage
output when a charge resulting from the received
strain is equal to a threshold value defined based on
the set condition of the piezoelectric layer.

The antenna according to any one of claims 1 to 9,
wherein the memristive material comprises an-
nealed aluminium nitride, AIN.

An antenna array comprising a plurality of antennas
according to any one of claims 1 to 10.

The antenna array according to claim 11, wherein
each one of the plurality of antennas is arranged to
individually be set to a defined condition by applica-
tion of a voltage.

A method of manufacturing an antenna, comprising:

providing a piezoelectric layer comprising a
memristive material; and

providing a magnetostrictive layer disposed on
the piezoelectric layer.

The method according to claim 13, comprising the
step of providing annealed aluminium nitride, AIN,
as the memristive material.
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