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Description
SUMMARY

[0001] In various aspects, the wireless sensor s de-
scribed herein are configured to record and transmit data
as well as sense and, optionally, actuate to monitor phys-
ical properties of an environment and, optionally, effect
changes within that environment. In one aspect, the im-
plantable wireless sensor can comprise a power harvest-
ing unit; a voltage regulation unit, a transducing oscillator
unit, and a transmitting coil. The voltage regulation unit
is electrically coupled to the power harvesting unit and
is configured to actuate at a minimum voltage level. The
transducing oscillator unit is electrically coupled to the
voltage regulation unit and is configured to convert a
sensed physical property into an electrical signal. Also,
the transmitting coil is configured to receive the electrical
signal and to transmit the electrical signal to an external
antenna.

[0002] The wireless sensor is configured to delay the
energizing the voltage regulation unit until a predeter-
mined time delay has elapsed In one example, a resis-
tive-capacitive (RC) circuit can be used to effect the de-
sired delay.

[0003] In a further aspect, the power harvesting unit
can comprise an antenna configured to receive the ex-
ternal energizing magnetic field; a first capacitor coupled
to the antenna that is configured to store energy in the
resonance mode; and a means for rectifying and at least
doubling voltage to be stored in a second capacitor for
use by the sensor at a subsequent time.

FIGURES

[0004] The accompanying drawings, which are incor-
porated in and constitute a part of this specification, il-
lustrate certain aspects of the instant invention and to-
gether with the description, serve to explain, without lim-
itation, the principles of the invention. Like reference
characters used therein indicate like parts throughout the
several drawings.

[0005] Figure 1is aschematic circuit diagram showing
one embodiment of a power harvesting unit that employs
a voltage doubling scheme.

[0006] Figure 2 is a schematic circuit diagram showing
one embodiment of a circuit comprising a power harvest-
ing unit and an end of burst detection unit.

[0007] Figure 3 is a schematic circuit diagram illustrat-
ing one embodiment of a circuit having a voltage regu-
lation circuit.

[0008] Figure 4 is a schematic circuit diagram showing
one embodiment of a circuit schematic for the RC
time-based oscillator unit.

[0009] Figure 5is aschematic circuit diagram showing
a variable capacitor and an IC that is configured to con-
vert capacitance to a digital signal are utilized to form a
digital sensor with a transducing capacitor.
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[0010] Figure 6is a schematic circuit diagram showing
an MCU controlling the timing of the rest of the circuit. In
addition, the MCU can provide the control signal for the
transducing A-to-D converting unit, can store the meas-
ured data into local memory, and can deliver modulated
data for transmission to the interrogator.

[0011] Figures7(a)and 7(b)illustrate one embodiment
of a PCB-based sensor circuit encapsulated by a fused
silica housing.

[0012] Figure 8 is a schematic circuit diagram of an
exemplary embodiment of a wireless sensor showing a
coil (L1) that is an energy harvesting coil and a capacitor
(C10) or a resistor (R5) that varies predictably with the
measured physical property. In one aspect, a coil (L2)
serves as a transmitting coil and a resistor (R1) acts as
an attenuator.

[0013] Figure 9 depicts a schematic circuit diagram for
an exemplary embodiment of a wireless sensor that uses
one coil instead of two.

[0014] Figure 10 depicts the same exemplary circuit
as in Figure 9 but with a voltage doubling scheme.
[0015] Figure 11 is a schematic illustration of an ex-
emplary experimental set-up used in one pressure sens-
ing experiment.

[0016] Figure 12 is a graph showing the results of the
pressure sensing experiment schematically shown in
Figure 11.

[0017] US 2004/054385 A1 is disclosing a circuit and
method for processing the output of an implanted fluo-
rescence sensor which indicates analyte concentration
as a function of the fluorescent intensity of a fluorescent
indicator. The implanted fluorescence sensoris a passive
device, and contains no power source. The processing
circuit powers the sensor through inductively coupled RF
energy emitted by the processing circuit. The processing
circuit receives information from the implanted sensor as
variations as in the load on the processing circuit.
[0018] US-A-4 186 749 discloses an induction pow-
ered implanted monitor for epidurally measuring intrac-
ranial pressure and telemetering the pressure informa-
tion to a remote readout. The monitor utilizes an L-C os-
cillator in which the C comprises a variable capacitance
transducer, one electrode of which is a small stiff pres-
sure responsive diaphragm. The oscillator is isolated
from a transmitting tank circuit by a buffer circuit and all
electric components in the implanted unit except an input
and an output coil are shielded by a metal housing.
[0019] WO 00/30534 discloses a biomedical semicon-
ductor integrated circuit device that is spherical in shape
for implantation in the biological medium to be monitored
or affected. The spherical-shaped IC may include trans-
ducers to perform a wide variety of instrumentation, mon-
itoring and test or treatment regimes.

[0020] WO 2006/010037 discloses a system for mon-
itoring strain as an indicator of biological conditions, such
as spinal fusion, glucose levels, spinal loading, and heart
rate. The system includes an inter-digitated capacitor
sensor, and RF transmitter, and an associated antenna,
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all of which are microminiature or microscopicin size and
can be implanted in a biological host such as a human
or animal. An inductively coupled power supply is also
employed to avoid the need for implantation of chemical
batteries. Power is provided to the sensor and transmit-
ter, and data is transmitted from the sensor, when an
external receiving device, such as a handheld RF ID type
receiver, is placed proximate the location of the implanted
sensor, transmitter and inductively coupled power sup-

ply.
DETAILED DISCRIPTION OF THE DESCRIPTION

[0021] The presentinvention can be understood more
readily by reference to the following detailed description,
examples, drawing, and claims, and their previous and
following description. However, before the present de-
vices, systems, and/or methods are disclosed and de-
scribed, it is to be understood that this invention is not
limited to the specific devices, systems, and/or methods
disclosed unless otherwise specified, as such can, of
course, vary. It is also to be understood that the termi-
nology used herein is for the purpose of describing par-
ticular aspects only and is not intended to be limiting.
[0022] The following description of the invention is pro-
vided as an enabling teaching of the invention in its best,
currently known embodiment. To this end, those skilled
inthe relevant art will recognize and appreciate that many
changes can be made to the various aspects of the in-
vention described herein, while still obtaining the bene-
ficial results of the present invention. It will also be ap-
parent that some of the desired benefits of the present
invention can be obtained by selecting some of the fea-
tures of the present invention without utilizing other fea-
tures. Accordingly, those who work in the art will recog-
nize that many modifications and adaptations to the
presentinvention are possible and can even be desirable
in certain circumstances and are a part of the present
invention. Thus, the following description is provided as
illustrative of the principles of the present invention and
not in limitation thereof.

[0023] As used throughout, the singular forms"a," "an"
and "the" include pluralreferents unless the context clear-
ly dictates otherwise. Thus, for example, reference to "a
capacitor" can include two or more such capacitors un-
less the context indicates otherwise.

[0024] Ranges can be expressed herein as from
"about" one particular value, and/or to "about" another
particular value. When such a range is expressed, an-
otheraspectincludes from the one particular value and/or
to the other particular value. Similarly, when values are
expressed as approximations, by use of the antecedent
"about," it will be understood that the particular value
forms another aspect. It will be further understood that
the endpoints of each of the ranges are significant both
in relation to the other endpoint, and independently of
the other endpoint.

[0025] As used herein, the terms "optional" or "option-
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ally" mean that the subsequently described event or cir-
cumstance may or may not occur, and that the description
includes instances where said event or circumstance oc-
curs and instances where it does not.

[0026] The presentinvention comprises wireless phys-
ical property sensors as defined in the claims incorporat-
ing active circuitry and systems incorporating the same.
Optionally, the sensors can be integrated with a hermetic,
unitary package. Active circuitry comprises, e.g., inte-
grated circuits (ICs). The inclusion of active circuitry in
the electrical design of a wireless sensor imparts many
new fraits. It enables the sensor to sense multiple phys-
ical outputs of interest such as, but not limited to, tem-
perature, flow, stress, strain, and chemical properties.
The addition of active circuitry also decouples the para-
sitic effects that would otherwise present signal process-
ing challenges, allows for precise compensation or cali-
bration of the sensor and enables some level of real-time
statistical computing, averaging, filtering or combination
thereof to ensure the statistical fidelity of the information
collected by the sensor. The active circuitry can be used
to manage the power source—be it an on-board tempo-
rary (e.g., a capacitor or ultra-capacitor) or a permanent
(e.g., a battery) source of energy to operate the sensor
in a partially or fully autonomous manner. The active cir-
cuitry allows for storage of multiple sets of information
collected by the sensor or used in processing of the sen-
sor data. Also, the active circuitry enables the storage of
personal information relative to the identity of the host
and/or the sensor. Furthermore, the active circuitry can
enable the use of robust protocols and data transmission
techniques to communicate with the interrogator, mini-
mizing the risk of miscommunication and simplifying the
interrogator. Sensors ascending to the present invention
find widespread use in biomedical, industrial, consumer
and automotive applications.

[0027] Two distinct types of wireless sensors embod-
ying the characteristics of the prior paragraphs are dis-
closed herein: analog and digital sensors. The terms "an-
alog" and "digital" refer to the format of communication
between the sensorand the interrogator. The analog sen-
sor generates a variable frequency signal whose fre-
quency precisely represents the data to be retrieved. The
digital sensor digitizes information collected by the sen-
sor prior to transmitting it to the interrogator using some
type of binary modulation such as, without limitation,
PSK, ASK and FSK.

Analog wireless sensor

[0028] In one aspect, the analog wireless sensor is
comprised of the following components: a power harvest-
ing unit, an "end of burst" detection unit, a voltage regu-
lation unit, means for delaying energizing the voltage reg-
ulation unit until a predetermined time delay has elapsed
atransducing oscillator unit, and a transmitting coil. Each
of these components, as well as their overall assembly
and packaging, are exemplarily described below.
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[0029] The power harvesting unit is comprised of an
inductor (L) and a capacitor (C). The inductor couples
RF magnetic fields and the capacitor forms a resonant
circuit when connected with the inductor and rectifying
diodes, energy storage capacitors, and over-voltage pro-
tection units. The L and C are tuned to the RF magnetic
field present with the following equation for maximum
energy harvesting.

Equation (1) f=@2»*n «(LC)y'
[0030] The number of rectifying diodes used varies ac-
cording to the geometry of the circuit. At least one recti-
fying diode for half wave rectification and a plurality of
rectifying diodes for full wave rectification are needed. In
one non-limiting example, a minimum of one rectifying
diode for half wave rectification and four rectifying diodes
for full wave rectification can be used. Optionally, when
higher voltage generation is required, a voltage multiply-
ing scheme can be employed, such implementation can
involve the addition of anumber of diodes and capacitors.
The energy storage capacitor employs relatively large
capacitance value compared to other capacitors in the
circuit because it is the only energy source for operation
of the wireless sensor in sequential systems. The value
can vary from hundreds of pico Farad to tens of micro-
Farad. A Zener diode can be used as an over-voltage
protection unit.

[0031] Figure 1 shows one embodiment of a power har-
vesting unit that employs a voltage doubling scheme.
When the interrogator an generates energizing magnetic
field in proximity to the sensor, the small antenna (Lr)
and a capacitor (Cr) pick up the AC voltage in resonance
mode. That AC voltage is rectified and charged to a first
capacitor C2 through diode D1. Again, the voltage
charged in C2 is added to the AC voltage in Lr and Cr,
and rectified and charged to capacitor Cs through diode
D2. Now due to C2, D1, and D2, the AC voltage available
in Lr and Cris doubled and stored to a second capacitor,
Cs, as a DC voltage to be used for sensor operation at
a subsequent time. A zener diode (Dz) may be incorpo-
rated to provide over-voltage protection. This circuit is
useful, when the sensor chip used requires high voltage.
[0032] In one aspect, in order to recognize the end of
the RF magnetic burst around the sensor, a simple re-
sistive-capacitive (RC) circuit can be used. The capacitor
of the RC circuit remains charged while RF field is
present. As soon as RF field is removed, the capacitor
of the RC circuit discharges through the resistor of the
RC circuit with a predetermined time delay. In one aspect,
the time delay is programmed such that energizing RF
magnetic field has decayed to a given threshold level.
When the RC circuit has discharged, the rest of the circuit
"wakes up" for data transmission-i.e., the discharge of
the capacitor triggers a switch to connect the rest of the
circuitto the energy storage capacitor. Thus, the potential
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problem of interference of the RF field is avoided and the
sensor is able to take advantage of the maximum time
available for communication

[0033] Figure 2 depicts one embodiment of a circuit
comprising a power harvesting unit and an end of burst
detection unit. When the interrogator generates an en-
ergizing magnetic field in proximity to the sensor, the
electrical energy (i.e., voltage) is harvested and stored
to capacitor C2. During this energy harvesting time, tran-
sistor switch QP is open, so that the energy being stored
is not available to the main sensor circuit and is thus
preserved. The main sensor circuit will be connected to
the #3 node of switch QP later. As soon as the energizing
magnetic field disappears, switch QP closes (the #2 and
#3 nodes of QP are electrically connected), and the volt-
age in C2 is available to power the sensor.

[0034] The detailed explanation of the circuit depicted
in Figure 2 is as follows: The L1 and C3 pick up the AC
voltage which is doubled and rectified to C2 through C6
and two diodes in BAS40BRW (#1 and #5 node in
BAS40BRW). Simultaneously, the AC voltage in L1 and
C3 is doubled and rectified to C11 through C7 and two
diodes in BAS40BRW (#2 and #4 node in BAS40BRW).
Due to the voltage in C11, the switch QP is open and the
energy in C3is not available to the #3 node of switch QP.
When the energizing field from the interrogator is off, the
voltage in C11 dissipates through resistor R and be-
comes zero in short time (i.e., less than a millisecond).
As soon as the voltage in C11 becomes zero, the switch
QP closes and the voltage in C2 is available to main
sensor circuit.

[0035] Thus,inone exemplary embodiment, the power
harvesting unit is a LC-tank that is followed by a rectifi-
cation stage and an optional voltage multiplication stage.
It is then a energy storage stage, such as a capacitor
with a desired energy storage space.

[0036] Most of electronic oscillators call for precise
control of supply voltage for accurate operation. This is
true for the RC oscillator used in this scheme. Because
the voltage source in the analog wireless sensor is a ca-
pacitor, the supply voltages decay unless the capaci-
tance value is impractically large. A linear voltage regu-
lator and a voltage reference can be used for its precise-
ness and simplicity. Since the linear voltage regulator
and the voltage reference do not control voltage below
theirrated voltage, an under-voltage lockout is employed
to avoid uncontrolled operation under the rated voltage
of the linear voltage regulator and voltage reference by
turning off the subsequent circuit when the voltage drops
below the predetermined value.

[0037] Figure 3 illustrates one embodiment of a circuit
having a voltage regulation circuit. The unit V1 is a volt-
age reference and U2 is an under-voltage lockout unit.
C8 is noise reduction capacitor. The #1 node of V1 is
connected to #3 node of QP switch, therefore the voltage
storedin C2 is available to the #1 node of V1. V1 functions
to output a preset voltage level whenever the input (#1)
voltage is higher than preset output voltage. This ensures
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the voltage available to sensor transducer unit is sub-
stantially constant The sensor transducer unitis connect-
ed to output (#2) of V1. The constant level of voltage
contributes to the accurate functioning of the transducer
unit. However, if the input voltage (# node) of V1 is lower
than preset output voltage (#2 node), the output voltage
of V1 follows the input regardless of the preset output.
This voltage variation can add noise to sensor transducer
function when it is supplied to transducer unit. In order
to manage this low-voltage faulty condition, U2 is em-
ployed. U2 monitors voltage in C8 and, if the voltage in
C8is smaller than preset voltage, it generates a warning
or disabling signal through #6 node of U2. The preset
voltage level is adjusted with resistor values in R2, R4,
and R6. When the voltage is higher than the preset volt-
age, then the preset voltage is available to #6 node of
U2. When the voltage in C8 is lower than the preset volt-
age, the zero voltage is available to #6 node of U2, either
warning or disabling transducer unit.

[0038] Next, the transducing oscillator unit converts
physical properties such as, but not limited to, pressure,
temperature, stress and the like to electrical signals. Sub-
sequently, the electrical signals set the electrical oscilla-
tion frequency, which is transmitted to the interrogator.
This electrical frequency can be measured and correlat-
ed to the value of the measured physical property by the
interrogator.

[0039] The RC time constant-based oscillator can be
used for setting the electrical oscillation frequency. One
example is a 555 timer. In one aspect, the relationship
between frequency and the sensed property is described
with the equation below:

Equation (2) f=(kRC)",
where k is a proportional constant varying by design and
operation frequency, R and C are, respectively, the re-
sistor and capacitor values that sense the physical prop-
erty of interest. It is contemplated that either one of the
R or C values can be held constant and the other can be
used to sense the physical property of interest.

[0040] Figure 4 shows one embodiment of a circuit
schematic for the RC time-based oscillator unit. In this
exemplary aspect, a capacitor (C10) or a resistor (R5)
represents the sensing capacitor or sensing resistor. The
#4 node is an operating-voltage supply line, and #3 node
is a chip-function enabling line. In this aspect, if zero volt-
age is supplied to #3 node, the whole chip is configured
to shut down. In a further aspect, the line that is in com-
munication with the #3 node can also be electrically cou-
pled to the #6 node of U2 in the Figure 3, which acts to
shut down the chip when the voltage is lower than the
preset voltage. In one aspect, the exemplary circuit is
configured such that the oscillator frequency can be var-
ied by the value of C10 and R5 and can be available
through the #5 node in order to be transmitted back to
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the reader or interrogator wirelessly.

[0041] Conventionally, a passive (no battery) LC res-
onant circuit is composed of two electrical passive com-
ponents that are connected in series: a coil or inductor
("L™), and a capacitor ("C"). Such a passive electrical cir-
cuit exhibits electrical resonance when subjected to an
alternating electromagnetic field. In one aspect, the elec-
trical resonance is particularly acute for a specific fre-
quency value or range of the impinging signal. When the
impinging signal substantially reaches the resonant fre-
quency of the LC resonant circuit inside the sensor as-
sembly, a pronounced disturbance of the field can be
detected wirelessly. In the simplest approximation, the
electrical resonance occurs for a frequency f, related to
the value of L and C according to equation 1 above.
[0042] The passive electrical resonant circuit for the
assemblies described herein that utilize a passive elec-
trical resonant circuit can be fabricated via conventional
MEMS approach to sensor design, which lends itself to
the fabrication of small sensors that can be formed using
biocompatible polymers as substrate materials. In a fur-
ther aspect, appropriately biocompatible coatings can be
applied to the surfaces of the respective assemblies in
order to prevent adhesion of biological substances to the
respective assemblies that could interfere with their prop-
er function.

[0043] Inoneexample, itis contemplated that the pas-
sive electrical resonant circuit of the assembly can be
manufactured using Micro-machining techniques that
were developed for the integrated circuit industry. An ex-
ample of this type of sensor features an inductive-capac-
itive (LC) resonant circuit with a variable capacitor is de-
scribed in Allen et al., U.S. Pat. No. 6,111,520. In this
sensor, the capacitance varies with the pressure of the
environment in which the capacitor is placed. Conse-
quently, the resonant frequency of the exemplary LC cir-
cuit of the Allen pressure sensor varies depending on the
pressure of the environment.

[0044] In one aspect, to convert stress to resistance,
piezoresistive material can be used to transduce sensed
stress to resistance. An example of this type of sensor
is exemplarily described in Gershenfeld et al., U.S. Pat.
No. 6,025,725.

[0045] In one aspect, to convert temperature to resist-
ance, a thermistor can be employed. In this aspect, the
thermistor is defined as a metal whose specific electrical
resistance varies according to the temperature of a ma-
terial. The environmental temperature determines the re-
sistance which, in turn, determines the oscillation fre-
quency of the RC oscillator unit. In this aspect, the ther-
mistor is attached to the sensor housing for better thermal
conduction.

[0046] Thus, itis contemplated that the sensor can be
configured to convert a sensed physical property into an
electrical signal comprises. For example and without lim-
itation, this conversion can comprise converting sensed
temperature changes to resistance changes via a tem-
perature sensitive resistor. Further, for example and with-
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out limitation, this conversion can comprise converting
sensed changes in pressure to changes in capacitance
values via a pressure sensitive capacitor. In another ex-
ample, for example and without limitation, this conversion
can comprise converting sensed stress changes to re-
sistance changes via a stress sensitive resistor.

[0047] Optionally, a voltage controlled oscillator (VCO)
can also be used for transducing a physical property of
interest to an electrical signal. A conventional VCO is an
electronic circuit whose electrical oscillation output is a
function of the voltage applied. In this aspect, the meas-
ured physical property is converted to a voltage that de-
termines the broadcasting electrical frequency. Many
physical properties are readily converted to voltage. For
example, and without limitation, such convertible physi-
cal properties include measured temperature, stress,
pressure or the like.

[0048] In one exemplary aspect, to accomplish a tem-
perature to voltage transduction, a constant current
source can be applied to a resistor. Here, the induced
voltage at the end of the resistor is proportional to the
value of the resistor. Therefore, temperature change can
be converted to voltage through a thermistor.

[0049] In an additional exemplary aspect, to accom-
plish a stress or pressure to voltage transduction, four
piezoresitors can be arranged into a Wheatstone bridge
configuration, which is configured to achieve a higher
voltage sensitivity while geometrically compensating for
temperature effects. In this aspect, the stress applied by
the external environment to the deformable region of the
sensor determines the output voltage of the Wheatstone
bridge, and which sets the electrical oscillation for broad-
casting.

[0050] Optionally, itis contemplated that an identifica-
tion signal or signature can be added to the transmitted
signal. In order to attach such a signature, the oscillation
frequency can be amplitude modulated prior to transmis-
sion to the interrogator. Subsequently, the interrogator
can confirm this signature and authenticate that the fre-
quency is coming from a specific wireless sensor or mere-
ly the wireless sensor at all. This signature modality al-
lows for sensor identification and avoids any confusion
with other resonances present in the environment.

Digital wireless sensor

[0051] In one aspect, a digital wireless sensor is com-
prised of the following components: a power harvesting
unit, an end of burst detection unit, a microcontroller unit
(MCU), a transducing analog-to-digital converter unit, a
transmitting coil. A voltage regulation unit incorporated
into the digital wireless sensor, and means for delaying
energizing the voltage regulation unit until a predeter-
mined time delay has elapsed. The design of the power
harvesting unit, the end of burst detection unit and the
voltage regulation unit are substantially the same for the
digital sensor as described above for the analog sensor.
[0052] As shown in Figure 5, a variable capacitor and
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an IC that is configured to convert capacitance to a digital
signal are utilized to form a digital sensor with a trans-
ducing capacitor. In operation, as indicated in Figure 6,
the MCU sends out a signal to start the frequency gen-
erator and the counter. Substantially simultaneously, the
capacitance is charged at a controlled rate. In one
non-limiting example, a constant current source or a con-
stant voltage source can be used to charge the capacitor.
One skilled in the art will appreciate that the constant
current source does not require a resistor can also pro-
duce a more linear digital output over a wide range of
capacitance.

[0053] When the voltage of the capacitor reaches the
reference voltage of the voltage regulator, the compara-
tor trips and the counter is turned off. The MCU reads
the digital output and discharges the capacitor in prepa-
ration for the next measurement. In one aspect, the digital
output is a number that is substantially proportional to
the capacitance value. In a further aspect, the-digital out-
put resolution depends on the frequency of the frequency
generator, which should be kept high enough to support
resolution of the capacitance value necessary for mean-
ingful output to the end user of the system.

[0054] As schematically shown in Figure 6, the MCU
controls the timing of the rest of the circuit. In addition,
the MCU can provide the control signal for the transduc-
ing A-to-D converting unit, can store the measured data
into local memory, and can deliver modulated data for
transmission to the interrogator. Conventional off-the-
shelf MCU chips typically comprise a frequency genera-
tor, a counter, and a comparator with voltage references,
and can realize the schematic in Figure 6 with minimal
components added.

[0055] Figure 8 shows a schemaitic circuit diagram of
an exemplary embodiment of a wireless sensor. As men-
tioned previously, a coil (L1) is an energy harvesting coil
and a capacitor (C10) or aresistor (R5) varies predictably
with the measured physical property. In one aspect a coil
(L2) serves as a transmitting coil and a resistor (R1) acts
as an attenuator.

[0056] Figure 9 depicts a schematic for an exemplary
embodiment of a wireless sensor that uses one coil in-
stead of two. In one aspect the plurality of inductor coils
employed in the previous examples are not functionally
active simultaneously, i.e., the transmit coil is not in use
while the energy pick up coil is active and vice-versa.
Therefore, a single coil wireless sensor is achievable with
certain modifications. In this aspect, the output of the
transducer oscillator can be connected to the coil (L1)
through MOSFET switch M3 whenever the transducer
oscillator activates and transmits a signal. Thus, coil L1
can be used for both energy harvesting and signal trans-
mission. Figure 10 depicts the same circuit as in Figure
9 but with a voltage doubling scheme.

Packaging of wireless sensors

[0057] Inone aspect, the packaging of the sensors can
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comprise encapsulating PCB-based sensor circuits in
ceramic housings. For example and without limitation,
the ceramic housing can be completed either via laser
fusion, anodic bonding or eutectic bonding. Itis of course
contemplated that the PCB-based sensor circuit can be
replaced with an ASIC and this replacement is within the
scope of the present invention. In various exemplary as-
pect, the sensor can be packaged by the methods dis-
closed in US Patent Application Serial No. 11/472,905,
filed June 22, 2006; US Patent Application Serial No.
11/314,046, filed December 20, 2005; US Patent Appli-
cation Serial No. 11/157,375, filed June 21, 2005. In one
aspect, Figures 7(a) and 7(b) illustrate one possible em-
bodiment of a PCB-based sensor circuit encapsulated
by a fused silica housing.

[0058] In one aspect, in operation, it is contemplated
that the external source of the energizing magnetic field,
such as an interrogator, will transmit energy at a sub-
stantially constant preselected frequency. In a further as-
pect, the external source will activate or energize for a
predetermined period of time, during which time the pow-
er harvesting unit of the wireless sensor is energized.
After the predetermined period of energizing time has
passed, energy accumulated in the power harvesting unit
is supplied to the voltage regulation unit and is subse-
quently supplied to the transducing oscillator unit at the
substantially constant preset voltage level output from
the voltage regulation unit. Subsequently, the electrical
signal indicative of the sensed physical property is trans-
mitted via the transmitting coil of the sensor to a remote,
external antenna, which can form a portion of the inter-
rogator.

Experimental

[0059] Figure 11 shows the brief illustration of an ex-
emplary experimental set-up used in one pressure sens-
ing experiment. In this experiment, the capacitor (C10)
in the schematic illustrated in Figure 8 is replaced with a
pressure sensitive capacitor. Pressure was applied to
the sensor via a hand pump.

[0060] In this experiment, the timing control unit sent
out periodic triggering (on/off) signal to RF power amp.
A strong 13.56MHz signal was turned on/off at a rate of
35Hz and subsequently feed to the antenna. Here, when-
ever the 13.56MHz signal is turned off, the wireless pres-
sure sensor "wakes up" and transmits the pressure in-
formation in the form of electrical frequency. A receiving
antenna sensed the transmitted frequency by wireless
sensor, and then the received signal was amplified and
feed to the frequency counter. The results of the exper-
iment are shown in Figure 12.

[0061] These and other modifications and variations
to the present disclosure can be practiced by those of
ordinary skill in the art, without departing from the scope
of the present disclosure, which is more particularly set
forth in the appended claims. In addition, it should be
understood that aspects of the various embodiments can
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be interchanged both in whole or in part. Furthermore,
those of ordinary skill in the art will appreciate that the
foregoing description is by way of example only and is
not intended to limit the disclosure so further described
in such appended claims.

Claims
1. Animplantable wireless sensor, comprising:

a power harvesting unit;

a voltage regulation unit electrically coupled to
the power harvesting unit, wherein the voltage
regulation unit is configured to actuate at a min-
imum voltage level;

a transducing oscillator unit electrically coupled
to voltage regulation unit, wherein the transduc-
ing oscillator unit comprises means for convert-
ing a sensed physical property into an electrical
signal; and

a transmitting coil configured to receive the elec-
trical signal and to transmit the electrical signal
to an external antenna, characterized in that it
further comprises means fordelaying energizing
the voltage regulation unit until a predetermined
time delay has elapsed.

2. Theimplantable wireless sensor of Claim 1, wherein
the means for delaying energizing is coupled to the
power harvesting unitand the voltage regulation unit.

3. Theimplantable wireless sensor of Claim 2, wherein
the means for delaying energizing comprises a re-
sistive-capacitive (RC) circuit.

4. Theimplantable wireless sensor of Claim 3, wherein
the RC circuit is configured to activate a solid state
switch connected between the power harvesting unit
and the voltage regulation unit.

5. Theimplantable wireless sensor of Claim 3, wherein
the RC circuit comprises a capacitor coupled to a
resistor, wherein the capacitor is configured to store
energy during the application of an external energiz-
ing magnetic field and wherein the stored energy is
discharged through the resistor over the predeter-
mined time delay upon removal of the external en-
ergizing magnetic field.

6. Theimplantable wireless sensor of Claim 1, wherein
the power harvesting unit comprises:

an antenna configured to receive the external
energizing magnetic field;

a first capacitor coupled to the antenna config-
ured to resonate at a predetermined frequency;
and
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a means for rectifying voltage to be stored in a
second capacitor for use by the sensor at a sub-
sequent time.

The implantable wireless sensor of Claim 6, wherein
the means for rectifying voltage to be stored in the
second capacitor further comprises at least doubling
the voltage to be stored in the second capacitor.

The implantable wireless sensor of Claim 7, wherein
the power harvesting unit further comprises a zener
diode operable coupled to the second capacitor.

The implantable wireless sensor of Claim 1, wherein
the voltage regulation unit comprises:

a voltage reference unit electrically coupled to
the power harvesting unit, wherein the voltage
reference unit is configured to output a substan-
tially constant preset voltage level when the re-
ceived voltage from the power harvesting unitis
higher than the preset output voltage; and

an under-voltage lockout unit that is electrically
coupled to the voltage reference unit.

The implantable wireless sensor of Claim 1, wherein
the sensed physical property is selected from a
group consisting of: pressure, stress, strain, or tem-
perature.

The implantable wireless sensor of Claim 1, wherein
the means for converting a sensed physical property
into an electrical signal comprises means for con-
verting sensed temperature changes to resistance
changes, wherein preferably the means for convert-
ing sensed temperature changes to resistance
changes comprises a temperature sensitive resistor;
or wherein the means for converting a sensed phys-
ical property into an electrical signal comprises
means for converting sensed changes in pressure
to changes in capacitance values, wherein prefera-
bly the means for converting sensed changes in
pressure to changes in capacitance values compris-
es a pressure sensitive capacitor;

or wherein the means for converting a sensed phys-
ical property into an electrical signal comprises
means for converting sensed stress changes to re-
sistance changes, wherein preferably the means for
converting sensed stress changes to resistance
changes comprises a stress sensitive resistor.

The implantable wireless sensor of Claim 1, wherein
the means for converting a sensed physical property
into an electrical signal comprises a voltage control-
led oscillator.

The implantable wireless sensor of Claim 12, where-
in the voltage controlled oscillator comprises means
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15.

for converting the sensed physical property to a volt-
age that determines the frequency of the output of
the voltage controlled oscillator.

The implantable wireless sensor of Claim 1, wherein
the electrical signal further comprises an identifica-
tion signal that is unique to each sensor.

The implantable wireless sensor of Claim 1, wherein
the power harvesting unit is a LC-tank.

Patentanspriiche

1.

Implantierbarer drahtloser Sensor, der

eine Energiegewinnungseinheit;

eine Spannungsregeleinheit, die elektrisch mit der
Energiegewinnungseinheit gekoppelt ist, wobei die
Spannungsregeleinheit eingerichtet ist, um bei ei-
nem minimalen Spannungspegel auszuldsen;

eine signallbertragende Oszillatoreinheit, die elek-
trisch mit der Spannungsregeleinheit gekoppelt ist,
wobei die signaliibertragende Oszillatoreinheit ein
Mittel zur Umwandlung einer erfassten physikali-
schen Eigenschaft in ein elektrisches Signal auf-
weist; und

eine Sendespule aufweist, die eingerichtet ist, das
elektrische Signal zu empfangen und das elektrische
Signal an eine externe Antenne zu lbertragen, da-
durch gekennzeichnet, dass sie ferner Mittel zum
Verzdgern der Energielieferung an die Spannungs-
regeleinheit bis eine vorbestimmte Zeitverzégerung
verstrichen ist, aufweist.

Implantierbarer drahtloser Sensor nach Anspruch 1,
wobei das Mittel zum Verzégern der Energieliefe-
rung mit der Energiegewinnungseinheit und der
Spannungsregeleinheit gekoppelt ist.

Implantierbarer drahtloser Sensor nach Anspruch 2,
wobei das Mittel zum Verzégern der Energieliefe-
rung eine Widerstands-Kondensator(RC)-Schal-
tung aufweist.

Implantierbarer drahtloser Sensor nach Anspruch 3,
wobei die RC-Schaltung eingerichtet ist, um einen
Solid-State-Schalter, der zwischen der Energiege-
winnungseinheitund der Spannungsregeleinheit an-
geschlossen ist, zu aktivieren.

Implantierbarer drahtloser Sensor nach Anspruch 3,
wobei die RC-Schaltung einen Kondensator, der mit
einem Widerstand gekoppelt ist, aufweist, wobei der
Kondensator eingerichtet ist, um Energie wahrend
der Anwendung eines externen energieliefernden
Magnetfeldes zu speichern und wobei die gespei-
cherte Energie durch den Widerstand lber die vor-
bestimmte Zeitverzégerung nach Entfernen des ex-



10.

1.

15 EP 2 330 968 B1 16

ternen energieliefernden Magnetfeldes entladen
wird.

Implantierbarer drahtloser Sensor nach Anspruch 1,
wobei die Energiegewinnungseinheit eine Antenne
aufweist, die eingerichtet ist, um das externe ener-
gieliefernde Magnetfeld zu empfangen;

einen ersten mit der Antenne gekoppelten Konden-
sator aufweist, der eingerichtet ist, um bei einer vor-
bestimmten Frequenz zu schwingen; und ein Mittel
aufweist zum Gleichrichten der in einem zweiten
Kondensator zur Verwendung durch den Sensor zu
einer nachfolgenden Zeit zu speichernden Span-
nung.

Implantierbarer drahtloser Sensor nach Anspruch 6,
wobei das Mittel zum Gleichrichten der in einem
zweiten Kondensator zu speichernden Spannung
ferner umfasst, dass die in dem zweiten Kondensa-
tor zu speichernde Spannung mindestens verdop-
pelt wird.

Implantierbarer drahtloser Sensor nach Anspruch 7,
wobei die Energiegewinnungseinheit ferner eine be-
treibbar mit dem zweiten Kondensator gekoppelte
Zenerdiode aufweist.

Implantierbarer drahtloser Sensor nach Anspruch 1,
wobei die Spannungsregeleinheit eine Spannungs-
referenzeinheit, die elektrisch mit der Energiegewin-
nungseinheit gekoppelt ist, wobei die Spannungsre-
ferenzeinheit eingerichtet ist, um einen im Wesent-
lichen konstanten voreingestellten Spannungspegel
auszugeben wenn die von der Energiegewinnungs-
einheit empfangene Spannung héher ist als die vor-
eingestellte Ausgangsspannung; und eine Unter-
spannungs-Lockout-Einheit aufweist, die elektrisch
mit der Referenzspannungseinheit gekoppelt ist.

Implantierbarer drahtloser Sensor nach Anspruch 1,
wobei die erfasste physikalische Eigenschaft aus ei-
ner Gruppe bestehend aus Druck, Belastung, Deh-
nung, oder Temperatur ausgewahlt ist.

Implantierbarer drahtloser Sensor nach Anspruch 1,
wobei das Mittel zum Umwandeln einer erfassten
physikalischen Eigenschaft in ein elektrisches Si-
gnal Mittel zum Umwandeln erfasster Temperatur-
anderungen in Widerstandsénderungen aufweist,
wobei vorzugsweise das Mittel zum Umwandeln er-
fasster Temperaturénderungen in Widerstandsan-
derungen einen temperaturempfindlichen Wider-
stand aufweist;

oder wobei das Mittel zum Umwandeln einer erfas-
sten physikalischen Eigenschaft in ein elektrisches
Signal Mittel zum Umwandeln erfasster Druckande-
rungen in Anderungen von Kapazititswerten auf-
weist, wobei vorzugsweise das Mittel zum Umwan-
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15.

deln erfasster Druckanderungen in Anderungen von
Kapazitatswerten einen druckempfindlichen Kon-
densator aufweist;

oder wobei das Mittel zum Umwandeln einer erfas-
sten physikalischen Eigenschaft in ein elektrisches
Signal Mittel zum Umwandeln erfasster Belastungs-
anderungen in Widerstandsdnderungen aufweist,
wobei vorzugsweise das Mittel zum Umwandeln er-
fasster Belastungsanderungen in Widerstandsan-
derungen einen belastungsempfindlichen Wider-
stand aufweist.

Implantierbarer drahtloser Sensor nach Anspruch 1,
wobei das Mittel zum Umwandeln einer erfassten
physikalischen Eigenschaft in ein elektrisches Si-
gnal einen spannungsgesteuerten Oszillator auf-
weist.

Implantierbarer drahtloser Sensor nach Anspruch
12, wobei der spannungsgesteuerte Oszillator ein
Mittel zum Umwandeln der erfassten physikalischen
Eigenschaft in eine Spannung aufweist, die die Fre-
quenz der Ausgabe (Output) des spannungsgesteu-
erten Oszillators bestimmt.

Implantierbarer drahtloser Sensor nach Anspruch 1,
wobei das elektrische Signal ferner ein Kennsignal
aufweist, das einzigartig fiir jeden Sensor ist.

Implantierbarer drahtloser Sensor nach Anspruch 1,
wobei die Energiegewinnungseinheit ein LC-
Schwingkreis ist.

Revendications

1.

Détecteur sans fil implantable, comprenant :

une unité de collecte d’énergie ;

une unité de régulation de tension couplée élec-
triquement a l'unité de collecte d’énergie, ou
I'unité de régulation de tension est configurée
pour se déclencher a un niveau de tension
minimal ;

une unité d’oscillateur de transduction couplée
électriquement a une unité de régulation de ten-
sion, ou l'unité d’oscillateur de transduction
comprend un moyen destiné a convertir une pro-
priété physique détectée en un signal
électrique ; et

une bobine de transmission configurée pour re-
cevoir le signal électrique et pour transmettre le
signal électrique a une antenne externe, carac-
térisé en ce qu’il comprend en outre un moyen
destiné a retarder I'excitation de I'unité de régu-
lation de tension jusqu’a ce qu’un intervalle de
temps prédéterminé se soit écoulé.
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Détecteur sans filimplantable selon la revendication
1, dans lequel le moyen destiné a retarder une ex-
citation est couplé a I'unité de collecte d’énergie et
a l'unité de régulation de tension.

Détecteur sans filimplantable selon la revendication
2, dans lequel le moyen destiné a retarder une ex-
citation comprend un circuit résistance-capacité
(RC).

Détecteur sans filimplantable selon la revendication
3, dans lequel le circuit RC est configuré pour activer
un interrupteur a semiconducteur relié entre l'unité
de collecte d’énergie et I'unité de régulation de ten-
sion.

Détecteur sans filimplantable selon la revendication
3, oule circuit RC comprend un condensateur couplé
a une résistance, dans lequel le condensateur est
configuré pour stocker de I'énergie durant I'applica-
tion d’'un champ magnétique d’excitation externe et
ou I'énergie stockée est déchargée a travers la ré-
sistance durant l'intervalle de temps prédéterminé
jusqu’a la suppression du champ magnétique d’ex-
citation externe.

Détecteur sans filimplantable selon la revendication
1, dans lequel l'unité de collecte d’énergie
comprend :

une antenne configurée pour recevoir le champ
magnétique d’excitation externe ;

un premier condensateur couplé a l'antenne
configurée pour entrer en résonance a une fré-
quence prédéterminée ; et

un moyen destiné a rectifier la tension a stocker
dans un deuxiéme condensateur en vue d’'une
utilisation par le détecteur ultérieurement.

Détecteur sans filimplantable selon la revendication
6, dans lequel le moyen destiné a rectifier la tension
a stocker dans le deuxieme condensateur comprend
en outre au moins le double de la tension a stocker
dans le deuxiéme condensateur.

Détecteur sans filimplantable selon la revendication
7, dans lequel I'unité de collecte d’énergie comprend
un outre une diode Zener pouvant étre mise en
oeuvre, couplée au deuxiéme condensateur.

Détecteur sans filimplantable selon la revendication
1, dans lequel l'unité de régulation de tension
comprend :

une unité de référence de tension couplée élec-
triquement a l'unité de collecte d’énergie, ou
l'unité de référence de tension est configurée
pour fournir en sortie un niveau de tension préé-
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tabli sensiblement constant lorsque la tension
regue de 'unité de collecte d’énergie est supé-
rieure alatensionfournie en sortie préétablie ; et
une unité de verrouillage contre les manques de
tension qui est électriquement couplée a 'unité
de référence de tension.

Détecteur sans fil implantable selon la revendication
1, dans lequel la propriété physique détectée est sé-
lectionnée a partir d’'un groupe composé de : pres-
sion, contrainte, déformation, ou température.

Détecteur sans fil implantable selon la revendication
1, dans lequel le moyen destiné a convertir une pro-
priété physique détectée en un signal électrique
comprend un moyen destiné a convertir des varia-
tions de température détectées en variations de ré-
sistance, ou le moyen destiné a convertir des varia-
tions de température détectées en variations de ré-
sistance comprend de préférence une résistance
sensible a la température ;

ou dans lequel le moyen destiné a convertir une pro-
priété physique détectée en un signal électrique
comprend un moyen destiné a convertir des varia-
tions détectées en termes de pression en variations
en termes de valeurs de capacité, ou le moyen des-
tiné a convertir les variations détectées en termes
de pression en variations en termes de valeurs de
capacité comprend de préférence un condensateur
sensible a la pression ;

ou dans lequel le moyen destiné a convertir une pro-
priété physique détectée en un signal électrique
comprend un moyen destiné a convertir des varia-
tions de contrainte détectées en variations de résis-
tance, ol le moyen destiné a convertir des variations
de contrainte détectées en variations de résistance
comprend de préférence une résistance sensible a
la contrainte.

Détecteur sans fil implantable selon la revendication
1, dans lequel le moyen destiné a convertir une pro-
priété physique détectée en un signal électrique
comprend un oscillateur commandé en tension.

Détecteur sans fil implantable selon la revendication
12, dans lequel l'oscillateur commandé en tension
comprend un moyen destiné a convertir la propriété
physique détectée en une tension qui détermine la
fréquence de la sortie de I'oscillateur commandé en
tension.

Détecteur sans filimplantable selon la revendication
1, dans lequel le signal électrique comprend en outre
un signal d’identification qui est propre a chaque dé-
tecteur.

Détecteur sans fil implantable selon la revendication
1, dans lequel l'unité de collecte d’énergie est un
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