EP 1 876 945 B1

Patent Office

fes brevers (11) EP 1876 945 B1

(1 9) ’ e Hllm”‘ ‘"H Hll‘ Hll‘ |H‘| |H|‘ ‘Hll ‘l |H ‘”l‘ Hl‘l |‘|H ‘lHl |H‘| Hll‘
Patentamt
0 European

(12) EUROPEAN PATENT SPECIFICATION
(45) Date of publication and mention (51) IntCl.:
of the grant of the patent: A61B 5/00 (2006.01)

05.12.2012 Bulletin 2012/49
(86) International application number:

(21) Application number: 06737020.5 PCT/US2006/007790

(22) Date of filing: 06.03.2006 (87) International publication number:
WO 2006/096582 (14.09.2006 Gazette 2006/37)

(54) COMMUNICATING WITH AN IMPLANTED WIRELESS SENSOR
KOMMUNIKATION MIT EINEM IMPLANTIERTEN DRAHTLOSEN SENSOR
COMMUNICATION AVEC UN CAPTEUR SANS FIL IMPLANTE

(84) Designated Contracting States: e MILLER, Donald

ATBEBG CHCY CZDE DK EE ES FI FR GB GR Roswell, Georgia 30075 (US)

HUIEIS ITLILT LU LV MC NL PL PT RO SE SI e ELLIS, Michael

SKTR Alpharetta, Georgia 30005 (US)
(30) Priority: 04.03.2005 US 658680 P (74) Representative: Boff, James Charles et al

13.04.2005 US 105294 Phillips & Leigh
5 Pemberton Row

(43) Date of publication of application: London EC4A 3BA (GB)

16.01.2008 Bulletin 2008/03
(56) References cited:

(73) Proprietor: CardioMems, Inc. EP-A2- 0 450 653 WO-A-2005/027998
Atlanta, GA 30313 (US) WO-A-2006/049796 AU-B2- 701 577
DE-A1- 3 330 519 DE-A1- 19 510 452
(72) Inventors: GB-A- 2098 430 US-A- 4 160 971
* ALLEN, Mark US-A- 4 531 526 US-A- 4 593 703
Atlanta, Georgia 30328 (US) US-A1- 2003 139 677 US-A1- 2005 046 558

¢ KROH, Jason
Villa Rica, Georgia 30180 (US)

Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)



1 EP 1 876 945 B1 2

Description
TECHNICAL FIELD

[0001] The present invention is directed in general to
communicating with a wireless sensor, and in particular
to communicating with a wireless sensorimplanted within
the body to measure a physical condition.

BACKGROUND

[0002] Wireless sensors can be implanted within the
body and used to monitor physical conditions, such as
pressure or temperature. For example, U.S. Patent No.
6,111,520, U.S. Patent No. 6,855,115 and U.S. Publica-
tion No. 2003/0136417 all describe wireless sensors that
can be implanted within the body. These sensors can be
used to monitor physical conditions within the heart or
an abdominal aneurysm. An abdominal aortic aneurysm
(AAA) is a dilatation and weakening of the abdominal
aorta that can lead to aortic rupture and sudden death.
In the case of a repaired abdominal aneurysm, a sensor
can be used to monitor pressure within the aneurysm sac
to determine whether the intervention is leaking. The
standard treatment for AAAs employs the use of stent-
grafts that are implanted via endovascular techniques.
However, a significant problem that has emerged with
these stent-grafts for AAAs is acute and late leaks of
blood into the aneurysms sac. Currently, following stent-
graftimplantation, patients are subjected to periodic eval-
uation via abdominal CT (Computed Tomography) with
IV contrast to identify the potential presence of stent-graft
leaks. This is an expensive, risky procedure that lacks
appropriate sensitivity to detect small leaks.

[0003] Typically, the sensors utilize an inductive-ca-
pacitive ("LC") resonant circuit with a variable capacitor.
The capacitance of the circuit varies with the pressure of
the environment in which the sensor is located and thus,
the resonant frequency of the circuit varies as the pres-
sure varies. Thus, the resonant frequency of the circuit
can be used to calculate pressure.

[0004] Ideally, the resonant frequency is determined
using a non-invasive procedure. Several examples of
procedures for determining the resonant frequency of an
implanted sensor are discussed in U.S. Patent No.
6,111,520. Some of the procedures described in the pat-
ent require the transmission of a signal having multiple
frequencies. A drawback of using a transmission signal
having multiple frequencies is that the energy in the fre-
quency bands outside the resonant frequency is wasted.
This excess energy requires more power which results
in an increase in cost, size and thermal requirements, as
well as an increase in electromagnetic interference with
other signals. Thus, there is a need for an optimized
method that is more energy efficient and requires less
power.

[0005] There are unique requirements for communi-
cating with animplanted sensor. For example, the system
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must operate in a low power environment and must be
capable of handling a signal from the sensor with certain
characteristics. For example, the signal from the sensor
is relatively weak and must be detected quickly because
the signal dissipates quickly. These requirements also
impact the way that common problems are handled by
the system. For example, the problems of switching tran-
sients and false locking need to be handled in a manner
that accommodates the sensor signal characteristics.
Thus, there is a need for a method for communicating
with a wireless sensor that operates in a low power en-
vironment and that efficiently determines the resonant
frequency of the sensor.

[0006] Theresonantfrequency ofthe sensorisameas-
ured parameter that is correlated with the physical pa-
rameter of interest. To be clinically useful there must be
means to ensure that variations in measurement envi-
ronment do not affect the accuracy of the sensor. Thus,
there is a need for a system and method for communi-
cating with a wireless sensor that considers variations in
the measurement environment.

SUMMARY OF THE INVENTION

[0007] The invention is defined in the appende set of
claims.
[0008] The primary goal of aneurysm treatment is to

depressurize the sac and to prevent rupture. Endoleaks,
whether occurring intraoperatively or postoperatively,
can allow the aneurysmal sac to remain pressurized and
therefore increase the chance of aneurysm rupture. The
currentimaging modalities angiography and CT scan are
not always sensitive enough to detect endoleaks or stent
graft failure. Intrasac pressure measurements provide a
direct assessment of sac exclusion from circulation and
may therefore offer intraoperative and post operative sur-
veillance advantages thatindirectimaging studies do not.
[0009] In one application of the present invention an
AAA pressure sensor is placed into the aneurysm sac at
the time of stent-graft insertion. The pressure readings
are read out by the physician by holding an electronic
instrument, which allows an immediate assessment of
the success of the stent-graft at time of the procedure
and outpatient follow-up visits, by reading the resonant
frequency of the wireless sensor and correlating the fre-
quency reading to pressure.

[0010] The present invention meets the needs de-
scribed above by providing a system and method for com-
municating with a wireless sensor to determine the res-
onantfrequency of the sensor. The system energizes the
sensor with a low duty cycle, gated burst of RF energy
having a predetermined frequency or set of frequencies
and a predetermined amplitude. The energizing signal is
coupled to the sensor via a magnetic loop. The sensor
may be an inductive-capacitive ("LC") resonant circuit
with a variable capacitor that is implanted within the body
and used to measure physical parameters, such as pres-
sure or temperature. The energizing signal induces a cur-
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rent in the sensor which is maximized when the energiz-
ing frequency is the same as the resonant frequency of
the sensor. The system receives the ring down response
of the sensor via magnetic coupling and determines the
resonant frequency of the sensor, which is used to cal-
culate the measured physical parameter.

[0011] A pair of phase locked loops ("PLLs") is used
to adjust the phase and the frequency of the energizing
signal until its frequency locks to the resonant frequency
of the sensor. One PLL samples during the calibration
cycle and the other PLL samples during the measure-
ment cycle. These cycles alternate every 10 microsec-
onds synchronized with the pulse repetition period. The
calibration cycle adjusts the phase of the energizing sig-
nal to a fixed reference phase to compensate for system
delay or varying environmental conditions. The environ-
mental conditions that can affect the accuracy of the sen-
sor reading include, but are not limited to, proximity of
reflecting or magnetically absorbative objects, variation
of reflecting objects located within transmission distance,
variation of temperature or humidity which can change
parameters of internal components, and aging of internal
components.

[0012] One of the PLLs is used to adjust the phase of
the energizing signal and is referred to herein as the fast
PLL. The other PLL is used to adjust the frequency of
the energizing signal and is referred to herein as the slow
PLL. During the time that the energizing signal is active,
a portion of the signal enters the receiver and is referred
to herein as a calibration signal. The calibration signal is
processed and sampled to determine the phase differ-
ence between its phase and the phase of alocal oscillator
(referred to herein as the local oscillator 2). The cycle in
which the calibration signal is sampled is referred to as
the calibration cycle. The system adjusts the phase of
the energizing signal to drive the phase difference to zero
or another reference phase.

[0013] During the measurement cycle, the signal cou-
pled from the sensor (referred to herein as the coupled
signal or the sensor signal) is processed and sampled to
determine the phase difference between the coupled sig-
nal and the energizing signal. The system then adjusts
the frequency of the energizing signal to drive the phase
difference to zero or other reference phase. Once the
slow PLL is locked, the frequency of the energizing signal
is deemed to match the resonant frequency of the sensor.
The operation of the slow PLL is qualified based on signal
strength so that the slow PLL does not lock unless the
strength of the coupled signal meets a predetermined
signal strength threshold.

[0014] The signal coupled from the sensor is proc-
essed using continuous signal processing techniques in-
stead of sample and hold techniques. Continuous signal
processing techniques avoid some of the drawbacks of
sample and hold techniques. For instance, the timing of
the sample point is a trade-off. The sample needs to be
taken after the filtering and the switching transients settle
out, which tends to delay the sample point, but before
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the sensor signal dissipates, which tends to advance the
sample point since the sensor signal dissipates very
quickly. Delaying or advancing the sampled point too
much affects accuracy. A DC offset or other disturbance
that affects the sampled point may provide an inaccurate
result. Sampling can also affect efficiency since only a
portion of the signal is used.

[0015] To implement continuous signal processing, a
pair of parallel IF paths are provided, one for the calibra-
tion cycle and one for the measurement cycle. Each of
the IF paths includes a narrow bandpass filter. The out-
puts of the IF paths are used to adjust the PLLs.

[0016] The system also handles false locking and
switching transients. A false lock occurs if the system
locks on a frequency that does not correspond to the
resonant frequency of the sensor. In one aspect of the
invention, the system avoids false locks by examining
how the phase difference signal goes to zero. If the slope
of the phase difference signal relative to time meets a
predetermined direction, e.g. positive, then the PLL is
allowed to lock. However, if the slope of the phase dif-
ference signal relative to time does not meet the prede-
termined direction, e.g. it is negative, then the signal
strength is suppressed to prevent a false lock.

[0017] Another aspect of the invention uses frequency
dithering to avoid a false lock. A constant pulse repetition
frequency can add spectral components to the sensor
signal and cause a false lock. By randomly varying the
pulse repetition frequency of the energizing signal, the
sidebands move back and forth so that the average of
the sidebands is reduced. Thus, the system locks on the
center frequency rather than the sidebands.

[0018] In another aspect of the invention, phase dith-
ering can be used to reduce switching transients. The
phase of the energizing signal and a local oscillator (re-
ferred to herein as local oscillator 1) are randomly
changed. Varying the phase of the energizing signal var-
ies the phase of the coupled signal, but does not affect
the phase of the transient signal. Thus, the average of
the transient signal is reduced. Changing the resonant
frequency of the coil as it is switched from energizing
mode to coupling mode also reduces switching tran-
sients. The capacitors that are connected to the coil are
switched between different modes to slightly change the
resonant frequency in order to reduce switching tran-
sients.

[0019] These and other aspects, features and advan-
tages of the present invention may be more clearly un-
derstood and appreciated from a review of the following
detailed description of the disclosed embodiments and
by reference to the appended drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0020]

Figure 1 is a block diagram of an exemplary system
for communicating with a wireless sensor.
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Figure 2(a) is a graph illustrating an exemplary en-
ergizing signal

Figures 2(b), 2(c) and 2(d) are graphsiillustrating ex-
emplary coupled signals.

Figure 3 is a block diagram of an exemplary base
unit.

Figures 4(a) and 4(b) are graphs illustrating exem-
plary phase difference signals.

Figure 5 illustrates frequency dithering.
Figure 6 illustrates phase dithering.
Figure 7 illustrates a coupling loop.

Figure 8 is agraphillustrating an exemplary charging
response of an LC circuit.

Figure 9 is a block diagram of a portion of an exem-
plary base unit.

Figure 10 is a block diagram of a portion of an ex-
emplary base unit in accordance with the invention.

DETAILED DESCRIPTION

[0021] The presentinvention is directed towards a sys-
tem and method for communicating with a wireless sen-
sor. Briefly described, the present invention determines
the resonant frequency of the sensor by adjusting the
phase and frequency of an energizing signal until the
frequency of this signal locks to the resonant frequency
of the sensor. The system energizes the sensor with a
low duty cycle, gated burst of RF energy of a predeter-
mined frequency or set of frequencies and predetermined
amplitude. This signal induces a current in the sensor
that can be used to track the resonant frequency of the
sensor. The system receives the ring down response of
the sensor and determines the resonant frequency of the
sensor, which is used to calculate the measured physical
parameter. The system uses a pair of phase locked loops
("PLL"s) to adjust the phase and the frequency of the
energizing signal to track the resonant frequency of the
sensor.

[0022] The preferred embodiment of the invention is
defined by figure 10 in connection with figure 10 in con-
nection with figure 3.

Exemplary System

[0023] Figure 1 illustrates an exemplary system for
communicating with a wireless sensor implanted within
a body. The system includes a coupling loop 100, a base
unit 102, a display device 104 and an input device 106,
such as a keyboard.
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[0024] The coupling loop is formed from a band of cop-
per. In one embodiment, the loop is eight inches in diam-
eter. The coupling loop includes switching and filtering
circuitry that is enclosed within a shielded box 101. The
loop charges the sensor and then couples signals from
the sensor into the receiver. The antenna can be shielded
to attenuate in-band noise and electromagnetic emis-
sions.

[0025] Another possible embodiment for a coupling
loop is shown in Figure 7, which shows separate loops
for energizing 702 and for receiving 704, although a sin-
gle loop can be used for both functions. PIN diode switch-
ing inside the loop assembly is used to provide isolation
between the energizing phase and the receive phase by
opening the RX path pin diodes during the energizing
period, and opening the energizing path pin diodes during
the coupling period. Multiple energizing loops can be
staggered tuned to achieve a wider bandwidth of match-
ing between the transmit coils and the transmit circuitry.
[0026] The base unit includes an RF amplifier, a re-
ceiver, and signal processing circuitry. Additional details
of the circuitry are described below in connection with
Figure 3.

[0027] The display 104 and the input device 106 are
used in connection with the user interface for the system.
In the embodiment illustrated in Figure 1 the display de-
vice and the input device are connected to the base unit.
In this embodiment, the base unit also provides conven-
tional computing functions. In other embodiments, the
base unit can be connected to a conventional computer,
such as a laptop, via a communications link, such as an
RS-232 link. If a separate computer is used, then the
display device and the input devices associated with the
computer can be used to provide the user interface. In
one embodiment, LABVIEW software is used to provide
the user interface, as well as to provide graphics, store
and organize data and perform calculations for calibra-
tion and normalization. The user interface records and
displays patient data and guides the user through surgi-
cal and follow-up procedures.

[0028] An optional printer 108 is connected to the base
unit and can be used to print out patient data or other
types of information. As will be apparent to those skilled
in the art other configurations of the system, as well as
additional or fewer components can be utilized with the
invention.

[0029] Patient and system information can be stored
within a removable data storage unit, such as a portable
USB storage device, floppy disk, smart card, or any other
similar device. The patientinformation can be transferred
to the physician’s personal computer for analysis, review,
or storage. An optional network connection can be pro-
vided to automate storage or data transfer. Once the data
is retrieved from the system, a custom or third party
source can be employed to assist the physician with data
analysis or storage.

[0030] Figure 1 illustrates the system communicating
with a sensor 120 implanted in a patient. The system is
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used in two environments: 1) the operating room during
implant and 2) the doctor’s office during follow-up exam-
inations. During implant the system is used to record at
least two measurements. The first measurement s taken
during introduction of the sensor for calibration and the
second measurement is taken after placement for func-
tional verification of the stent graft. The measurements
can be taken by placing the coupling loop either on or
adjacent to the patient’'s back or the patient’s stomach
for a sensor that measures properties associated with an
abdominal aneurysm. For other types of measurements,
the coupling loop may be placed in other locations. For
example, to measure properties associated with the
heart, the coupling loop can be placed on the patient’s
back or the patient’s chest.

[0031] The system communicates with the implanted
sensor to determine the resonant frequency of the sen-
sor. As described in more detail in the patent documents
referenced in the Background section, a sensor typically
includes an inductive-capacitive ("LC") resonant circuit
having a variable capacitor. The distance between the
plates of the variable capacitor varies as the surrounding
pressure varies. Thus, the resonant frequency of the cir-
cuit can be used to determine the pressure.

[0032] The system energizes the sensor with an RF
burst. The energizing signal is a low duty cycle, gated
burst of RF energy of a predetermined frequency or set
of frequencies and a predetermined amplitude. Typically,
the duty cycle of the energizing signal ranges from 0.1%
to 50%. In one embodiment, the system energizes the
sensor with a 30-37.5 MHz fundamental signal at a pulse
repetition rate of 100 kHz with a duty cycle of 20%. The
energizing signal is coupled to the sensor via a magnetic
loop. This signal induces a current in the sensor which
has maximum amplitude at the resonant frequency of the
sensor. During this time, the sensor charges exponen-
tially to a steady-state amplitude that is proportional to
the coupling efficiency, distance between the sensor and
loop, and the RF power. Figure 8 shows the charging
response of a typical LC circuit to a burst of RF energy
atits resonant frequency. The speed at which the sensor
charges is directly related to the Q (quality factor) of the
sensor. Therefore, the "on time" of the pulse repetition
duty cycleis optimized forthe Q of the sensor. The system
receives the ring down response of the sensor via mag-
netic coupling and determines the resonant frequency of
the sensor. Figure 2(a) illustrates a typical energizing sig-
nal and Figures 2(b), 2(c) and 2(d) illustrate typical cou-
pled signals for various values of Q (quality factor) for
the sensor. When the main unit is coupling energy at or
near the resonant frequency of the sensor, the amplitude
of the sensor return is maximized, and the phase of the
sensor return will be close to zero degrees with respect
to the energizing phase. The sensor return signal is proc-
essed via phase-locked-loops to steer the frequency and
phase of the next energizing pulse.
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Operation of the Base Unit

[0033] Figure 3 is a block diagram of the signal
processing components within an exemplary base unit.
The base unit determines the resonant frequency of the
sensor by adjusting the energizing signal so that the fre-
quency of the energizing signal matches the resonant
frequency of the sensor. In the embodiment illustrated
by Figure 3, two separate processors 302, 322 and two
separate coupling loops 340, 342 are shown. In one em-
bodiment, processor 302 is associated with the base unit
and processor 322 is associated with a computer con-
nected to the base unit. In other embodiments, a single
processor is used that provides the same functions as
the two separate processors. In other embodiments a
single loop is used for both energizing and for coupling
the sensor energy back to the receiver. As will be appar-
ent to those skilled in the art, other configurations of the
base unit are possible that use different components.
[0034] The embodiment illustrated by Figure 3 in-
cludes a pair of phase lock loops ("PLL"). One of the
PLLs is used to adjust the phase of the energizing signal
and is referred to herein as the fast PLL. The other PLL
is used to adjust the frequency of the energizing signal
and is referred to herein as the slow PLL. The base unit
provides two cycles: the calibration cycle and the meas-
urement cycle. In one embodiment, the first cycleisa 10
microsecond energizing period for calibration of the sys-
tem, which is referred to herein as the calibration cycle,
and the second cycle is a 10 microsecond energizing/
coupling period for energizing the sensor and coupling a
return signal from the sensor, which is referred to herein
as the measurement cycle. During the calibration cycle,
the system generates a calibration signal for system and
environmental phase calibration and during the meas-
urement cycle the system both sends and listens for a
return signal, i.e. the sensor ring down. Alternatively, as
those skilled inthe art will appreciate, the calibration cycle
and the measurement cycle can be implemented in the
same pulse repetition period.

[0035] The phase of the energizing signal is adjusted
during the calibration cycle by the fast PLL and the fre-
quency of the energizing signal is adjusted during the
measurement cycle by the slow PLL. The following de-
scription of the operation of the PLLs is presented se-
quentially for simplicity. However, as those skilled in the
art will appreciate, the PLLs actually operate simultane-
ously.

[0036] Initially the frequency of the energizing signal
is set to a default value determined by the calibration
parameters of the sensor. Each sensor is associated with
a number of calibration parameters, such as frequency,
offset, and slope. An operator of the system enters the
sensor calibration parameters into the system via the us-
er interface and the system determines an initial frequen-
cy for the energizing signal based on the particular sen-
sor. Alternatively, the sensor calibration information
could be stored on portable storage devices, bar codes,
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or incorporated within a signal returned from the sensor.
The initial phase of the energizing signal is arbitrary.
[0037] The initial frequency and the initial phase are
communicated from the processor 302 to the DDSs (di-
rect digital synthesizers) 304, 306. The output of DDS
1304 is set to the initial frequency and initial phase and
the output of DDS2 306 (also referred to as local oscillator
1) is set to the initial frequency plus the frequency of the
local oscillator 2. The phase of DDS2 is a fixed constant.
In one embodiment, the frequency of local oscillator 2 is
4.725 MHz. The output of DDS1 is gated by the field
programmable gate array (FPGA). 308 to create a pulsed
transmit signal having a pulse repetition frequency
("PRF"). The FPGA provides precise gating so that the
base unit can sample the receive signal during specific
intervals relative to the beginning or end of the calibration
cycle.

[0038] During the calibration cycle, the calibration sig-
nal which enters the receiver 310 is processed through
the receive section 311 and the IF section 312, and is
sampled. In one example, the calibration signal is the
portion of the energizing signal that leaks into the receiver
(referred to herein as the energizing leakage signal). The
signal is sampled during the on time of the energizing
signal by a sample and hold circuit 314 to determine the
phase difference between the signal and local oscillator
2. Figure 3 illustrates two cascaded sample and holds in
circuit 314 to provide both fast sampling and a long hold
time. Alternatively, a single sample and hold can be used
in circuit 314. If the calibration signal is the portion of the
energizing signal that leaks into the receiver, the signal
is sampled approximately 100 ns after the beginning of
the energizing signal pulse. Since the energizing signal
is several orders of magnitude greater than the coupled
signal, it is assumed that the phase information associ-
ated with the leaked signal is due to the energizing signal
and the phase delay is due to the circuit elements in the
coupling loop, circuit elements in the receiver, and envi-
ronmental conditions, such as proximity of reflecting ob-
jects.

[0039] The phase difference is sent to a loop filter 316.
The loop filter is set for the dynamic response of the fast
PLL. In one embodiment, the PLL bandwidth is 1000 Hz
and the damping ratio is 0.7. A DC offset is added to
allow for positive and negative changes. The processor
302 reads its analog to digital converter (A/D) port to re-
ceive the phase difference information and adjusts the
phase sent to direct digital synthesizer 1 (DDS1) to drive
the phase difference to zero. This process is repeated
alternatively until the phase difference is zero or another
reference phase.

[0040] The phase adjustment made during the ener-
gizing period acts to zero the phase of the energizing
signal with respect to local oscillator 2. Changes in the
environment of the antenna or the receive chain imped-
ance, as well as the phase delay within the circuitry prior
to sampling affect the phase difference reading and are
accommodated by the phase adjustment.
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[0041] During the measurement cycle, the energizing
signal may be blocked from the receiver during the on
time of the energizing signal. During the off time of the
energizing signal, the receiver is unblocked and the cou-
pled signal from the sensor (referred to herein as the
coupled signal or the sensor signal) is received. The cou-
pled signal is amplified and filtered through the receive
section 311. The signal is down converted and additional
amplification and filtering takes place in the IF section
312. In one embodiment, the signal is down converted
to 4.725 MHz. After being processed through the IF sec-
tion, the signal is mixed with local oscillator 2 and sam-
pled by sample and hold circuits 315 to determine the
phase difference between the coupled signal and the en-
ergizing signal. Figure 3 illustrates two cascaded sample
and holds in circuit 315 to provide both fast sampling and
a long hold time. Alternatively, a single sample and hold
can be used in circuit 315. For instance the sampling
occurs approximately 30 ns after the energizing signal is
turned off.

[0042] Group delay or signal amplitude may also be
used to determine the resonant frequency of the sensor.
The phase curve of a second order system passes
through zero at the resonant frequency. Since the group
delay (i.e. the derivative of the phase curve) reaches a
maximum at the resonant frequency, the group delay can
be used to determine the resonant frequency. Alterna-
tively, the amplitude of the sensor signal can be used to
determine the resonant frequency. The sensor acts like
abandpass filter so that the sensor signal reaches a max-
imum at the resonant frequency.

[0043] The sampled signal is accumulated within a
loop filter 320. The loop filter is set for the dynamic re-
sponse of the slow PLL to aid in the acquisition of a lock
by the slow PLL. The PLLs are implemented with op-amp
low pass filters that feed A/D inputs on microcontrollers
302 and 322 which in turn talk to the DDSs 304 and 306
which provide the energizing signal and local oscillator
1. The microcontroller that controls the energizing DDS
304 also handles communication with the display. The
response of the slow PLL depends upon whetherthe loop
islocked ornot. Ifthe loop is unlocked, then the bandwidth
is increased so that the loop will lock quickly. In one em-
bodiment, the slow PLL has a damping ratio of 0.7 and
a bandwidth of 120 Hz when locked (the Nyquist frequen-
cy of the blood pressure waveform), which is approxi-
mately ten times slower than the fast PLL.

[0044] A DC offset is also added to the signal to allow
both a positive and a negative swing. The output of the
loop filter is input to an A/D input of processor 322. The
processor determines a new frequency and sends the
new frequency to the DSSs. The processor offsets the
current frequency value of the energizing signal by an
amount that is proportional to the amount needed to drive
the output of the slow PLL loop filter to a preset value. In
one embodiment the preset value is 2.5V and zero in
phase. The proportional amount is determined by the
PLL'’s overall transfer function.
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[0045] The frequency of the energizing signal is
deemed to match the resonant frequency of the sensor
when the slow PLL is locked. Once the resonant frequen-
cy is determined, the physical parameter, such as pres-
sure, is calculated using the calibration parameters as-
sociated with the sensor, which results in a difference
frequency that is proportional to the measured pressure.
[0046] The operation of the slow PLL is qualified based
on signal strength. The base unitincludes signal strength
detection circuitry. If the received signal does not meet
a predetermined signal strength threshold, then the slow
PLL is not allowed to lock and the bandwidth and search
window for the PLL are expanded. Once the received
signal meets the predetermined signal strength thresh-
old, then the bandwidth and search window of the slow
PLL is narrowed and the PLL can lock. In the preferred
embodiment, phase detection and signal strength deter-
mination are provided via the "I" (in phase) and "Q" (quad-
rature) channels of a quadrature mixer circuit. The "I"
channel is lowpass filtered and sampled to provide signal
strength information to the processing circuitry. The "Q"
channel is lowpass filtered and sampled (THSS, THSS2)
to provide phase error information to the slow PLL.
[0047] The base unit includes two switches, RX block-
ing switches 350 and 352, that aid in the detection of the
sensor signal. One of the RX blocking switches precedes
the preselector in the receive section 311 and the other
RX blocking switch follows the mixer in the IF section
312. The FPGA controls the timing of the RX blocking
switches (control signals not shown). The RX blocking
switches are closed during the on time of the energizing
signal during the calibration cycle and generally closed
during the off time of the energizing signal during the
measurement cycle. During the measurement cycle the
timing of the RX blocking switches is similar to the timing
of the switch that controls the energizing signal into the
receiver during the measurement cycle, but the RX block-
ing switches are closed slightly later to account for signal
travel delays in the system. The RX blocking switches
prevent the energizing signal that leaks into the receiver
during the measurement cycle (specifically during the on
time of the energizing signal) from entering the IF section.
If the leakage signal enters the IF section, thenitcharges
the IF section and the IF section may not settle out before
the sensor signal arrives. For example, in one instance
the IF section was charged for several hundred nano-
seconds after the on time of the energizing signal. Block-
ing the leakage signal from the IF section eliminates this
problem and improves detection of the sensor signal.

Base Unit Implementing Multiple Sampling Points

[0048] An alternative base unit not forming part of the
invention uses multiple sampling points rather than the
single sampling point discussed above in connection with
Figure 3. If a single sampling point is used and the sam-
pling point coincides with a point where the average DC
voltage of the phase detector is zero, then the system
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can lock even though the frequency is not the correct
frequency. This situation can occur when there is system
stress, such as a DC offset in the loop integrator or some
other disturbance. The use of multiple sampling points
helps prevent a false lock under these circumstances.
[0049] Figure 9 illustrates a portion of the base unit
using two sampling points, S1, S2. The components il-
lustrated in Figure 9 are used instead of the sample and
hold components 314, 315 used in Figure 3. As discussed
above in connection with Figure 3, this base unit uses a
pair of PLLs. The phase of the energizing signal is ad-
justed by the fast PLL and the frequency of the energizing
signal is adjusted by the slow PLL. However, in this case
only a single cycle is needed to adjust the phase and
frequency of the energizing signal, i.e. separate calibra-
tion and measurement cycles are not necessary. Since
only a single cycle is used, the timing of the RX blocking
switches is slightly different than that described above in
connection with Figure 3. In this embodiment, the RX
blocking switches are generally closed during the off time
of the energizing signal. The specific timing of the closure
of the RX blocking switches may be system specific and
can be adjusted to account for signal travel delays in the
system.

[0050] The initial frequency and phase of the energiz-
ing signal are set as described above in connection with
Figure 3. The energizing signal may be blocked from the
receiver during the on time of the energizing signal. Dur-
ing the off time of the energizing signal, the receiver is
unblocked and the coupled signal from the sensor is re-
ceived The coupled signal is amplified and filtered
through the receive section 311. The signal is down con-
verted and additional amplification and filtering takes
place in the IF section 312. For example, the signal is
down converted to 4.725 MHz. After being processed
through the IF section the signal is mixed with local os-
cillator 2 and sampled by the two sample and hold circuits
915a and 915b to determine the phase difference be-
tween the coupled signal and the energizing signal.
[0051] The two sample points are applied to a first dif-
ferential amplifier 950 and a second differential amplifier
952. The first differential amplifier outputs a signal rep-
resenting the difference between the two sampling points
(S2 - S1), which is fed into the loop filter 320 and used
to adjust the frequency of the energizing signal. The sec-
ond differential amplifier 952 outputs a signal represent-
ing the sum of the two sampling points (S 1 + S2), which
is fed into the loop filter 316 and used to adjust the phase
of the energizing signal.

[0052] The FPGA controls the timing of the two sample
and hold circuits. In one embodiment, the first sample
point occurs approximately 30 ns after the energizing sig-
nal is turned off and the second sample point occurs ap-
proximately 100 to 150 ns after the energizing signal is
turned off. The timing of the first sampling point is select-
ed so that the first sampling point occurs soon after the
switching and filter transients have settled out. The timing
of the second sampling point is selected so that there is
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sufficient time between the first sampling point and the
second sampling point to detect a slope, but before the
signal becomes too noisy.

[0053] The frequency of the energizing signal is
deemed to match the resonant frequency of the sensor
when the slow PLL is locked. Once the resonant frequen-
cy is determined, the physical parameter, such as pres-
sure, is calculated using the calibration parameters as-
sociated with the sensor, which results in a difference
frequency that is proportional to the measured pressure.

Base Unit Implementing Continuous Signal Processing

[0054] In this case, the base unit uses continuous sig-
nal processing techniques instead of the sampled
processing techniques discussed above in connection
with Figures 3 and 9. This embodiment derives continu-
ous wave signals from the pulsed calibration signal and
the pulsed sensor signal and uses the continuous wave
signals to adjust the phase and frequency of the ener-
gizing signal.

[0055] Figure 10 illustrates a portion of the base unit
for an embodiment that uses continuous signal process-
ing. As illustrated by Figure 10, this embodiment uses
separate calibration 1012a and measurement sections
1012b instead of the common IF section 312 and sepa-
rate sample and hold circuits 314 and 315 used in Figure
3. After the signal passes through the receiver section
311, the mixer, and one of the RX blocking switches, the
signal is split into a pair of switches, TX IF switch 1050
and RX IF switch 1052. The FPGA controls the switches
(control signals not shown) so that the TX IF switch 1050
is closed and the RX IF switch 1052 is opened during the
calibration cycle and the TX IF switch is opened and the
RX IF switch is closed during the measurement cycle.
The calibration section 1012a and the measurement sec-
tion 1012b each include the aforementioned switch, a
low pass filter, a narrow bandpass filter, amplifiers and
a phase detector. The common IF section of Figure 3
uses a bandpass filter, typically on the order of 2-3 MHz
whereas the calibration and measurements sections of
Figure 10 use a narrow bandpass filter, typically on the
order of 60 - 120 kHz.

[0056] The following description of the embodiment il-
lustrated by Figure 10 uses alternating calibration and
measurement cycles. However, the calibration cycle and
the measurement cycle can be implemented in the same
pulse repetition period.

[0057] During the calibration cycle, the calibration sig-
nal which enters the receiver 310 is processed through
the receive section 311 and the calibration section 1012a.
The phase difference output from the calibration section
is sent to the loop filter 316 and the adjustment of the
phase of the energizing signal proceeds as described
above in connection with Figure 3.

[0058] During the measurement cycle, the energizing
signal may be blocked from the receiver during the on
time of the energizing signal. During the off time of the
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energizing signal, the receiver is unblocked and the sen-
sor signal is received. The coupled signal is amplified
and filtered through the receive section 311 and then
transferred to the measurement section 1012b. The
phase difference output from the measurement section
is sent to loop filter 320 and the adjustment of the fre-
quency of the energizing signal proceeds as described
above in connection with Figure 3.

[0059] In one embodiment, the RX blocking switches
close as described above in connection with Figure 3,
but open earlier during the measurement cycle. Instead
of being closed through the end of the off time of the
energizing signal, the RX blocking switches open before
the end of the off time. The timing of the opening of the
RX blocking switches is based on the sensor character-
istics and is selected so that the switches open once the
sensor signal falls below the noise level.

Since most of the energy from sensor signal is received
within atime period of Q/fo, where Q is the Q of the sensor
and fois the center frequency of the sensor, the RX block-
ing switches can be opened after approximately Q/fo.
For example, if the Q of the sensor is 40 and the fo is 32
MHz, then the RX blocking switches are opened after
approximately 1.25 microseconds during the measure-
ment cycle. The Q of the sensor and an approximate fo
of the sensor are typically known and can be used to
control the timing of the RX blocking switches.

[0060] Inthe examples that use sample and hold tech-
niques, only the sampled information is used and the
noise after the sample point(s) is ignored. However, in
this continuous signal processing, all of the noise is seen
unless other adjustments are made. Opening the RX
blocking switches once the sensor signal decays below
the noise level helps reduce the noise seen by the rest
of the system and improves detection of the sensor sig-
nal.

[0061] The frequency spectrum of the sensor signal
includes a number of spectral components that corre-
spond to the pulse repetition frequency, including a
strong component corresponding to the center frequency
of the energizing signal (fo). The information needed to
determine the resonant frequency of the sensor can be
obtained by examining the phase of the spectral compo-
nent that corresponds to fo. The measurement section
isolates the spectral component at fo and the resulting
time domain signal is a continuous wave signal.

[0062] In some embodiments, the system generates
an energizing signal with a random or pseudo random
frame width (i.e. period of pulse repetition). For example,
the pulse width is 2 microseconds for each frame, but
the frame size is pseudo randomly selected from one of
four possible frame sizes: 6.22 microseconds, 8.76 mi-
croseconds, 11.30 microseconds and 13.84 microsec-
onds. The use of four frame sizes is exemplary. Any
number of frame sizes can be used, although at some
point increasing the number of possible frame sizes in-
creases the system complexity with only incremental im-
provements.
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[0063] The minimum frame sizes corresponds to the
smallest frame size that provides a sufficient receive win-
dow and typically corresponds to the pulse width. For
example, if the pulse width is 2 microseconds, then the
minimum receive window is also 2 microseconds making
the minimum frame size 4 microseconds. However,
switching times and other practical considerations relat-
ed to the components used may result in a slightly larger
frame size. The maximum frame size is typically based
on a desired average pulse repetition rate. In this exam-
ple, if the average pulse repetition period is selected as
10 microseconds, then the maximum frame size is 14
microseconds.

[0064] If a random or pseudo random frame width is
used, then the frame width can vary between the calibra-
tion cycle and the measurement cycle oracommon frame
width can be used for a calibration cycle and the following
measurement cycle. The use of arandom or pseudo ran-
dom frame width helps isolate the spectral component
needed to determine the resonant frequency of the sen-
sorand relaxes the requirements of the narrow bandpass
filter used in the receive section. The use of a random or
pseudo random frame width or PRF is also discussed in
connection with frequency dithering in the section entitled
"Avoiding False Locks."

[0065] As an alternative to the embodiment illustrated
by Figure 10, the RX blocking switch 352 is combined
with the TX IF switch 1050 and the RX IF switch 1052
and the control of the TX IF and the RX IF switches are
modified to accommodate the combination.

Avoiding False Locks

[0066] The system provides unique solutions to the
false lock problem. A false lock occurs if the system locks
on a frequency that does not correspond to the resonant
frequency of the sensor. There are several types of false
locks. The first type of false lock arises due to the pulsed
nature of the system. Since the energizing signal is a
pulsed signal, it includes groups of frequencies. The fre-
quency that corresponds to a false lock is influenced by
the pulse repetition frequency, the Q of the sensor, and
the duty cycle of the RF burst. For example, a constant
pulse repetition frequency adds spectral components to
the return signal at harmonic intervals around the reso-
nant frequency of the sensor, which can cause a false
lock. In one embodiment, false locks occur at approxi-
mately 600 kHz above and below the resonant frequency
of the sensor. To determine a false lock, the character-
istics of the signal are examined. For example, pulse rep-
etition frequency dithering and/or observing the slope of
the baseband signal are two possible ways of determine
a false lock. In one embodiment where the system locks
on a sideband frequency, the signal characteristics cor-
respond to a heartbeat or a blood pressure waveform.

[0067] The second type of false lock arises due to a
reflection or resonance of another object in the vicinity
of the system. This type of false lock can be difficult to
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discern because it generally does not correspond to a
heartbeat or blood pressure waveform. The lack of fre-
quency modulation can be used to discriminate against
this type of false lock. Changing the orientation of the
magnetic loop also affects this type of false lock because
the reflected false lock is sensitive to the angle of inci-
dence.

[0068] The third type of false lock arises due to switch-
ing transients caused by switching the PIN diodes and
analog switches in the RF path. These transients cause
damped resonances in the filters in the receive chain,
which can appear similar to the sensor signal. Typically,
these types of false locks do not correspond to a heart-
beat or blood pressure waveform because they are con-
stant frequency. These types of false locks are also in-
sensitive to orientation of the magnetic loop.

[0069] To avoid the first type of false lock, the present
invention determines the slope of the baseband signal
(the phase difference signal at point 330). In one embod-
iment, if the slope is positive, then the lock is deemed a
true lock. However, if the slope is negative, then the lock
is deemed a false lock. In another embodiment, a nega-
tive slope is deemed a true lock and a positive slope is
deemed a false lock. The slope is determined by looking
at points before and after the phase difference signal
goes to zero. The slope can be determined in a number
of different ways, including but not limited to, using an
analog differentiator or multiple sampling. Figures 4(a)
and 4(b) illustrate a true lock and a false lock respectively,
when a positive slope indicates a true lock. In one em-
bodiment, if a false lock is detected, then the signal
strength is suppressed so that the signal strength ap-
pears to the processor 322 to be below the threshold and
the system continues to search for the center frequency.
In other embodiments, any non-zero slope can be inter-
preted as a false lock resulting in zero signal strength.
[0070] The system can also use frequency dithering to
avoid the first type of false lock. Since the spectral com-
ponents associated with a constant pulse repetition fre-
quency can cause a false lock, dithering the pulse repe-
tition frequency helps avoid a false lock. By dithering the
pulse repetition frequency, the spectral energy at the po-
tential false lock frequencies is reduced over the aver-
aged sampling interval. As shown in Figure 5, the ener-
gizing signal includes an on time t1 and an off time t2.
The system can vary the on time or the off time to vary
the PRF (PRF = 1/(t1 + 2)). Figure 5 illustrates different
ontimes (t1,11’) and different off times ({2, t2’). By varying
the PRF, the sidebands move back and forth and the
average of the sidebands is reduced. Thus, the system
locks on the center frequency rather than the sidebands.
The PRF can be varied between predetermined se-
quences of PRFs or can be varied randomly.

Reducing Switching Transients

[0071] The coupling loop switches between an ener-
gizing mode and a coupling mode. This switching creates
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transient signals, which can cause the third type of false
lock. Phase dithering is one method used to reduce the
switching transients. As shown in Figure 6, the system
receives a switching transient 603 between the end of
the energizing signal 602 and the beginning of the cou-
pled signal 604. To minimize the transient, the phase of
the energizing signal may be randomly changed. How-
ever, changing the phase of the energizing signal re-
quires that the system redefine zero phase for the sys-
tem. To redefine zero phase for the system, the phase
of DDS2 is changed to match the change in phase of the
energizing signal. Thus, the phase of the energizing sig-
nal 602’ and the coupled signal 604’ are changed, but
the phase of the transient signal 603’ is not. As the system
changes phase, the average of the transient signal is
reduced.

[0072] Changing the resonant frequency of the anten-
na as it is switched from energizing mode to coupling
mode also helps to eliminate the switching transients.
Eliminating the switching transients is especially impor-
tant in the present invention because of the characteris-
tics of the coupled signal. The coupled signal appears
very quickly after the on period of the energizing signal
and dissipates very quickly. In one embodiment, the in-
vention operates in a low power environment with a pas-
sive sensor so that the magnitude of the coupled signal
is small. However, the invention is not limited to working
with a passive sensor.

[0073] The coupling loop is tuned to a resonant fre-
quency that is based upon the sensor parameters.
Changing the capacitors or capacitor network that is con-
nected to the coupling loop changes the resonant fre-
quency of the antenna. The resonant frequency typically
is changed from approximately 0.1% to 2% between en-
ergizing mode and coupled mode. In some embodi-
ments, the coupling loop is untuned.

[0074] Additional alternative embodiments will be ap-
parent to those skilled in the art to which the present
invention pertains without departing from its scope. For
example, the system can operate with different types of
sensors, such as non-linear sensors that transmit infor-
mation at frequencies other than the transmit frequency
or sensors that use backscatter modulations. According-
ly, the scope of the present invention is described by the
appended claims and is supported by the foregoing de-
scription.

Claims

1. A method for determining a resonant frequency of a
wireless sensor, using a measurement section
(1012b) and a separate calibration section (1012a),
the method comprising the following steps :

A) adjusting a phase of an energizing signal by:

i) receiving a calibration signal during a cal-
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ibration cycle;

i) processing the calibration signal during a
first period within the calibration cycle to cre-
ate a continuous wave intermediate fre-
quency calibration using the calibration sec-
tion;

iii) determining a first phase difference be-
tween the continuous wave calibration sig-
nal and areference signal using the calibra-
tion section; and,

iv) based on the first phase difference ad-
justing the phase of the energizing signal to
reduce the first phase difference;

B) adjusting a frequency of the energizing signal
by:

V) receiving a sensor signal from the wire-
less sensor during a measurement cycle;
vi) processing the sensor signal during a pe-
riod within the measurement cycle to create
a continuous wave intermediate frequency
sensor signal using the measurement sec-
tion;

vii) determining a second phase difference
between the continuous wave sensor signal
and the energizing signal using the meas-
urement section;

viii) based on the second phase difference
adjusting the frequency of the energizing
signal to reduce the second phase differ-
ence; and

ix) determining the frequency of the ener-
gizing signal when the second phase differ-
ence corresponds to a predetermined val-
ue; and

x) using the frequency of the energizing sig-
nal when the second phase difference cor-
responds to the predetermined value to de-
termine the resonant frequency of the sen-
sor.

A method as claimed in Claim 1, wherein generating
the energizing signal comprises adjusting a pulse
repetition period of the energizing signal between a
first calibration cycle and a second calibration cycle.

A method as claimed in Claim 2 wherein the frame
width is adjusted randomly or pseudo randomly.

A method as claimed in any preceding claim, wherein
processing the calibration signal during a first period
within the calibration cycle comprises allowing the
calibration signal to propagate into the calibration
section (1012a) during the first period.

A method as claimed in any preceding claim, further
comprising preventing the calibration signal from
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propagating into the measurement section (1012b)
during the calibration cycle.

Amethod as claimedin any preceding claim, wherein
adjusting the phase of the energizing signal compris-
esusing afirstphase locked loop, PLL, and adjusting
the frequency of the energizing signal comprises us-
ing a second PLL.

Amethod as claimedin any preceding claim, wherein
adjusting a phase of an energizing signal is repeated
until the first phase difference between the continu-
ous wave calibration signal and the reference signal
corresponds to a first predetermined value.

Amethod as claimedin any preceding claim, wherein
processing the sensor signal during a period within
the measurement cycle comprises allowing the sen-
sor signal to propagate into the measurement sec-
tion (1012b) during the period.

A method as claimed in any preceding claim, further
comprising: using the resonant frequency of the sen-
sor to determine a physical parameter associated
with the sensor.

Amethod as claimedin any preceding claim, wherein
adjusting a frequency of the energizing signal is re-
peated until the phase difference corresponds to the
predetermined value.

Amethod as claimedin any preceding claim, wherein
processing the sensor signal during a period within
the measurement cycle comprises processing the
sensor signal to determine a center frequency of the
sensor signal.

A system for determining a resonant frequency of a
wireless sensor

the system comprising means to adjust a frequency
of an energizing signal, said means comprising

i) a receive section for receiving a calibration
signal and a sensor signal;
i) a calibration path comprising:

a) a calibration section (1012a) for process-
ing the calibration signal to create a contin-
uous wave intermediate frequency calibra-
tion signal, determining a first phase differ-
ence between the energizing signal and the
continuous wave calibration signal; and

b) a first phase lock loop, PLL, for adjusting
a phase of the energizing signal based on
the phase difference between the energiz-
ing signal and the continuous wave calibra-
tion signal;
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iii) a measurement path comprising:

c) a measurement section (1012b), sepa-
rate from the calibration section, for
processing the sensor signal to create a
continuous wave intermediate frequency
sensor signal, determining a phase differ-
ence between the energizing signal and the
continuous wave sensor signal; and,

d) a second PLL for adjusting a frequency
of the energizing signal based on the phase
difference between the energizing signal
and the continuous wave sensor signal.

A system as claimed in Claim 12, further comprising:

an energizing signal generator for randomly or
pseudo randomly varying a frame width of the
energizing signal between the calibration cycle
and the following measurement cycle.

A system as claimed in any of Claims 12 or 13,
wherein the calibration section creates a continuous
wave calibration signal using a narrow bandpass fil-
ter.

A system as claimed in any of Claims 12-14, wherein
the measurement section creates a continuous wave
sensor signal using a narrow bandpass filter.

A system as claimed in any of Claims 12-15, further
comprising: a control for controlling propagation of
the sensor signal into the measurement section.

A system as claimed in any of Claims 12-16, further
comprising: a control for controlling propagation of
the calibration signal into the calibration section
(1012a).

Patentanspriiche

1.

Verfahren zur Bestimmung einer Resonanzfrequenz
eines drahtlosen Sensors unter Verwendung eines
Messabschnitts (1012b) und eines separaten Kali-
brierungsabschnitts (1012a), wobei das Verfahren
die folgenden Schritte umfasst:

A) Einstellen einer Phase eines Erregersignals
durch:

i) Empfang eines Kalibriersignals wahrend
eines Kalibrierzyklus;

ii) Verarbeitung des Kalibriersignals wah-
rend einer ersten Periode innerhalb des Ka-
librierzyklus, um ein Dauerstrich-Zwischen-
frequenz-Kalibriersignal unter Verwendung
des Kalibrierungsabschnitts zu erzeugen;
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iii) Bestimmung einer ersten Phasendiffe-
renz zwischen dem Dauerstrich-Kalibriersi-
gnal und einem Referenzsignal unter Ver-
wendung des Kalibrierungsabschnitts; und,
iv) basierend auf der ersten Phasendiffe-
renz, das Einstellen der Phase des Erreger-
signals, um die erste Phasendifferenz zu
verringern;

B) Einstellen einer Frequenz des Erregersignals
durch:

v) Empfang eines Sensorsignals vom draht-
losen Sensor wahrend eines Messzyklus;
vi) Verarbeitung des Sensorsignals wah-
rend einer Periode innerhalb des Messzy-
klus, um ein Dauerstrich-Zwischenfre-
quenz-Sensorsignal unter Verwendung des
Messabschnitts zu erzeugen;

vii) Bestimmung einer zweiten Phasendiffe-
renz zwischen dem Dauerstrich-Sensorsi-
gnal und dem Erregersignal unter Verwen-
dung des Messabschnitts;

viii) basierend auf der zweiten Phasendiffe-
renz das Einstellen der Frequenz des Erre-
gersignals, um die zweite Phasendifferenz
zu verringern; und

ix) Bestimmung der Frequenz des Erreger-
signals, wenn die zweite Phasendifferenz
einem vorbestimmten Wert entspricht; und
x) Verwendung der Frequenz des Erreger-
signals, wenn die zweite Phasendifferenz
dem vorbestimmten Wert entspricht, um die
Resonanzfrequenz des Sensors zu bestim-
men.

Verfahren nach Anspruch 1, wobei das Erzeugen
des Erregersignals das Einstellen einer Impulsfolge-
periode des Erregersignals zwischen einem ersten
Kalibrierzyklus und einem zweiten Kalibrierzyklus
umfasst.

Verfahren nach Anspruch 2, wobei die Rahmenbrei-
te zufallig oder pseudozufallig eingestellt wird.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei die Verarbeitung des Kalibriersignals
wahrend einer ersten Periode innerhalb des Kali-
brierzyklus umfasst, es dem Kalibriersignal zu er-
moglichen, sich in den Kalibrierabschnitt (1012a)
wahrend der ersten Periode auszubreiten.

Verfahren nach einem der vorhergehenden Ansprii-
che, ferner umfassend, dass verhindert wird, dass
sich das Kalibriersignal wahrend des Kalibrierzyklus
in den Messabschnitt (1012b) ausbreitet.

Verfahren nach einem der vorhergehenden Anspri-
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che, wobei das Einstellen der Phase des Erregersi-
gnals die Verwendung einer ersten Phasenregel-
schleife, PLL, umfasst, und das Einstellen der Fre-
quenz des Erregersignals die Verwendung einer
zweiten PLL umfasst.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei das Einstellen einer Phase eines Erre-
gersignals wiederholt wird, bis die erste Phasendif-
ferenz zwischen dem Dauerstrich-Kalibriersignal
und dem Referenzsignal einem ersten vorbestimm-
ten Wert entspricht.

Verfahren nach einem der vorhergehenden Anspri-
che, wobeidie Verarbeitung des Sensorsignals wah-
rend einer Periode innerhalb des Messzyklus um-
fasst, es dem Sensorsignal zu ermdglichen, sich
wahrend der Periode in den Messabschnitt (1012b)
auszubreiten.

Verfahren nach einem der vorhergehenden Anspri-
che, ferner umfassend:

die Verwendung der Resonanzfrequenz des
Sensors, um einen mitdem Sensor assoziierten
physikalischen Parameter zu bestimmen.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei das Einstellen einer Frequenz des Erre-
gersignals wiederholt wird, bis die Phasendifferenz
dem vorbestimmten Wert entspricht.

Verfahren nach einem der vorhergehenden Anspri-
che, wobeidie Verarbeitung des Sensorsignals wah-
rend einer Periode innerhalb des Messzyklus die
Verarbeitung des Sensorsignals umfasst, um eine
Mittenfrequenz des Sensorsignals zu bestimmen.

System zur Bestimmung einer Resonanzfrequenz
eines drahtlosen Sensors, wobei das System Hilfs-
mittel umfasst zum Einstellen einer Frequenz eines
Erregersignals, wobei die Hilfsmittel umfassen:

i) einen Empfangsabschnitt zum Empfang eines
Kalibriersignals und eines Sensorsignals;
ii) eine Kalibrierstrecke, umfassend:

a) einen Kalibrierabschnitt (1012a) zur Ver-
arbeitung des Kalibriersignals, um ein Dau-
erstrich-Zwischenfrequenz-Kalibriersignal
zu erzeugen, Bestimmen einer ersten Pha-
sendifferenz zwischen dem Erregersignal
und dem Dauerstrich-Kalibriersignal; und
b) eine erste Phasenregelschleife, PLL,
zum Einstellen einer Phase des Erregersi-
gnals basierend auf der Phasendifferenz
zwischen dem Erregersignal und dem Dau-
erstrich-Kalibriersignal;
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ii) eine Messstrecke, umfassend:

c) einen Messabschnitt (1012b), getrennt
vom Kalibrierabschnitt, zur Verarbeitung
des Sensorsignals, um ein Dauerstrich-
Zwischenfrequenz-Sensorsignal zu erzeu-
gen, Bestimmen einer Phasendifferenz zwi-
schen dem Erregersignal und dem Dauer-
strich-Sensorsignal; und

d) eine zweite PLL zum Einstellen einer Fre-
quenz des Erregersignals, basierend auf
der Phasendifferenz zwischen dem Erre-
gersignal und dem Dauerstrich-Sensorsi-
gnal.

System nach Anspruch 12, ferner umfassend:

einen Erregersignal-Generator zur zufélligen
oder pseudozufalligen Variation einer Rahmen-
breite des Erregersignals zwischen dem Kali-
brierzyklus und dem folgenden Messzyklus.

System nach einem der Anspriiche 12 oder 13, wo-
bei der Kalibrierabschnitt ein Dauerstrich-Kalibrier-
signal unter Verwendung eines Schmalbandfilters
erzeugt.

System nach einem der Anspriiche 12 bis 14, wobei
der Messabschnitt ein Dauerstrich-Sensorsignal un-
ter Verwendung eines Schmalbandfilters erzeugt.

System nach einem der Anspriiche 12 bis 15, ferner
umfassend: eine Steuerung zum Steuern der Aus-
breitung des Sensorsignals in den Messabschnitt.

System nach einem der Anspriiche 12 bis 16, ferner
umfassend: eine Steuerung zum Steuern der Aus-
breitung des Kalibriersignals in den Kalibrierab-
schnitt (1012a).

Revendications

Procédé de détermination d’une fréquence de réso-
nance d’un capteur sans fil en utilisant une section
de mesure (1012b) et une section d’étalonnage sé-
parée (1012a), le procédé comprenant les étapes
suivantes consistant a :

A) ajuster une phase d’un signal d’excitation :

i) en recevant un signal d’étalonnage au
cours d’un cycle d’étalonnage ;

i) entraitantle signal d’étalonnage au cours
d’'une premiére période du cycle d’étalon-
nage pour créer un signal d’étalonnage de
fréquence intermédiaire a onde continue en
utilisant la section d’étalonnage ;

15

20

25

30

35

40

45

50

55

13

iii) en déterminant une premiére différence
de phase entre le signal d’étalonnage a on-
de continue et un signal de référence en
utilisant la section d’étalonnage ; et,

iv) sur la base de la premiére différence de
phase, en ajustant la phase du signal d’ex-
citation pour réduire la premiére différence
de phase ;

B) ajuster une fréquence du signal d’excitation:

v) en recevant un signal du capteur sans fil
au cours d’'un cycle de mesure ;

vi) en traitant le signal du capteur au cours
d'une période du cycle de mesure pour
créer un signal de capteur de fréquence in-
termédiaire a onde continue en utilisant la
section de mesure ;

vii) en déterminant une seconde différence
de phase entre le signal du capteur a onde
continue et le signal d’excitation en utilisant
la section de mesure ;

viii) sur la base de la seconde différence de
phase, en ajustant la fréquence du signal
d’excitation pour réduire la seconde diffé-
rence de phase ;

ix) en déterminant la fréquence du signal
d’excitation lorsque la seconde différence
de phase correspond a une valeur
prédéterminée ; et

x) en utilisant la fréquence du signal d’exci-
tation lorsque la seconde différence de pha-
se correspond a la valeur prédéterminée
pour déterminer la fréquence de résonance
du capteur.

Procédé selon la revendication 1, dans lequel la gé-
nération du signal d’excitation comprend I'ajuste-
ment d’'une période de répétition d'impulsions du si-
gnal d’excitation entre un premier cycle d’étalonnage
et un second cycle d’étalonnage.

Procédé selon la revendication 2, dans lequel la lar-
geur de la trame est ajustée de maniére aléatoire ou
pseudo aléatoire.

Procédé selon 'une quelconque des revendications
précédentes, dans lequel le traitement du signal
d’étalonnage au cours d’'une premiére période du
cycle d’étalonnage comprend I'étape permettant au
signal d’étalonnage de se propager dans la section
d’étalonnage (1012a) au cours de la premiére pério-
de.

Procédé selon 'une quelconque des revendications
précédentes, comprenant en outre I'étape visant a
empécher le signal d’étalonnage de se propager
dans la section de mesure (1012b) au cours du cycle
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d’étalonnage.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel I'ajustement de la phase
du signal d’excitation comprend I'utilisation d’'une
premiére boucle verrouillée en phase, PLL, et I'ajus-
tement de la fréquence du signal d’excitation com-
prend l'utilisation d’'une seconde PLL.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel I'ajustement d’une phase
d’'un signal d’excitation est répété jusqu’a ce que la
premiere différence de phase entre le signal d’éta-
lonnage a onde continue et le signal de référence
corresponde a une premiére valeur prédéterminée.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel le signal du capteur au
cours d’une période du cycle de mesure comprend
I'étape permettant au signal du capteur de se pro-
pager dans la section de mesure (1012b) au cours
de la période.

Procédé selon I'une quelconque des revendications
précédentes, comprenant en outre I'utilisation de la
fréquence de résonance du capteur pour déterminer
un parameétre physique associé au capteur.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel I'ajustement d’'une fré-
quence du signal d’excitation est répété jusqu’a ce
que la différence de phase corresponde a la valeur
prédéterminée.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel le traitement du signal du
capteur au cours d’une période du cycle de mesure
comprend le traitement du signal du capteur pour
déterminer une fréquence centrale dudit signal.

Systeme de détermination d’une fréquence de réso-
nance d’un capteur sans fil, le systéme comprenant
des moyens pour ajuster une fréquence d’un signal
d’excitation, lesdits moyens comprenant :

i) une section réceptrice pour recevoir un signal
d’étalonnage et un signal de capteur ;
i) un trajet d’étalonnage comprenant :

a) une section d’étalonnage (1012a) pour
traiter le signal d’étalonnage afin de créer
un signal d’étalonnage de fréquence inter-
médiaire a onde continue et déterminerune
premiére différence de phase entre le signal
d’excitation et le signal d’étalonnage a onde
continue ; et

b) une premiere boucle verrouillée en pha-
se, PLL, pour ajuster une phase du signal
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d’excitation sur la base de la différence de
phase entre le signal d’excitation et le signal
d’étalonnage a onde continue ;

iii) un trajet de mesure comprenant :

¢) une section de mesure (1012b) séparée
de la section d’étalonnage pour traiter le si-
gnal du capteur afin de créer un signal de
capteur de fréquence intermédiaire a onde
continue et déterminer une différence de
phase entre le signal d’excitation et le signal
du capteur a onde continue ; et

d) une seconde PLL pour ajuster une fré-
quence du signal d’excitation sur la base de
la différence de phase entre le signal d’ex-
citation et le signal du capteur a onde con-
tinue.

Systéme selon la revendication 12, comprenant en
outre :

un générateur de signal d’excitation pour faire
varier de maniéere aléatoire ou pseudo aléatoire
une largeur de trame du signal d’excitation entre
le cycle d’étalonnage et le cycle de mesure sui-
vant.

Systéme selon I'une quelconque des revendications
12 ou 13, dans lequel la section d’étalonnage crée
un signal d’étalonnage a onde continue en utilisant
un filire a bande passante étroite.

Systéme selon I'une quelconque des revendications
12 a 14, dans lequel la section de mesure crée un
signal de capteur a onde continue en utilisant un filtre
a bande passante étroite.

Systéme selon I'une quelconque des revendications
12 a 15, comprenant en outre une commande pour
commander la propagation du signal du capteur
dans la section de mesure.

Systéme selon I'une quelconque des revendications
12 a 16, comprenant en outre une commande pour
commander la propagation du signal d’étalonnage
dans la section d’étalonnage (1012a).
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