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Description
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Pro-
visional Application No. 62/189,936, filed July 8, 2015.

BACKGROUND OF THE INVENTION
Field of the Invention

[0002] Thefield of the present invention relates to sur-
face-launched acoustic wave devices, including surface
acoustic wave devices or SAW devices. The field of the
present invention also relates to antennas for use with
SAW devices, and the application of SAW devices and
related methods for performing measurements on elec-
tric and magnetic fields.

Description of Related Art

[0003] AcousticWave Sensors: Sensors basedonsur-
face-launched acousticwave (known as surface acoustic
wave or SAW) devices have been developed since the
1980’s for application to physical measurements (tem-
perature, pressure, torque, strain, etc.) and to a wide
range of chemical and biological detection problems.
These widely varying devices have been described in
detail in the open literature, including the following: U.S.
Patent No. 7,268,662, entitled Passive SAW-based hy-
drogen sensor and system, U.S. Patent No. 7,434,989,
entitled SAW temperature sensor and system, U.S. Pat-
entNo. 7,500,379, entitled Acousticwave array chemical
and biological sensor U.S. Patent No. 7,791,249, entitled
Frequency codedsensors incorporatingtapers, U.S. Pat-
entNo. 8,094,008, entitled Coded acoustic wave sensors
using time diversity, U.S. Patent No. 8,441,168, entitled
SAW Sensor tags with enhanced performance, U.S. Pat-
ent No. 9,121,754, entitled Surface Acoustic Wave Dep-
osition Monitor for Ultra-Thin Films, U.S. Utility Applica-
tion No. 13/679,607 (US20130130362A1), entitled Pow-
er Spectral Density Chemical and Biological Sensor, and
uU.s. Utility Application No. 13/694,889
(US20130181573A1), entitied Individually Identifiable
Surface Acoustic Wave Sensors, Tags, and Systems.

[0004] Acoustic Wave Sensor Interrogation Systems:
Acousticwave sensor devices have been operated within
a wide range of wired and wireless interrogation system
architectures, which have generally been designed spe-
cifically to operate with the selected sensor(s). The sys-
tem architecture is usually selected based on specific
device characteristics and application requirements, and
generally involves absolute or differential measurements
of sensor frequency, phase, delay, amplitude, or power
spectral density, and changes in these quantities with
exposure to changes in target parameters, to provide the
output sensor measurement. Conventional wireless in-
terrogation system architectures include pulsed radar-
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like delay measurement systems, Fourier transform
based measurement systems, delay line and resonator-
based oscillator systems, and time integrating correlator
basedinterrogation systems. Radio architecturesinclude
conventional homodyne and heterodyne mix-down sys-
tems, and direct (to baseband or to near-baseband) con-
version systems. Software defined radio implementa-
tions of selected interrogation systems can be advanta-
geous, in terms of flexibility and performance.

[0005] SAW multistrip couplers: Multistrip couplers
(MSCs) are broadband, low loss directional couplers that
operate on freely propagating surface acoustic waves in
substrates with high electromechanical coupling coeffi-
cients. These components have been understood since
the early 1970’s, as described by Marshall, Newton, and
Paige in "Theory and Design of the Surface Acoustic
Wave Multistrip Coupler," IEE Transactions on Sonics
and Ultrasonics, Vol. SU-20, No. 2, April 1973, pp.
124-133 and in "Surface Acoustic Wave Multistrip Com-
ponents and Their Applications," IEE Transactions on
Sonics and Ultrasonics, Vol. SU-20, No. 2, April 1973,
pp. 134-143. MSCs have been widely used in SAW filters
and delay lines. However, advantages possible using
MSCs in SAW sensors and sensor-tags have not been
recognized in work found in the open literature. MSC el-
ements can be used to redirect the acoustic beam, to
transfer acoustic energy from one track to another, to
distribute the acoustic signal between a number oftracks,
to enhance the operation of tapped delay lines, to reflect
the acoustic signal (including creating low loss nearly ide-
al acoustic 'mirrors’ that reflect broadband acoustic sig-
nals at a single point), for suppression of triple transit,
suppression of bulk waves and spurious signals (as dis-
cussed by Danicki in "Bulk Wave Transmission by a Mul-
tistrip Coupler (MSC)," Archives of Acoustics, 1998, pp.
125-137), and frequency modulation (among other func-
tions), to produce high rejection and/or low loss SAW
devices, other desirable SAW device responses, and to
perform numerous other useful functions.

[0006] A few useful MSC configurations found in the
open literature are illustrated here for reference. First,
Figure 1 shows a SAW device 100 with a straight MSC
102 that is placed between an apodized transducer 104
in a first (upper) acoustic track (apodization referring to
the spatially varying overlap lengths between electrodes
of opposite polarities) and an unapodized transducer 106
in asecond (lower) acoustic track. Voltages produced by
the SAW in the upper track are intercepted by the MSC
and are transferred to and spread uniformly across the
lower track, generating a corresponding surface wave in
the lower track. If the number of strips in the MSC is
selected properly, the SAW launched to the right by the
apodized transducer will be coupled over to the lower
acoustic track with 100% efficiency. Bulk waves propa-
gating in the upper acoustic track will continue to propa-
gate in a straight line, unaffected by the MSC, and any
interference they may have caused will be eliminated.
Also, the MSC effectively spreads the acoustic energy
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fromthe apodizedtransducer over a uniform, full aperture
when launching the wave towards the second transduc-
er. Thus, it is well known in the art that a MSC can be
used between two apodized transducers that would not
normally be cascaded in-line in a single acoustic track.
By adjusting the number of strips, the amount of energy
that is transferred from the upper to the lower track can
be adjusted. Different numbers of strips are required to
effect a given % energy transfer between tracks on dif-
ferent substrates as well, based on the electromechani-
cal coupling coefficients of the materials involved. The
phase shift experienced by the SAW being transferred
is also dependent on the number of strips and substrate
material, in a manner that makes the phase shift between
tracks related to the percent of energy transferred. For
100% transfer, the SAW generated in the lower track will
have a 180° phase shift relative to the SAW in the upper
track, while for 50% energy transfer, the phase shift be-
tween tracks is 90°.

[0007] There can be variations of the straight MSC,
including phase offsets introduced by jogging (or offset-
ting) the lines in different acoustic tracks, transferring
from one track into more than one track (of the same or
different acoustic apertures), and others. Figure 2 shows
amodified version of the straight MSC wherein the center
region of the MSC is splayed out. This region corre-
sponds to the portion of the substrate between the acous-
tic tracks. Angling of the MSC traces in this region pre-
vents acoustic waves from being launched in a direction
collinear with the propagating acoustic waves in the up-
per and lower acoustic tracks in this unused region. Any
launched waves would instead be launched off-angle.
[0008] A secondknown MSC structure thatis useful is
the U-shaped MSC. This structure can be thought of as
what would result if a straight MSC was stretched and
bentaround so thattwo ends aligned, as shown in Figure
3. The original straight MSC is a track changing MSC of
known efficiency, so the SAW that would have been
launched to the right in the lower track is now launched
totheleftinthe U-shaped MSC. The spacingin the center
of the two arms of the "U" is chosen to ensure that 100%
of the signal is reflected to the left of the U shaped MSC.
This structure produces a broadband reflector that effec-
tively reflects 100% of a SAW incident from the left as if
there was an ideal acoustic mirror in the space between
the two arms of the U.

[0009] An alternate ring-shaped MSC reflector struc-
ture has certain benefits, discussed by Brown in "Low-
Loss Device Using Multistrip Coupler Ring Configuration
with Ripple Cancellation," IEEE Ultrasonics Symposium,
1986, pp. 71-76. Considering the bottom traces of the U-
shaped MSC shown above, the curved regions of the
traces correspond to portions of the MSC that do not
contribute to the production of SAWSs in the desired
acoustictrack. Thus, the shorterthese regions the better,
but lithographic requirements necessitate a minimum
separation space between adjacent traces, increasing
size. In addition, since the spacing of the electrodes will
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be on the order of 40% of an acoustic wavelength for the
SAW of interest, when a SAW passes under the MSC
and the first electrode is near maximum SAW voltage,
the adjacent electrode will be near a minimum voltage.
Adjacent electrodes at alternating polarities will introduce
considerable inter-trace capacitance, which will alter the
performance of the MSC. An alternative ring-shaped
MSC reflector is shown in Figure 4, where the curved (or
in this case segmented line) trace sections that connect
two traces on either side of the U are alternated so that
every other curved section is on the opposite end of the
MSC. This changes the "U" shape to aring, and ensures
that most of the curved segments at the top are one po-
larity while most at the bottom are the other polarity, sub-
stantially reducing the inter-trace capacitance introduced
by these sections of the traces. "Most" is used in this
description, since the non-synchronous nature of the
trace spacings relative to the SAW wavelength means
that the polarity within each end (top and bottom) will
slowly vary within that region. But the improvement in
performance is significant.

[0010] SAW sensors incorporating dispersive ele-
ments: Dispersive elements such as chirp transducers
have long been used in SAW signal processing devices
such as radar expander/compressor pairs. These ele-
ments have also been used in SAW sensors, as dis-
cussedinU.S. Patent No. 8,441,168, entitled SAW Sen-
sor tags with enhanced performance. Chirp elements en-
able realization of processing gain, which can be effected
onthe SAW die, or can be distributed to different portions
of the system. Pulse compression occurs when an up-
chirpsignal is convolved with a downchirp (or vice versa).
Alternate frequency coded pulses can also be used to
produce pulse compression. Chirp pulse compression
takes a signal that contains frequency components from
Fiow t0 Fhign (i-e., with a bandwidth B = F,;g;, - Fy,,) within
a time length T, and by convolving it with a device with
the opposite chirp slope (i.e., if the input signal is an up-
chirp the compression filter is a downchirp and vice ver-
sa), transforms the signal in to a narrow pulse of duration
t~1/B with voltage amplitude increased by sqrt(BT). In
SAW devices, it is quite easy to realize BT products of
50, 100, 200, oreven more, which can produce significant
processing gain.

[0011] SAW Sensor-tags: SAW devices have been
used as wireless interface devices to external voltage
producing or impedance varying sensors, as discussed
in U.S. Patent No. 8,441,168, entitled SAW Sensor tags
with enhanced performance. SAW sensor-tag interface
devices enable the wireless reading of (batteryless or
passive) sensors that normally are operated in powered,
wired systems. SAW wireless interface devices, which
can be individually identifiable, or RFID-enabled, are re-
ferred to as SAW sensor-tags or SAW sensor-tag wire-
less interface devices. Brocato, in "Passive Wireless
Sensor Tags," Sandia Report SAND2006-1288, Sandia
National Laboratories, Albuguerque, New Mexico 87185,
March 2006, demonstrated that a SAW differential delay
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line could be used, withasensorthatchangesimpedance
with measured quantity attached electrically in parallel
with a reflector in one of the paths, to measure variations
in the attached sensor. Other researchers have also
demonstrated similar devices, including those described
by Reindl et al. in "Theory and Application of Passive
SAW Radio Transponders as Sensors," IEEE Transac-
tions on Ultrasonics, Ferroelectrics, and Frequency Con-
trol, Vol. 45, No. 5, September 1998, pp. 1281-1292;
Scholl et al. in "Wireless Passive SAW Sensor Systems
for Industrial and Domestic Applications," Proceedings
of the 1998 IEEE International Frequency Control Sym-
posium, p. 595-601; and Schimetta et al. in "A Wireless
Pressure-Measurement System Using a SAW Hybrid
Sensor," IEEE Transactions on Microwave Theory and
Technique, Vol. 48, No. 12, December 2000, pp.
2730-2733.

[0012] More recently, a range of RFID enabled, dis-
persive, half-dispersive, and non-dispersive SAW wire-
less interface devices have been demonstrated that can
be used to read a wide range of external sensors and
devices, including switches, RTDs, thermistors, strain
gauges, and acoustic emission sensors. Methods have
been shown for adapting SAW sensors to operate with
external sensors with impedances (Z) having real parts
Re(Z) varying from low (~20 Q) resistance to moderately
high (over 5 kS2) resistance, the latter being devices that
normally would notinterface well with SAW devices. This
workis describedinthe final reportfor NASA SBIR Phase
| contract NNXOQCEA49P (July 22, 2009). For voltage gen-
erating external sensors (such as AE sensors, thermo-
couples, etc.), the external sensor voltage is applied as
the gate voltage on a zero-bias (normally ON) field effect
transistor (FET).

[0013] U.S. patent application 2012/0197558 A1 dis-
closes a system for measuring current on power lines
indirectly by using wireless temperature sensors mount-
ed on bare power lines to measure conductor (line) tem-
perature, and converting line temperature into rms cur-
rentusing conversionformulas ortables that relate meas-
ured temperature to current for the specific type of con-
ductors being measured. This application also discloses
a Current Measurement Unit (CMU) that is mounted re-
mote from the power line (for example, on a pole, at least
2-3 meters belowthe conductors), with adigital Hall effect
switch providing a detector for outages on all three phas-
es of a power line..

[0014] U.S. patent application 2009/0206844 A1 dis-
closes an acoustic wave sensor employing an electro-
magnetic device (EMD) to transduce and amplify the re-
sponse of an impedance element to a physical measur-
and. One embodiment uses a magnetic field sensor em-
ploying a microelectromechanical system (MEMS) ca-
pacitor to affect a change in the response of a SAW filter.
[0015] The Article "Re-Configurable Completely Un-
powered Wireless Sensors”, Proceedings of the 57th
Electronic Components and Technology Conference,
pages 179-183, 2007. Brocato et. al. describes use of
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high impedance electronic components such as field ef-
fecttransistors (FETs), including MOSFET and JFET de-
vices, to interface low impedance SAW transducers to
high impedance sensors, to allow remote reading of very
high impedance sensors through SAW wireless interface
devices.

[0016] The article "Wirelessly Interrogable Magnetic
Field Sensor Utilizing Giant Magneto-Impedance Effect
and Surface Acoustic Wave Devices", IEEE Transac-
tions on Instrumentation and Measurement, Vol. 49, No.
3, pages 648-652, June 2000, Hauser et. al. describes
a magnetic field sensor in which a giant magneto-imped-
ance (GMI) wire is used as an external sensor attached
to a SAW device transducer to measure magnetic field
In this configuration, a magnetic field induces a change
in the impedance of the GMI sensor wire, which in turn
modulates the amplitude and/or phase of the SAW re-
flection.

SUMMARY OF THE INVENTION

[0017] The presentinvention provides for SAW sensor
and sensor-tag device embodiments that exhibit lower
loss and/or enhancedtime diversity performance relative
to conventional systems. Antennas suitable for efficient
operationin conductive media are provided. Sensorsthat
can measure electric currentand scaled voltage (through
measurement of the magnetic field and electric field, re-
spectively) are also disclosed.

[0018] Low-loss differential delay line SAW sensors
using MSC elements: Conventional SAW differential de-
lay line sensors often utilize SAW transducer and reflec-
tor elements and die layouts that result in loss mecha-
nismsthatinclude bidirectional loss from the transducers,
inefficiency in reflector operation, and power division loss
due to multiple acoustic tracks. All of these factors tend
to reduce the signal strength of each reflected sensor
response relative to the input signal strength. This neg-
atively impacts the signal to noise ratio (S/N) and reduces
the wireless range over which such devices can be read
using a given radio and set of antennas. Higher loss can
also negatively impact the accuracy of measurements
produced by the sensor and sensor-tag devices, for a
given radio interrogation system. The present invention
teaches the use of MSC elements in novel device em-
bodiments that produce devices with lower loss relative
to conventional devices.

[0019] Low-loss differential delay line SAW sensors
with enhanced time diversity: Time diversity is a property
of sets of SAW sensors and tags that provides for each
device to respond within a separate, distinct time range
when the set of devices is activated by a common radio
frequency (RF) interrogation pulse. The present inven-
tionteaches SAW sensor and sensor-tag device embod-
iments that incorporate dispersive and/or MSC elements
to produce responses that are shorter in time and lower
loss than conventional devices capable of producing an
equivalent number of separately detectable responses.
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These properties enable construction of sets of passive
wireless sensors that have more time diversity within a
giventotaltimelength, enabling production of sensor sys-
tems with more sensor or sensor-tag devices simultane-
ously operable without inter-device interference. The
lower loss of devices according to the present invention
either increases the wireless range with which the devic-
es can be read, or improves the accuracy of measure-
ments produced by each device, oracombination of both.
[0020] Inductive coupling and resonant magnetic cou-
pling for remote reading of SAW sensors: Most conven-
tional wireless SAW sensors have been activated via
conventional radiative antennas, which interact via prop-
agating, time varying electromagnetic signals. Such an-
tennas do not function properly when mounted on metal
surfaces, or when immersed in conductive media. Some
SAW devices for use in liquids have been demonstrated
that use inductive coupling to activate the SAW device
wirelessly atshort range (upto a cm ortwo). The present
inventionteachesthe use of resonantmagneticantennas
for remote activation and reading of SAW sensors and
sensor-tags, over longer-range, in highly metallic envi-
ronments, and/or when immersed in conductive media.
[0021] Wireless measurement of current and voltage:
The present invention teaches devices, apparatuses,
systems, and methods involving the use of field probes
with FETs and SAW sensor-tag wireless interface devic-
es to measure voltage and current in current carrying
conductors (CCCs) via measurement of the electricfields
and magnetic fields around said CCCs. The presentin-
vention also teaches devices, apparatuses, systems,
and methods for determining the relative phase (leading
or lagging) of the current and voltage in AC power sys-
tems, thereby providingthe information necessary to de-
termine power factor. Such information is useful, for ex-
ample, in monitoring the condition of the power distribu-
tion grid.

[0022] Aspects ofthe presentdisclosureinclude anap-
paratus for wirelessly measuring the strength of electric
and/or magnetic fields. The apparatus including one or
more acoustic wave sensor or sensor-tag devices, at
least one transistor, at least one field probe operable to
interact with the field being measured and produce a volt-
age, and one or more antennas.

[0023] Further aspects of the present disclosure in-
clude a surface acoustic wave sensor tag device. The
devices includes a piezoelectric substrate, at least one
first transducer arranged on at least a portion of said pi-
ezoelectric substrate, and at least one second surface
acousticwave elementformed on said piezoelectric sub-
strate and spaced from said first transducer along the
direction of acoustic wave propagation, wherein said at
least one second surface acoustic wave element in-
cludes at least one multistrip coupler (MSC).

[0024] Additional aspects of the present disclosure in-
clude an antenna for remote activation and reading of
SAW sensors. The antenna includes at least one pair of
magnetic coupling elements operable to create a mag-
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netic resonance therebetween, wherein said atleastone
pair of magnetic coupling elements can transfer energy
and data to and from SAW devices immersedin conduc-
tive materials.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] The presentinvention will be understood more
fully from the detailed description given below and from
the accompanying figures and drawings of various em-
bodiments of the invention, which, however, should not
be taken to limit the invention to the specific embodi-
ments, but are for explanation and understanding only.

Figure 1 shows a schematic representation of a con-
ventional SAW device incorporating a straight track-
changing MSC.

Figure 2 shows a schematicrepresentation ofa mod-
ified straight MSC that has a center region (between
the acoustic tracks) where the traces have been an-
gled to prevent acoustic waves from being launched
collineartothe wavesinthe upper andlower acoustic
tracks.

Figure 3 shows a straight MSC being bentto produce
a conventional U-shaped MSC.

Figure 4 shows a conventional ring shaped MSC.
Figure 5 shows a partial view of a photomask layout
for a set of differential delay line SAW sensors that
utilize conventional SAWtransducer and reflector el-
ements.

Figure 6 shows a schematic representation of a low-
loss SAW differential delay line sensorincorporating
ring type MSCs according to aspects of the present
disclosure.

Figure 7 shows a schematic representation of an-
other embodiment of a low-loss SAW differential de-
lay line sensor incorporating ring type MSCs and
more than one acoustic track according to aspects
of the present disclosure.

Figure 8 shows a schematicrepresentation ofanem-
bodiment of a two acoustic track low-loss SAW dif-
ferential delay line combined sensor and sensor-tag
device incorporating both ring type MSCs and exter-
nal impedance varying device(s) according to as-
pects of the present disclosure.

Figure 9 shows a schematic representation of a low-
loss SAW differential delay line sensor embodiment
incorporating track changing MSCs and ring type
MSCs according to aspects of the present disclo-
sure.

Figure 10 shows a schematic representation of a
low-loss SAW differential delay line SAWsensorem-
bodiment according to aspects of the present disclo-
sure.

Figure 11 shows another schematic representation
of a low-loss SAW differential delay line sensor em-
bodiment according to aspects of the present disclo-
sure.
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Figure 12A shows a schematic representation of an
additional SAW device according to aspects of the
present disclosure.

Figure 12B shows a schematic representation of an
additional SAW device according to aspects of the
present disclosure.

Figure 12C shows a schematic representation of an
additional SAW device according to aspects of the
present disclosure.

Figure 13 shows a schematic representation of a
low-loss SAW device with dispersive elements and
track changing MSC reflectors that uses pulse com-
pression according to aspects of the present disclo-
sure.

Figure 14 shows a schematic representation of a
low-loss differential delay line SAW sensor with dis-
persive elements and track changing reflective MSC
elements that uses pulse compression according to
aspects of the present disclosure.

Figure 15 shows a schematic representation of a de-
vice with track changing MSCs and ring-shaped
MSC reflector elements and dispersive elements
that uses pulse compression according to aspects
of the present disclosure.

Figure 16 shows a schematic representation of a
compact, single acoustic track low loss differential
delay line sensor using pulse compression accord-
ing to aspects of the present disclosure.

Figure 17A shows a cut-away view of the interior of
a voltage and current monitoring system according
to aspects of the present disclosure.

Figure 17B shows the mechanical housing enclosing
the conductor for the system shown in Figure 17A
according to aspects of the present disclosure.
Figure 18 shows the system of Figures 17A and 17B
in operation on a three phase power line according
to aspects of the present disclosure.

Figure 19 shows a schematic representation of a
wireless, batteryless SAW current sensor-tag as-
sembly according to aspects of the present disclo-
sure.

Figure 20 shows a schematic representation of a
wireless, batteryless SAW voltage sensor-tag as-
sembly according to aspects of the present disclo-
sure.

Figure 21 shows a SAW wireless interface device
configuration with multiple FETs for usein monitoring
current (magnitude and direction) and voltage (mag-
nitude and polarity) according to aspects of the
present disclosure.

Figure 22 shows the circuit of Figure 21 with added
transient voltage suppression (TVS) devices across
the two leads of the field probe according to aspects
of the present disclosure.

DETAILED DESCRIPTION OF THE INVENTION

[0026] Embodiments ofthe presentinventionteachde-
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vices, apparatuses, systems, and methods for effectively
increasing the signal strength (i.e., reducing the loss)
and/or providing enhanced time diversity performance of
SAW sensor and sensor-tag devices relative to conven-
tional devices. Antennas suitable for efficient operation
in conductive media are disclosed. Sensors that can
measure current and scaled voltage (through measure-
ment of the magnetic field and electric field, respectively)
are also disclosed.

[0027] Low-loss differential delay line SAW sensors
using MSC elements: Conventional SAW differential de-
lay line sensors utilize bidirectional transducers with or-
dinary reflectors that are either short circuited or open
circuited transducers or arrays of electrodes. The partial
mask layout shown in Figure 5 illustrates and array of
devices (or die) such as the one labeled 200, each with
two input transducers 202 (on the left end of each die)
that are electrically fed in parallel, and two ordinary re-
flectors located 204 at different distances and hence at
different acoustic delays to the right SC and OC in the
labels on each die indicate short circuit and open circuit
reflectors, respectively. These devices suffer from loss
mechanisms that include bidirectional loss from the
transducers and inefficiency in reflector operation. In ad-
dition, feedingtwotransducersin parallel causes a power
division’loss’, reducing the signal strength in each acous-
tic path relative to the input signal strength. Unidirectional
transducers can be usedto reduce the bidirectional loss,
as they send and receive acoustic waves in only one
direction.

[0028] Selected disclosed apparatuses, devices, sys-
tems, and methods use ring-shaped MSC reflectors such
as those described above to provide reflectors that are
nearly 100% efficient, significantly reducing the losses
due to inefficient reflectors. An added benefit of using
these reflectors is that the reflected SAW response is not
broadened in time by the reflector as would be the case
with a normal reflector. The reflected response appears
as if it were reflected from a nearly ideal mirror located
at the center of the ring MSC reflector. This is beneficial
for SAW sensors utilizing time diversity as one factor in
deviceidentification. Some device embodiments are pro-
vided below.

[0029] The first embodiment, shown schematically in
Figure 6, is a simple differential delay line using a bidi-
rectional transducer and two ring MSG reflectors located
on either side. The SAW device 210 includes a transduc-
er 212 located between two ring MSC reflectors 214,
which are located at different distances from the trans-
ducer. When impulsed, this device will produce two re-
sponses at different delays, determined by the round trip
spacing between the transducer and each reflector and
the acoustic wave velocity. Clearly, this structure can be
modified in a number of ways to make useful sensors.
The delays can be adjusted to produce two closely
spaced responses that produce a bandpass response
with one or more notches in the passband. Alternately,
films or other surface treatments can be introduced onto
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portions of the propagation path on one or more regions
of the surface to produce sensors suitable for detection
of chemical, biological, or other analytes. Physical die
mounting and packaging techniques and other methods
can also be used to adapt such a device to use as a
physical sensor for an assortment of parameters. Con-
struction of a device with multiple acoustic tracks, each
containing a differential delay line such as that shown
above, can produce sensors capable of making multiple
measurements that are useful for many purposes. Addi-
tion of multiple transducers in the acoustic track (or
tracks) can provide a means of connecting external sen-
sorstothe SAW die, providing a wireless interface device
to said external sensor or sensors, while also potentially
providing one or more SAW sensor measurements. This
type of structure can be useful for measurement of mul-
tiple parameters, such as temperature (measured by the
SAW die) and strain (measured by an external strain
gauge and readthroughthe SAW response or measured
by the SAW die), voltage (measured by the SAW die or
measured using a FET external to the SAW and read
through the SAW die) and/or acceleration (read through
the SAWas awirelessinterface device). Various diversity
techniques can be incorporated in these devices, includ-
ing coding such as chirp/dispersive coding, direct se-
quence spread spectrum (DSSS) coding, and other
known techniques.

[0030] Another embodiment is shown in Figure 7,
where a two acoustic track device 220 with two transduc-
ers 222 on the left (which can be unidirectional transduc-
ers) launch SAWs towards two ring MSC reflectors 224,
which are located at different acoustic delays on the sur-
face. Acoustic waves launched by the transducers prop-
agate to the right on the die and are reflected back at
time delays determined by the spacing of the SAW ele-
ments on the die surface, and the acoustic wave velocity.
The transducers are shown sharing a common bus bar,
but this is not required for device construction and oper-
ation. This can be extended to multiple tracks beyond
two, and used with additional SAW elements such as
transducers that can be connected to external sensors,
or with ordinary reflectors that are partially reflective, to
allow multiple responses from the region on one side of
a transducer in one acoustic track. With multiple trans-
ducers in one acoustic track, these devices can be used
in reflective mode, where the S11 response of the device
is measured through one port attachedto an antenna, or
in a reflective transmission mode where the S21 re-
sponse through two or more transducers attached to the
same antenna is measured. For clarity, if the two (or
more) inputtransducers are formed with busbars that are
independent, one of these transducers can be used as
the interface to the external sensor. Alternatively, other
transducers can be added to serve this purpose.

[0031] Figure 8 shows just one example of a sensor-
tag embodiment, where one transducer has been at-
tached to an external impedance varying load. Voltage
producing external sensors and other devices can also
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be read using a FET as an interface device (see current
and voltage sensing section below). In Figure 8, SAW
device 230 includes three transducers 232, one of which
234 is connected to an external impedance varying load
236, and multiple (in this example four) U-shaped MSCs
238.

[0032] Another MSC element is the track changing
MSC. A simple SAW differential delay line sensor em-
bodiment 240 that incorporates a track changing MSC
element 242 is shown in Figure 9. In the configuration
shown, one would normally construct the MSC 242 to be
a 50% track changing coupler, so that half the acoustic
energy propagating to the right in the upper track from
transducer 244 continues onto the far MSC ring reflector
246, while the other 50% changes to the lower track,
where it reflects from the closer MSC ring reflector 248.
This type of track changing structure can be used on one
side of a bidirectional transducer, or a two-sided device
can be constructed with track changing MSCs on one or
both sides. Other variations, such as track changing
MSCs with unequal acoustic apertures, devices with
more thantwo acoustic tracks, andtrack changing MSCs
with delay offsets and/or subharmonic or harmonic
spreading of the MSC traces are beneficial for certain
purposes.

[0033] Figure 10 shows a schematic representation of
a low-loss SAW differential delay line SAW sensor that
incorporates both track changing MSCs and ring shape
MSCs, in additionto transducers and reflectors of various
kinds, resulting in folded acoustic tracks that have longer
acoustic delays forsome of the reflective SAWresponses
than would otherwise be possible for a SAW die of a
given size using conventional devices. Specifically, Fig-
ure 10 shows five individual SAW die 250. On each die
a single transducer 252 acts as an input/output (l/O)
transducer, launching acousticwaves upward and down-
ward. The upward propagating wave is reflected by the
reflector 254 at the upper right of the device (in this ex-
ample, an apodized reflector with open circuited elec-
trodes, although another die shows an unapodized re-
flector 256). This reflected response returns to the
launching transducer, providing a first response. The
acoustic wave launched downward propagates to the
MSC 258 below, which is a 50% track changing MSC.
Half of this signal passes downward through the right of
the MSC 258, and reflects off the ring-shaped MSC re-
flector 260 at the bottom right. This reflected response
isthen effectively shuntedtotheleft by the track changing
MSC 258, as the portion that would pass through in an
upward direction on the right is cancelled but an out of
phase contribution from the signal reflected off the ring-
shaped MSC reflector 262 on the left. The 50% of the
initial signal that is shunted to the left track 266 is
launched downwards with a 90° phase shift relative to
the wave in the right track 268. This propagates down,
is reflected off the lower ring reflector, and returns to the
track changing MSC. The relative phases of the waves
result in no upward propagating wave in the right track,
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with all of the propagating energy going upward in the
left track. It is reflected from the reflector at the top left
264 (again in this example an apodized reflector), and
returns downward. This wave goes through another pass
of being split, track changed, reflected by the ring MSC
reflectors 260 and 262 at the bottom, and is finally re-
combined in the right track, heading upwards towards
the I/O transducer where it creates a second response.
This device embodiment provides the ability to signifi-
cantly increase the differential delay in a sensor device
for a given die size, as the second response occurs after
the wave propagates from the I/O transducer to the lower
ring MSC reflectors, back to the top of the die, back to
the ring MSC reflectors, and back up to the 1/O transduc-
er. Thus the overall delay of the second reflection corre-
sponds to almost three times the distance between the
bottom and top reflectors - a significant increase relative
to simple differential delay line structures shown in Fig-
ures 6 through 9. As sensor sensitivity for a differential
delay line (excluding notch devices) depends, in part, on
the differential delay - with longer delays producing sen-
sors with greater sensitivity, the ability to 'fold’ the acous-
tic response on the die surface (using this or other known
MSC structures) can produce sensors with improved re-
sponse sensitivity. Finally, the fact that this structure re-
quires only one transducer as an input/output transducer
means thatthere is no power division loss as would occur
when two or more transducers are electrically connected
in parallel. This reduces sensor loss further. With proper
design, this embodiment (among others described in the
present disclosure) can be designed to produce multiple
transit responses from the near reflector 256 that occur
atrelatively shortdelays, providingthree ormore different
delay responses that can be used to eliminate phase
ambiguity and enhance precision of measurements ex-
tracted from the sensor or sensor-tag devices.

[0034] Figure 11 shows another schematic represen-
tation of a low-loss SAW differential delay line sensor
that incorporates multiple transducers, making it useful
either as a SAW sensor or a SAW sensor-tag wireless
interface device that can be usedtoread external devices
connected to one or more of said transducers, or as a
combined device where selected measurements are
made by the SAW device itself while other measure-
ments are made by external devices and wirelessly read
throughthe SAW device as an interface. Specifically, this
device 270 includes three transducers 272, a track
changing MSC 274, and a ring-shaped MSC reflector
276. This device 270 can be used as a sensor-tag, with
one or more of the transducers attached to external sen-
sors and other components (such as impedance trans-
forming components and FETs) to produce acoustic re-
sponses that depend on the external device measure-
ments.

[0035] Figures 12A-12C show schematic representa-
tions of three additional device embodiments according
to aspects of the present invention. Referring to Figure
12A, SAW differential delay line device 280 includes two
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or more transducers 282 in one acoustic track, and two
or more reflectors, shown as ring reflectors 284. This
device 280 can be used in a transmission mode, where
the transducers 282 are connected electrically in in par-
allel to a common antenna, and the reflected response
is the combination of the S21 and S12 transmission re-
sponses. Alternatively, one transducer can be used as
an /O transducer, and the other transducer can be used
as a reflector or interface to an external impedance var-
ying or voltage producing device. The spacings 286 (be-
tween the two transducers), and 288 and 290 (between
the transducers and the reflectors) can be varied to pro-
duce devices with a range of performance properties.
The acoustic delay corresponding to spacing 286 deter-
mines the time at which the first transmission response
occurs, and the times at which multiple transits of this
response occur. Acoustic delays due to spacings 288
and 290 can be equal, slightly unequal, or very unequal.
Equal spacings 288 and 290 would produce reflections
that add in phase at the output. Due to multiple transit
effects, this device 280 would still produce multiple re-
sponses, which can be useful. Slightly different spacings
288 and 290 will produce two responses slightly offsetin
time, which can result in a combined frequency domain
response that has a power spectral density (PSD) with
one or more notches.

[0036] Referringto Figure 12B, SAW device 292 con-
sists of a single transducer 294 within the center region
of aring-shaped MSC 296. Referringto Figure 12C, SAW
device 300 includes two or more transducers 310 within
aring-shaped MSC 320. Both devices 292 and 300 func-
tion as resonant devices, one-port and two-port respec-
tively. Added spacing between the transducers 310 in
device 300 can be used to add an initial acoustic delay
to the device response. Such a resonant or ringing re-
sponse with an added initial acoustic delay can also be
implemented using two transducers between two highly
efficient reflectors (such as ring-shaped MSCs) on either
side of two transducers, similar to Figure 6 with two trans-
ducers rather than one. Additional embodiments can in-
clude more than two transducers.

[0037] This is just a small subset of possible device
embodiments, as this approach can be extended to in-
clude multiple acoustictracks, single sided die with UDTs
or double sided die (on one or more tracks), and many
other configurations that incorporate alternative MSC
structures (fanned MSCs, J-shaped MSCs, interleaved
U-shaped MSCs, and many others). Within the scope of
the present disclosure, any of these embodiments can
also include additional transducers in various locations
on the surface, which can be used as interfaces to ex-
ternal impedance varying or voltage producing sensors,
to produce wireless interface devices (or sensor-tags).
Other embodiments within the scope of the present dis-
closure can include additional reflectors and MSC ele-
ments, multiple acoustictracks, andtransducers, or com-
binations thereof. The resulting devices can be used as
SAW sensors, where all measurements are made direct-
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ly by the SAW die. Alternatively, the resulting devices
can serve as sensor-tags, as wireless interface devices
to external measurement devices that have varying im-
pedance or produce voltages in response to changes in
measured parameters. Or, the resulting devices can be
hybrid devices, where selected measurements are made
directly by the SAW die and other measurements are
made by external devices and read wirelessly through
the sensor-tag device to which the external devices are
connected.

[0038] Low-loss differential delay line SAW sensors
with enhanced time diversity: Much recent work has fo-
cused on developing sets of passive wireless sensors
thatare non-interfering, sothat calibrated measurements
can be taken from sets of sensors that are operating si-
multaneously in the field of view of a transceiver. Time
diversity, frequency diversity, code diversity, and/or chirp
diversity have been used in combinations that make de-
vices both individually identifiable and non-interacting.
Depending on the bandwidth that is available in a given
application environment, these diversity techniques can
be combined in a manner appropriate to achieve sets of
sensors that work together well. One way to enhance the
time diversity capacity of asensor setistoshrinkthe time
length of each SAW sensor response pulse, since pulses
that are confined within a narrow time range allow more
of said pulses to fit within a given time range. However,
for conventional finite impulse response (FIR) SAW fil-
ters, the time length of a transducer is inversely related
to its bandwidth - meaning that very short transducers
are broadband-which reducesthe capacity for frequency
diversity. Additionally, very broadband signals may not
fit within allowed FCC frequency ranges for radio fre-
quency (RF) electronictransmissions (such asinthe ISM
band). Also, there is another tradeoff when using very
short transducers - each additional electrode overlap
couples more energy into the SAW substrate. So using
very short transducers can reduce the overall efficiency
of electromechanical coupling, increasing device loss.
Thus, physics limits the tradeoffs that can be made when
trying to realize diversity schemes for conventional SAW
structures.

[0039] The devices disclosed herein, by comparison,
take advantage of the time compression and signal
processing gain introduced by pulse compression to pro-
duce SAW responses that are very narrow in time and
simultaneously have significantly increased signal levels
- improving both time diversity and reducing loss. Figure
13 shows one SAW differential delay line device 320 ac-
cordingto aspects ofthe present disclosure. In this device
320, two transducers 322 with opposite chirp slopes are
positioned in two acoustic tracks. On each end are locat-
ed reversing MSC elements 324 that both track change
with 100% efficiency and also change the direction of the
reflected wave. When the two transducers 322 are elec-
trically connected in parallel, acoustic waves are simul-
taneously launchedto the left and right in both the upper
andlower acoustic tracks. The signal launched to the left
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in the upper acoustic track, which is a downchirp (the
high frequency comes first and the low frequency later)
is coupled down to the bottom acoustic track, where it
then is effectively reversed, propagating to the right.
When received by the transducer in the lower track (an
upchirp - which has the low frequency first and the high
frequency later), there is very little output signal until the
chirp signal is fully in the transducer, at which point a
strong convolution response peak (compressed pulse)
is generated. Coincidentally, the wave launched to the
left in the lower track is an upchirp. This is reflected, re-
versed, into the upper track where it is compressed by
the downchirp in the upper transducer. The two com-
pressed pulses from the two propagation paths on the
left occur simultaneously and add. A similar process in-
volving the acoustic waves launched to the right in the
upper and lower acoustictracks produces a second com-
pressed pulse from the acoustic propagation path and
reflector on the right.

[0040] Thus, with the transducers fed in parallel by an
antenna, as is conventional for SAW sensors, any acti-
vating signal will generate signals in the upper and lower
tracks, which are counter-propagating, and recombine in
the transducers to produce a pair of output compressed
pulses that have significantly stronger signal strength
than the input signal, and also are very shortin time. As
previously discussed, SAW devices with high BT prod-
ucts can transform fairly long duration signals into pulses
that are much narrower in time. Pulse compression can
produce pulses of duration t~1/B with voltage amplitude
increased by sqrt(BT). By way of example, a BT of 100
can be implemented in a SAW transducer that is 2 mi-
croseconds long with a bandwidth of 50 MHz, among
other combinations. This BT will generate a compressed
pulse that is 20 nsec wide, with an amplitude that is 10
times larger than the original signal - introducing 20 dB
of processing gain while reducing the time extent by a
factor of 50.

[0041] Groups of sensors designed to operate as dif-
ferential delay lines can be designed with response puls-
es interleaved in time, with individual sensor responses
extracted through proper time domain windowing (in ad-
ditionto windowingin frequency and convolving with cod-
ing if frequency and code diversity are also used). Inclu-
sion of frequency diversity and/or code diversity can in-
crease the total sensorset size possible for a given band-
width and degree of time diversity.

[0042] The transducers 322 can be offset relative to
one another (let to right) as shown, or vertically aligned.
Also, the transducer pair can be positioned centrally, so
that reflections from both sides arrive back at the trans-
ducers at the same time producing one large output
pulse, or the pair of transducers 322 can be offset to one
side or the other. If the transducers 322 are aligned ver-
tically, and offset to one side of center, this produces a
differential delay line that produces two strong output
pulses at different times. A similar differential delay line
response occurs when the transducers are not aligned
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vertically (i.e., they are offset left to right relative to one
another)independent oftheir placement between the two
reversing MSC elements, and/or when they aligned ver-
tically and are off-center relative tothe two reversingMSC
elements.

[0043] One example of atrack changing, 100% reflec-
tive MSC is that shown by Danicki in "Theory of Surface
Acoustic Wave Reversing Multistrip Coupler," Archives
of Acoustics, January 1994, pp. 227-238. Figure 14
shows a schematic representation of a low-loss differen-
tial delay line SAW sensor 330 according to aspects of
the present disclosure that incorporates this structure.
The sensor 330 also includes chirp transducers 334 with
chirp senses as shown, or equivalently the two chirps
shown could both be mirrored left to right, or they could
be swapped between upper and lower acoustic tracks,
all with nominally identical results. For any of these con-
figurations, the overall operation of this embodiment is
as described for the device 320 in Figure 13. In the re-
flective track changing reversing MSC elements 332, the
MSC strips are spaced so they are 120° apart, so that
swapping two of every three traces as shown reverses
the direction of acoustic wave propagation in the second
track relative to the wave propagation in the first track.
(It should be noted that close attention should be paid to
MSC line spacing to ensure that the lines are not syn-
chronous, which would produce reflections of the acous-
tic wave).

[0044] Another way to implement reversing track
changing MSC elements according to the presentinven-
tion would be to combine atrack changing MSC with ring-
shaped MSC reflector elements in an appropriate con-
figuration. Figure 15 shows one such device 340 embod-
iment that includes two transducers 342 with opposite
chirps, twotrack changing MSCs 344 thatwould normally
be 50% track changing MSCs, and four ring-shaped MSC
reflectors 346. As above, the center transducers can be
fed in parallel and can be separate or electrically con-
nected on the die (as shown). Additional components
could be added to enable this structure to be used as a
sensor-tag interface device.

[0045] A more compact, single acoustic track low loss
differential delay line sensor 350 using pulse compres-
sion according to the present invention is shown Figure
16. This embodiment uses a symmetrically chirped cent-
er transducer 352, surrounded by two ring-shaped MSC
reflectors 354. The dispersive signal sent to the left (an
upchirp followed by a downchirp is reflected, and gener-
ates a strong compressed pulse that is short in time du-
ration when it is again time aligned with the input trans-
ducer. The same process happens to the right. Once
again as a single transducer input device, there is no
power division loss. Processing gain enhances output
sensor signal levels considerably (easily by 20 dB or
more).

[0046] Inthe example device 350 shown in Figure 16,
a smooth upchirp is followed by a time-reversed
downchirp. But any time-symmetric dispersive transduc-
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er construction could be used to similar effect, including
step chirped, frequency coded chirped (wherein sections
of the frequency chirp are 'cut’ and 'shuffled in time),
nonlinear chirps, chirps of varying chirp slope, and oth-
ers. Codes can also be introduced as mentioned previ-
ously, though for use in this structure any codes used in
the transducer 352 must also be time symmetric.
[0047] Other devices according to aspects of this in-
vention include embodiments that contain multiple
acoustic tracks with duplicate copies of the structures
above, withthe same or different delays, and/or with other
added SAW elements such as transducers, transducers
attachedto external sensor elements, reflectors (conven-
tional or ring MSC reflectors), MSCs, andfilms or surface
treatments to produce waveguiding, to short outthe elec-
tric field at the surface, or to introduce sensitivity to a
target measurand(asin magnetostrictive films, biological
moieties, and chemically sensitive and selective films).
The device embodiments described can be implemented
using any of a number of surface-launched acoustic
waves, including Rayleigh waves, flexural plate waves
(FPWs), Love waves, surface transverse waves (STW),
shear horizontal acoustic plate modes (SH-APM), layer
guided acoustic plate modes (LG-APM), layer guided
shear horizontal acoustic plate modes (LG-SHAPM),
leaky surface waves, and pseudo-SAW modes. The
transducers and/or reflectors described can be tapered,
slanted, stepped tapered, apodized, withdrawal weight-
ed, EWC, UDT, SPUDT, dispersive, and/or waveguide
structures. All of these techniques can also be used in-
corporating dispersive and harmonic techniques.
[0048] Inductive coupling and resonant magnetic cou-
pling for remote reading of SAW sensors: To date, most
wireless SAW sensors described in the literature have
been activated via conventional antennas. Dipole, mo-
nopole, patch, microstrip, slot, and numerous other an-
tenna configurations have been used to activate SAW
sensors via conventional 'radiative’ antennas that inter-
act with propagating, time varying electromagnetic (EM)
signals. Some SAW devices for use in liquids have been
demonstrated that use inductive coupling to activate the
SAW device wirelessly atshort range (up to a cm or two).
Arange of applications exist for which it would be advan-
tageous to produce wireless SAW sensors that can op-
erate in media that are slightly to moderately conductive
(such as sea water or heavy brine), and also in highly
metallic environments. Conventional radiative antennas
do not function properly when mounted on metal surfac-
es. EM signals experience excessively high loss in con-
ductive or partially conductive media, as the conductivity
tends to short out the electric field portion of the wave.
Thus, alternative methods of activating and reading the
sensors were needed. Since magnetic fields are not
‘shorted out’ by the conductivity of the media in which it
exists, magnetic methods for transfer of power are more
useful in high conductivity environments.

[0049] Resonant magnetic coupling has been demon-
strated for power transfer by companies such as Witricity,
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enabling highly efficientwireless powertransfer over sev-
eral meters (in air). Magnetic communication of power
and data through metal has also been demonstrated us-
ing magnetic signals. For example, Hydro-Tech (Corey
Jaskolski, President) has used magnetic signals to trans-
fer power and sensor data through metal cylinders. Res-
onant magnetic coupling once again provides a more ef-
ficient power transfer.

[0050] Certain aspects of the present invention dis-
close magnetic 'antennas’ such as coils (planar and hel-
ical), magneto-electric monopoles and dipoles, with ap-
propriate matching components, to activate and read
SAW devices (sensors and sensor-tags, among others)
in conductive environments. Various electrically insulat-
ing materials can be usedto isolate the antenna from the
surrounding environment. Helical coils can be circular,
oval, rectangular, square, or othershapein cross section,
and planar loops and coils can also be of many shapes,
such as shapes similarto helical inductors among others.
Other aspects of the presentinvention combine magnetic
power transfer with electrical load modulation of the mag-
netic power signal for transfer of data. Magnetic 'anten-
nas’ can be mounted on or very close to metal surfaces,
and can be used to activate SAW sensors and to receive
sensor data. Such a method can operate in conductive
media and on, around, and potentially through certain
metal surfaces. Operation of SAW sensors in conductive
fluids has been successfully demonstrated usingaspects
of the present invention.

[0051] Wireless measurement of current and voltage:
SAW devices were shown in the early 1970’s to be ca-
pable of measuring voltages directly, through the change
in acoustic wave velocity produced by voltages applied
transverse to the SAW die. However, the voltages re-
quired to produce significant changes in frequency or de-
lay were large (hundreds of volts to kV) for realistic die
thicknesses. More recent work has shown that SAW de-
vices can be used with zero-bias (normally ON) field ef-
fect transistors (FETs) to produce wireless devices ca-
pable of reading voltages generated by external sensors
(such as AE sensors, thermocouples, etc.). The external
sensor voltage is applied as the gate to source (G-S)
voltage on the FET, and modifies the drain to source (D-
S) resistance of the FET. This D-S impedance is electri-
cally connected as a load impedance across a SAW
transducer, and changes in D-S resistance alter the SAW
response reflected from the loaded transducer.

[0052] Thehybrid FET/SAW sensor-tag wireless inter-
face devices developed previously, and others using ad-
vantageous SAW embodiments according to aspects of
the present invention described herein, can be used to
measure electrical fields and magnetic fields, and by
monitoring the magnitude and sign of the electrical field
and the magnitude and direction of the magnetic field,
can provide information on the voltage and currentin high
voltagelines (and other current carrying conductors), and
on the relative phase (leading or lagging) of the current
and voltage - providing information necessary to deter-
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mine power factor. Such information can be useful, for
example, in monitoring the condition of the power lines
and other electrical equipment.

[0053] Anothertype of system accordingto specific as-
pects of the presentinvention is a passive wireless power
line voltage, current, and temperature monitoring sensor
system. This system utilizes SAW sensors or sensortags
with field probes to measure the electric field and mag-
netic field around current carrying conductors, which pro-
vide proxies for the voltage and current in the conductor.
The distribution portion of the power grid runs essentially
blind today, i.e., almost no real-time data is available to
the grid operator on the condition of the distribution lines
andtransformers. Pinging smart meters can provide data
on power outages at the individual meter level, but auto-
mated diagnostic tools that inform operators about the
details, locations, and causes of outages are not availa-
ble. Equally concerning, there are no prognostic tools for
the grid that can predict component failures prior to prob-
lems occurring. Event driven condition based monitoring
(CBM) of the distribution grid would enable operators to
identify incipient failures, such as transformers nearing
failure, and prioritize preventive maintenance to prevent
outages. Since the cost of performing preventative main-
tenance is much lower than that of responding to an out-
age, such systems can reduce operating costs while en-
hancing grid stability. However, there are no current
methods for distributed monitoring of the gridthat are low
enough cost to enable widespread monitoring, particu-
larly at the local distribution level. Low-cost monitoring
systems that can be distributed along power lines down
to an individual span level of granularity could achieve
unprecedented sensitivity in monitoring grid conditions.
[0054] Figures 17A and 17B show various schematic
representations of a voltage and current monitoring sys-
tem 400 according to aspects of the present disclosure.
Figure 17A shows a cut-away view of the interior of the
system’s casing 408, which serves as a mechanical
housing for the current sensors 406 and the voltage sen-
sors 404, as well as providinga mounting meansto attach
the system to a current carrying conductor 402, including
hot stick mounting for power lines. Figure 17B shows the
system with the mechanical housing 400 closed around
the conductor 402. Figure 18 shows the concept for sys-
tem operation on a three phase power line according to
aspects of the present disclosure. Each or the three
phase conductors has a wireless, batteryless sensor
module that corresponds to the system 400 shown in
Figures 17A and 17B mounted on the line. A wireless
interrogator, also referred to as a reader or a radio, is
mounted on the pole below the power lines. The reader
sends RF signals that activate the sensor systems on
the lines, then receives and digitizes the reflected sensor
system RF responses. After local signal processing, sen-
sor data can be transferred to the grid operator via the
smart grid network, or via cellphone or wireless mesh
networks, orany desired wireless communication system
or protocol. Asingle reader can collect andinterpret data
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from multiple sensors (up to thirty-two or more in the field
of view of one interrogator). Moving all of the digital signal
processing (DSP) and wireless communications hard-
ware to a reader that can be mounted in an accessible
location away from the power line or transformer being
monitored reduces cost and enhances system reliability
compared to systems with radios mounted on the high
voltage lines. The SAW devices used operate in harsh
environments, and have demonstrated lifetimes in ex-
cess of several decades in challenging environments.
[0055] How the SAW sensor-tag assembly modules
measure voltage and current. Placing a loop of wire in
(and perpendicular to) the magnetic field generated by a
time varying current on an AC power line will cause a
current to be induced in the wire loop. For an ideal open
circuited loop, this current induces a voltage across the
open ends ofthe loop. By connectingthe ends of the loop
to a full bridge rectifier and then to the gate of a FET, a
time varying drain to source FET impedance can be gen-
erated as the current in the power line changes.

[0056] Figure 19 shows a schematic representation of
a wireless, batteryless SAW current sensor-tag assem-
bly according to aspects of the present disclosure. This
assembly includes a magnetic field probe sensor con-
nected to a FET interface module, a SAW sensor-tag,
and an antenna. The SAW sensor-tags provide a wire-
less interface with the FET(s), reading the D-S imped-
ance that is being modified by the field probe voltage
applied to the FET gate, thus monitoring the magnetic
field and ultimately the line current. In an alternate em-
bodimentofthe presentinvention, a Rogowski coil placed
around the wire, with the gate and source of the FET
attached across the coil ends, can be used instead of a
simple loop shown in Figure A, making the voltage less
dependent on positioning of the coil relative to the power
line. Using a FET interface according to the present in-
vention, the SAW sensor will be able to detect current
magnitude and direction by detecting the strength and
orientation ofthe magneticfield produced. Data gathered
by the interrogator can include current magnitude and
direction as a function of time. This data can be collected
for each phase of the power system, allowing extraction
of the relative current amplitude and phase information.
[0057] Figure 20 shows a schematic representation of
a wireless, battery less SAW voltage sensor-tag assem-
bly according to aspects of the present disclosure. Once
again, the assembly consists of a field probe that can
produce a voltage based on the electric field, a FET in-
terface, a SAW sensor-tag, and an antenna, although in
this case the field probe is designed to detect the electric
field. Around an AC power line, a time-varying electric
field will form with a field intensity that is directly related
to the voltage on the line. Field intensity falls off approx-
imately as the inverse of the radial distance from the line.
By placing two radially separate probes in the field, a
voltage difference between the probes can be measured
and used to drive a FET attached to one of the SAW
sensor tags disclosed herein. As with the current moni-
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toring case, the time varying impedance of the FET will
load the SAW tag and allow wireless reading of the im-
pedance of the FET. As a result, we can monitor the field
intensity and by extension, the line voltage. Since the
electric field falls off to ground over a distance corre-
sponding to the distance from the line to ground, which
can vary from location to location and with different line
types, the electric field intensity at any given distance
fromthe line will also vary with these factors. Thus, meas-
uring the electric field intensity will only provide a scaled
measure of the voltage on the line, unless a calibration
can be done to establish the absolute voltage on the line
relative to ground.

[0058] A complete line monitoring sensor system (400
in Figures 17A and 17B) for use on AC power systems
requires that both current and voltage are measured dur-
ing both positive and negative portions of the nominally
60Hz cycle, in orderto allow determination of the direction
of current flow. Finding the relative phase between the
current and voltage also requires accurate zero crossing
detection for both signals. Figure 21 shows a SAW wire-
less interface device configuration with multiple FETs for
use in monitoring current (magnitude and direction) and
voltage (magnitude and polarity) according to aspects of
the presentdisclosure. The field probes that produce volt-
ages V1 and V2 are loops (or a Rogowski coil) for detec-
tion of time varying magnetic fields and simple electrical
probes (similar to simple monopole antennas) for elec-
trical field measurement.

[0059] For field effect transistors (FETs), the Gate to
Source (G-S) voltage controls Drain to Source (D-S) im-
pedance of FET. Some FETs exhibit D-S impedance
characteristics that are desirable for use with SAW de-
vices with positive G-S voltages, while others exhibit D-
S impedance characteristics that are desirable for use
with SAW devices with negative G-S voltages, and yet
others function with G-S voltages that span zero voltage.
[0060] Forthe SAW/FET configurationshownin Figure
21, two voltages are pulled from the field probes (which
measure the electric or magneticfield), producing atime-
varying differential voltage of magnitude |V4(t)-V,(t)[, and
diodes are used to control application of the probe volt-
ages to one of two FETs depending on the sign of the
differential input. On the positive half cycle of the line
currentorvoltage (the waveform shown), V1is more pos-
itive than V2, activating the top diode and applying V1 to
the gate of the bottom FET, with V2 applied to the FET
source. With proper FET selection, this applied voltage
causes an impedance change in the drain to source of
the lower FET, which modifies the reflectivity of the at-
tached SAW transducer. Changes in the acoustic wave
signal reflected from the transducer can be interpreted
as a change in FET resistance, or gate voltage, or ulti-
mately electric or magneticfieldstrength. Onthe negative
half cycle, V1 is more negative that V2, causing the top
diode to shut off and the bottom diode to activate. Now,
V2 is routed to the gate of the top FET, and V1 is applied
to the source. This modifies the drain to source imped-
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ance of the FET attached to the top SAW transducer. In
this way, the positive and negative halves of an input
differential signal from the field probes are separately
identifiable and measurable.

[0061] The discussion above assumes ideal diodes
that have essentially zero threshold voltage. The use of
realistic diodes forinput signal routing, however, impacts
the performance ofthis approach, in that mostreal diodes
have non-zero threshold voltages (V1) that can be as
much as 0.7V (typically). This is the voltage at which the
diode turns on. Thus, the voltages routed to the FET
gates are lowered by the threshold voltage of the diodes.
The zero voltage crossing point of the input signal also
can become difficult to track due to the diode threshold
voltage. This turn-on voltage could cause the circuit
shown in Figure 21 to exhibit a '"dead zone’ where the
system is non-responsive for differential probe outputs
from -V to +Vqy (typically from about -0.7V to + 0.7V),
though careful selection of low threshold voltage diodes
may reduce the dead-zone.

[0062] Since the SAW sensor-tag assemblies will be
operating in a high voltage power line environment,
where transients are not uncommon, it is important to
include protective circuitry. Figure 22 shows the circuit
of Figure 21, with added TVS devices across the two
leads of the field probe. This ensures that, even if there
is asurgein current or voltage on the ling, the differential
output of the field probe will not exceed a predetermined
level.

[0063] A complete monitoring system 400 in Figure 17
will include two SAW sensor-tag assemblies (shown in
Figure 22), one to monitor the line voltage and one to
monitor line current. In addition, one embodiment of the
present invention includes a SAW temperature sensor
to determine the power line temperature. All of these sen-
sors and sensor-tags can be implemented on a single
substrate, or alternatively it is possible to utilize multiple
substrates used together to implement the sensor-tag
assemblies in one embodiment of the present invention.
Two or more die can be used, potentially a reference die
and one or more sensing die. The die can be mounted
together in a common sample plenum, or the reference
device can be hermetically sealed in one package while
the sensing die is exposed to the media of interest in
another package. The reference die can be combined
with one or more sensing die for temperature or other
parameters, and hermetically sealed in a package. This
package can be electrically connected to an external
sensing die, which loads the acoustic response on one
of the sensing die or tracks.

[0064] Theillustrations included herein are exemplary
in nature, and do not encompass all aspects of the
present invention. One skilled in the art would recognize
that the improvements provided by embodiments of this
invention can be implemented to work with any of a wide
range of known SAW sensor and sensor-tag structures,
including but not limited to those incorporating various
diversity techniques (code, chirp, time, and frequency
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diversity among others). A wide range of known coding
techniques can be implemented in combination with the
embodiments described. It would be understood by one
versed in the art that simple on-off keying, phase modu-
lation, pulse position modulation, and many other tech-
niques could be usedwiththetechniques described here-
in to enhance the number of codes that work together
withoutinterference. Frequency diversity, code diversity,
time diversity, and other known techniques can be com-
bined to achieve sets of devices with desirable proper-
ties. Any of these techniques could be utilized in the
aforementioned device embodiments to increase the
number of sensors that can work together in a system.
Devices utilizing such structures could also be useful for
RFID tag and sensor-tag applications, where identifica-
tion of individual devices is desired. In addition, combi-
nations ofthese techniques may be advantageous in cer-
tain circumstances.

[0065] The invention is defined by the appended
claims.

Claims

1.  An apparatus for wirelessly measuring the strength
of electric and/or magnetic fields, comprising:

one or more acoustic wave sensor or sensor-
tag devices;

at least one transistor;

at least one field probe operable to interact with
the field being measured and produce avoltage;
and

one or more antennas,

characterized in that said at least one transis-
tor is electrically connected to said acoustic
wave sensor or sensor-tag device and to said
field probe; and

in that said transistor is configured to produce
an impedance that is responsive to the voltage
produced by the at least one field probe.

2. An apparatus for wirelessly measuring the strength
of electric and/or magnetic fields according to claim
1, wherein said transistor is a field effect transistor,
FET.

3. An apparatus for wirelessly measuring the strength

of electric and/or magnetic fields according to claim

2,

wherein the drain and source of said FET are

electrically connectedto atleast one transducer

on said one or more acoustic wave devices; and

wherein the voltage produced by said at least
one field probe is applied to the FET gate.

4. An apparatus according to claim 1 for wirelessly
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measuring the strength of the electric field around a
conductor carrying an AC voltage,

wherein said at least one field probe comprises two
conductive objects located at different radial distanc-
es from the conductor.

An apparatus according to claim 1 for wirelessly
measuring the strength of the magnetic field around
a conductor carrying an AC current,
wherein said at least one field probe comprises one
or more conductive loops located with the plane of
the loops containing the conductor.

An apparatus according to claim 5 for wirelessly
measuring the strength of the magnetic field around
a conductor carrying an AC current,

wherein said one or more conductive loops further
comprise a Rogowski coil.

An apparatus according to claim 1 for wirelessly
measuring the strength of the magnetic field around
a conductor carrying an AC current,

wherein said at least one field probe comprises a
current transducer, CT.

A system for wirelessly measuring the strength of
electric and/or magnetic fields, comprising:

one or more apparatuses for wirelessly meas-
uring the strength of electric and/or magnetic
fields according to claim 1; and

atleast one wireless reader operable to activate
and gather data from said one or more appara-
tuses.

9. A system for wirelessly measuring the current and

voltage on a conductor carrying an AC voltage, com-
prising:

at least one apparatus for wirelessly measuring
the strength of electric fields according to claim
1; and

at least one apparatus for wirelessly measuring
the strength of magnetic fields according to
claim 1,

wherein said apparatuses may utilize one
shared antenna for wireless communication;
wherein said apparatuses may utilize one
shared acoustic wave device; and

wherein said apparatuses may be interrogated
by one or more wireless readers.

Patentanspriiche

Gerat zur drahtlosen Messung der Starke elektri-
scher und/oder magnetischer Felder, aufweisend:
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eine oder mehrere Schallwellensensor- oder
Sensor-Tag-Vorrichtungen;

mindestens einen Transistor;

mindestens eine Feldsonde, die dazu betreibbar
ist, mit dem gemessenen Feld zu interagieren
und eine Spannung zu erzeugen; und

eine oder mehrere Antennen,

dadurch gekennzeichnet, dass der mindes-
tens eine Transistor elektrisch mit der Schall-
wellensensor- oder Sensor-Tag-Vorrichtung
und der Feldsonde verbunden ist; und

dass der Transistor so gestaltetist, dass er eine
Impedanz erzeugt, die auf die von der mindes-
tens einen Feldsonde erzeugte Spannung rea-
giert.

Gerat zur drahtlosen Messung der Starke elektri-
scherund/oder magnetischer Felder nach Anspruch
1, wobei der Transistor ein Feldeffekttransistor
(FET) ist.

Gerat zur drahtlosen Messung der Starke elektri-

scherund/oder magnetischer Felder nach Anspruch

2,
wobei der Drain und die Source des FET elek-
trisch mit mindestens einem Wandler auf dem
einen oder den mehreren Schallwellenvorrich-
tungen verbunden sind; und
wobei die von der mindestens einen Feldsonde
erzeugte Spannung an das FET-Gate angelegt
wird.

Gerat nach Anspruch 1 zur drahtlosen Messung der
Starke des elektrischen Feldes um einen Leiter, der
eine Wechselspannung fuhrt,

wobei die mindestens eine Feldsonde zwei leitende
Objekte aufweist, die sich in unterschiedlichen radi-
alen Abstanden von dem Leiter befinden.

Gerat nach Anspruch 1 zur drahtlosen Messung der
Starke des Magnetfelds um einen Leiter, der einen
Wechselstrom flhrt,

wobei die mindestens eine Feldsonde eine oder
mehrere Leiterschleifen aufweist, die so angeordnet
sind, dass die Ebene der Schleifen den Leiter ent-
halt.

Gerat nach Anspruch 5 zur drahtlosen Messung der
Starke des Magnetfelds um einen Leiter, der einen
Wechselstrom flhrt,

wobei die eine oder die mehreren Leiterschleifen fer-
ner eine Rogowski-Spule umfassen.

Gerat nach Anspruch 1 zur drahtlosen Messung der
Starke des Magnetfelds um einen Leiter, der einen
Wechselstrom flhrt,

wobei die mindestens eine Feldsonde einen Strom-
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wandler, CT, aufweist.

8. System zur drahtlosen Messung der Starke elektri-

scher und/oder magnetischer Felder, aufweisend:

eines oder mehrere Gerate zur drahtlosen Mes-
sung der Stéarke elektrischer und/oder magneti-
scher Felder nach Anspruch 1; und
mindestens ein drahtloses Lesegerat, das dazu
dient, Daten von dem einen oder den mehreren
Geraten zu aktivieren und zu sammeln.

9. System zur drahtlosen Messung von Strom und

Spannung an einem Leiter, der Wechselspannung
fahrt, aufweisend:

mindestens ein Gerét zur drahtlosen Messung
der Stéarke elektrischer Felder nach Anspruch 1;
und

mindestens ein Gerét zur drahtlosen Messung
der Starke magnetischer Felder nach Anspruch
1,

wobei die Gerate eine gemeinsame Antenne flr
die drahtlose Kommunikation nutzen kénnen;
wobei die Gerate eine gemeinsame Schallwel-
lenvorrichtung nutzen kénnen; und

wobei die Gerate von einem oder mehreren
drahtlosen Lesegeraten abgefragt werden kén-
nen.

Revendications

Appareil pour mesurer sans fil 'intensité de champs
électriques et/ou magnétiques, comprenant :

un ou plusieurs dispositifs de capteur ou de cap-
teur-étiquette a ondes acoustiques ;

au moins un transistor ;

au moins une sonde de champ pouvant étre ren-
due opérationnelle pour interagir avec le champ
qui est mesuré et pour produire une tension ; et
une ou plusieurs antennes,

caractérisé en ce que :

ledit au moins un transistor est connecté élec-
triguement audit dispositif de capteur ou de cap-
teur-étiquette a ondes acoustiques et a ladite
sonde de champ ; et en ce que :

ledit transistor est configuré pour produire une
impédance qui estsensible a la tension produite
par I'au moins une sonde de champ.

Appareil pour mesurer sans fil 'intensité de champs
électriques et/ou magnétiques selon la revendica-
tion 1, dans lequel ledit transistor est un transistor a
effet de champ, FET.

Appareil pour mesurer sans fil 'intensité de champs
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électriques et/ou magnétiques selon la revendica-
tion 2,

dans lequel le drain et la source dudit FET sont
connectés électriguement a au moins un trans-
ducteur sur lesdits un ou plusieurs dispositifs a
ondes acoustiques ; et

dans lequel la tension produite par ladite au
moins une sonde de champ est appliquée sur
la grille du FET.

Appareil selon la revendication 1 pour mesurer sans
fil 'intensité du champ électrique autour d’'un con-
ducteur supportant une tension AC,

dans lequel ladite au moins une sonde de champ
comprend deux objets conducteurs localisés a des
distances radiales différentes du conducteur.

Appareil selon la revendication 1 pour mesurer sans
fil lintensité du champ magnétique autour d’'un con-
ducteur supportant un courant AC,

dans lequel ladite au moins une sonde de champ
comprend une ou plusieurs boucles conductrices lo-
calisées de telle sorte que le plan des boucles con-
tienne le conducteur.

Appareil selon la revendication 5 pour mesurer sans
fil lintensité du champ magnétique autour d’'un con-
ducteur supportant un courant AC,

dans lequel lesdites une ou plusieurs boucles con-
ductrices comprennent en outre une bobine de Ro-
gowsKki.

Appareil selon la revendication 1 pour mesurer sans
fil lintensité du champ magnétique autour d’'un con-
ducteur supportant un courant AC,

dans lequel ladite au moins une sonde de champ
comprend un transducteur de courant, CT.

Systéeme pour mesurer sans fil 'intensité de champs
électriques et/ou magnétiques, comprenant :

un ou plusieurs appareils pour mesurer sans fil
I'intensité de champs électriques et/ou magné-
tigues selon la revendication 1 ; et

au moins un lecteur sans fil pouvant étre rendu
opérationnel pour activer lesdits un ou plusieurs
appareils et pour collecter des données en pro-
venance de ceux-ci.

9. Systéme pour mesurer sans fil le courant et la ten-

sion sur un conducteur supportant une tension AC,
comprenant :

au moins un appareil pour mesurer sans fil 'in-
tensité de champs électriques selon la revendi-
cation 1; et

au moins un appareil pour mesurer sans fil 'in-
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tensité de champs magnétiques selon la reven-
dication 1,

dans lequel lesdits appareils peuvent utiliser
une antenne partagée pour une communication
sans fil ;

dans lequel lesdits appareils peuvent utiliser un
dispositif a ondes acoustiques partagé ; et
dans lequel lesdits appareils peuvent étre inter-
rogés par un ou plusieurs lecteurs sans fil.

10

15

20

25

30

35

40

45

50

55

17

30



EP 3 320 616 B1

Figure 1

106

104 \

‘l
/
‘I
T|'|'| M
p-, A f /
102 06

Figure 2

18



EP 3 320 616 B1

Figure 3

Figure 4

A

19

Y



EP 3 320 616 B1

Figure 5
200

© "y DSGNLF180 D2 SCNOPADS |
0% U ASRDCORP2014 [

. . B . . . . . . § . =
""" jDESIGN2F212D20C ~: ®
. MSRDCORPZ04’ -

| % . § DSGNI1F230D2SC g ke I ﬁgDE’smN'zFlgsDzs’cg ;

S .= % ASRDCORP2014 . [ =¥ S UASRDCORP2014 . & =
- ;-f g

O -DSGNlF212[>zsc-§ S ¢ DESIGN2F195D20C - g
= ___ASRDCORP2014 . _: .. ASRD CORP 2014 ;==

L ﬁjDESlGNzFlanDz‘sc

s DSGN 1 F195 D2 SC @

-DSGN1F180D2SCH™ & - ™%. - - . gDESIGN 2F180D2 0OC Y
WASRD CORP 2014 ~ - . & .===. . . . . % ASRDCORP2014  : =% .

204

Figure 6

]
0L 0

212

214

SUBSTITUTE SHEET (RULE 26)

20



H/"
1o

Ul
L

/
/1
/







EP 3 320 616 B1

Figure 10

250

258

268

266

dUIHINMOQ 65€ DY € A¥13d

dy09J QUSY IHII4AOD JSNY 8¢1Sd1

......... dYIHONMOQ 65€ DY € AY13d

. T T T T T EEEEEEEEEE 1

' d¥09 Q¥SY LHIIYAdOD |

JSINY 82vSd1

SUBSTITUTE SHEET (RULE 26)

23



EP 3 320 616 B1

Figure 11

~~274

70

]

6 AHTIO 8] 934 d
D78 4318 HIMNHA 12754

272

24



\ /
\




EP 3 320 616 B1

Figure 13

Reversing
MSC Elements

4/7 324

PRIV I I I IIIIIIIIIIIIR

322

26



EP 3 320 616 B1

Figure 14

330

Reversing
— MSC Elements
/ 332

27



EP 3 320 616 B1

Figure 15

340

/I

Brrvivrererrerrierririrerer

28



EP 3 320 616 B1

Figure 16

350

354

29




EP 3 320 616 B1

Figure 17A
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Figure 21
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