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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] Embodiments of the present invention relate to
apparatuses, systems, devices, and methods for wire-
less communication with one or more remote devices
that reduce or eliminate interference from zero-mean
noise and deterministic signals within the system oper-
ating frequency band. The apparatuses, systems, devic-
es, and methods are particularly advantageous when
used to extractidentification and/or sensor data from pas-
sive wireless sensors and tags, including those that re-
spond with differential responses at specific delays such
as from sets of surface acoustic wave (SAW) based sen-
sortag devices. In particular, embodiments of the present
invention relate to improved methods for implementing
an interrogator for said remote devices that uses dither-
ing of the initiation time of sequential transmitted signals,
along with synchronous accumulation of the resulting re-
ceived signals, to cause the interfering signals to be re-
duced in relative size while increasing the relative
strength of the desired signal.

Description of Related Art

[0003] Acoustic Wave Sensors: Sensors based on sur-
face-launched acoustic wave devices have been devel-
oped since the 1980’s for application to physical meas-
urements (temperature, pressure, torque, strain, etc.)
and to a wide range of chemical and biological detection
problems. These widely varying devices have been de-
scribed in detail in the open literature, including the fol-
lowing: U.S. Patent No. 7,268,662, entitled Passive
SAW-based hydrogen sensor and system, U.S. Patent
No. 7,434,989, entitled SAW temperature sensor and
system, U.S. Patent No. 7,500,379, entitled Acoustic
wave array chemical and biological sensor U.S. Patent
No. 7,791,249, entitled Frequency coded sensors incor-
porating tapers, U.S. PatentNo. 8,094,008, entitled Cod-
ed acoustic wave sensors using time diversity, U.S. Pat-
ent No. 8,441,168, entitled SAW Sensor tags with en-
hanced performance, U.S. PatentNo. 9,121,754, entitled
Surface Acoustic Wave Deposition Monitor for Ultra-Thin
Films, U.S. Utility Application No. 13/679,607
(US20130130362A1), entitled Power Spectral Density
Chemical and Biological Sensor, and U.S. Utility Appli-
cation No. 13/694,889 (US20130181573A1), entitled In-
dividually Identifiable Surface Acoustic Wave Sensors,
Tags, and Systems.

[0004] Acoustic Wave Sensor Interrogation Systems:
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Acoustic wave 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.

[0005] Conventional wireless interrogation system ar-
chitectures include pulsed radar-like delay measurement
systems, Fourier transform based measurement sys-
tems, delay line and resonator-based oscillator systems,
and time-integrating correlator based interrogation sys-
tems. Radio architectures include conventional homo-
dyne and heterodyne mix-down systems, and direct (to
baseband or to near-baseband) conversion systems. A
typical down-mixed correlation based radio receiver that
uses coherent integration of multiple sweeps to increase
signal to noise ratio (S/N) is described by Kozlovski et.
al., "A 915 MHz SAW Correlator System," IEEE Sensors
Journal, Vol.11,No. 12, December 2011, pp. 3426-3432.
This synchronous correlator approach is implemented in
a down-mixed software defined radio (SDR) system by
Humphries and Malocha, "Software Defined Radio for
Passive Sensor Interrogation," Proceedings of the 2013
IEEE Joint UFFC, EFTF, and PFM Symposium, 2013,
pp.- 270-273. Humphries describes modifying a commer-
cially available software defined radio in order to provide
for synchronous data accumulation.

[0006] Dithering in radar systems and sampled data:
Analog-to-digital (A/D) converters (ADCs) have been
widely used in electronic systems ranging from military
radar to audio and image processing. The process of A/D
conversion produces quantization noise, which is often
correlated and can produce spectral harmonics that de-
grade the digitized signal, introducing significant distor-
tion particularly when the signal is small (on the order of
the quantization step). As discussed by Thakur et. al.,
"Utilization of Noise to Enhance the Performance of Ra-
dar Signal Processor," 9th International Radar Sympo-
sium India, 2013, adding noise to the signal prior to quan-
tization can randomize the ADC quantization noise, im-
proving overall system performance. This effect has been
studied extensively since the early 1960’s, and is widely
used to provide enhanced system performance for audio
systems, image processing, radar, direct down conver-
sion receivers, and numerous other systems. Dithering
techniques include addition of noise like signals to the
received signal prior to A/D conversion, with the added
signal either subtracted out of the digitized signal (sub-
tractive) or not subtracted out (non-subtractive). Addi-
tional techniques discussed as dithering in the context
of radar electronic counter counter measures (ECCM)
include modification of the system transmit properties
such as frequency hopping and bandwidth hopping. J.
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R. HUMPHRIES ET AL: Software defined radio for pas-
sive sensor interrogation”, 2013 JOINT EUROPEAN
FREQUENCY AND TIME FORUM & INTERNATIONAL
FREQUENCY CONTROL SYMPOSIUM (EFTF/IFC), 21
July 2013 (2013-07-21), - 25 July 2013 (2013-07-25),
pages 270-273, XP055553402, DOI: 10.1109/EFTF-
IFC.2013.6702053 ISBN: 978-1-4799-0342-9 discloses
a software defined radio for passive sensor interrogation.

SUMMARY OF THE INVENTION

[0007] The present invention is defined by a software
defined radio according to claim 1, a wireless sensor sys-
tem according to claim 5 comprising such a software de-
fined radio and a wireless sensor system according to
claim 7. Aspects of the present disclosure utilize a direct
to near-baseband subsampled software defined radio
(SDR) to directly sample the combined radio frequency
(RF) response of a set of remote devices and, in partic-
ular, the interrogation of differential response surface
acoustic wave (SAW) sensors and sensor-tags, the RF
responses of which include a built-in reference signal that
is used for comparison when evaluating measured re-
sponses, so that devices located at random RF propa-
gation delays can be accurately read. Reduction of zero-
mean random electromagnetic noise and asynchronous
deterministic signals is achieved through synchronous
accumulation of digitized signals, measured from the
start of the transmit pulse. The longer the signal accu-
mulation time, the greater the S/N or the better the re-
ceiver sensitivity. Deterministic signals within the band-
width of the receive chain electronics are digitally sam-
pled and summed, along with the desired sensor signals.
This can be a source of interference if such signals exist
in the same frequency range as the SAW sensors or sen-
sor-tags, particularly if the timing of the talk/listen cycle
happens to result in the undesired deterministic signal
being sampled at (or close to) the same phases for each
radio interrogation ping. Optional introduction of a short
variable time offset between radio pings - referred to as
transmit time dithering - will introduce a phase offset be-
tween the resulting deterministic signals received, while
not affecting the synchronous nature of the responses
accumulated from the differential SAW sensors since tim-
ing of these responses is always measured relative to
the initiation of the transmitted interrogation pulse. This
causes zero-mean deterministic in-band interfering sig-
nals to average away in the integration process, like ran-
dom noise. This allows the negation of the impact of de-
terministic interfering signals on device readings, with a
minimal impact on system cycle times.

[0008] Still other aspects, features, and advantages of
the present invention are apparent from the following de-
tailed description, simply by illustrating exemplary em-
bodiments and implementations, including the best mode
contemplated for carrying out the present invention. The
present invention also is capable of other and different
embodiments, and its several details can be modified in
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various respects, all without departing from the scope of
the invention as defined by the appended claims.
[0009] Accordingly, the drawings and descriptions are
to be regarded as illustrative in nature, and not as restric-
tive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The present invention 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 block diagram of a radio interro-
gation system architecture according to aspects of
the present disclosure.

Figure 2 shows another block diagram of a radio in-
terrogation system architecture according to aspects
of the present disclosure.

Figure 3 shows another block diagram of an interro-
gation system architecture according to aspects of
the present disclosure.

Figure 4 shows an example of the theoretical im-
provement in S/N compared to the measured S/N
for a wireless SAW sensor operating at a distance
of 10 ft. from the transceiver antenna according to
aspects of the present disclosure.

DETAILED DESCRIPTION OF THE INVENTION

[0011] Embodiments ofthe presentinvention teach ap-
paratuses, systems, devices, and methods for eliminat-
ing or reducing the interference caused by both zero-
mean random signals and zero-mean deterministic sig-
nals that are in the same frequency band as the sensor
response signals of interest.

[0012] Aspects of the present invention include a soft-
ware defined radio system, whichis a direct to near-base-
band subsampled radio that uses a series of repeated
pings to interrogate devices, synchronously accumulat-
ing the returned signal to enhance the signal strength
and to drive down the noise level. This process eliminates
or reduces interference from zero-mean random noise.
Summation causes the deterministic signal strength to
increase faster than the noise, while averaging maintains
the signal strength of the deterministic signal, and the
noise tends towards zero as the number of data sets
aggregated increases. This process also eliminates or
reduces interference from deterministic zero-mean sig-
nals, provided that the total time from the start of one
radio interrogation 'ping’ to the start of data accumulation
is notan integer multiple of the cycle time of the interfering
signal’s carrier frequency - which ensures the signal ar-
rives at different phases on successive pings, averaging
to zero over multiple pings. In an analog to digital (A/D)
converter (ADC), sampling of a zero-mean signal can
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resultin a digitized data set that is all positive, with values
ranging from zero to a maximum value determined by
the system parameters used. In such a system, a signal
with value of zero will generally appear at or near the
midpoint of the ADC output value scale. Thus, reference
herein to "average to zero" or "accumulate to zero" or
"sum to zero" refers to the process by which zero mean
signals sampled at random relative phases will add to
produce, over time, a value in the field-programmable
gate array (FPGA) or other data accumulation device an
output that corresponds to the value that would be pro-
duced for a zero value input signal. Other processing
units, such as microprocessors, programmable logic de-
vices (PLDs), among others can be used in place of an
FPGA to perform some or all of the functions discussed
herein. Accumulating (or summing) means that the syn-
chronously collected sampled data is being added, so
that the longer the accumulation time the larger the data
values become - which also means the accumulated data
value that would correspond to a signal of level zero in-
creases. Averaging, by comparison, means that the ac-
cumulated data is divided by the number of radio pings
from which the data was gathered. This process produc-
es data that is lower in value.

[0013] S/Nisenhanced substantially through accumu-
lation (with or without averaging), which currently is per-
formed by the FPGA that also generates the transmit (Tx)
signal. A noise-like Tx signal can be used; in one current
system embodiment a PN code that is broadband relative
to each SAW sensor or sensor-tag is used, which acti-
vates all sensor devices in the field of view. This broad-
band signal is filtered prior to transmission to meet reg-
ulatory requirements. Narrowband activation signals can
also be used, or dispersive (chirp or other) signals can
be used, or signals coded to preferentially activate se-
lected devices (based on frequency, coding, chirp, or oth-
er characteristics) if desired.

[0014] Figure 1 shows a block diagram of a radio sys-
tem architecture (radio) 100 without added time dithering
of the transmitted signal, according to aspects of the
present disclosure. This system architecture 100 can be
a direct to near-baseband subsampled radio as a pre-
ferred embodiment, or it may be a more conventional
mixed-down radio. The radio 100 operates in a 'talk’ then
'listen’ mode, where the receive (Rx) chain circuitry 102
is not active during the Tx pulse and for a set time after
the Tx pulse is complete (to protect the sensitive receive
chain circuitry from damage), and then the Rx circuitry
turnson and’listens’ or acquires data for a defined period,
which for SAW sensors is generally much longer than
the transmit pulse length. A high isolation RF switch 104
is used to control the Tx/ Rx cycle, with switch timing
provided by the signal generator unit 106, so the ’listen’
portion of the cycle starts at a known time relative to the
‘talk’ portion of the cycle. The precise timing of the system
pings and the 'talk’ and ’listen’ portions of the operation
cycle is important. If time zero is when the ping that ac-
tivates the sensors starts, and the ping lasts for a defined
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time (the Tx time), there is a subsequent short wait time
forthe RF clutter caused by the transmitted ping bouncing
off objects in the environment to clear. By way of exam-
ple, for a nominally ~200 nsec Tx pulse, the short wait
time can be as much as 1 psec. Then, the Rx chain turns
on and the system begins to accumulate digitized data,
which includes data from the sensors (desired) as well
as noise and also interference from deterministic signals
in the environmentthat are within the operating frequency
range of the radio receiver. For conditions in which the
SAW sensor position relative to the interrogator antenna
and the sensor environment are not changing rapidly
(i.e., the sensor position and the measurand are not
changing substantially within the timeframe of the meas-
urement cycle), the delay (and the phase) of the returning
signals from each sensor will be identical from ping to
ping, allowing synchronous accumulation of sensor data.
To aid the synchronous accumulation, a single low-jitter
clock 108 (or local oscillator, LO) or one or more signals
derived therefrom is used to clock the signal generator
unit 106 (e.g., FPGA), the control circuit timing counter
keeping track of the talk/wait/listen cycle, the receive
chain A/D converter 110, and the data accumulator 112.
Thus, the carrier for the transmitted signal always starts
at a known phase relative to the clock (for each ping),
and each sensor signal response arrives at the A/D con-
verter ata known delay and phase for each ping. Different
sensors operating in a group will have signals arriving at
arbitrary and potentially different RF delays based on
their physical positions relative to the Tx/Rx antenna, and
due to varying conditions in their environments causing
changes in acoustic delay, and due to device design. But
as long as the same clock or one or more signals derived
therefrom is used as described, the deterministic signals
from each sensor will add while the zero-mean random
noise signals (and zero-mean deterministic signals that
are sampled at differing phases from ping to ping) will
sum to zero with accumulation of an increased number
of pings.

[0015] Figure2shows anotherblock diagram of a radio
system architecture (radio) 200 without added time dith-
ering of the transmitted signal, according to aspects of
the present disclosure. Control signals synchronized to
the clock or one or more signals derived therefrom are
used to time the transmit (Tx)/receive (Rx) switch, and
to time the data accumulation process. These control sig-
nals ensure that on each cycle, the signal transmission
starts with the clock signal at a set phase, the transmit
signal lasts for a predefined time period, and there is a
defined time gap between the Tx signal being turned off
and the data accumulation starting in the ADC. This en-
sures phase synchronous accumulation of the desired
signal. Similar to what is disclosed above, the radio 200
operates in a 'talk’ then ’listen’ mode, where the receive
(Rx) chain circuitry 202 is not active during the Tx pulse
and for a set time after the Tx pulse is complete, then the
Rx circuitry turns on and ’listens’ or acquires data for a
defined period, which for SAW sensors is generally much
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longer than the transmit pulse length. A high isolation RF
switch 204 is again used to control the Tx/ Rx cycle, with
switch timing provided by synchronized control signals
210 that also control the signal generator unit 206, so
that the ’listen’ portion of the cycle starts at a precise
known time relative to the 'talk’ portion of the cycle. Also
similar to what is disclosed above, the signal generator
unit 206, the control circuit timing counter keeping track
of the talk/wait/listen cycle responsible for generation of
the synchronized control signals 210, the receive chain
A/D converter 214, and the data accumulator 212 are all
synchronized based upon a common clock 208 and/or
derivative signals therefrom. Operation of this system is
the same as that of Figure 1.

[0016] Due to possible limits in the internal memory
allocation choices, the number of pings that can be
summed in the allocated space in the FPGA can be lim-
ited, based on the maximum amplitude of the sensor sig-
nal. For example, a 32-bit register can hold a larger
number of pings (which may be on the order of 65,000
for typical sensor signal amplitudes and A/D input voltage
ranges) than can a 16-bit register (which can only hold
6 pings or so for typical sensor signal amplitudes and
A/D input voltage ranges). Thus, for certain system im-
plementations, if more than about 6 pings are summed,
the resulting number will be larger than can be stored in
the lowest 16 bits of a 32-bit register. However, as allo-
cation of memory in the FPGA can be controlled, it is
possible to set the storage size large enough to allow for
accumulation of a signal to the desired S/N. The impact
of accumulation on output data rate must be taken into
account.

[0017] After a set of time data points is aggregated in
the system, the data is transferred to an internal process-
ing portion of the system (114 in Figure 1) orto an external
device such as a computer (if desired) for digital signal
processing and analysis. Transfer of data may be limited
by the capacity of the transfer device, be it USB or other.
[0018] Once data is accumulated from a set number
of 'pings’, which can be considered one "data set," addi-
tional enhancement in signal level and in S/N can be
achieved by integrating the responses from multiple data
sets received in the signal processing device (which can
be external, as a computer, or on board as in a micro-
processor or similar device). Integration, or synchronous
accumulation, will cause the signal level to continue to
increase, while driving noise from random zero-mean sig-
nals further down relative to the signal of interest, increas-
ing S/N.

[0019] It should be noted that the receive chain elec-
tronics can be implemented in a number of ways that are
well known in the prior art of radio technology and of
software defined radio technology. These include a pure
near-baseband subsampled receiver approach, direct
downconversion, and homodyne or heterodyne mixed-
down architectures.

[0020] The receive chain of a subsampling radio con-
sists of assorted components, which can include switch-
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es, filters, amplifiers, and attenuators. The received sig-
nal is processed by these components, and then is di-
rectly sampled by the A/D converter, at a rate that is well
below Nyquist for the signals of interest. Sampling at a
frequency of F will mirrorimage signal content (left/right)
around F /2. But provided the signal of interest is band-
limited and is fully contained within a defined frequency
region that is an integer multiple of the near baseband
sampled region (DC to F /2), an image of the desired
signal (possibly mirrored left-right depending on which
Nyquist zone the signal started in) will be detected in the
near baseband sampled region. Knowing the Nyquist
zone from which the signal came will allow the precise
reconstruction of the original (higher frequency) signal.
[0021] Conventional down-mixed radio receive chains
can also be used. In such systems, RF signals are mixed
with other single frequency signals to create image fre-
quency signals at lower frequencies. The RF signal can
be mixed down one or more times, to one or more inter-
mediate frequencies (IFs), but the final down-mixing gen-
erally places the signal in a baseband or near-baseband
frequency range where it can be sampled at above
Nyquist frequencies. Filtering, amplification, and attenu-
ation can also be used where needed in the receive chain
circuitry.

[0022] Method for eliminating interference from deter-
ministic signals: Signals present in the environment of
the SAW sensor system that are deterministic and within
the bandwidth of the receiver chain circuitry will be sam-
pled along with the SAW sensor/tag response signals,
and may introduce interference. If the timing of the talk/lis-
ten cycle happens to result in the undesired deterministic
signal being sampled at different phases on sequential
pings, then the sampled signal will be accumulated with
data from each talk/listen cycle adding to data from prior
pings, with data from each ping adding at different phas-
es. This results in a reduction in amplitude of the unde-
sired deterministic signal if it is a zero mean signal. The
precise phase relationship of the sampled undesired sig-
nal from ping to ping will determine how effectively can-
cellation of the undesired signal occurs for any given
number of pings.

[0023] The problem becomes worse when the perio-
dicity of the interfering signal places it at or close to the
same phase for each sample sweep of our radio. In such
acircumstance, the high sensitivity receiver willaccumu-
late the undesired deterministic signal along with the de-
sired sensor signal, which can produce detrimental inter-
ference that prevents proper reading of the sensors. This
can occur, for example, when the system is operating in
the presence of other wireless systems within the same
ISMband. Butinterference from such signals can be elim-
inated in the presentinvention by deliberately jittering the
timing of the transmitted (and hence the received sensor)
signal for sequential pings. By adding in a short, variable
time delay before transmitting each ping of the radios
described herein - which is referred to as transmit time
dithering - the relative phase of interfering signals run to
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run can be altered, and as aresult cause them to become
relatively smaller (as compared to the desired signals) in
the integration process, like random noise. The added
delay can be random, or a deterministic changing time
delay of known characteristics. This allows for the nega-
tion of the impact of deterministic interfering signals on
device readings, with a minimal impact on system cycle
times. The time between the start of each ping and the
start of sampling of the received signal can be the same
for each talk/wait/listen cycle, but due to the undesired
signal being independent of the sensor system signal, if
the Tx ping is sent out when the deterministic signal is
at different phases on subsequent pings, the received
signal from the undesired deterministic signal will also
be at different phases. Unlike interfering signals, the
SAW devices respond at a defined time relative to the
start of each transmit ping, and so accumulation of the
SAW response will remain synchronous (in phase) no
matter what the delay is between the end of one listen
cycle and the start of another ping.

[0024] For practical implementations, the delay offsets
between sequential pings can be quite small, potentially
as small as on the order of several nanoseconds or less,
causing only a small impact on the overall system data
rate. While this may correspond to a large number of
degrees of phase at the carrier frequency of the interfer-
ing electromagnetic signal (for example, at 915 MHz, a
full cycle of 360 degrees of phase takes only 1.093 na-
noseconds), this simply means that one or more cycles
of the carrier of the undesired interfering signal will be
‘'missed’ prior to the next radio ping being initiated. Pro-
vided each ping starts at a differing carrier phase (of the
undesired signal), this transmit signal dithering will result
in received data that samples and accumulates data from
the undesired signal at varying phases.

[0025] Generation of a random or pseudo-random se-
quence, preferably one thatis long relative to the number
of pings accumulated, can be performed and the resulting
sequence can be used to modulate the length of the 'wait’
period between the end of one ’listen’ period and the start
of the next 'talk’ signal or ping. One simple implementa-
tion could have the random delay controlled by the same
clock as that controlling the transmission of pings and
the start of the receive cycle, although this is not neces-
sary in order to retain synchronism of the received SAW
sensor response signals.

[0026] The apparatuses, systems, and devices can be
designed to automatically assess either the incoming
(raw) signal or the extracted data to determine if interfer-
ence is occurring and then apply jittering to subsequent
measurements. In addition to random delays, the appa-
ratuses, systems, and devices could use constant delay
additions to simply shift the phase of an interfering signal
run to run. Variable deterministic pre-defined delay ad-
ditions that are not constant from run to run could also
be used. A system can be programmed to test a variety
of interference rejection schema and select to use the
scheme that produces the best interference rejection or
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sensor S/N.

[0027] Figure 3 shows anotherblock diagram of a radio
system architecture (radio 300) with added time dithering
of the transmitted signal, according to aspects of the
present disclosure. Control signals synchronized to the
clock or one or more signals derived therefrom are used
to delay the timing of signal generation, switching of the
transmit/receive (Tx/Rx) switch, and the start of data ac-
cumulation after a defined added delay that varies be-
tween radio pings or sets of radio pings. This randomizes
the phase atwhich any signals otherthan those produced
by the sensors of interest are received, causing zero-
mean signals to average out to zero or accumulate to
zero as data from multiple radio pings is accumulated.
The radio 300 again operates in a’talk’ then’listen’ mode,
where the receive (Rx) chain circuitry 302 is not active
during the Tx pulse and for a set time after the Tx pulse
is complete, then the Rx circuitry turns on and ’listens’ or
acquires data for a defined period. A high isolation RF
switch 304 is again used to control the Tx/ Rx cycle, with
switch timing provided by synchronized control signals
310 such that the ’listen’ portion of the cycle starts at a
precise known time relative to the 'talk’ portion of the
cycle. As discussed above, the signal generation unit
306, the control circuit timing counter keeping track of
the talk/wait/listen cycle responsible for generation of the
synchronized control signals 310, the receive chain A/D
converter 314, and the data accumulator 312 are all syn-
chronized to a single low-jitter clock 308 and derivative
signals therefrom. However, in the radio 300, an added
time delay 312 is introduced between the end of one
talk/listen cycle and the start of the next talk/listen cycle.
This added delay 312 is variable from cycle to cycle; i.e.,
there is a small, changing time delay after the end of each
measurement cycle before initiation of a radio ping at the
start of the next cycle. Variation in the added delay 312
can be random or deterministic, and the timing of the
added delay is generally synchronized to the clock 308
or derivative signals therefrom, although this is not strictly
necessary for proper system operation. Provided the sys-
tem talk/listen cycle operates in a phase synchronous
manner relative to the clock 308 or derivative signals
therefrom, the variable delay between the completion of
one cycle and the start of the next can theoretically be
arbitrary.

[0028] Rapid sampling using SAW sensors and sen-
sor-tags: SAW wireless sensor systems (radio interroga-
tor and set of sensors) according to aspects of the present
disclosure operate on a "talk" then "listen" cycle that may
take on the order of 10 psec to complete (105 seconds).
Thus, the fundamental maximum sampling rate of such
a system is given by 1/(10 psec) = 100 kHz. This rate is
dependent primarily on the acoustic delay designed into
the SAW sensors or tags. Hence, reducing the acoustic
delay time to, for example, 2 psec, could increase the
sampling rate to 500 kHz. Using a similar system with
resonator-based SAW devices, which have near-zero (or
very short, on the order of nanosecond) acoustic delays
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and then ring down over a microsecond or more, could
potentially decrease the sample time to 1 wsec or less,
enabling data rates of ~1 MHz. However, interference
between resonator signals that continue to ring down
from one radio talk/listen cycle with future responses may
be problematic. Another SAW device structure that can
be used for rapid sampling is the notch sensor, where
two acoustic signals at slightly differing delays are pro-
duced, and the beating of these two signals generates a
frequency domain response consisting of a passband
containing one or more notches. The built-in delay of
notch devices can be significantly smaller than traditional
differential delay lines, and these devices do not suffer
from ling ringing responses as do resonant devices. It
should be noted that both resonant devices and notch
filters with very short acoustic delays can suffer from in-
terference due to reflected multipath of the transmitted
RF pulse, although pedestal delays can be designed into
certain devices in order to reduce this problem.

[0029] The signal to noise ratio (S/N) for a single radio
ping may not be sufficiently high to provide good sensor
data. Synchronous data accumulation and/or averaging
can be used (as described above) to enhance S/N. Syn-
chronous accumulation (summing) enhances S/N by in-
tegrating the desired deterministic sensor signal, produc-
ing a higher signal level, while also summing the zero
mean undesired signals (noise and deterministic signals
when transmit time dithering according to the present
invention is applied) to produce interference signals that
are smaller relative to the summed desired signal. Aver-
aging, which divides the summed data by the number of
responses summed, enhances S/N by maintaining the
desired deterministic sensor signal, while averaging zero
mean noise sources (and with the present transmit time
dithering invention described above unwanted determin-
istic signals as well) to produce smaller interfering signal
levels.

[0030] Whether accumulation or averaging is used,
summing of pings impacts the achievable output data
rate for the system. For example, accumulation of the
response from 10 ’pings’ that are each 10 psec long
would produce a data rate of 10 kHz while accumulation
of the response from 100 'pings’ would result in a 1 kHz
data rate. The S/N will increase as the number of ping
responses accumulated increases, for any given trans-
ceiver antenna to sensor antenna separation. An exam-
ple of the theoretical improvement in S/N compared to
the measured S/N for a wireless SAW sensor operating
at a distance of 10 ft. from the transceiver antenna is
shown in Figure 4. Note that for 100 run accumulation,
S/N is over 13dB, indicating that a 1 kHz data rate is
feasible for this sensor at 10 ft. Lower loss sensors and
reduced antenna losses would all contribute to higher
S/N for a given separation.

[0031] As previously stated, after a set of data is ag-
gregated in the system, the data is transferred to a
processing device, either internal to the system or an
external device, such as an external computer, for digital
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signal processing and analysis. Transfer of data may be
limited by the capacity of the transfer interface, such as
universal serial bus (USB) or other. Hence, it is advan-
tageous to reduce the amount of data to be transferred
as much as possible, while retaining the information nec-
essary to extract sensor measurements. When a differ-
ential delay type sensor implementation is used, there
are regions of the time signal that can be considered
‘'useful data’ and regions that are considered 'dead
space’ where the signal of interest is not present. To im-
prove data processing speed and to reduce the time tak-
en to transfer a data set, one or more particular sections
of the time response can be selected for transfer and
use, discarding orignoring data in the dead space around
these useful data sections.

[0032] Other considerations: The software defined ra-
dio system according to this invention can use a range
of transmit pulse types, including narrowband and spread
spectrum pulses. Noise-like and chirped spread spec-
trum signals can be used to advantage with certain sen-
sor embodiments. According to one software defined ra-
dio embodiment according to aspects of the present dis-
closure, an averaging or data accumulation process is
performed over multiple pseudo-noise (PN) code inter-
rogation sequences, increasing signal to noise ratio and
pulling low spread spectrum sensor signals out of the
system noise. The received combined signal is sampled
(either at RF or using subsampling), accumulated, and
then correlated with the reference response appropriate
for each sensor. Data post-processing enables extrac-
tion of the identification, response, and distance from the
reader of each sensor.

[0033] This radio (also known as the interrogator or
reader) system utilizes the correlation properties of the
sensor codes to identify sensor devices with specific
codes (where chirp coding, direct sequence spread spec-
trum (DSSS) coding, or other known coding techniques
can be used), along with the time and frequency diversity
of the devices to identify and read specific sensors. In
addition, processing gain can be built into the sensors
using chirp SAW elements.

[0034] The application of the transmit signal time dith-
ering techniques taught herein has focused on producing
software defined radio systems suitable for eliminating
the impact of in-band interfering signals (noise and de-
terministic signals) to allow accurate reading of sets of
one or more SAW sensor or sensor-tag devices. How-
ever, the utility of this technique would extend to any wire-
less communication system that involves detection and
reception of response signals that have a known delay
relative to the transmitted signal, or where the delay of
the desired signal does not change much over the time
required for data accumulation to effectively reduce in-
terfering signal levels. This technique can be used with
general transmitted signals - i.e., it is not restricted to
electromagnetic signals, but can be used with acoustic
and other types of wireless signals. Systems and other
applications that could potentially benefit from applica-
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tion of the techniques and embodiments of the present
invention including this type of dithering include radar,
sonar, ultrasonic, optical, imaging, and other reflective
signal systems where the device(s) or object(s) to be
detected are not moving or changing rapidly relative to
the system sample rate (which depends on the time re-
quired for data accumulation). The focus on implemen-
tations of SAW sensor interrogation systems utilizing this
invention is not intended to be restrictive, as other appli-
cations would benefit from these techniques as well.
[0035] Theiillustrations 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 for radio system architec-
tures that utilize a range of receive chain structures, in-
cluding direct to baseband conversion, near-baseband
subsampling (as in the preferred embodiment), and con-
ventional down-mixing prior to A/D conversion.

[0036] One skilled in the art would also recognize that
the improvements provided by embodiments of this in-
vention 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
diversity among others).

[0037] Other implementations of the invention will be
apparent to those skilled in the art from consideration of
the specification and practice of the invention disclosed
herein. Various aspects and/or components of the de-
scribed embodiments may be used singly or in any com-
bination. It is intended that the specification and exam-
ples be considered as exemplary only.

Claims
1. A software defined radio (100) comprising:

an A/D converter (110) of a radio receive chain
of the software defined radio, the A/D converter
configured to implement direct to near-base-
band subsampling;

a signal generator (106) configured to generate
and transmit a signal at a specific time;
wherein the software defined radio is configured
to inactivate the radio receive during transmis-
sion of the signal and for a defined time after
completion of the transmission of the signal;
wherein the software defined radio is configured
to switch on the radio receive chain at a defined
time after the start of the transmission of the sig-
nal;

wherein the A/D converter is configured to pro-
duce digitized data by sampling the received sig-
nal; a data accumulator (112) configured to sum
digitized data from a set of N sequential syn-
chronous signals to produce one output data set,
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wherein the digitized data from each received
signal is summed with stored data from prior
sampled

received signals in said set of N sequential syn-
chronous signals; and

wherein the software defined radio is configured
to use a common clock (108) or one or more
signals derived therefrom to clock the signal
generator, the A/D converter, and the data ac-
cumulator to ensure phase-synchronous oper-
ation.

2. The software defined radio of claim 1,

wherein the software defined radio is further
configured to implement time dithering of the
transmission of the signal;

wherein, aftersumming of the digitized datafrom
each transmission of the signal, the software de-
fined radio is further configured to wait for a de-
fined delay prior to initiation of a next transmis-
sion of the signal, said defined delay varying
from transmission to transmission; and
wherein the software defined radio is further
configured to use the common clock or the one
or more signals derived therefrom to clock the
variable defined delay.

3. The software defined radio of claim 1, wherein the
data accumulator is further configured to average
the digitized data by dividing the output data set by
a number of pulses N.

4. The software defined radio of claim 2, wherein the
data accumulator is further configured to average
the digitized data by dividing the output data set by
a number of pulses N.

5. A wireless sensor system comprising:

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

a software defined radio according to claim 1,
2,3,0r4,.

6. A wireless sensor system as in claim 5, further com-
prising a means to transfer only selected portions of
the output data set to a signal processing device.

7. A wireless sensor system comprising:

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

a software defined radio (100) comprising: an
A/D converter (110) of a radio receive chain of
the software defined radio;

a signal generator (106) configured to generate
and transmit a signal at a specific time;
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wherein the software defined radio is configured
toinactivate the radio receive chain during trans-
mission of the signal and for a defined time after
completion of the transmission of the signal;
wherein the software defined radio is configured
to switch on the radio receive chain at a defined
time after the start of the transmission of the sig-
nal;

wherein the A/D converter is configured to pro-
duce digitized data by sampling the received sig-
nal; a data accumulator (112) configured to sum
digitized data from a set of N sequential syn-
chronous signals to produce one output data set,
wherein the digitized data from each received
signal is summed with stored data from prior
sampled received signals in said set of N se-
quential synchronous signals; and wherein the
software defined radio is configured to use a
common clock (108) or one or more signals de-
rived therefrom to clock the signal generator, the
A/D converter, and the data accumulator to en-
sure phase-synchronous operation.

8. The wireless sensor system of claim 7,

wherein the software defined radio is further
configured to implement time dithering of the
transmission of the signal;
wherein, after summing of the digitized data from
each transmission of the signal, the software de-
fined radio is further configured to wait for a de-
fined delay prior to initiation of a next transmis-
sion of the signal, said defined delay varying
from transmission to transmission; and
wherein the software defined radio is further
configured to use the common clock or the one
or more signals derived therefrom to clock the
variable defined delay.

Patentanspriiche

Software-definiertes Funkgerat (100), umfassend:

einen A/D-Wandler (110) einer Funkempfangs-
kette des Software-definierten Funkgerats, wo-
bei der A/D-Wandler ausgestaltet ist, um eine
Direkt-zu-Nah-Basisband-Unterabtastung zu
implementieren;

einen Signalgenerator (106), der ausgestaltet
ist, um ein Signal zu einer bestimmten Zeit zu
erzeugen und zu Ubertragen;

wobei das Software-definierte Funkgerat aus-
gestaltet ist, um die Funkempfangskette wah-
rend der Ubertragung des Signals und fiir eine
definierte Zeit nach Abschluss der Ubertragung
des Signals zu deaktivieren;

wobei das Software-definierte Funkgerat aus-
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gestaltet ist, um die Funkempfangskette zu ei-
ner definierten Zeit nach dem Start der Ubertra-
gung des Signals einzuschalten;

wobei der A/D-Wandler ausgestaltet ist, um di-
gitalisierte Daten durch Abtasten des empfan-
genen Signals zu erzeugen;

einen Datensammler (112), der ausgestaltet ist,
um digitalisierte Daten von einem Satz von N
sequentiellen synchronen Signalen zu summie-
ren, um einen Ausgangsdatensatz zu erzeugen,
wobei die digitalisierten Daten von jedem emp-
fangenen Signal mit gespeicherten Daten von
zuvor abgetasteten empfangenen Signalen in
dem Satz von N sequentiellen synchronen Sig-
nalen summiert werden; und

wobei das Software-definierte Funkgerat aus-
gestaltetist, um einen gemeinsamen Takt (108)
oder ein oder mehrere davon abgeleitete Sig-
nale zu verwenden, um den Signalgenerator,
den A/D-Wandler und den Datensammler zu
takten, um einen phasensynchronen Betrieb si-
cherzustellen.

2. Software-definiertes Funkgerat nach Anspruch 1,

wobei das Software-definierte Funkgerat ferner
ausgestaltet ist, um ein Zeit-Dithering der Uber-
tragung des Signals zu implementieren,

wobei das Software-definierte Funkgerat ferner
ausgestaltet ist, um nach dem Summieren der
digitalisierten Daten von jeder Ubertragung des
Signals eine definierte Verzégerung vor dem
Einleiten einer nachsten Ubertragung des Sig-
nals abzuwarten, wobei die definierte Verzoge-
rung von Ubertragung zu Ubertragung variiert;
und

wobei das Software-definierte Funkgerat ferner
ausgestaltet ist, um den gemeinsamen Takt
oder das eine oder die mehreren davon abge-
leiteten Signale zu verwenden, um die variable
definierte Verzdgerung zu takten.

3. Software-definiertes Funkgerat nach Anspruch 1,
wobei der Datensammler ferner ausgestaltet ist, um
die digitalisierten Daten durch Teilen des Ausgangs-
datensatzes durch eine Anzahl von Impulsen N zu
mittein.

4. Software-definiertes Funkgerat nach Anspruch 2,
wobei der Datensammler ferner ausgestaltet ist, um
die digitalisierten Daten durch Teilen des Ausgangs-
datensatzes durch eine Anzahl von Impulsen N zu
mitteln.

5. Drahtloses Sensorsystem, umfassend:

eine oder mehrere akustische Wellensensor-
oder Sensor-Tag-Vorrichtungen; und
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ein Software-definiertes Funkgerat nach An-
spruch 1, 2, 3 oder 4.

6. Drahtloses Sensorsystem nach Anspruch 5, ferner
umfassend ein Mittel, um nur ausgewahlte Abschnit-
te des Ausgangsdatensatzes an eine Signalverar-
beitungsvorrichtung zu Gbertragen.

7. Drahtloses Sensorsystem umfassend:

eine oder mehrere akustische Wellensensor-
oder Sensor-Tag-Vorrichtungen; und

ein Software-definiertes Funkgerat (100) um-
fassend:

einen A/D-Wandler (110) einer Funkemp-
fangskette des Software-definierten Funk-
gerates;

einen Signalgenerator (106), der ausgestal-
tet ist, um ein Signal zu einer bestimmten
Zeit zu erzeugen und zu ubertragen;
wobei das Software-definierte Funkgerat
ausgestaltetist, um die Funkempfangskette
wahrend der Ubertragung des Signals und
fur eine definierte Zeit nach Abschluss der
Ubertragung des Signals zu deaktivieren;
wobei das Software-definierte Funkgerat
ausgestaltetist, um die Funkempfangskette
zu einem definierten Zeitpunkt nach dem
Start der Ubertragung des Signals einzu-
schalten;

wobei der A/D-Wandler ausgestaltet ist, um
digitalisierte Daten durch Abtasten des
empfangenen Signals zu erzeugen;

einen Datensammler (112), der ausgestal-
tet ist, um digitalisierte Daten von einem
Satz von N sequentiellen synchronen Sig-
nalen zu summieren, um einen Ausgangs-
datensatz zu erzeugen, wobei die digitali-
sierten Daten von jedem empfangenen Si-
gnal mitgespeicherten Daten von zuvor ab-
getasteten empfangenen Signalen in dem
Satz von N sequentiellen synchronen Sig-
nalen summiert werden; und

wobei das Software-definierte Funkgerat
ausgestaltet ist, um einen gemeinsamen
Takt (108) oder ein oder mehrere davon ab-
geleitete Signale zu verwenden, um den Si-
gnalgenerator, den A/D-Wandler und den
Datensammler zu takten, um einen phasen-
synchronen Betrieb sicherzustellen.

8. Drahtloses Sensorsystem nach Anspruch 7,

wobei das Software-definierte Funkgerat ferner
ausgestaltet ist, um ein Zeit-Dithering der Uber-
tragung des Signals zu implementieren;

wobei das Software-definierte Funkgerat ferner
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ausgestaltet ist, um nach dem Summieren der
digitalisierten Daten von jeder Ubertragung des
Signals eine definierte Verzdégerung abzuwar-
ten, bevor eine nachste Ubertragung des Sig-
nals eingeleitet wird, wobei die definierte Verzo-
gerung von Ubertragung zu Ubertragung vari-
iert; und

wobei das Software-definierte Funkgerat ferner
ausgestaltet ist, den gemeinsamen Takt oder
das eine oder die mehreren davon abgeleiteten
Signale zu verwenden, um die variable definier-
te Verzdgerung zu takten.

Revendications

Radio logicielle (100) comprenant :

un convertisseur analogique-numérique, A/N,
(110) d’'une chaine de réception radio de la radio
logicielle, le convertisseur analogique-numéri-
que étant configuré de maniére a mettre en ceu-
vre un sous-échantillonnage direct en quasi-
bande de base ;

un géneérateur de signal (106) configuré de ma-
niere a générer et transmettre un signal a un
instant spécifique ;

dans laquelle la radio logicielle est configurée
de maniere a désactiver la chaine de réception
radio pendant la transmission du signal et pen-
dant un temps défini apres I'achévement de la
transmission du signal ;

dans laquelle la radio logicielle est configurée
de maniére a activerla chaine de réception radio
a uninstant défini aprés le début de la transmis-
sion du signal ;

dans laquelle le convertisseur analogique-nu-
mérique est configuré de maniére a produire des
données numérisées en échantillonnant le si-
gnal regu ;

un accumulateur de données (112) configuré de
maniére a sommer des données numérisées
provenantd’unensemble de N signaux synchro-
nes séquentiels pour produire un ensemble de
données de sortie ;

dans laquelle les données numérisées a partir
de chaque signal regu sont sommées avec des
données stockées provenant de signaux regus
échantillonnés antérieurs dans ledit ensemble
de N signaux synchrones séquentiels ; et
dans laquelle la radio logicielle est configurée
de maniére a utiliser une horloge commune
(108) ou un ou plusieurs signaux dérivés de cel-
le-cienvue de cadencerle générateur de signal,
le convertisseur analogique-numérique et I'ac-
cumulateur de données afin de garantir un fonc-
tionnement synchrone en phase.
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Radio logicielle selon la revendication 1, dans la-
quelle la radio logicielle est en outre configurée de
maniére a mettre en ceuvre une vibration temporelle
de la transmission du signal ;

dans laquelle, aprés la sommation des données
numérisées a partir de chaque transmission du
signal, la radio logicielle est en outre configurée
de maniere a attendre un retard défini avant I'ini-
tiation d’'une transmission suivante du signal, le-
dit retard défini variant d’'une transmission a
lautre ; et

dans laquelle la radio logicielle est en outre con-
figurée de maniére a utiliser 'horloge commune
ou ledit un ou lesdits plusieurs signaux dérivés
de celle-ci pour cadencer le retard défini varia-
ble.

Radio logicielle selon la revendication 1, dans la-
quelle 'accumulateur de données est en outre con-
figuré de maniére a moyenner les données numéri-
sées en divisant 'ensemble de données de sortie
par un nombre d’impulsions N.

Radio logicielle selon la revendication 2, dans la-
quelle 'accumulateur de données est en outre con-
figuré de maniere a moyenner les données numéri-
sées en divisant 'ensemble de données de sortie
par un nombre d’impulsions N.

Systéme de capteur sans fil comprenant :

un ou plusieurs dispositifs a étiquette capteur
ou dispositifs de capteur a ondes acoustiques ;
et

une radio logicielle selon la revendication 1, 2,
3, ou 4.

Systéme de capteur sans fil selon la revendication
5, comprenant en outre un moyen pour transférer
uniquementdes parties sélectionnées de 'ensemble
de données de sortie vers un dispositif de traitement
de signal.

Systéme de capteur sans fil comprenant :

un ou plusieurs dispositifs a étiquette capteur
ou dispositifs de capteur a ondes acoustiques ;
et

une radio logicielle (100) comprenant :

un convertisseur analogique-numérique,
A/N, (110) d’une chaine de réception radio
de la radio logicielle ;

un générateur de signal (106) configuré de
maniére a générer et transmettre un signal
a un instant spécifique ;

dans laquelle la radio logicielle est configu-
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rée de maniéere a désactiver la chaine de
réception radio pendant la transmission du
signal et pendant un temps défini aprés
I'achévement de la transmission du signal ;
dans laquelle la radio logicielle est configu-
rée de maniére a activer la chaine de ré-
ception radio a un instant défini aprés le dé-
but de la transmission du signal ;

dans laquelle le convertisseur analogique-
numérique est configuré de maniere a pro-
duire des données numérisées en échan-
tilonnant le signal regu ;

un accumulateur de données (112) confi-
guré de maniére a sommer des données
numeérisées provenant d’'un ensemble de N
signaux synchrones séquentiels pour pro-
duire un ensemble de données de sortie,
dans laquelle les données numérisées a
partir de chaque signal recu sont sommées
avec des données stockées provenant de
signaux regus échantillonnés antérieurs
dans ledit ensemble de N signaux synchro-
nes séquentiels ; et

dans laquelle la radio logicielle est configu-
rée de maniére a utiliser une horloge com-
mune (108) ou un ou plusieurs signaux dé-
rivés de celle-ci pour cadencer le généra-
teur de signal, le convertisseur analogique-
numérique et 'accumulateur de données
afin de garantir un fonctionnement synchro-
ne en phase.

8. Systeme de capteur sans fil selon la revendication 7,

dans laquelle la radio logicielle est en outre con-
figurée de maniére a mettre en ceuvre une vi-
bration temporelle de la transmission du signal ;
dans laquelle, aprés la sommation des données
numeérisées a partir de chaque transmission du
signal, la radio logicielle est en outre configurée
de maniére a attendre un retard défini avantl'ini-
tiation d’'une transmission suivante du signal, le-
dit retard défini variant d’'une transmission a
I'autre ; et

dans laquelle la radio logicielle est en outre con-
figurée de maniére a utiliser I'horloge commune
ou ledit un ou lesdits plusieurs signaux dérivés
de celle-ci pour cadencer le retard défini varia-
ble.
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Figure 4
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