1 5 TRANSDUCER- BASED SENSOR SYSTEM W TH MJLTI PLE DRI VE SI GNAL VARI ANTS
BACKGROUND 10 Transducer devices are used in a variety of applications to
transfer energy between electrical systens and nechanical systens. Quartz
crystal mcrobalance (QCM, for exanple, is a transducer-based technol ogy
that may enploy piezoelectric transducers in various configurations to
perform sensing functions. QCMtechnqgl ogy takes advantage of the fact that
the resonant 15 frequency of a transducer typically varies with the
effective mass of the transducer. Accordingly, when portions of a sanple
material binds to the transducer, the mass of the bonded sanple materi al
can be detected by nonitoring the resonant frequency of the vibrating
mass, relative to a predeterm ned reference. 20 A related technology is
rupture event scanning (RES), in which transducers nmay be enployed to
produce nechani cal energy to break bonds wthin a sanple material. In
addition to providing energy to break the bonds, the transducers may be
used asg sensors to anal yze acoustic events (e.g., a pressure wave) that
can occur when bonds break. Different types of bonds have uni que 25
properties that produce distinctive acoustic events. The bonds can be
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functions. QCM technology takes advantage of the fact that the resonant

15 frequency of a transducer typically varies with the effective mass of the
transducer. Accordingly, when portions of a sample material binds to the
transducer, the mass of the bonded sample material can be detected by
monitoring the resonant frequency of the vibrating mass, relative to a
predetermined reference.

20 A related technology is rupture event scanning (RES), in which
transducers may be employed to produce mechanical energy to break bonds
within a sample material. In addition to providing energy to break the bonds, the
transducers may be used as sensors to analyze acoustic events (e.g., a pressure
wave) that can occur when bonds break. Different types of bonds have unique

25 properties that produce distinctive acoustic events. The bonds can be identified
and analyzed by using various techniques to study the acoustic events.

Transducer systems such as those described above typically employ
multiple distinct transducers. The transducers are often provided in an array, with
some type of mechanical suspension being used to suspend the transducers in

30 place relative to a base or other stationary component of the system.

Although many prior systems have multiple transducers, typically only one

transducer can be activated at any given time. Alternatively, where multiple



undesi red signal coupling that can occur when physically proximate
transducers are active at the sane tine. 5 One type of undesired coupling
results fromthe liquid that is often used to hydrate biological sanples
in QCM and RES applications. Were a well of liquid is spread across

mul tiple transducers, or even where separate liquid wells are enployed for
each transducer in a nultiple-transduger configuration, mechanical

vi bration produced by one transducer can be transmtted through the liquid
(and 1o through intervening structures) to other transducers in the system
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active transdueRi8-and other indirect electrical coupling can produce interference when
physically proximate transducers are activated simultaneously.
Because prior systems typically do not provide for simultaneous activation
of physically proximate transducers, they may be limited in processing speed and
20 may not be able to provide a satisfactory level of performance in applications
where it is desirable to operate multiple transducers at the same time.
SUMMARY
A sensor system is provided according to one aspect of the invention. The
sensor system includes a plurality of transducer groups, with each transducer
25 group containing a plurality of transducers. The transducers of each group are
adapted to be placed in operative proximity with a sample material. The sensor
system is configured so that, within each transducer group, each transducer is
configured to be actuated by receiving a different phase-shifted variant of a local
oscillator signal. The sensor system is also configured so that, for each
30 transducer group, the phase-shifted variants of the local oscillator signal are
selectively employed during output processing to inhibit cross-transducer
interference occurring between simultaneously active transducers.



BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1 is a schematic depiction of an
enbodi nent of a transducer-based sensor system Fig. 2 is a schematic
depiction of an enbodi nent of a transducer array, 5 including a plurality
of transducer groups, which may be configured simlarly to the transducer
group shown in Fig. 1. Fig. 3 depicts an exenplary inplenentation of a

mul tiple-transducer sensing nethod agcording to the invention, in which
mul ti pl e transducers may be enployed at the sanme tinme. 10 DETAI LED

DESCRI PTION Fig. 1 depicts an exenplary sensor system 10, including a group
12 of transducers 12aBRIEP DESCRRTIONZTOF THEDRAMINGScer s may be pl aced
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15 or may be provided as separate portions 14a, 14b, 14c and 14d in a well,
receptacle or like container associated with each transducer, as in the depicted
example. Typically, the transducers are coupled with a signal generator, such as
oscillator subsystem 16, via which activating signals are applied to the
transducers. The transducers typically are also coupled with additional electronic

20 components adapted to facilitate sensing functions, as will be explained in detail
below.

The depicted transducers may take a variety of configurations, and may be
implemented in different sizes and shapes, and with different materials, as
desired and appropriate for a given application. In some embodiments, the

25 transducers are implemented within a microchip as an array of piezoelectric
crystals, or as an array of surface acoustic wave devices, surface-skimming bulk
wave devices or Love-wave devices. Fig. 2 depicts such an exemplary array 20,
including a plurality of groups 22 of transducers. As with the exemplary group
shown in Fig. 1 (i.e., group 12), each of the groups shown in Fig. 2 may include

30 four transducers. Alternatively, any other practicable number of transducers may
be employed within the individual groupings. In single-chip embodiments, the



4 supporting electronics typically are inplenented at |east partially on
the chip along wth the transducers. Referring again to Fig. 1, the
activating signals applied fromoscillator subsystem 16 may cause the
transducers to vibrate or undergo other 5 novenents. Typically, novenent
of the transducers is dependent not only on the characteristics of the
activating signal, but also on the physical characteristics of the
transducer and/or on physical phenonena occurring around the transducer.
For exanple, the response of a transducer to a given activation signal
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In typical embodiments, vibrations and other movement may produce
electrical output signals on output lines 18a, 18b, 18c and 18d. Analysis of these
electrical signals can produce valuable information about sample 14. For

20 example, such analysis can yield information about whether, and to what extent,
portions of the sample have bonded to the surface of the transducers.
Information may also be obtained about whether the sample contains certain
types of matter, for example, by analyzing signals produced by rupture and other
events.

25 In many applications, to achieve sufficiently accurate sensing, it will be
desirable that the signal on any given transducer output line (e.g., lines 18a, 18b,
18c or 18d) correspond only to physical and electrical occurrences associated
with the particular transducer, or with phenomena occurring within sample 14 in
the immediate vicinity of that transducer. In practice, however, simultaneous

30 operation of more than one transducer can result in cross-transducer noise
components on individual transducer output lines. For example, in a non-ideal
noisy system, the electrical signal on output line 18a may have components



conponents on individual transducer output |lines. For exanple, in a

non-i deal noisy system the electrical signal on output |ine 18a nay have
conponents 5 resulting fromthe novenent of transducers 12b, 12c or 12d.
Because these signal conponents typically are undesired and correspond to
transducers other than transducer 12a, they may be referred to as
cross-transducer noise, or cross- transducer noi se conponents. 5 In many
enbodi ments, the transducers (e.g., transducers 12a, 12b, 12c and 12d) are
suspended rel ative to a base or other stationary structure (not shown)
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This would contribute a cross-transducer noise component to the electrical signal
on output line 18b.
Typically, the various circuitry coupled with the transducers is at least
partially isolated to facilitate obtaining noise-free output signals for each individual
20 transducer. In practice, however, there is often undesired electrical coupling
between the circuitry of simultaneously active transducers. This may occur, for
example, as a result of stray capacitance, stray mutual inductance, and/or other
indirect electrical coupling. Stray capacitance between output lines 18a and 18b,
for example, could introduce undesired noise components into the signals on
25 those lines.
In many cases, it will be desirable to employ a liquid within or around
sample 14. In biological scanning systems, for example, liquid may be employed
to hydrate various types of sample materials. Typically, the liquid is provided
within or around each portion of the sample material on one side of the
30 transducer array, such that the transducer array has a “wet side” and a “dry side,”
as indicated in the example of Fig. 1. Use of such a liquid environment can be

another source of cross-transducer noise, as discussed above.



wi thin or around each portion of the sanple material on one side of the 30
transducer array, such that the transducer array has a "wet side" and a
"dry side," as indicated in the exanple of Fig. 1. Use of such a liquid
envi ronment can be another source of cross-transducer noi se, as di scussed
above. 6 As shown in Fig. 1, oscillator subsystem 16 nmay be configured to
apply different variants of an oscillgator signal to the other conponents
of sensor system 10. Typically, the base signal is a sinusoid, and the
subsystem generates a nunber of phase-shifted variants of this signal for
use within senssQrsrwmt mnm@m bsofifaterxgibsystenh 16 may be dotfiguredhéo applyt he
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As shown in Fig. 1, each of the different phase-shifted variants may be
applied as an input to a corresponding one of the transducers. In the depicted
example, the 0° variant is applied to transducer 12a, the 90° variant is applied to

20 transducer 12b, and so on. As explained below, application of different phase-
shifted variants to the transducers may allow an output processing subsystem 34
to isolate and extract output signals from the individual transducers, free from the
cross-transducer interference described above.

In order to suppress cross-transducer interference, it will be desirable in

25 many cases to employ the same phase-shifted variants during processing of
output signals produced by the transducers. Indeed, exemplary output
processing subsystem 34 may be configured to employ the phase-shifted
variants to isolate and extract output signals from the transducers.

As in the depicted example, output processing subsystem 34 may include,

30 for each of transducers 12a, 12b, 12c and 12d, a corresponding mixer section
(36a, 36b, 36¢c and 36d, respectively) and a low pass filter (38a, 38b, 38c and
38d, respectively) (LPF). Though depicted as separate devices, the individual



processi ng subsystem 34 may be configured to enpl oy the phase-shifted
variants to isolate and extract output signals fromthe transducers. As in
the depicted exanpl e, output processing subsystem 34 may include, 30 for
each of transducers 12a, 12b, 12c and 12d, a correspondi ng m xer section
(36a, 36b, 36c and 36d, respectively) and a |ow pass filter (38a, 38b, 38c
and 38d, respectively) (LPF). Though,depicted as separate devices, the

i ndi vidual 7 m xer devices may be collectively referred to as a m xer, and
the individual filter devices may be referred to as a filter. Indeed, the
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local oscillator signal. This, in turn, results in movement of the transducer. As

discussed above, the movement of the transducer may depend on various factors

other than the characteristics of the input drive signal. Portions of sample 14

20 may, for example, bond to the surface of the transducer. The resulting variation

in mass (i.e., from an unloaded state) would cause a change in the resonant

frequency at which transducer 12a vibrates. In addition, various “acoustic” or

“sonic” events can affect the movement of transducer 12a. For example, rupture

events at or near the transducer surface (e.g., a portion of sample 14 breaking

25 away from a bonding location on the transducer, or a breaking of chemical bonds
within sample 14) may produce a pressure wave that acts upon the transducer.

The various different movements of transducer 12a contribute to the

output signal arising on output line 18a. As discussed above, in most cases, it is

preferable that the signal on output line 18a reflect only the physical

30 characteristics of transducer 12a and/or events occurring within sample 14 in the

immediate vicinity of transducer 12a. However, if transducers other than

transducer 12a are simuitaneously active, the signal on line 18a will typically



25 away from a bonding |ocation on the transducer, or a breaking of
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sensor system. In biological scanning applications, for example, use of such a

sensor system may slow scanning operations and produce other processing
bottlenecks.

When multiple transducers in the same area are simultaneously active, the

20 depicted use of different phase-shifted variants of the base drive signal facilitates

obtaining substantially noise-free output signals. Referring again to transducer

12a and its supporting circuitry, the signal on line 18a is applied to mixer section

36a, along with the same phase-shifted variant 30a (the 0° variant) that was

applied as an input drive signal to transducer 12a. Use of the same variant that

25 is used to drive the transducer may be referred to as a “synchronous” deployment

within output processing subsystem 34, since the variant typically is in sync with

the transducer output signal on line 18a. The mixing at section 36a creates sum

frequencies and difference frequencies, which are selectively filtered using LPF

38a. LPF 38a is tuned to pass only a range of frequencies and phase

30 corresponding to transducer 12a. The resulting signal on output line 40a is

therefore substantially free of cross-transducer noise.
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the More specifically, in certain multiple-transducer embodiments, employing

different variants of a periodic signal may cause any “non-pure’ (e.g., noisy)
transducer output signal to have frequency components that are distinct from

20 those of the noise-free base output. Without noise, for example, the signal on a
given output line typically would have a frequency close or identical to that of the
base local oscillator signal. Because different transducers within a given group
would be driven with different phase-shifted versions of the local oscillator, their
vibratory outputs would be staggered in time relative to one another.

25  Accordingly, if vibration from more than one transducer were to contribute to the
output on any given transducer output line, the resulting noisy output would have
higher frequency components than the noise-free output. The noise components
would then be filtered out by the combined operation of the mixer sections and
frequency-/phase-based filtering.

30 As indicated above, use of different dive signal variants may be
implemented in a number of different ways. The depicted illustrative embodiment

may, for example, be extended to more or less than four drive signal variants that
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As shown at 60 in Fig. 3, the_exenpla
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variant offia pertriifettiddnal BeinfplbMentdUpaed varldty dfauéraRnays.omhal so
I ncl udes applying a second, "different variant of the periodic signal to
anot hets  tfpliovetig dessrintion éhmerely andiustrativeexamplae Asrhomint fi0sinddgc}.i bed
above, furtfigeéxemplary implementation of the method includes applying a first phase-
shifted variant of a periodic signal to a transducer. The implementation also
includes applying a second, different variant of the periodic signal to another
transducer, as shown at 62. As with the embodiments described above, further
20 variants may be employed as desired and appropriate for a given application, as
indicated at 64.

As explained above, the differences between the signal variants typically
will cause signals associated with the two transducers to have different
characteristics. This, in turn, will cause a noisy output signal (e.g., a signal

25 having components associated with more than one of the transducers) to have
characteristics that differ from those of the noise-free signal. Typically, the
differences between a noisy signal and a noise-free signal manifest as
differences in frequency or frequency ranges, such that noise suppression can be
readily performed via bandpass filtering. Indeed, the depicted exemplary

30 implementation includes, at 66, filtering output signals based on frequency to
remove cross-transducer noise. Also, as explained above, phase discrimination

methods may be employed in addition to or instead of frequency-based filtering.
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di fferent drive signal are applied to different transducers in the system. Use of the
different variations of the drive signal allow signal contributions from the different
transducers to have different characteristics. This, in turn, facilitates suppression
of noise components, through use of filtering or other techniques.
20 While the present embodiments have been particularly shown and
described, those skilled in the art will understand that many variations may be
made therein without departing from the spirit and scope defined in the following
claims. The description of the invention should be understood to include alt novel
and non-obvious combinations of elements described herein, and claims may be
25 presented in this or a later application to any novel and non-obvious combination
of these elements. Where the claims recite “a” or “a first” element or the
equivalent thereof, such claims should be understood to include incorporation of
one or more such elements, neither requiring nor excluding two or more such
elements.
30



transducers to have different characteristics. This, in turn, facilitates
suppression of noise conponents, through use of filtering or other
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I nhi bit cross-transducer interference occurring between 10 simnultaneously
act i v&0 t r siRutansoyslyactiyadransdyeerssyst em (10) of claim 1, further
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appl i @8l t thealocal oscillator signal is applied to a first transducer (12a), a variant (30b)

shifted by 90° from the local oscillator signal is applied to a second transducer

(12b), a variant (30c) shifted by 180° from the local oscillator signal is applied to a

third transducer (12c), and a variant (30d) shifted by 270° from the local oscillator

signal is applied to a fourth transducer (12d).

20 3. The sensor system (10) of claim 2, where each transducer group

(12) includes only four transducers.

4. The sensor system (10) of claim 1, where within each transducer
group (12), each of the phase-shifted variants (30a, 30b, 30c, 30d) of the local
oscillator signal is orthogonal to at least one other of the phase-shifted variants

25 employed within such transducer group.

5. The sensor system (10) of claim 1, where each transducer group
(12) includes an output processing subsystem (34) configured to isolate output
signals for each of the transducers (12a, 12b, 12c, 12d) within such transducer
group (12) by filtering out signal contributions caused by other simultaneously

30 active transducers within such transducer group.



third transducer (12c), and a variant (30d) shifted by 270 fromthe | ocal
oscillator signal is applied to a fourth transducer (12d). 20 3. The
sensor system (10) of claim 2, where each transducer group (12) includes
only four transducers. 4. The sensor system (10) of claiml1l, where within
each transducer group (12), each of the phase-shifted variants (30a, 30b,
30c, 30d) of the local oscillator signal is orthogonal to at |east one
ot her of the phase-shifted variants 25 enployed within such transducer
group. 5. The 8ensoThegeneon systemdf O} phclaim 5, where fereach transdures(148.oup
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ot her sinultaneous active transducers w thin such transducer group.
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phase- shirbf&8l068 WitRin SScHEFRhSHRSr Wrddp.n an out put signal path of such
transducer to 5 facilitate filteri n?ﬁout signal contributions caused by

ot her si nul t anéous! Yhacenser systens §iR)kek claim Hi,nwBekeneaeh ANseEeeHemUp. ~ 7.
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| ocal oscillator 1o signal by_00, 90, 180 and 270. 8. A transducer-based
sensot0 nesigoal by 8%H0°s18Q° and éW%Ii ng multiple different phase-shifted

variants of a Local | ' r . Péﬁ‘l# r.SmitiWRer e
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\Sﬂ:;: tsgcplé%%é;/-gﬁﬂehngarji&tg%f grived tRA8dcANirfiné epdy; Cad Ypplyikglyepyy and
15  second one of the phase-shifted variants to a second transducer in the array; and
filtering (66) output signals from individual transducers in the array, where such
filtering is performed based on at least one of frequency and phase to remove
signal components containing cross-transducer noise.
9. A transducer-based sensor system (10), comprising: a transducer
20 array including a plurality of transducers (12a, 12b, 12c, 12d) configured to be
placed into operative proximity to a sample material (14), an oscillator network
operatively coupled with the transducer array and configured to apply phase-
shifted variants (30a, 30b, 30c, 30d) of a local oscillator signal to the plurality of
transducers (12a, 12b, 12c, 12d), where at least some of the plurality of
25 transducers are actuated with different phase-shifted variants of the local
oscillator signal; and an output processing subsystem (34) configured to filter
output signals received from individual transducers (12a, 12b, 12c, 12d) in the
transducer array, w here the output processing subsystem (34) is configured to
perform such filtering based on frequency to remove cross-transducer noise

30 components from such output signals.



si gnal conponents containing cross-transducer noise. 9. A transducer-based
sensor system (10), conprising: a transducer 20 array including a
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to the plurality of transducers (12a, 12b, 12c, 12d), where at |east sone
of the pluralit§. of A2Banscucsiased sensoncsysterad(1): borprisingentmeans for

hase-shifted, var| he lLocal , .oscill ' :
P ocesi nresiidg o Bfipe iretat naspshte vandtes (o, X a0t 3Bl of BB
from i ndi yidabr isigHt d8CER Sarth2of thetiddude® (102)12h) 1R 12d)andtbre esuchr ray,

where the output processing subsystem (34) Is configured to performsuch
filteri ngmeassdnoludeseqmeans foo appiying a fitstsone ofidhe qdhraseoshibed ygriants

yor o ( 16308 36ra et R el (PR P Tl 4 TR EF opaie f SeXuhle
phase- shi phedf ts bﬁﬂééshﬁl@@va?@htsl%Ib) t3@Becohdardrciaker O2b)lim teoarray,gnal

to an array of transducers (12a, 1 12c, 12d), where such  neans
i ncl udes: anéaneansforfilleynggutputi signals feorarindividugh dansducerseln the: aHAYs 5

(30a) to a,fj I » i a . i a
Second ofitels S TRIAY FERerbafiés HAsbURrbCREs BRE STIRRLEhe) AR
(12b) in thremovesignabeshmpeaerts fcontdining eroswstrangduder siogseal s from i ndi vi dual
transducers in the array, where such filtering is perfornmed based on at

| east T®ne of frequency and phase to renove signal conponents containing
cross-transducer noise. 10



