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tionally in a first ring Such that the first oscillator array outputs 
a first oscillating signal. Each of the at least three oscillator 
elements is coupled to receive a signal from a sensing ele 
ment. The second oscillator array includes at least three oscil 
lator elements coupled unidirectionally in a second ring Such 
that the second oscillator array outputs a second oscillating 
signal. A first number of the at least three oscillator elements 
of the first oscillator array is the same as a second number of 
the at least three oscillator elements of the second oscillator. 
Each oscillator element of the at least three oscillator ele 
ments of the second oscillator array is coupled to receive an 
output signal from a single oscillator element of the at least 
three oscillator elements of the first oscillator. 
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SENSOR SIGNAL PROCESSING USING 
CASCADE COUPLED OSCILLATORS 

FEDERALLY SPONSORED RESEARCH AND 
DEVELOPMENT 

The United States Government has ownership rights in this 
invention. Licensing inquiries may be directed to Office of 
Research and Technical Applications, Space and Naval War 
fare Systems Center, Pacific, Code 72120, San Diego, Calif., 
92.152; telephone (619)553-5118; email: 
ssc pac t2(a).navy.mil. Reference Navy Case No. 102215. 

BACKGROUND 

A broad class of sensors such as magnetic sensors (i.e., 
Superconducting quantum interference devices and fluxgate 
magnetometers), electric field sensors, and microelectrome 
chanical systems gyroscopes are inherently nonlinear sys 
tems. At the core of many of these sensing applications is the 
need to discern minute electrical current changes. In prin 
ciple, a device can take advantage of a system nonlinearity to 
improve a sensing system's performance Such as the detec 
tion of a minute electrical current or Voltage change. 

SUMMARY 

In an illustrative embodiment, a cascaded oscillator array is 
provided. The cascaded oscillator includes, but is not limited 
to, a first oscillator array and a second oscillator array. The 
first oscillator array includes at least three oscillator elements 
coupled unidirectionally in a first ring such that the first 
oscillator array outputs a first oscillating signal. Each of the at 
least three oscillator elements is coupled to receive a signal 
from a sensing element. The second oscillator array includes 
at least three oscillator elements coupled unidirectionally in a 
second ring such that the second oscillator array outputs a 
second oscillating signal. A first number of the at least three 
oscillator elements of the first oscillator array is the same as a 
second number of the at least three oscillator elements of the 
second oscillator. Each oscillator element of the at least three 
oscillator elements of the second oscillator array is coupled to 
receive an output signal from a single oscillator element of the 
at least three oscillator elements of the first oscillator. 

Other principal features of the disclosed subject matter will 
become apparent to those skilled in the art upon review of the 
following drawings, the detailed description, and the 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the disclosed subject matter 
will hereafter be described referring to the accompanying 
drawings, wherein like numerals denote like elements. 

FIG. 1 depicts a block diagram of a sensing system in 
accordance with an illustrative embodiment. 

FIG. 2 depicts a block diagram of a cascaded oscillator in 
accordance with an illustrative embodiment. 

FIG. 3 depicts a block diagram of an oscillator of the 
cascaded oscillator of FIG. 2 in accordance with an illustra 
tive embodiment. 

FIG. 4 depicts a circuit diagram of an oscillator element of 
the oscillator of FIG. 3 in accordance with an illustrative 
embodiment. 

FIG. 5 depicts a circuit diagram of a biasing circuit of the 
oscillator element of FIG. 4 in accordance with an illustrative 
embodiment. 
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2 
FIG. 6 depicts a circuit diagram of a second oscillator 

element of the cascaded oscillator of FIG. 2 in accordance 
with an illustrative embodiment. 

FIG. 7 depicts a circuit diagram of signal conditioning 
circuit of the sensing system inaccordance with an illustrative 
embodiment. 

FIG. 8 shows a graph comparing the output of oscillator 
elements of the sensing system in accordance with an illus 
trative embodiment. 

FIG. 9 shows a graph comparing the output of oscillator 
elements of the sensing system in accordance with a second 
illustrative embodiment. 

FIG. 10 shows a graph comparing the output of oscillator 
elements of the sensing system in accordance with a third 
illustrative embodiment. 

FIG. 11 shows a graph comparing the output of oscillator 
elements of the sensing system in accordance with a fourth 
illustrative embodiment. 

FIG. 12 shows a graph comparing the output of oscillator 
elements of the sensing system in accordance with a fifth 
illustrative embodiment. 

DETAILED DESCRIPTION 

Many nonlinear bistable dynamical systems are highly 
sensitive to small external perturbations. With reference to 
FIG. 1, a block diagram of a sensing system 100 is shown in 
accordance with an illustrative embodiment. Sensing system 
100 may include a plurality of sensing elements 102, a plu 
rality of input interfaces 104, a plurality of cascaded oscilla 
tors 106, a plurality of output interfaces 108, and an output 
processor 110. One or more of the components of sensing 
system 100 may beformed on one or more microchips, on one 
or more printed circuit boards, etc. 
A cascaded oscillator, Such as a cascaded oscillator A106a 

of the plurality of cascaded oscillators 106, includes an N-el 
ement nonlinear oscillator, where N is usually odd. The N-el 
ement nonlinear oscillator has an intrinsic bistable property. 
If the N-element nonlinear oscillator is biased at an onset of 
bifurcation and is perturbed with a small current (from an 
input interface, such as an input interface A 104a of the 
plurality of input interfaces 104), a large change in the output 
characteristics, such as frequency, duty cycle, etc. can result. 
The N-element nonlinear oscillator is nonlinear with a bifur 
cation property, such as a Hopf bifurcation or heteroclinic 
orbit, and is operated near the bifurcation point where it is 
most sensitive to changes in the control parameter via either a 
current or a voltage. Once oscillations start in the N-element 
nonlinear oscillator, Small changes in the input electrical cur 
rent (detection signal from a sensing element, such as a sens 
ing element A102a, of the plurality of sensing elements 102) 
change the oscillation characteristics, and the effects are pro 
cessed to discern the signals of interest by an output interface, 
such as an output interface A108a of the plurality of output 
interfaces 108. 
The plurality of sensing elements 102 may include any 

number and type of sensing elements such as those that col 
lect or sense a multitude of signatures such as a magnetic 
signature, an electric signature, a seismic signature, an acous 
tic signature, an infrared signature, a thermal neutron signa 
ture, a chemical/biological agent signature, a light signature, 
a stress signature, a strain signature, etc. Referring to FIG. 1, 
the plurality of sensing elements 102 includes sensing ele 
ment A102a, a sensing element B102b, a sensing element C 
102c, a sensing element D102d. . . . . and a sensing element 
S 102.S. 
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Associated with each sensing element of the plurality of 
sensing elements 102 may be an input interface of the plural 
ity of input interfaces 104. Referring to FIG.1, the plurality of 
input interfaces 104 includes input interface A104a, an input 
interface B104b, an input interface C 104c., an input interface 
D 104d. . . . . and an input interface S 104s. For a particular 
sensing element, an appropriate interface material to sense 
the associated signature is used to create a detection signal for 
input to an associated cascaded oscillator. 

In an illustrative embodiment, the detection signal is a DC 
current. For example, input interface A104a may be config 
ured to create a DC current from a magnetic signature 
detected by sensing element A 102a that includes a giant 
magnetoresistance or anisotropic magnetoresistance mate 
rial. Input interface B104b may be configured to create a DC 
current from an electric signature detected by sensing ele 
ment B102b that includes an efficient conductor for sensing 
a low frequency electric field based on a residual static 
charge. Input interface C 104c may be configured to create a 
DC current from a seismic or acoustic signature detected by 
sensing element C 102c that includes a microresonator. Input 
interface D104d may be configured to create a DC current 
from an infrared signature detected by sensing element D 
102d that includes pyroelectric crystals. Input interface S 
104s may be configured to create a DC current from a thermal 
neutron signature detected by sensing element S 102s that 
includes a film implementation of a neutron detector as 
described with reference to U.S. Pat. No. 7,745,800. As 
another example, input interface S 104s may be configured to 
create a DC current from a light signature detected by sensing 
element S 102s that includes a photodiode. As another 
example, input interface S104s may be configured to create a 
DC current from a stress signature or a strain signature 
detected by sensing element S 102s that includes a piezoelec 
tric material. 

Associated with each input interface of the plurality of 
input interfaces 104 may be a cascaded oscillator of the plu 
rality of cascaded oscillators 106. Referring to FIG. 1, the 
plurality of cascaded oscillators 106 includes cascaded oscil 
lator A 106a, a cascaded oscillator B 106b, a cascaded oscil 
lator C 106c, a cascaded oscillator D 106d. . . . . and a 
cascaded oscillator S 106s. Each cascaded oscillator includes 
the N-element nonlinear oscillator biased at the onset of bifur 
cation such that, when perturbed with a detection signal, a 
large change in the output characteristics, such as frequency, 
duty cycle, etc. results. The detection signal may be a DC 
current or Voltage signal oran AC current or Voltage signal. In 
the illustrative embodiments described herein, the detection 
signal is a DC current. For a DC signal, the cascaded oscilla 
tor behaves with consistent oscillations where the amplitude 
is constant but the frequency and duty cycle is skewed in 
proportion to the magnitude of the DC signal. When the DC 
signal is a current, no conversion to Voltage via nonlinear 
capacitors or other media is needed. 

Associated with each cascaded oscillator of the plurality of 
cascaded oscillators 106 may be an output interface of the 
plurality of output interfaces 108. Referring to FIG. 1, the 
plurality of output interfaces 108 includes output interface A 
108a, an output interface B.108b, an output interface C 108c, 
an output interface D 108d. . . . . and an output interface S 
108s. For example, output interface A 108a may be config 
ured to buffer a differential output from cascaded oscillator A 
106a to a single output. 

Output processor 110 may be operably coupled to the 
output from the plurality of output interfaces 108. For 
example, output processor 110 may include a microprocessor 
that calculates an output signal from the signals output from 
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4 
the plurality of output interfaces 108. The output signal may 
be a residence time difference (RTD), a power spectral den 
sity calculation, etc. The output signal may be presented using 
an output device Such as a display, a printer, a speaker, etc. as 
understood by a person of skill in the art. 

With reference to FIG. 2, a block diagram of cascaded 
oscillator A 106a is shown in accordance with an illustrative 
embodiment. Cascaded oscillator B 106b, a cascaded oscil 
lator C 106c, cascaded oscillator D106d. ..., and cascaded 
oscillator S 106s may be formed in a similar manner. Cas 
caded oscillator A 106a may include two to M coupled oscil 
lators. Each oscillator of cascaded oscillator A 106a may 
include three to N oscillator elements. Cascaded oscillator A 
106a may include a first oscillator 200.1, a second oscillator 
200,2,..., and an Mth oscillator 200, M. 

First oscillator 200.1 may include an oscillator element 1.1, 
an oscillator element 2.1, ..., and an Nth oscillator element 
N.1. Second oscillator 200.2 may include an oscillator ele 
ment 1.2, an oscillator element 2.2,..., and an Nth oscillator 
element N.2. Mth oscillator 200.M may include an oscillator 
element 1, M, an oscillator element 2, M, ..., and an Nth 
oscillator element N. M. 

Oscillator element 1.1 is coupled to receive an input signal 
from oscillator element 2.1 and to output an output signal to 
Nth oscillator element N. 1. Oscillator element 2.1 is coupled 
to receive an input signal from oscillator element N.1 and to 
output an output signal to oscillator element 1.1. Oscillator 
element N. 1 is coupled to receive an input signal from oscil 
lator element 1.1 and to output an output signal to oscillator 
element 2.1. Additional oscillator elements are connected in a 
similar manner. 

Similarly, oscillator element 1.2 is coupled to receive an 
input signal from oscillator element 2.2 and to output an 
output signal to Nth oscillator element N.2. Oscillator ele 
ment 2.2 is coupled to receive an input signal from oscillator 
element N.2 and to output an output signal to oscillator ele 
ment 1.2. Oscillator element N.2 is coupled to receive an 
input signal from oscillator element 1.2 and to output an 
output signal to oscillator element 2.2. 

Similarly, oscillator element 1.M is coupled to receive an 
input signal from oscillator element 2.M and to output an 
output signal to Nth oscillator element N.M. Oscillator ele 
ment 2.M is coupled to receive an input signal from oscillator 
element N.M and to output an output signal to oscillator 
element 1.M. Oscillator element N.M is coupled to receive an 
input signal from oscillator element 1.M and to output an 
output signal to oscillator element 2.M. 

For illustration, a detection signal 202 is received from 
input interface A 104a that is duplicated and input to each 
oscillator element of first oscillator 200.1. An output signal 
204.1 from oscillator element 1.1 is also input to oscillator 
element 1.2 of secondoscillator 200.2. An output signal 204.2 
from oscillator element 2.1 is also input to oscillator element 
2.2 of second oscillator 200.2. An output signal 204.N from 
oscillator element N.1 is also input to oscillator element N.2 
of second oscillator 200.2. Similarly, an output signal 206.1 
from oscillator element 1.2 is also input to oscillator element 
1.M of Mth oscillator 200.M. An output signal 206.2 from 
oscillator element 2.2 is also input to oscillator element 2.M 
of Mth oscillator 200.M. An output signal 206.N from oscil 
lator element N.2 is also input to oscillator element N.M of 
Mth oscillator 200, M. 
An output signal 208.1 from oscillator element 1.M may be 

output to output interface A 108a. An output signal 208.2 
from oscillator element 2.M also may be output to output 
interface A 108a. An output signal 208.N from oscillator 
element N.M also may be output to output interface A108a. 
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The model equation describing the coupled system of first 
oscillator 200,1 is 

S(t) is detection signal 202, V, is the differential output of 
oscillator element i, i, g-1/R and C is a load capacitance of 
cascaded oscillator A 106a. The value of C is typically cho 
Sen Such that it is greater than the total parasitic capacitance, 
C, at the nodes (i.e. CD-10C). The parameters, I and I, 
are tunable parameters that control the coupling frequency of 
the oscillations and depth of the system potential well, respec 
tively. c and care device parameters defined to correspond to 
the slope of the hyperbolic transfer function. R may be chosen 
based on the system dynamics due to a critical point that 
occurs at IDg/C. Fora Small input signal, the output is linear 
Such that the output is c times the input. For a large signal, the 
output reaches a maximum value, which is a characteristic of 
the hyperbolic tan h. For illustration, R=500 ohms and 
c. c-7. 
The model equation describing the coupled system of sec 

ond oscillator 200.2 is 

C. 22 =-gW22+1.2 tan h(c.V2)-1.2 tan h(c. V32)-2 
tan h(c.V.) 

The parameters, 12, I-2, and I2 are tunable parameters that 
control the coupling frequency of the oscillations and depth of 
the system potential well, respectively. c is a device param 
eter. For illustration, c. c. c. 
The model equation describing the coupled system of Mth 

oscillator 200M is 
C, Pir-grari-I, tan h(c. 1)-I., tan h 

(c.1(-1}MM)-IM tan h(c.1M_1) 

C, Psy-g Vari-I, tan h(c.V.)-I?tan h 
(c. 3 (-1MM)-IM tan h(c. 3-M-1) 

C, Pvt-gYvri-I?tan h(c.Yvt)-I?tan h 
(C.Nc-1MM)-IM tan h(c.N.M ) 

The parameters, I., I, and I are tunable parameters 
that control the coupling frequency of the oscillations and 
depth of the system potential well, respectively. 

In the absence of an input (target) signal, the differential 
output, V, is symmetrical in its duty cycle. Thus, during an 
oscillation period, the time above V, 0, t, is approximately 
the same as the time below V, 0, t. It follows that the RTD, 
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which is determined by calculating RTD=t-t, is very small 
or close to Zero. As detection signal 202 increases, the differ 
ential output becomes more asymmetrical in its duty cycle 
resulting in an increase in the RTD magnitude. The sensitivity 
of cascaded oscillator A 106a is scalable. For example, by 
increasing the number of oscillator elements in each oscilla 
tor and/or increasing the number of oscillators, the sensitivity 
increases. The cascaded oscillator associated with each sens 
ing element may include a different number of oscillator 
elements, a different number of oscillators, different tuning 
parameters, different device parameters, etc. possibly as a 
function of the associated sensing element of the plurality of 
sensing elements 102. 
The oscillators comprise unidirectional coupled, non-lin 

ear, over-damped, bistable elements. With reference to FIG. 
3, first oscillator 200.1 is shown in accordance with an illus 
trative embodiment to include oscillator element 11, oscilla 
tor element 2,1, and an oscillator element 3, 1. In the illustra 
tive embodiment, the input to oscillator element 2.1 is of 
opposite polarity to oscillator element 1.1 and oscillator ele 
ment 3.1 in the ring formed by first oscillator 200.1 to take 
advantage of an enhanced asymmetry in the oscillation char 
acteristic, mainly the duty cycle difference of the oscillations. 
This, in turn, enhances the sensitivity of sensing system 100. 
In an alternative embodiment, all of the inputs may have the 
same polarity. In another alternative embodiment, an input to 
another of the oscillator elements may have an opposite polar 
ity. Oscillator element 1.1, oscillator element 2,1, and oscil 
lator element 3.1 may include fully differential inputs and 
outputs, as shown in FIG. 3. The alternating input may be 
continued for a larger N-array. 
As discussed previously, detection signal 202, V, V, is 

received from input interface A 104a that is duplicated and 
input to each oscillator element of first oscillator 200.1 as 
V. V. Oscillator element 1.1 is coupled to receive an 
input signal V, V, from an output signal V, V of 
oscillator element 2.1 and to output an output signal V 
Vou 
coupled to receive an input signal V 
signal V, V of oscillator element 1.1 and to output an 
output signal V, V to oscillator element 2.1. Oscillator 
element 2.1 is coupled to receive an input signal V. V. 
from an output signal V, V of oscillator element 3.1. 
V, V, correspond to the differential output V, of oscil 

data.-- 

to oscillator element 3, 1. Oscillator element 3, 1 is 
V from an output 

diff-- 

5 lator element i, i. 
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A first capacitor 300 may be connected between the differ 
ential outputs/inputs of oscillator element 1.1 and oscillator 
element 3.1. A second capacitor 302 may be connected 
between the differential outputs/inputs of oscillator element 
3.1 and oscillator element 2.1. A third capacitor 304 may be 
connected between the differential outputs/inputs of oscilla 
torelement 2.1 and oscillator element 1.1. First capacitor 300, 
second capacitor 302, and third capacitor 304 may each have 
the value C/2. 

Each of oscillator element 11, oscillator element 2,1, and 
oscillator element 3.1 may comprise a nonlinear, over 
damped, bistable element to form the hyperbolic tangent 
function as the non-linear term by using an operational 
transconductance amplifier (OTA). With reference to FIG. 4, 
oscillator element 1.1 is shown in accordance with an illus 
trative embodiment. Oscillator element 1.1 may include a first 
OTA 400, a second OTA 402, a third OTA 404, and a resistive 
load 406. Second OTA 402 may be connected to form a 
coupling OTA. Third OTA 404 may be connected to form a 
non-linear OTA. 

First OTA 400 may include a first NPN bipolar junction 
transistor (BJT) 408 and a second BJT 410. Second OTA 402 
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may includea third BJT 412 and a fourth BJT414. Third OTA 
404 may include a fifth BJT 416 and a sixth BJT 418. First 
BJT 4.08 is connected between V-(collector), V., (base), 
and ground (emitter). Second BJT 410 is connected between 
V (collector), V. (base), and ground (emitter). Third 
BJT 412 is connected between resistive load 406 (collector), 
V (base), and a seventh BJT 420 (emitter). Fourth BJT 414 
is connected between resistive load 406 (collector), V 
(base), and seventh BJT 420 (emitter). Fifth BJT 416 is con 
nected between V (collector), V (base), and an eighth 
BJT 422 (emitter). Sixth BJT 418 is connected between V. 
(collector), V (base), and eighth BJT 422 (emitter). 

Seventh BJT 420 is connected between second OTA 402, 
V, and ground. A first tail current 424. I, flows between 
second OTA 402 and seventh BJT 420. Eighth BJT 422 is 
connected between third OTA 404, V, and ground. A second 
tail current 425, I., flows between third OTA 404 and eighth 
BJT 422. 

I and I can be set by using a biasing circuit. For illus 
tration, a biasing circuit 500 is shown with reference to FIG. 
5 in accordance with an illustrative embodiment. Each ele 
ment oscillator element may include biasing circuit 500 for 
each of I and I. Biasing circuit 500 may include resistor 
502, a first NPN transistor 504, and a second NPN transistor 
506. The base of Second NPN transistor 506 is connected to 
either nodeV, or nodeV, shown in FIG. 4. Resistor 502 may 
be an off-chip resistor, which can be replaced by a variable 
resistor, to set the value of Is (V-2V)/R and Is 
(V-2V)/R, where V, is the Supply Voltage, V is the 
forward-biased voltage of the base-emitter junction of first 
NPN transistor 504 and second NPN transistor 506 (assuming 
they have the sameV), and R is the value of resistor 502. R. 
may be the same or different for I and I. 

In an illustrative embodiment, the transistors forming 
oscillator element 1.1 are formed of complementary metal 
oxide semiconductors. The remaining oscillator elements of 
first oscillator 200.1 may be configured the same as oscillator 
element 1.1 except possibly with the opposite polarity as 
indicated in FIG. 3. 

With reference to FIG. 6, oscillator element 1.2 is shown in 
accordance with an illustrative embodiment. Oscillator ele 
ment 1.2 may include first OTA 400, second OTA 402, third 
OTA 404, resistive load 406, and a ninth BJT 600. Ninth BJT 
600 is connected between first OTA 400 (collector), V, 
(base), and ground (emitter). A third tail current 602, I, 
flows between first OTA 400 and ninth BJT600. It can be set 
by using biasing circuit 500. As described with reference to 
FIG. 5. Each oscillator element may include biasing circuit 
500 for I. R. may be the same or different for I as com 
pared to I, and I. V. and V for oscillator element 1.2 
are V and V output from oscillator element 1.1 also 
denoted as V and V. The remaining oscillatorelements 
of second oscillator 200.2, ..., Mth oscillator 200.M may be 
configured the same as oscillator element 1.2, but connected 
to receive V and V output from the oscillator element 
indicated in FIG. 2. 

With reference to FIG. 7, output interface A108a is shown 
in accordance with an illustrative embodiment. In the illus 
trative embodiment, output interface A108a includes a signal 
conditioning circuit that buffers the differential outputs from 
an oscillator element and converts the differential output to a 
single ended output. Output interface A 108a may include a 
first operational amplifier 700, a second operational amplifier 
702, a third operational amplifier 704, and fourth operational 
amplifier 706. First operational amplifier 700 receives a first 
signal 712 through a first capacitor 708 and a first resistor 710 
mounted in parallel to ground. Second operational amplifier 
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8 
702 receives a second signal 718 through a second capacitor 
714 and a second resistor 716 mounted in parallel to ground. 
The output of first operational amplifier 700 is input to third 
operational amplifier 704 through a third resistor 720 and 
through a fifth resistor 724 mounted in parallel to ground. The 
output of second operational amplifier 702 is input to third 
operational amplifier 704 through a fourth resistor 722 and 
through a sixth resistor 726 mounted in parallel to the output 
of third operational amplifier 704. The output of third opera 
tional amplifier 704 is input to fourth operational amplifier 
706 through a seventh resistor 728. The output of third opera 
tional amplifier 704 is input to a diode 730. The output of 
diode 730 is connected to output 734 through an eighth resis 
tor 732 mounted in parallel to ground. First signal 712 and 
second signal 718 may be connected from each of the differ 
ential outputs of any of the oscillator elements, one at a time. 
For example, first signal 712 may be V from oscillator 
element 1.M., and second signal 718 may be V from oscil 
lator element 1.M and output interface A 108a forms output 
signal 208.1. 
FIG.8 shows RTD as a function of an input signal for N=3 

oscillator elements and M=2 oscillators with an alternating 
polarity for the input to oscillator element 2.1 as shown with 
reference to FIG. 3. A first curve 800 shows output 734 from 
oscillator element 1.1. A second curve 802 shows output 734 
from oscillator element 2.2. The output from oscillator ele 
ment 2.2 of second oscillator 200.2 shows increased sensitiv 
ity. 
FIG.9 shows RTD as a function of an input signal for N=5 

oscillator elements and M=2 oscillators with an alternating 
polarity for the input to oscillator element 2.1 and to an 
oscillator element 4.1. A first curve 900 shows output 734 
from oscillator element 1.1. A second curve 902 shows output 
734 from oscillator element 2.2. The output from oscillator 
element 2.2 of second oscillator 200.2 shows increased sen 
sitivity. 
FIG.10 shows RTD as a function of an input signal for N=3 

oscillator elements and M=2 oscillators with an alternating 
polarity for the input to oscillator element 2.1. A first curve 
1000 shows output 734 from oscillator element 1.2. A second 
curve 1002 shows output 734 from oscillator element 1.1. A 
third curve 1004 shows output 734 from oscillator element 
2.2. A fourth curve 1004 shows output 734 from oscillator 
element 2.1. A fifth curve 1006 shows output 734 from oscil 
lator element 3.1. A sixth curve 1008 shows output 734 from 
oscillator element 1.3. 

FIG.11 shows RTD as a function of an input signal for N=3 
oscillator elements and M=2 oscillators with an alternating 
polarity for the input to oscillator element 2.1 with a noise 
intensity of 1.0e'. A first curve 1000 shows output 734 
from oscillator element 2.2. A second curve 1002 shows 
output 734 from oscillator element 1.2. A third curve 1004 
shows output 734 from oscillator element 3.2. A fourth curve 
1004 shows output 734 from oscillator element 1.1. A fifth 
curve 1006 shows output 734 from oscillator element 3, 1. A 
sixth curve 1008 shows output 734 from oscillator element 
2.1. 

FIG. 12 shows RTD as a function of an input signal for N=3 
oscillator elements and M=2 oscillators with an alternating 
polarity for the input to oscillator element 2.1 with a noise 
intensity of 3.1623e. A first curve 1000 shows output 734 
from oscillator element 2.2. A second curve 1002 shows 
output 734 from oscillator element 3.2. A third curve 1004 
shows output 734 from oscillator element 1.2. A fourth curve 
1004 shows output 734 from oscillator element 1.1. A fifth 
curve 1006 shows output 734 from oscillator element 3, 1. A 
sixth curve 1008 shows output 734 from oscillator element 
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2.1. When noise is added to the input signal to simulate real 
world environment, the enhancement is even greater when 
comparing the outputs from the first array to the second array. 

In these results, oscillator element 2.2 of second oscillator 
200.2 performed best. For first oscillator 200.1, oscillator 
element 1.1 always performed better than oscillator element 
2.1 and oscillator element 3, 1. 
As has been described, in an illustrative embodiment, a 

cascaded oscillator array is provided. The cascaded array 
oscillator includes, but is not limited to, a first oscillator array 
and a second oscillator array. The first oscillator array 
includes at least three oscillator elements coupled unidirec 
tionally in a first ring such that the first oscillator array outputs 
a first oscillating signal. Each of the at least three oscillator 
elements is coupled to receive a signal from a sensing ele 
ment. The second oscillator array includes at least three oscil 
lator elements coupled unidirectionally in a second ring Such 
that the second oscillator outputs a second oscillating signal. 
A first number of the at least three oscillator elements of the 
first oscillator is the same as a second number of the at least 
three oscillator elements of the second oscillator. Each oscil 
lator element of the at least three oscillator elements of the 
second oscillator is coupled to receive an output signal from 
a single oscillator element of the at least three oscillator 
elements of the first oscillator. 

In another illustrative embodiment, a sensor is provided. 
The sensor includes, but is not limited to, a sensing element, 
a first oscillator, and a second oscillator. The sensing element 
is configured to sense a physical characteristic. The first oscil 
lator includes at least three oscillator elements coupled uni 
directionally in a first ring such that the first oscillator outputs 
a first oscillating signal. Each of the at least three oscillator 
elements is coupled to receive a signal from the sensing 
element. The second oscillator includes at least three oscilla 
tor elements coupled unidirectionally in a second ring Such 
that the second oscillator outputs a second oscillating signal. 
A first number of the at least three oscillator elements of the 
first oscillator is the same as a second number of the at least 
three oscillator elements of the second oscillator. Each oscil 
lator element of the at least three oscillator elements of the 
second oscillator is coupled to receive an output signal from 
a single oscillator element of the at least three oscillator 
elements of the first oscillator. 

In yet another illustrative embodiment, a sensor System is 
provided. The sensor System includes, but is not limited to, a 
first sensor and a second sensor. The first sensor includes, but 
is not limited to, a first sensing element, a first oscillator, and 
a second oscillator. The first sensing element is configured to 
sense a first physical characteristic. The first oscillator 
includes at least three oscillator elements coupled unidirec 
tionally in a first ring such that the first oscillator outputs a 
first oscillating signal. Each of the at least three oscillator 
elements is coupled to receive a first signal from the first 
sensing element. The second oscillator includes at least three 
oscillator elements coupled unidirectionally in a second ring 
Such that the second oscillator outputs a second oscillating 
signal. A first number of the at least three oscillator elements 
of the first oscillator is the same as a second number of the at 
least three oscillator elements of the second oscillator. Each 
oscillator element of the at least three oscillator elements of 
the second oscillator is coupled to receive an output signal 
from a single oscillator element of the at least three oscillator 
elements of the first oscillator. 
The second sensor includes, but is not limited to, a second 

sensing element, a third oscillator, and a fourth oscillator. The 
second sensing element is configured to sense a second physi 
cal characteristic. The third oscillator includes at least three 
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10 
oscillator elements coupled unidirectionally in a third ring 
Such that the third oscillator outputs a third oscillating signal. 
Each of the at least three oscillator elements of the third 
oscillator is coupled to receive a second signal from the sec 
ond sensing element. The fourth oscillator includes at least 
three oscillator elements coupled unidirectionally in a fourth 
ring such that the fourth oscillator outputs a fourth oscillating 
signal. A third number of the at least three oscillator elements 
of the third oscillator is the same as a fourth number of the at 
least three oscillator elements of the fourth oscillator. Each 
oscillator element of the at least three oscillator elements of 
the fourth oscillator is coupled to receive an output signal 
from a single oscillator element of the at least three oscillator 
elements of the third oscillator. 
The word “illustrative' is used hereinto mean serving as an 

illustrative, instance, or illustration. Any aspect or design 
described herein as “illustrative' is not necessarily to be con 
Strued as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and unless 
otherwise specified, “a” or “an' means “one or more'. Still 
further, the use of “and” or 'or' is intended to include “and/ 
or unless specifically indicated otherwise. 

It will be understood that many additional changes in the 
details, materials, steps and arrangement of parts, which have 
been herein described and illustrated to explain the nature of 
the invention, may be made by those skilled in the art within 
the principle and scope of the invention as expressed in the 
appended claims. The foregoing description of illustrative 
embodiments of the disclosed subject matter has been pre 
sented for purposes of illustration and of description. It is not 
intended to be exhaustive or to limit the disclosed subject 
matter to the precise form disclosed, and modifications and 
variations are possible in light of the above teachings or may 
be acquired from practice of the disclosed subject matter. The 
embodiments were chosen and described in order to explain 
the principles of the disclosed subject matter and as practical 
applications of the disclosed subject matter to enable one 
skilled in the art to utilize the disclosed subject matter in 
various embodiments and with various modifications as 
Suited to the particular use contemplated. It is intended that 
the scope of the disclosed subject matter be defined by the 
claims appended hereto and their equivalents. 
What is claimed is: 
1. A cascaded oscillator array comprising: 
a first oscillator array comprising at least three oscillator 

elements coupled unidirectionally in a first ring Such that 
the first oscillator array outputs a first oscillating signal, 
wherein each of the at least three oscillator elements is 
coupled to receive a signal from a sensing element; and 

a secondoscillator array comprising at least three oscillator 
elements coupled unidirectionally in a second ring Such 
that the second oscillator array outputs a second oscil 
lating signal, wherein a first number of the at least three 
oscillator elements of the first oscillator array is the same 
as a second number of the at least three oscillator ele 
ments of the second oscillator array, further wherein 
each oscillator element of the at least three oscillator 
elements of the second oscillator array is coupled to 
receive an output signal from a single oscillator element 
of the at least three oscillator elements of the first oscil 
lator. 

2. The cascaded oscillator array of claim 1, wherein each 
oscillator element of the at least three oscillator elements of 
the first oscillator is a nonlinear, over-damped, bistable ele 
ment. 

3. The cascaded oscillator array of claim 1, wherein the first 
number is odd. 
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4. The cascaded oscillator array of claim 1, wherein the 
signal received from the sensing element is a direct current 
(DC) signal. 

5. The cascaded oscillator array of claim 1, wherein the 
signal received from the sensing element is an alternating 
current (AC) signal. 

6. The cascaded oscillator array of claim 4, wherein the 
signal received from the sensing element is a DC current. 

7. The cascaded oscillator array of claim 1, wherein at least 
three oscillator elements of the first oscillator comprise a first 
oscillator element, a second oscillator element, and a third 
oscillator element, wherein the first ring unidirectionally 
couples the first oscillator element to receive an input from 
the secondoscillator element, the secondoscillator element to 
receive an input from the third oscillator element, and the 
third oscillator element to receive an input from the first 
oscillator element. 

8. The cascaded oscillator array of claim 7, wherein the at 
least three oscillator elements of the second oscillator array 
comprise a fourth oscillator element, a fifth oscillator ele 
ment, and a sixth oscillator element, wherein the second ring 
unidirectionally couples the fifth oscillator element to receive 
an input from the fourth oscillator element, the sixth oscillator 
element to receive an input from the fifth oscillator element, 
and the fourth oscillator element to receive an input from the 
sixth oscillator element. 

9. The cascaded oscillator array of claim 8, wherein the 
fourth oscillator element is coupled to receive a first output 
from the first oscillator element, the fifth oscillator element is 
coupled to receive a second output from the second oscillator 
element, and the sixth oscillator element is coupled to receive 
a third output from the third oscillator element. 

10. The cascaded oscillator array of claim 9, wherein a 
polarity of the signal from the sensing element input to the 
second oscillator is reversed. 

11. The cascaded oscillator array of claim 10, wherein the 
second oscillating signal is output from the fifth oscillator 
element. 

12. The cascaded oscillator array of claim 9, wherein the 
second oscillating signal is output from the fifth oscillator 
element. 

13. The cascaded oscillator array of claim 9, further com 
prising: 

a third oscillator comprising at least three oscillator ele 
ments coupled unidirectionally in a third ring Such that 
the third oscillator outputs a third oscillating signal, 
wherein a third number of the at least three oscillator 
elements of the third oscillator is the same as the first 
number, further wherein each oscillator element of theat 
least three oscillator elements of the third oscillator is 
coupled to receive a second output signal from a single 
oscillator element of the at least three oscillator elements 
of the second oscillator. 

14. The cascaded oscillator array of claim 13, wherein the 
at least three oscillator elements of the third oscillator com 
prise a seventh oscillator element, an eighth oscillator ele 
ment, and a ninth oscillator element, wherein the third ring 
unidirectionally couples the seventh oscillator element to 
receive an input from the eighth oscillator element, the eighth 
oscillator element to receive an input from the ninth oscillator 
element, and the ninth oscillator element to receive an input 
from the seventh oscillator element. 

15. The cascaded oscillator array of claim 14, wherein the 
seventh oscillator element is coupled to receive a fourth out 
put from the fourth oscillator element, the eighth oscillator 
element is coupled to receive a fifth output from the fifth 
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oscillator element, and the ninth oscillator element is coupled 
to receive a sixth output from the sixth oscillator element. 

16. The cascaded oscillator array of claim 1, wherein each 
oscillator element of the at least three oscillator elements of 
the second oscillator is a nonlinear, over-damped, bistable 
element. 

17. A sensor comprising: 
a sensing element configured to sense a physical charac 

teristic; 
a first oscillator comprising at least three oscillator ele 

ments coupled unidirectionally in a first ring such that 
the first oscillator outputs a first oscillating signal, 
wherein each of the at least three oscillator elements is 
coupled to receive a signal from the sensing element; 
and 

a second oscillator comprising at least three oscillator ele 
ments coupled unidirectionally in a second ring Such 
that the second oscillator outputs a second oscillating 
signal, wherein a first number of the at least three oscil 
lator elements of the first oscillator is the same as a 
second number of the at least three oscillator elements of 
the second oscillator, further wherein each oscillator 
element of the at least three oscillator elements of the 
second oscillator is coupled to receive an output signal 
from a single oscillator element of the at least three 
oscillator elements of the first oscillator. 

18. The sensor of claim 17, further comprising an input 
interface configured to convert the sensed physical character 
istic to a current signal, wherein the signal received from the 
sensing element is the current signal. 

19. The sensor of claim 17, further comprising an output 
interface, wherein the second oscillating signal is a differen 
tial output signal, and the output interface is configured to 
convert the differential output signal to a single output signal. 

20. A sensor System comprising: 
a first sensor comprising 

a first sensing element configured to sense a first physi 
cal characteristic; 

a first oscillator comprising at least three oscillator ele 
ments coupled unidirectionally in a first ring Such that 
the first oscillator outputs a first oscillating signal, 
wherein each of theat least three oscillator elements is 
coupled to receive a first signal from the first sensing 
element; and 

a second oscillator comprising at least three oscillator 
elements coupled unidirectionally in a second ring 
Such that the second oscillator outputs a second oscil 
lating signal, wherein a first number of the at least 
three oscillator elements of the first oscillator is the 
same as a second number of the at least three oscillator 
elements of the second oscillator, further wherein 
each oscillator element of the at least three oscillator 
elements of the second oscillator is coupled to receive 
an output signal from a single oscillator element of the 
at least three oscillator elements of the first oscillator; 
and 

a second sensor comprising 
a second sensing element configured to sense a second 

physical characteristic; 
a third oscillator comprising at least three oscillator ele 

ments coupled unidirectionally in a third ring Such 
that the third oscillator outputs a third oscillating sig 
nal, wherein each of the at least three oscillator ele 
ments is coupled to receive a second signal from the 
second sensing element; and 

a fourth oscillator comprising at least three oscillator 
elements coupled unidirectionally in a fourth ring 
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such that the fourth oscillator outputs a fourth oscil 
lating signal, wherein a third number of the at least 
three oscillator elements of the third oscillator is the 
same as a fourth number of the at least three oscillator 
elements of the fourth oscillator, further wherein each 
oscillator element of the at least three oscillator ele 
ments of the fourth oscillator is coupled to receive an 
output signal from a single oscillator element of the at 
least three oscillator elements of the third oscillator. 
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