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Stochastic resonance (SR) typically manifests in nonlinear systems, wherein the detection of a weak signal
is bolstered by the addition of noise. Since its first discovery in a study of ice ages on Earth, various types
of SRs have been observed in biological and physical systems and have been implemented in sensors
to benefit from noise. However, a universally designed sensor architecture capable of accommodating
different types of SRs has not been proposed, and the widespread applications of SRs in daily environments
have not yet been demonstrated. Here, we propose a sensor architecture to simultaneously realize multi-
type SRs and demonstrate their wide applications in mechanical, optical, and acoustic sensing domains.
In particular, we find the coexistence of excitable SR and bistable SR in a sensor architecture composed of
wirelessly coupled inductor—capacitor resonators connected to a nonlinearly saturable amplifier. In both
types of SRs, adding noise to the system leads to a characteristic noise-enhanced signal-to-noise ratio
(SNR). We further validate our findings through mechanical, optical, and acoustic sensing experiments
and obtain noise-enhanced SNR by 9 dB, 3 dB, and 7 dB, respectively, compared to the standard methods
devoid of SR integration. Our findings provide a general strategy to design various types of SRs and pave
the way for the development of a distinctive class of sensors leveraging environmental noise, with potential
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applications ranging from biomedical devices to ambient sensing.

Introduction

Sensors play an important role in many technologies used in
daily life, spanning from wearable health monitors to ambient
sensors in the Internet of Things. Deploying sensors in daily
environments, however, is challenging due to the ubiquitous
presence of noise. Because noise usually interferes with signal
detection, most approaches to noise mitigation, such as spec-
tral filtering, artifact removal, and active cancellation [1], pri-
marily focus on minimizing or eliminating noise. An alternative
approach involves engineering the system’s response to a noisy
input signal [2], a strategy found in various biological sensory
systems where noise paradoxically enhances the capability of
nonlinear systems to detect weak signals—an effect known as
stochastic resonance (SR) [3,4].

SR operates on the principle of a system’s sensory threshold
and is characterized by 2 primary types based on different
sensory threshold models: excitable SR and bistable SR [5-7].
These types of SRs have been implemented across a wide
range of physical systems, including optomechanical resona-
tors [8-10], photonic semiconductors [11], and bistable cir-
cuits [12]. Biomedical applications have also harnessed SRs
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to enhance balance control [13,14], auditory perception [15],
and tactile sensation [16,17]. Despite these advancements,
SRs remain confined to respective physical systems, and its
integration into a broader class of sensors operating in daily
environments has yet to be demonstrated.

Here, we propose a sensor architecture with the simultaneous
presence of multi-type SRs and demonstrate their applications
in mechanical, optical, and acoustic sensing domains. Our sys-
tem comprises a pair of wirelessly coupled inductor-capacitor
(LC) resonators, each connected to an amplifier or a resistor in
parallel, respectively (Fig. 1A). This configuration has yielded a
singularity point in the spectrum under the input of coupling
strength or resistance [18-20], featuring a nonlinear sensory
threshold [21-23]. In addition, by operating the amplifier in the
saturation region [24-26], our circuit has shown bistable sensory
thresholds in response to capacitance input [27,28] (Fig. 1B).
Leveraging these sensory thresholds, we further elucidate the
coexistence of excitable SR and bistable SR in our system (Fig.
1C). We demonstrate mechanical, optical, and acoustic sensing
using multi-type SRs in noisy environments (Fig. 1D) and achieve
noise-enhanced signal-to-noise ratio (SNR) by 9 dB, 3 dB, and
7 dB, respectively.
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Results where V, are the voltages and I; , are the currents in the induc-
) ) ) ) ) tors. L, denotes the inductances, and R, stands for the resis-
We illustrate the coexistence of excitable SR and bistable SRin . <ac (with 71 =1, 2). A negative resistor —R, is realized via a

the wireless system shown in Fig. 1A. The circuit model consists negative impedance converter utilizing an amplifier. The reso-

of 2 inductively coupled LC resonators, where one, connected . . . .
nant frequencies of 2 resonators, prior to coupling, are given

to an amplifier, acts as the active resonator, while the other, con- b 1 i .
; . . . Y ®,, = ——=. Considering a mutual inductance M between
nected to a resistor, functions as the passive resonator. Applying VL,C,
Kirchoff’s current law, we have: 2 coupled inductors, the voltages and currents are related as
v follows:
1,
IL,I + R_ +ICOC1 Vl =0
1 I
v, W <V1>=iw<L1 M> L), 2)
IL,2 + R_2 + ICUCZ V2 =0, VZ M L2 IL,Z
A B A
Mono-
3" \\Irzreshold
© T~
19} 3>
P2 >
S
[ e i
N
m .
o Bistable
threshold
c
o .
Z Stochastic
@ resonance
Noise

Optical
signal  Acoustic
signal

)
/ Environmental \\\

Physiological light Ambient
noise sound

Fig. 1. Multi-type stochastic resonances for mechanical, optical, and acoustic sensing. (A) lllustration of general mechanism to design multi-type stochastic resonances
(SRs). The input consists of a periodic signal superimposed with environmental noise. The system consists of a pair of coupled inductor-capacitor (LC) resonators, with an
amplifier and a resistor connected to each resonator. (B) Coexistence of 2 types of sensory thresholds: mono-threshold and bistable threshold. (C) Conceptual illustration of
the signature of SRs: SNR is maximized by a non-zero noise level. (D) Schematic photos for mechanical, optical, and acoustic sensing in daily environment.
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The balance equation can be obtained by combining Egs. 1
and 2:
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We additionally consider the amplifier operating in the satu-
ration region, where the gain is a function of the power inside
the resonator and is described by a commonly used saturation
model g, =go/(1+ v? ), with g, representing unsaturated
gain. The resonant frequency of the system can be directly
determined by setting the determinant of the impedance matrix
of Eq. 3 and solving for the complex frequencies . Theoretical
characterization of such a system and Monte Carlo simulations
of excitable SR and bistable SR are detailed in the Supplementary
Note and depicted in Figs. S1 to $4.

We conduct experimental characterization of the system by
measuring the resonant frequency under different values of R,
and C,. A photograph of the proposed circuit system is presented
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in Fig. 2A, accompanied by a detailed circuit diagram illustrated
in Fig. S5. The resonators are designed in Advanced Design
System (Keysight Technologies). R, can be digitally programmed
with a range of 75 to 1,000 € and 4 Q resolution (AD5254,
Analog Devices). C, can be digitally programmed with a range
of 12.5 to 194 pF and 0.355 pF resolution (NCD2400M, IXYS
Corporation). An operational amplifier (ADA4817, Analog
Device), powered by a 3.3-V supply (E3646A, Keysight), is used
to construct a negative impedance converter. Arduino boards
(Bluno, DFROBOT) and a laptop are used to control R, and C,
using LabVIEW interface (National Instruments). Notably, the
system is self-oscillating, and its response can be directly cap-
tured by a signal analyzer (N9000B, Keysight) that measures the
oscillation frequency of the circuit with the aid of a near-field
probe.

We first characterize the 2 types of sensory thresholds in the
system. The full map of the system’s resonant frequency under
varying values of C, and R, is depicted in Fig. 2B. Notably, a
singularity point (the black dot in Fig. 2B) emerges within the
parameter dimension of R,. Preceding this singularity, the sys-
tem maintains a constant resonant frequency, exhibiting insen-
sitivity to the input R,. However, in proximity to the singularity
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Fig. 2. System characterization. (A) A photograph of the proposed wireless circuit system. (B) A full map of resonant frequency in parameter space of R, and C,. The values of
R, and C, are normalized to the singularity point (black dot). (C) Two types of sensory threshold. The singularity point serves as a mono-threshold and the bistability induced
by the nonlinearly saturable amplifier acts as the bistable threshold. (D and F) Noise-maximized SNR in excitable SR (D) and bistable SR (F). (E and G) Representative output
waveforms for excitable SR (E) and bistable SR (G) under the algorithm noise levels of 6=1, 10, and 15.
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point, a minor perturbation induces a sudden phase transition,
thereby rendering the system responsive to the changes in R,
(Fig. 2C). This singularity thus serves as a mono-threshold: the
system evokes an output response only when the input sur-
passes the threshold, mimicking the behavior in excitable neu-
ron model [3,4]. We mark this type of sensory threshold as
“mono-threshold” in our system and term the corresponding
SR as “excitable SR”

We also observe the presence of a “bistable threshold” in the
same system, as illustrated in Fig. 2C. This phenomenon arises
due to the nonlinearly saturable amplifier [24-28], causing the
system’s resonance to exhibit bistability in response to varia-
tions in C,. Within the bistable region, the system may poten-
tially support 2 resonant modes; however, only one resonance
stabilizes, contingent upon its prior state. For example, when
the system is initially resonant at a frequency in the upper
branch, the system prevents the other resonant state in the
lower branch from becoming steady until the system leaves the
bistable region and switches to the other mode (Fig. S2).
Notably, resonant frequency transitions occur solely at the
boundaries of the bistable region. This hysteresis effect leads
to bistable sensory thresholds and facilitates bistable SR within
the system.

We proceed to characterize the simultaneous presence of
excitable SR and bistable SR. Either type of SR necessitates 3
fundamental components: a form of threshold, a weak coherent
input, and a source of noise. In our experimental setup, we
generate weak resistance inputs in sinusoidal form (signal rate,
0.14 Hz) and Gaussian noise (standard deviation o, unitless)
of resistance using an algorithm implemented in MATLAB
(MathWorks Inc.). Note that other noise types such as uniform
noise, Rayleigh noise, and exponential noise are also valid in
SRs (Fig. S4). The weak input and noise are then added and
programmed into the digital resistor R, through a LabVIEW
interface (National Instruments) to characterize the excitable
SR. A similar algorithm is employed to generate weak sinusoi-
dal capacitance input (signal rate, 0.05 Hz) and Gaussian noise,
which are then programmed into the digital C, to characterize
the bistable SR. The generated signal rates can also be changed
by different programming speeds in the LabVIEW interface.
The time-varying resonant frequency of the system is continu-
ously monitored and processed by fast Fourier transform to
obtain the power spectrum. The SNR is then calculated by
10log,,(S/N,), where S denotes the power spectral density at
the signal rate and N, is the background noise.

The experimental results showcasing excitable SR and bistable
SR are displayed in Fig. 2D and E, respectively, revealing the sig-
nature of SRs: the maximal SNR occurs at a non-zero noise level.
The optimal noise levels with a standard deviation of ¢ = 7 and
o =9 enhance the SNR of excitable SR and bistable SR by 3.16 dB
and 12.68 dB, respectively.

The underlying mechanism can be elucidated through the
time-varying response of the system’s resonant frequency. For
the system featuring a mono-threshold, the output signal in
response to a weak coherent input comprises a sequence of
spikes, i.e., the ground state interrupted by short, noise-induced
excitation events (Fig. 2E). For the bistable threshold, the sys-
tem exhibits noise-induced transitions between 2 metastable
states (Fig. 2G). When ¢ = 1 (Fig. 2E and G), the noise intensity
proves inefficient to drive the system’s resonant frequency to
effectively switch between the ground state and the excitation
state or between the bistable modes. However, as the noise level
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increases, the input signal intermittently surpasses the sensory
threshold with enhanced coherence (Fig. 2E and G, 6 = 10). At
the optimal noise level, the noise-induced excitation or bistable
transition events statistically synchronize with the input signal,
as evidenced by the noise-maximized SNR in Fig. 2D and E
Nevertheless, further increasing the noise predominates over
the coherence. The output flips too many times to be statistically
relevant with the input, thereby diminishing the SNR (Fig. 2E
and G, o0 = 15).

We demonstrate the sensing capabilities of SRs across
mechanical, optical, and acoustic signals using the sensors that
manifest as inductor, resistor, and capacitor connected to the
sensing circuit, respectively. We construct the sensing circuit
with fixed resistor and capacitor values, as depicted in Fig. 3A.
The inductors are L, = L, = 5.5 pH, and the resistor and capaci-
tor are set to different values for various demonstrations.

The mechanical sensor measures a coherent mechanical
signal through the changes in the coupling strength between
the passive and active resonators. The active resonator is
attached to a moving stage (KRF4-06-0200A, THK, 0.02 mm
resolution) while fixing the position of the passive resonator.
An input signal is employed to control the displacement d
between the 2 coils, and hence the coupling strength, via a
motorized linear stage controlled using LabVIEW (National
Instruments). The input signals, comprising sinusoids with
additive white noise (Fig. 3B), are generated using MATLAB
(MathWorks). The circuit yields a mono-threshold occurring
at displacement d =13.74 mm, beyond which the coupling
strength falls below the sensory threshold and the system does
not respond.

For comparison, the standard method uses an identical
setup with C, and negative impedance converter removed. The
input signals, the noise, and the control instruments and algo-
rithms are the same as those in the SR sensor. When placed in
close proximity to the passive resonator, the reflection spectrum
has a dip near the resonant frequency. The response of L, is
measured by connecting the terminals to a vector network ana-
lyzer (N9915A FieldFox, Keysight) using a subminiature ver-
sion A (SMA) connector and coaxial cable. The output signal
is obtained by tracking the dip in the reflection spectrum S,
induced by proximity to the passive resonator.

Figure 3C shows the response of the system to a sinusoidal
input signal of 0.09 Hz superimposed with white Gaussian
noise. The sinusoidal signal has an amplitude of 1 mm, which
is below the 2-mm gap between the initial position and the
displacement threshold. However, the addition of Gaussian
noise with a standard deviation ¢ =0.5 mm yields an output
featuring a sharp spectral peak at 0.09 Hz, characterized a mea-
sured SNR of 18 dB (Fig. 3C). The standard method without
SR yields an SNR curve that decreases monotonically with o.
The mechanical SR sensor optimally benefits from noise at o =
0.6 mm, surpassing the SNR of the standard method by 9 dB.

We next conduct the optical sensing utilizing excitable SR.
The sensor detects a coherent optical signal through the resist-
ance changes of a photoresistor. Our setup in Fig. 3D consists
of 2 light-emitting diodes (LEDs) controlled by dc voltages,
with one emitting binary white light at 0.2 Hz and the other
emitting Gaussian noise. A time-varying dc voltage signal in
the form of a square wave and noise are firstly generated by
MATLAB code and then programmed to the white LEDs
through a dc power supply (E3646A, Keysight) and LabVIEW
interface. The input light, combined with noise, is measured by
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Fig. 3.Mechanical, optical, and acoustic sensor demonstrations. (A) The circuit configuration for sensing applications. Mechanical, optical, and acoustic signals are converted
to the coupling, resistance, and capacitance signals in the circuit, respectively. NIC, negative impedance converter. (B, D, and F) Experimental setup for mechanical (B), optical
(D), and acoustic sensing (F). Inserted curves indicate the sensory thresholds. (C, E, and G) Output signals and SNR as a function of noise in mechanical (C), optical (E), and

acoustic sensing (F).

a digital photometer (IF PM, Industrial Fiber Optics) to deter-
mine its actual input noise level (Fig. S6). A photoresistor (NSL-
6510) is then used to convert the input light signal into
resistance changes (Fig. S7), which is connected to the passive
resonator in parallel, thereby inducing shifts in the system’s
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resonant frequency. The output signal, stemming from varia-
tions in light intensity, experiences a mono-threshold sensory
threshold (Fig. 3D).

For comparative analysis, we implement the standard method
employing a commonly used amplifier circuit (Fig. S8). The
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Fig. 4. Excitable SR for optical sensing and comparison with standard method.
(A) Output signals and fast Fourier transforms of the optical SR sensor under the
noise level of 0.856,1.31, and 1.818 pW. (B) Comparison with standard configuration
composed of the commonly used amplifier circuit. The arrows point to the input
signal rate. The waveforms of excitable SR indicate the optimized coherence of
noise-induced excitation events. However, in the standard method, the noise always
deteriorates the input signal and results in low SNR.

generated optical signals and noise are the same as those in the
SR sensor. The LEDs and photoresistor are in the same positions
and settings as the SR sensor. The output voltage signal is mea-
sured using a digital multimeter (34461A, Keysight), and the
SNR is calculated using the same MATLAB algorithm as the
theory.

The optical sensor demonstrates an output with a maximum
SNR of 20 dB at a light noise level of 0 = 1.3 pW (Fig. 3E). In
comparison with the standard method, our optical sensor
showcases an SNR improvement up to 3 dB in the presence of
high ambient noise. This improvement is attributed to excitable
SR, elucidated by the detailed output waveforms depicted in
Fig. 4. As the optical noise increases from 0.856 to 1.818 pW,
the noise assists the input to surmount the mono-threshold,
leading to the random spiking events. Although these spiking
events occur at a random time, they exhibit statistical coherence
with the input signal at the optimal noise level (second row,
Fig. 4A). Conversely, in the standard method, the output transi-
tions from a square-like waveform to a gradually disordered
waveform with decreased coherence as noise levels increase
(Fig. 4B).

We further demonstrate acoustic sensing using bistable SR.
The sensor detects monochrome sounds through the capaci-
tance changes of a condenser microphone. The experimental
setup involves 2 input speakers, one generating a 200-Hz sound
signal and the other emitting white noise (Fig. 3F). A sound
signal at 200 Hz is firstly generated by a MATLAB code and
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played by one speaker using MATLAB sound function. The
Gaussian acoustic noise is generated via random numbers in
the MATLAB algorithm and played by the other speaker. The
input sound signal is firstly measured by a digital sound meter
(FLIR Extech) to characterize the actual sound intensity level
(Fig. S9). A condenser microphone and a varactor are then used
to convert sound signal and noise into capacitance changes
(Fig. S10), which are connected to the passive resonator in par-
allel. The capacitance changes shift the system's resonant fre-
quency and leads to bistable thresholds (Fig. 3F). We use an
oscillator (MDO3012, Tektronix) to record the voltage signal
and take a fast Fourier transform to obtain the resonant fre-
quency of the bistable SR system, because the signal analyzer
used in mechanical and optical sensor demonstrations is not
fast enough to capture the high frequency of the sound. The
raw data captured by the oscilloscope at a sound noise of 74 dB,
81 dB, and 89 dB are displayed in Fig. S12.

A standard method is implemented using a commonly used
inverting operational amplifier circuit (Fig. S11) and the same
condenser microphone. The 200-Hz sound and the noise are
the same as those in the SR sensor. The 2 speakers are in the
same location as well. The same oscilloscope is used to measure
the voltage signal in the standard method.

The results in Fig. 3G show that, around a sound noise of
81 dB, the circuit output attains a maximal SNR of 42 dB.
Comparative analysis reveals that bistable SR leads to a noise-
enhanced acoustic detection, characterized by an SNR improve-
ment of 7 dB at the optimal noise level (Fig. 3G). The enhancement
stems from noise-assisted bistable mode switching, occurring
randomly yet exhibiting statistical coherence with the input
sound (Fig. 5A). At a low sound noise, the SNR is high due to
frequency shifts within one of the bistable modes. However, as
the noise increases (sound noise, 74 dB; Fig. 5A), the system
starts hopping between bistable modes, as indicated by the
infrequent resonant frequency transitions and a consequent
decrease in SNR. At the optimal noise level (sound noise 81 dB,
Fig. 5A), the resonant frequency hopping becomes statistically
synchronized with the input signal, as evidenced by the noise-
maximized SNR, which is the signature of bistable SR. Further
escalation of noise (sound noise 89 dB, Fig. 5A) leads to noise
dominance over the coherence. The output flips too many times
between bistable modes to be statistically relevant with the
input. Conversely, in the standard method, the output signal
exhibits sinusoidal-like waveform only at low sound noise, with
the SNR monotonically decreasing under higher noise condi-
tions (Fig. 5B).

Discussion

We have introduced a wireless system that supports multi-type
SRs and we have demonstrated their widespread applications
in mechanical, optical, and acoustic sensing domains. Our
approach to multi-type SRs is based on wirelessly coupled
electronic resonators, offering versatility for adoption beyond
electronic systems, including nanophotonic structures and
electromagnetic metamaterials. The proposed method there-
fore presents a universal mechanism for manipulating signal—
noise interactions across diverse sensing systems. Moreover,
our experimental demonstrations in mechanical, optical, and
acoustic sensing underscore the potential of our multi-type SR
system in enhancing the light communication, auditory percep-
tion, and physiological monitoring in everyday scenarios. Our
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Fig. 5. Bistable SR for acoustic sensing and comparison with standard method.
(A) Output signals and fast Fourier transforms of the acoustic SR sensor under the
sound noise level of 74, 81, and 89 dB. (B) Comparison with standard configuration
composed of inverting operational amplifier circuit. The arrows point to the input
signal rate. The waveforms of bistable SR indicate the optimized coherence of noise-
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method could, in principle, be extended to enhance other
coherent signal detections in the Internet of Things, including
industrial pressure sensors, environmental monitoring of tem-
perature humidity, and healthcare sensors for electrophysio-
logical recordings, that are enhanced by the noise present in
their environments. Our results could also provide some inspi-
rations to other high-related fields such as vibrational reso-
nance and nonlinear resonance [29-31], photonic sensors and
signal processors [32-34], and vibration and acoustic signals
in electromechanical systems [35-37].

Materials and Methods
System design

The sensing circuit is comprised of an active and a passive LC
resonator. Textile-integrated inductors weredesigned in software
(PE-DESIGN 10, Brother) and fabricated on a cotton-polyester
shirt using silver conductivethread (235/34 dtex-super conduc-
tive, Shieldex) and computer-controlled embroidery (NV 180,
Brother). Theactive resonator used a digitally programmable
capacitor (NCD2400M, IXYS Corporation) and a negativeimped-
ance converter based on a high-speed operational amplifier
(ADA4817, Analog Device) with a DC powersupply (E3646A,
Keysight). An Arduino Bluetooth board (Bluno, DFROBOT)
and a control algorithm implementedin LabVIEW (National
Instruments) were used to control the digital capacitor. The reso-
nant frequency of thesystem can be monitored by a signal ana-
lyzer (N9000B, Keysight).
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Mechanical sensing

The active resonator was attached to a moving stage (KRF4-06-
02004, THK, 0.02-mm resolution) while fixing theposition of the
passive resonator. The moving stage was controlled using LabVIEW
(National Instruments). Thestandard method used an identical
setup and negative impedance converter removed, interrogated by
a vectornetwork analyzer (N9915A FieldFox, Keysight).

Optical sensing

A white LED was controlled through MATLAB code and a DC
power supply (E3646A, Keysight) and LabVIEWinterface. The
light noise was measured by a digital photometer (IF PM,
Industrial Fiber Optics). A photoresistor(NSL-6510) was then
used to perceive the input light. The standard method used a
typical amplifier circuit. Theoutput voltage signal was measured
by a digital multimeter (34461A, Keysight).

Acoustic sensing

A sound signal at 200 Hz and noise were played by speakers using
MATLAB sound function. The acoustic noiseintensity levels were
measured by a digital sound meter (FLIR Extech). The capaci-
tance changes were capturedby an oscilloscope (MDO3012,
Tektronix). The standard method was implemented using a com-
monly usedinverting operational amplifier circuit and measured
by the same oscilloscope.
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