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ABSTRACT

Weak signal detection method under strong noise background has a very wide range of
applications in many disciplines. Conventional weak signal detection methods are mainly based
on time domain and frequency domain, for example, self-correlation in time domain and power
spectrum density in frequency domain. However, these methods have some limitations, mainly
for the high signal-to-noise ratio (SNR) threshold of the input signal. Therefore, there is an
urgent demand for a new method to make up for the above deficiencies.

In recent years, with the burgeoning development of nonlinear science and stochastic
resonance theory, a cutting-edge idea for weak signal detection is created. The uniqueness of
stochastic resonance theory depends on its different utilization of noise. The traditional signal
detection methods are sparing all effort to suppress noise considering it harmful while stochastic
resonance theory is just using the energy of noise signal, which is a new method to turn waste
into treasure.

This thesis aims at discussing a Silicon (Si) photodetector which is a highly sensitive
photodetector with fast response. It can detect the weak photoelectric signal from the long-distance
light-emitting diode. Through multiple sets of experiments, we try to find out the optimum
standard deviation required in detecting the low intensity optical signal for different wavelength

of light.
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Chapter 1

Introduction

Academic background

In contrast with the conventional view on noise, stochastic resonance is a remarkable
phenomenon revealing that noise can play a constructive role as well. Scientific studies have
shown that an appropriate level of noise, rather than an excessive amount, can actually enhance
information processing by increasing the signal-to-noise ratio (SNR).

In history, the concept of stochastic resonance was firstly put forward by Italian scholars
and others when they were studying the paleo-meteorological problems of the earth. The earth
takes about ten thousand years as a cycle to alternate between a warm climate period and an ice
age, and the period of the eccentricity change of the earth's rotation around the sun is also about
100,000 years. This overlapping in the period implies that the sun imposes periodic signals on
the earth. But only a small periodic signal such as eccentricity is insufficient to cause such a
large change in the earth's climate. So Benzi et al. proposed a bistable non-linear climate model.
In this model, they regarded the warm climate of the earth and the ice age respectively
corresponding to the two steady states of the system. The change of the earth's eccentricity is
considered as an external periodic drive; and the interference of random forces is regarded as
Gaussian white noise. In this way, the earth's climate alternates between the heating period and
the glacial period under the combined action of small-cycle driving and noise. Benzi et al. call
this phenomenon of weak periodic driving and random force under the action of a nonlinear

system, which causes strong periodic output to appear as stochastic resonance, which well



explains the large periodic changes in the earth’ s paleoclimate phenomenon. Since then, the

stochastic resonance concept was created.

While stochastic resonance has seen its application of diverse fields, in the device
community, the stochastic resonance is hardly recognized. In this community, traditional but
well-established methods like low-noise amplifier for improving detection limit of sensors
continues to be successful such that not too much room is left for the novel approaches based on
stochastic resonance. However, the conventional approaches have their own shortcomings in
energy efficiency, which involves more challenges especially in the era of internet of things.
Under comparison, using the noise, signal-enhancing approaches can achieve the same effect
with the least energy. So, it is envisioned that stochastic resonance would be applied to enhance
signals of sensors very soon and initiates a shift in paradigm of the device community.

The traditional weak light signal detection is based on the photoelectric effect, which
mainly uses the organic combination of detection equipment and detection technology. The first
step of the whole process is to convert the signal collected by the detector into an analog
electrical signal through a photoelectric converter. The analog electrical signal contains
important parameters such as peak value, phase, and periods, and then the electrical signal is
amplified or its signal noise is improved. Different degrees of noise will be generated in the
detection process, and the source of noise is complex, such as multiplicative noise scattered by
signal light, additive noise from non-target light sources, and multiplicative noise generated by
distortion when signal light passes through the system. For the processing methods of these
noises, generally adopt methods such as adjusting the system structure, reducing background
light interference, adding filtering devices to the system, etc., these methods can play a certain

role in the noise from non-homologous sources. When the signal itself and the noise intensity is



very strong, its effect is very limited. Therefore, in order to be able to extract the signal
annihilated by strong co-frequency noise, a new and effective detection method needs to be
studied.

Considering the brilliant future of stochastic resonance for devices mentioned above, we
investigate the application of stochastic resonance for detecting the ultra-low-density optical
signals by Silicon based photodetector from light-emitting diode (LED). It is expected the
stochastic resonance effect can be measured and studied with LED of different wavelength at
distance distances from the photodetector.

As illustrated above, the sensors enhanced by the stochastic resonance can have great
edges over conventional ones. However, promising as the future of stochastic resonance is, the
accurate impact on factors affecting stochastic resonance is seldom studied, which certainly
should be addressed for the precise control of stochastic resonance. For example, there is a lack
of knowledge in the impact of LED wavelength on the stochastic resonance effect. For different
wavelength of LED, we cannot know how stochastic resonance changes. A knowledge gap also
exists in the impact of LED distance on stochastic resonance. As the distance of LED to the
photodetector varies, the current knowledge can hardly answer what would happen to stochastic
resonance.

To answer the questions and fill the knowledge gaps above, in this thesis, we delve into
the factors affecting the stochastic resonance, including wavelength of LED, distance of LED,
and the voltage of LED to figure out the quantitative and qualitative effects of factors on
stochastic resonance. Except for the investigation of a single factor, we also combine different
levels of two or more factors to figure out the compound effects of these factors on stochastic

resonance. It is intended that our experiments and results can uncover the effects of various



factors to stochastic resonance and speed the widespread applications of this remarkable

phenomenon.

Basic structure

In section 2, it provides the basic principle and application of stochastic resonance in
detail. Part 3 shows the basic information of photodetector, also, the characteristics and
parameter of Silicon photodetector. The fourth part explains how to implement this experiment

and its results and discussion. The last part is conclusion and further work.



Chapter 2

Theory of Stochastic Resonance

This section provides detailed principle and applications of stochastic resonance.

Mechanism of Stochastic Resonance

The mechanism of stochastic resonance can be simply explained by the model of a
symmetric double well as shown in Figure 1(Hadnggi). There is a weak modulating signal
imposed on the particle such that the potential well of the right and life sides can be titled. While
the modulating signal is so weak that the particle cannot transit from one well to another, a white
noise enables to enhance the signal and then induce the transitions of the particle under certain

conditions (McDonnell and Abbott). By this process, the stochastic resonance occurs.

M\

W R
\/

Figure 1. An illustration of the mechanism of stochastic resonance (Hinggi).



Principle of Stochastic Resonance

From the perspective of signal processing, stochastic resonance is a signal transmission in
a nonlinear system. The input is a weak signal in a strong noise background. By adjusting the
input noise intensity or system parameters, the system output reaches an optimal value, such as
the maximum output signal to noise ratio. This kind of synergy caused by signal, noise and
nonlinear system is called stochastic resonance.

Since the amplitude of the output signal is greater than the amplitude of the input signal,
it has an effective amplification effect. At the same time, because the output state of the system
changes regularly, the amount of noise in the output state of the system is effectively suppressed,
and part of the noise energy is converted into the signal. In this way, the output signal-to-noise
ratio of the entire system is greatly improved. At this time, the weak signal, noise and bistable
system constitute a stochastic resonance signal processor. In traditional communication systems,
we always try to reduce the interference of noise. However, from the above analysis, it can be
seen that noise is sometimes beneficial to signal transmission and detection. Therefore, the
emergence of stochastic resonance provides a new idea for the detection of weak signals, which
is of great significance to the development of information science.

The pure non-periodic stochastic resonance system cannot be widely used. One of the
reasons is due to the characteristics of the traditional stochastic resonance system. For example,
the bistable periodic stochastic resonance system mentioned above achieves the resonance

between the weak noise signal and the bistable system by adjusting the intensity of the input



noise so that it can achieve the maximum output signal-to-noise ratio. That is to say that the
signal-to-noise ratio at the output firstly increases with the increasing noise intensity, and then
decreases. However, the intensity of noise in an actual communication system is not controlled
by the receiving end, but it makes contributions to the channel. Bulsara et al. believe that
stochastic resonance can also be achieved by adjusting system parameters, especially the
Parameter-induced Stochastic Resonance (PSR) proposed by Xu et al., which makes the
application of stochastic resonance more practical.

Three basic conditions are required to produce stochastic resonance, namely, nonlinear
system, input signal and noise. In the presence of noise and periodic signal excitation, we may
first consider the over-damped motion of the Brownian particle in the bistable potential which is

shown in the equation below.

Z_’t‘ = — dl;ix) + Asin(2reft + @) + n(t) (1)

In this function, U(x) represents the image symmetry square potential and can be
calculated through equation 2. When the phase in equation 1 is zero, it can be regenerated as

equation 3.

U(x) = —%xz +§x4 (2)

% = ax(t) — bx3(t) + Asin(2nft + @) + n(t) 3)
In the non-linear system, signal and noise jointly produce the synergistic effect. The way
that the non-linear system presents is the potential barrier of the system. The higher the potential

barrier is, the greater the energy is required for signal and noise to produce a synergistic effect.

Otherwise, the energy required for signal and noise is smaller. Knowing from the equation, the



variances of value a and b can control the system barrier value. As the value of a becomes
smaller, the distance between the two potential wells of the system is shortened, and the potential
barrier of the system is reduced. In this system, the damping force of the system is reduced,
which reduces the energy required when the system enters the stochastic resonance state. This
quality is beneficial for the system to extract useful signal characteristics. As the value of b
becomes larger, the changing situation is the same as when changing the value of a.

Because the voltage difference between the bistable state is far greater than the input
signal amplitude, it makes the output signal amplitude greater than the input signal amplitude. At
the same time, since the state of the system output has regular change, it can effectively restrain
the noise intensity in the output state of the system so that the system can improve the output
SNR, which means the output signal has been enhanced. This kind of phenomenon is essentially

synergy between signal and noise and nonlinear systems, called stochastic resonance.

Applications of Stochastic Resonance

To begin with, the hypothesis of stochastic resonance proposed by Benzi et al. did not
arouse much interest until a series of physical experiments verified the existence of stochastic
resonance. In 1983, Fauve and Heslot implemented a stochastic resonance system in a Schmitt
trigger circuit system for the first time; Mcnamrar confirmed the existence of stochastic
resonance in a bistable laser ring in 1988. In 1989, Fox.RF first applied the eigenfunction
perturbation expansion method to study the theory of stochastic resonance, and obtained an

approximate analytical formula for the power spectrum of a one-dimensional double potential



well system; especially in the early 1990s, Collins proposed non-periodic stochastic resonance
theory, which combines stochastic resonance with information theory. Standing on the shoulders
of so many giants, scientists started observing stochastic resonance in the fields of
electromagnetism, oscillatory circuits, optics and chemical reactions. And the phenomenon of
stochastic resonance began to attract the attention of many scholars, which advance the
development of the theory and application of stochastic resonance in various fields substantially.

For example, in biology, biologists have discovered that stochastic resonance exists
widely in life phenomena. They believe that the various neural sensory tissues of the organism
can use the noise inside the organism and the external environmental noise to detect and perceive
the external stimulus signal submerged in the noise. And they even use the stochastic resonance
theory to explain how the muscles are dispersed in the body. What's more interesting is that in
biomedicine, a cochlear hearing aid has been developed based on stochastic resonance. It uses a
set of band-pass filters to simulate different parts of the cochlear nerve and then adds noise to the
cochlear vowel signal through the nerve stimulation structure. Attributed to stochastic resonance,
the performance of the cochlear hearing aid channel is improved.

People traditionally consider noise as harmful signals and the chief culprit of reducing the
transmission performance of the system. Therefore, reducing noise intensity is an effective way
to improve the efficiency of the system. However, in some nonlinear systems with specific
parameters, noise plays a more important role than what we conventionally think. The increase
of noise intensity will inevitably affect the nonlinear system. When noise gets superimposed on
subthreshold input signal, the input signal occasionally crosses the threshold of activation and

results in an increases SNR value. Under optimum noise, a better SNR value will be obtained.
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This phenomenon provides us with new ideas for extracting signals that are annihilated by strong

co-frequency noise.
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Chapter 3

Photodetector

The principle of the photodetector has great connection with the changing conductivity of
the irradiated material due to radiation. Photodetectors are widely used in various fields of
military and national economy. This paper utilizes Silicon photodetector to be the main

equipment and its characteristics will be illustrated in this section.

Basic information of Photodetector

The working principle of the photodetector is based on the photoelectric effect. The
thermal detector is based on the material that absorbs the light radiation energy, which can make
the temperature rise, thereby changing its electrical performance. The main feature of which is
different from the photon detector is that the wavelength of light radiation is not selective.
Selective. In order to improve the transmission efficiency and transform the photoelectric signal
without distortion, the selections of the photodetector in different situations have various
requirements, so that each interconnected device is in the best working condition. The
photodetector must match the spectral characteristics of the radiation signal source and the
optical system, and the photoelectric conversion characteristics must be according to the incident
radiation energy. At the same time, the photodetector must satisfy the modulation form, signal
frequency and waveform of the optical signal to ensure a good time response and an output

waveform without frequency distortion.
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Photodetectors based on semiconductor materials have been widely used and become one

of the core technologies of modern industry and science. In practical applications, ultraviolet or
near-infrared semiconductor photodetector technology is becoming mature. In order to broaden
the response range and realize more practical applications, more research set out to develop some
new materials or use physical and chemical methods to change the energy of the original
material, which can make it respond in a longer wavelength band. However, most of the existing
semiconductor detectors often need extreme temperatures to improve their long-wavelength

detection performance.

Mechanism of Photodetector with different material

In contrast with the widespread attention gained by stochastic resonance in some areas of
science above, there is a scarce number of researches applying stochastic resonance to improve
the detection limit of various solid-state sensors perhaps because the conventional improvement
methods like lock-in amplifiers, oscillators, low noise amplifiers, are so successful that no one
would consider such a radical idea (Dodda et al.). The turning point occurs as the internet of
things technologies emerges. Although the conventional improvement methods work well in
enhancing signal-to-noise ratio of sensors, they are inefficient in terms of energy use, especially
in internet of things facilities requiring a high amount of energy to support billion of sensors.
Against this backdrop, stochastic resonance stands out with an edge over conventional methods
in energy efficiency. And as recently as last year, the first research in the application of

stochastic resonance was published in nature communication. In this research, Dodda et al. used
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a monolayer MoS; based photodetector coupled with stochastic resonance to detect an otherwise

undetectable light signal from a light-emitting diode far away. Specifically, they synthesized
MoS; monolayer from the reaction between Molybdenum hexacarbonyl, Mo (CO)s, and
hydrogen sulfide, H>S. Then a weak signal emitted by the LED light along with a white noise

was input into the monolayer MoS, photodetector.

Experimental setup

Monolayer MoS,
photodetector

<,<,

Figure 2. The experimental setup for stochastic resonance on MoS: photodetector (Dodda et al.).

The signal-to-noise ratio of MoS: decreases monotonically with LED intensity. However,
the experimental result given in Figure 3 below shows that, at a given LED intensity, the signal-

to-noise ratio of MoS: device has non-monotonically effect with noise intensity.
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Figure 3. The signal-to-noise ratio of MoS: under a series of noise intensity (Dodda et al.).

14

This non-monotonical trend can be exactly explained by stochastic resonance as shown in

Figure 4 below. When the variance of Gaussian noise is lower than 0.2, none of the signal

centered at Veg=-2.5V crosses over the detection threshold at -1.5V. Appropriate amount of

signal goes above the detection threshold when the variance of Gaussian noise is well between a

range. However, as the variance of Gaussian noise becomes extremely large, too many signal

crosses the detection threshold and the periodic feature of the signal will be suppressed.
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Figure 4. The back-gate voltage under different variances of Gaussian noise (Dodda et al.).

More than the self-synthesized monolayer MoS2 photodetector, stochastic resonance can

also be exploited to extend the detection limit of a commercial Silicon photodiode. Figure 5
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below illustrates the experimental results of the MoS: photodiode and results from the same

experiments performed on a commercial Si photodiode. Similar to MoS: photodetector,
stochastic resonance can also be exploited to extend the detection limit of a Silicon photodiode.
The photodiode detection limit can be enhanced by the Gaussian noise under medium levels

while the noise has no benefits as its intensity is extremely low or high.

SNR comparison

60 \ Si photodiode

40

SNR (dB)

20

Figure 5. The signal-noise-ratio under different Vieo and Vec for MoS: and Si photodiode (Dodda et
al.).

In this thesis, I adopted Silicon photodetector which has the advantages of small size,
sturdiness, reliability, and low power consumption. Its response wavelength ranges from 0.35 pm
to 1.1 um, which makes it the most commonly used photodetector in the visible to near-infrared
spectrum. It is an indispensable detection element in many applications such as laser
measurement and optical fiber communication. The internal photoelectric effect is the main
principle of Si photodetector. The electron-hole pairs in Si photodetector excited by incident
photons are called photo-generated electron-hole pairs. Although the photo-generated electron-
hole pairs are still in the material, they change the conductivity of the semiconductor photo-
electronic materials. By detecting this change of performance, the change of the optical signal

can be easily detected. The Si photodetector is essentially a reverse-biased diode. The reverse
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working current of the Si photodiode is modulated by incident light because it absorbs light

waves of various wavelengths selectively. The response speed of silicon photodiodes is limited
by three factors: the time for carriers to diffuse into the depletion region, the drift time in the
depletion region, and the RC time constant determined by the capacitance of the depletion
region. In order to obtain high-sensitivity, low-noise and fast-response devices, there are still
some problems worthies of studying in structural design, process manufacturing and other

aspects.
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Chapter 4

Analysis and Discussion

The signal received may be impacted in diverse ways, for instance, the distance between
the receiver and the generator, latency effect and signal wavelength, which are the variables in
this paper. These experiments demonstrate these effects in histograms and try to find out the best

variance of the stochastic resonance of Gaussian noise for each signal.

Methodology

Dark current refers to the reverse DC current generated by the device when there is no
incident light under the condition of reverse bias, which exists in each photo-electronic
component. When photodiode runs in reverse bias there is also a dark current, though there is no
signal. In order to offset the effect of dark current and create a stable noise floor, an additional
background LED will be added. In Figure 6, the fluctuation around -1nA is the dark current
when there is no light, while the waveform below represents the noise floor after applying the

background LED.
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Figure 3. The dark current and noise floor with background voltage

The specific voltage of the background LED is obtained by testing and its location is
fixed throughout the experiment. Also, different background voltages are for different
wavelength of LEDs, which are the sum of the specific voltage and a random standard
derivation. The wavelength of background LED must be identical with the signal LED.

In this experiment, I choose red LED and blue LED to be the signals due to their evident
difference of their wavelengths. To make the results more convincing, I respectively set the
signal LED 2c¢m and 10cm away from the Silicon photodiode, which can prove the distance
effect to the receiving signal. Utilizing this setup can assist to detect the detection threshold of
this photodiode and find out this limit with Fast Fourier Transform (FFT) plot using MATLAB.
During the test, the input signal includes 512 periodic data points, consisting of 128 cycles. The
last data point in a cycle has the largest amplitude, while other three are smaller and below
detection threshold. This periodic signal gives a 0.25Hz input signal if the last data point in a
cycle is above the detection threshold.

Except for the detection threshold, the latency of the input signal is also a big deal. In this

test, I changed the number of data points from 512 to 2048 because higher duration of time can
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make the receiving signals more integrated. Each data point lasts 10ms. For each different signal

led voltage, this 5.12s test will be performed four times.
In the end, perform Stochastic resonance measurement by adding various amount of
noise and try to find out whether signals which are originally below the detection limit are

detected by stochastic resonance.

Results and Discussion

After testing, the voltage of background LED for the blue one is about 2.5V while the one
for red LED is about 1.75V. These testing voltages will not be changed during the following test,
however, with a random derivation added.

In the test of latency, I considered time and input density as variables and implemented
four groups of experiments. Fig.7(a) and (b) shows the latency when the input signal is generated
from a blue LED and a red one, respectively, which are 2cm away from the target. Then, Fig.7(c)
and (d) are the results of these two LEDs which are 10cm away from the receiver. The detailed
data in the experiments are recorded in Table 1-4 of the Appendix.

This is the traditional method does enhance the signal. As time and the number of data
point increase, the signal strength is improved. However, as shown in the graphs, this method
cannot effectively help to detect signals below the threshold.

Comparing (a) and (c) or (b) and (d), we can find out that the receiving SNR is greater if
the signal source is closer to the target.

Also, comparing the performance of blue LED and red LED, we can recognize that the

blue light can transmit more energy than the red one. This is because, for the same medium, the



20
sensitivity of the detector is wavelength dependent. Frequency is the reciprocal of the period,

which represents the number of vibrations per unit time. The wavelength is the distance that light
travels in a period, which is equal to the wave speed multiplied by the period. The energy and
momentum of a photon is only related to the frequency or the wavelength of the photon. From
the relationship between energy and momentum, we know that the wavelength and energy of

light are inversely proportional.
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Figure 4. Latency in different experimental groups
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Then, I added different noises to different input signal. The receiving strengths with

various additional noise are our key studying objects. In each group, I used nine kinds of
standard derivation, 0.05, 0.1, 0.2, ..., 0.8, respectively. The detailed data in the experiments are
recorded in Table 5-20 of the Appendix.

Theoretically and practically, the signal under threshold can be detected with additional
noise due to the effect of stochastic resonance. As the noise increases, the signal strength will
increase before reaching the peak. As shown in the graphs, it is not that the stronger the noise 1is,
the better the output it may be. There is an optimally critical point. Crossing over that point, such
strong noise will interfere with the signal strength. Fig.8 and 9 illustrate each signal strength with

different experimental conditions when the source is blue LED and red LED respectively.
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Figure 6. Stochastic resonance in different experimental groups with red LED

Making comparison between eight experimental groups in Fig.8, the impact from the

distance between the generator and receiver on the extinction of optimal point is not observed.

Further investigation is needed to make sure why is that the case.

Comparing Fig.8 and 9, we can find that the best variance has a lot differences between

blue LED and red LED due to their wavelength diversity.

The input signal voltage also influences the best variance of Gaussian noise for the

signal. As shown in Fig.8, when input voltage is 2.38V, the best variance is 0.2 while it changes

to 0.3 when the voltage is 2.52V. This is because, when the signal is below the detection

threshold, the input signal of larger amplitude is enhanced by stochastic resonance and crosses

the detection limit. When the signal is above the detection threshold, both levels of the input

signal cross the detection threshold, and thus shows no periodic feature. So, the stochastic



resonance effect will only enhance the signal when it’s under the detection threshold and

destroys the signal if above.
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Chapter 5

Conclusions and further work

Conclusions

The utilization of noise offers us a brand-new possibility of strengthening the signals
owning to stochastic resonance. This effect depends a lot on the characteristics of the source, for
example, the wavelength, voltage and distance to the target, which have varying degrees of
impact of finding out the best variance of the stochastic resonance of Gaussian noise for each

signal. Further research is necessary to implement to make the better use of the noise.

Suggestions for further work

The widespread attention drawn from science to stochastic resonance as mentioned above
has been extended to the industry. The industrial use of stochastic in troops in battle is being
considered. Since soldiers in the battle field have carried a lot heavy devices, a light weighted
sensor enhanced by stochastic resonance would relieve their bulky burdens and increase their
mobilities. In addition, the stochastic resonance is applicable in some remote energy deficient
areas such as mountainous or undersea regions such that the weak signals created by earthquakes
or volcano eruptions can be detected with the highest energy efficiency.

More innovatively, scientists even consider how to apply stochastic resonance to increase
the sensitivity of our brains. As we can imagine, our brains are analogical to sensors in some
aspects. Perhaps, by using stochastic resonance, our vision or hearing can be sharpened in some

noisy or dark environment. Actually, some researchers have done some pioneering work in this
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field, in which they explore the potential of stochastic resonance to prevent the falling of elderly

people(White et al.). And the balance of those people does see an increase attributed to the
stochastic resonance.

In conclusion, stochastic resonance is a really promising concept, which extends both our
imagination and techniques. No one would even imagine noise can play a constructive role
before the discovery of stochastic resonance but it does exist. With this technique, the signal
processing and sensing would expect a revolution or at least a shift in paradigm. The
conventional methods would be superseded by brand-new and energy efficient methods enabled
by stochastic resonance. Doors would be open to an ignored and unexplored world of noise-
enhanced signal detection. And more work is required in the scale-up of stochastic resonance
techniques to really industrial and commercial applications. Also, it is hoped that internet of

things can be integrated with stochastic resonance techniques for a well-detected world.
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