INSTRUMENTATION, Vol. 3, No. 1, March 2016

41

Frequency modulated weak signal detection based

on stochastic resonance and genetic algorithm

XING Hongyan'®* , LU Chunxia'?, ZHANG Qiang'*

(1. Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters ,

Nanjing University of Information Science & Technology, Nanjing 210044, China

2. Key Laboratory of Meteorological Observation and Information Processing of Jiangsu Province,

Nanjing University of Information Science & Technology, Nanjing 210044, China)

Abstract ; Stochastic resonance system is subject to the restriction of small frequency parameter in weak signal detection, in order

to solve this problem, a frequency modulated weak signal detection method based on stochastic resonance and genetic algorithm is

presented in this paper. The frequency limit of stochastic resonance is eliminated by introducing carrier signal, which is multiplied

with the measured signal to be injected in the stochastic resonance system, meanwhile, using genetic algorithm to optimize the

carrier signal frequency, which determine the generated difference-frequency signal in the low frequency range, so as to achieve

the stochastic resonance weak signal detection. Results show that the proposed method is feasible and effective, which can signifi-

cantly improve the output SNR of stochastic resonance, in addition, the system has the better self-adaptability, according to the

operation result and output phenomenon, the unknown frequency of the signal to be measured can be obtained, so as to realize the

weak signal detection of arbitrary frequency.
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1 Introduction

Stochastic resonance ( SR) is proposed by Ben-
zi'"*) et al when they studied the ancient glacier me-
teorological problems in 1981, which describes the
phenomenon that the noise energy is converted into
signal energy when the input signal , noise and the
nonlinear system achieve synergy effect, so as to ex-
tract the weak signal from background noise. The
noise can be regarded as active element in the sto-
chastic resonance system, which is different from the

traditional method of removing noise'**

. The unique
advantages of stochastic resonance aroused wide at-
tention of domestic and foreign scholars, it has been
successfully applied to different fields ™',

The two-dimensional Duffing stochastic reso-
nance system is a nonlinear system, which can pro-
duce chaos phenomena, using its sensitivity to initial
value and immunity to noise, we can achieve the
weak signal detection under strong noise back-

ground' """ | but the method is limited by the small

frequency parameters, can only detect low frequency
signal. For the high frequency signal, the traditional
stochastic resonance signal detection method is scale

transform''"

, which makes the driving signal fre-
quency of Duffing stochastic resonance system be
matched with the measured signal frequency, al-
though this method extends the parameter range of
the stochastic resonance weak signal detection sys-
tem, it requires that the parameter matching of the
scale transformation should have a certain precision,
which is difficult to operate. Therefore, combined

with genetic algorithm''®’

, which has good global
search ability, a frequency modulated weak signal
detection method based on stochastic resonance and
genetic algorithm is proposed, this method can avoid
the matching parameters selection problem of the
nonlinear system, and can effectively detect the high
frequency signal.

This paper derives the principle of frequency

modulation, based on the stochastic resonance char-



42 XING Hongyan, et al: Frequency modulated weak signal detection based on stochastic resonance and genetic algorithm

acteristics of Duffing oscillator '’

, 1t uses two-di-
mensional Duffing oscillator as the taking carrier of
stochastic resonance, introducing the carrier signal,
which is multiplied with the signal to be measured in
the mixer, at the same time, using genetic algorithm
to find the optimal carrier signal frequency, and the
generated offset signal is directly loaded into the
Duffing oscillator model to be the driving signal of
the stochastic resonance bistable system, which con-
struct a weak signal detection method of arbitrary

large frequency.
2 Theoretical analysis

2.1 Stochastic resonance theory based on two-di-
mension Duffing oscillator
Duffing oscillator differential equation driven by
signal and noise , whose general form is;
X+ 0% —ax +bx’ =s(1) +n(t) (1)
Equation (1) can also be written as the form of
the system
X =v
v=ax —bx’ = 8v +s(t) +n(t) (2)
Where § is damping ratio, — ax + bx’ is the non-
linear restoring force, a and b are system parameters
that are greater than zero, s(t) = Asin(2f,t) is the
weak periodic signal to be measured, where A is
driving force

amplitude and f, is frequency,

n(t) =+/2DE&(t) is the white Gaussian noise where
D is noise intensity, the research shows that when
the nonlinear system parametersa =b =1, 8 = 0.5,
the system which meet the conditions of small fre-
quency signal has good synergistic effect. When the
Duffing system without any input signal ( s(t) +

n(t)=0), the potential function is U(x) =— %xQ +

b
Ix4’ which describes a bistable system with two

minimum values (x ==+ +/a/b) and a maximum
value (x =0) , whose barrier height is AU = a’/4b ,
the result is shown in Fig 1. When the signal s(¢) is

entered , the system gets a threshold A, = ~/4a’/27b .

Only when A > A, , at the same time, the nonlinear

system and excitation signal achieve synergies, the

noise energy will transfer to signal energy, and the

system output will jump between two steady states in

a large range, that is to say, the system enters the
stochastic resonance state.
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Fig. 1 Potential function of Duffing system (a = b = 1)

The adiabatic approximation theory of stochastic
resonance ™’ makes the stochastic resonance system
only suitable for small parameter conditions, Fig. 2
is a typical small parameter stochastic resonance
processes, stochastic resonance system parameters in
the Equation (1):8=0.5,a=b=
nal and noise parameters : A =0.1, f, =0.01Hz , D =

1, the input sig-

0.4, the sampling frequency isf, = SHz . The Runge-

Kutta algorithm is used to solve the two-dimensional
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Fig. 2 Typical stochastic resonance phenomenon
(a) input signal waveform; (b) input signal spectrum;

(c) output signal waveform; (d) output signal spectrum;
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Duffing oscillator equation, whose calculation points
is 4096, and the output spectrum is averaged by 10
times. From Fig.2 we can see that the system pro-
duces resonance output when the small frequency pa-
rameter f, = 0.01Hz , where the spectral peak of the
output spectrum reaches the maximum, and it is
much larger than the peak of the input spectrum,
here the output signal to noise ratio ( SNR) is
SNR,,, = 32.3284 .

Out

2.2 The principle of frequency modulation

In the actual engineering, we encountered is
mostly high frequency signal, in order to apply sto-
chastic resonance to the detection of high frequency
signals, this article introducing carrier signal c¢(z) =
cos(2mf.t) with variable frequency f, (using genetic
algorithm to determine the value of f, ), which can
modulate the weak periodic signal to be measured,
in order to be conducive to the system output, the
carrier signal amplitude take 1. The principle dia-
gram of the frequency modulation signal detection is
shown in Fig.3.
ot)=cos (27f 1)
v signal

sn(t) * c(t)}——» stochastic output ,
resonance system

Fig. 3 The principle diagram of the frequency

modulation signal detection

Mixed background signal sn(t) = s(t) + n(t)
input the system, which is multiplied by the carrier
signal, so that produce the offset signal ( difference-
frequency and sum-frequency signal). Such as For-
mula (3):
sn(t) *c(t) = [Acos(2mfyt) + n(t)] * cos(2mf,t)

A A
= Ecos(Q’n’(fc ) +ECOS

Q2w(f, +f,)t) + n(t) * cos(2mfit)
(3)
As shown in Formula(3) ,the original input sig-
nal amplitude is A, and the original carrier signal
amplitude is 1, after mixing, the new signal ampli-

tude is reduced by half, however, the noise compo-

nent is also reduced, so the input SNR of excitation
signal is substantially the same, and the nature of
stochastic resonance will not be changed. When the
nonlinear bistable system is affected by noise and the
signal containing high and low frequency, due to the
adiabatic approximation theory of stochastic reso-
nance, the system is more sensitive to the difference-
frequency (lower frequency) component (f, - f,) ,
and the sum-frequency component (f, + f,) of For-
mula (3) through stochastic resonance bistable sys-
tem basically disappeared. In the frequency spectrum
of the output signal, the maximum value of spectral
peaks will appear at the frequency f'=f. - f,, accord-
ing to the output phenomenon and the carrier signal
frequency, we can accurately measure the frequency
fo-

In the case of over damping, the inertia term of
the two-dimensional Duffing oscillator equation can
be ignored, which can obtained the one-dimensional
Langevin equation ;

3% —ax + by’ =s(t) +n(t)

= Acos(2mfyt) + /2DE(t) (4)
Or.
i —a'x +b'x’ = A'cos(2mfyr) + /2D E(t)
(5)
Where .
a' =a’/d
b =b/8
A =A/S (6)
D' =D/§

According to the Formula (6) and (5), the
damping ratio & can be adjusted by changing the a’
b (A" | D', therefore, the two-dimensional Duffing
equation can be understood as a one-dimensional
Langevin equation with variable damping ratio.
Based on the one-dimensional stochastic resonance
kramers escape rate theory'”'' | the transition rate of
particles in the two potential well is;

“exp(~ 20 (™)
J2m D
The Formula (6) and AU’ = a'>/4b’ into the

r, =
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Formula (7).
a ( a’d )
J2d 4bD

Assume that the general two-dimensional Duff-

(8)

Ty

ing nonlinear stochastic resonance system parameters
a =b =1, damping ratio 6 = 0.5, when the noise
intensity D is very large, according to the Formula
(8), we calculate the theoretical limit value r, , =~
0.450Hz
resonance system can only produce resonance with

the low frequency ( 0 < f < 0.225Hz ) signal. For

therefore, the two-dimensional stochastic

b

the high frequency weak signal, using the genetic al-
gorithm monitoring the stochastic resonance output
SNR to search for the carrier signal frequency f, , by
frequency modulation, a new low frequency signal
can be obtained, which satisfy 0 < f < 0.225Hz ,
and the matching relationship is achieved with sto-
chastic resonance nonlinear system, so as to induce

stochastic resonance.

3 Frequency modulated weak signal de-
tection based on stochastic resonance
and genetic algorithm

Generalization ability is an important indicator
for the performance of stochastic resonance systems,
which is related to the forecast accuracy of the sys-
tem to induce stochastic resonance with low frequen-
cy signal. The ultimate goal of optimizing the sto-
chastic resonance carrier signal frequency f, is to en-
hance the system generalization ability, so as to im-
prove the output SNR. Genetic algorithm is a highly
parallel, random and adaptive global optimization
method which is based on the biological evolution
mechanism, through performing selection, crossover
and mutation operation, the individual with high fit-
ness as the optimal solution is finally evolved by sev-
eral iterations. At present, utilizing the global opti-
mization ability of the genetic algorithm to make the

stochastic resonance system reach the optimal state.

3.1 Encoding and decode method

Encoding and decoding problem is about the

mapping between real space and genetic space, the
data in real space is obtained by encoding to get the
gene in genetic space, and the gene in genetic space
is decoded to get the data in the actual space. There
is only one optimization parameter, so adopting the
binary encoding method, which has the advantages

of simple operation, easy implementation.

3.2 Fitness function
Genetic algorithm is based on the fitness func-
tion to find the optimal individual, and SNR is a key
indicator to measure the effect of stochastic reso-
nance. Therefore, choose the Duffing oscillator sto-
chastic resonance output SNR as the fitness function
(objective function) of genetic algorithm, defined
as:
Y = 101 DY ) (9)
N(f. = o)
Where S(f, - f,) is the amplitude of the signal
power spectrum at the frequency of f, - f;, N(f, -

/o) is the average power of noise.
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Fig. 4 The variation of the SNR with f,—f,

Fig.4 is the variation regularity of the SNR with
the change of the difference-frequency signal fre-
quency. After the signal is processed by the Duffing
stochastic resonance frequency modulated system,
the output SNR is increased substantially at low fre-
quency, at the same time, there are a number of low
frequency points, which can make the system reach
stochastic resonance. The output SNR is different,

the stochastic resonance effect is not the same,
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therefore, the output SNR is used as the fitness func-
tion, and the role of genetic algorithm is to find the

carrier signal frequency of the SNR at the maximum.

3.3 Genetic operation

The genetic operation mainly includes three
kinds of operation modes: selection, crossover and
mutation operation.

The purpose of selection is to select an excellent
individual from the current population, the greater
the fitness function value is, the greater the probabil-
ity that the individual is selected.

Crossover is the operation of the two parents
exchange information with probability 0, , which can
generate a new individual, and the new individual
inherits the characteristics of the parents.

Mutation refers to select an individual from the
population at random, and randomly alter a bit in the
binary data with a certain probability ¥, . Generally
speaking , the probability of mutation is very low, u-
sually take 0.001-0.01.

3.4 The main process

The process of frequency modulated weak
signal detection based on stochastic resonance and
genetic algorithm is shown in Fig.5. The main steps
are as follows:

Step 1. Set up the system initialization parame-
ters, encoding to the optimized parameter and gener-
ating initial population P,(¢),i = 1,2,---N , whose
individuals is N.

Step 2. Calculating fitness value ( stochastic res-
onance output SNR) , and the fitness function Y is
used to evaluate the P,(t) .

Step 3. Perform selection operation. The proba-
bility of selection is determined according to the fit-
ness value, such as the Formula (10) .

Yi
®, =

N
2 Y,
i=1

Where, N is the number of individuals, Y, is

i=1,2,3-,N (10)

the i-th individual fitness. Individuals with large fit-

ness values are inherited to the next generation.

Step 4. Perform crossover and mutation opera-
tions for the current population, which can generate
the next generation of groups.

Step 5. Return to step 2 until the optimal condi-
tion is satisfied (the optimal condition is that the al-
gorithm reaches the maximum number of iterations) .
According to the output result and stochastic reso-

nance phenomenon, restoring the true frequency.
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Fig. 5 The flow chart of the system

4 Experiment and discussion

According to the adiabatic approximation theo-
ry, the stochastic resonance weak signal detection is
only effective for small parameter signals. In practi-
cal applications, the signal frequency parameters are
often greater than 1, therefore, the classical stochas-
tic resonance can not solve this problem. In order to
verify the effectiveness of the proposed method,
first, taking the high frequency signal as an exam-
ple, and the simulation model as shown in Formula
(2), it is assumed that the input high signal fre-
quency f, =40Hz , amplitude A =0.21, and the noise
intensity D = 0.35, carrier signal with frequency f, is
introduced into the system, and the generated low
frequency (difference-frequency) isf =f. - f,. Duff-

ing general stochastic resonance system parameters :
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a=1,b=1,8=0.5, sampling frequency f, = SHz , signal is processed by the system, the system opera-
sampling time ¢ = 500 s , the original equation is tion output is: f, = 40.02Hz , f= 0.02Hz, SNR,,, =53.
solved by adopting Runge-Kutta fourth-order algo- 3584 dB , the corresponding resonance output phe-
rithm, whose calculation points is 4096. The key pa- nomenon is shown in Fig.7 (c), its periodic compo-
rameters of genetic algorithm: population N = 50, nent is obvious, and its output spectrum is shown in

crossover probability n, = 0.7, mutation probability Fig.7 (d), the spectral peak at 0.02Hz is also prom-
VY. =0.005, the number of iterations; 7' = 100, the inent, this phenomenon is consistent with the result
accuracy of fitness is 0.001. Simulation results are of the system output f/ = 0.02Hz. The original high
shown in Fig. 6 and Fig. 7. frequency signal can be restored by f, =f, —f, whose

periodic component frequency is 40Hz.

4 In order to further verify the generality of the
2 proposed method, using five different input signal
g 0 data, and other things being equal, the optimizing
2r results are shown in Table 1.
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Fig. 6 Input signal

(a) input signal waveform (b) input signal spectrum

As shown in Fig.6 (a), Weak periodic compo- 00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

nents are submerged in strong noise background, Hz

even in the input spectrum of Fig.6 (b), the period- Fig. 7 Output signal (f,=40.02Hz)

ic component can not be found. After the high fre- (c) output signal waveform (d) output signal spectrum

quency
Table 1 The optimizing results
Number Input signal D D iy D X, = (x;,%0, %)
1 A=0.21,D=0.35 40 40.020 0.020 -13.6251 53.3584
2 A=0.08,D=0.27 30 30.051 0.051 -7.6398 56. 9582
3 A=0.06,D=0.18 50 50.030 0.030 -7.3974 49.5180
4 A=0.10,D=0.40 0.01 0.042 0.032 -10.0557 49.7381
5 A=0.05,D=0.22 0.02 0.043 0.023 -9.3602 46.3677

Simulation results show that the proposed meth- 60.80378dB) . It can be seen from Table 1 that the
od is efficient and feasible, which can greatly im- frequency modulated weak signal detection based on

prove the output SNR ( average increase of stochastic resonance and genetic algorithm is not on-
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ly suitable for the detection of high frequency sig-
nals, but also for the detection of low frequency sig-
nals. The signal in Fig.1 is directly loaded into the
stochastic resonance system with a frequency of
0.01, whose output SNR is 32.3284 dB, under the
same condition, in Table 1, serial number 4, the
low frequency signal is processed by the proposed
system, the output carrier signal frequency is f, =
0.042Hz , and the stochastic resonance output phe-
nomenon as shown in Fig.8, (Utilizing the proposed
method to detect the low frequency signal, the gen-
erated difference-frequency and sum-frequency sig-
nal are both in the low frequency region, so, there
are two spectrum peaks in the output spectrum). The
system output spectrum reaches the maximum at the
difference-frequency f = 0.032Hz , and the sum-fre-
quency (f, + f,) signal appear at 0.052Hz, there-
fore, it is known that the original periodic signal fre-
quency is 0. OlHz, and the output SNR is
49.7381dB, which is higher than the traditional
method.

2
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Fig. 8 Output signal (f,=0.042Hz)

(c) output signal waveform (d) output signal spectrum

5 Conclusion

Two-dimensional Duffing stochastic resonance
is the optimal matching result between the signal,
noise and nonlinear system, based on the stochastic

resonance theory, this paper presents a method of

frequency modulated weak signal detection, com-
bined with genetic algorithm, where a new low fre-
quency signal is produced, which is matched with
the stochastic resonance system, so as to realize the
stochastic resonance weak signal detection of arbi-
trary frequency. Numerical analysis and simulation
results show that; this method can greatly improve
the output SNR, compared with the traditional meth-
od, the proposed method has better generalization a-
bility and higher accuracy of signal detection, to a
certain extent, it improves the output performance of
two-dimensional Duffing oscillator stochastic reso-
nance, not only suitable for high frequency signal
detection under strong noise background, but also
suitable for low frequency weak signal detection,
which can extended the stochastic resonance weak
signal detection scope, and provide a theoretical sup-
port for Duffing oscillator stochastic resonance weak

signal detection in actual engineering.
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