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Abstract:

A nonlinear single neuron is demonstrated to exhibit stochastic resonance by theoretical analysis and numerical

simulations. This single neuron is used for noisy periodic signal transmission, and significant performance of raising

input-output SNR gain can be achieved. The research of this paper not only gives a very simple model of neuron with

stochastic resonance, but also enlarges the application scope of neuron to the transmission of periodic signals.
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Stochastic resonance is a nonlinear phenomenon,
which can be defined as an enhancement of the
transmission of a coherent signal by certain nonlinear
systems. This nonlinear phenomenon is obtained by
means of noise addition to the system. This paradoxical
effect was introduced about 15 years ago in the context

[1]

of climate dynamics At present, it has gradually

been reported in various systems, including lasers,

[2-4]

electronic devices, neurons . However, the existing

neurons with stochastic resonance often have
complicated nonlinear dynamics. In this paper, a very
common single neuron described by a simpler nonlinear

model than that in Ref.[4]

stochastic resonance phenomenon and used for the

is shown to exhibit

square pulse train signal transmission.

1 A Single Neuron with Stochastic Resonance

Consider the single neuron in Fig.1, which is

described by a nonlinear model as

R

where 0 is a hard threshold with A, > 0. Fig.1
displays the input and output characteristics of this
nonlinear neuron. The input voltage u consists of the
sum s(¢) + 77(t) , where s(t) is a coherent periodic
signal with the period T, Y](t) is a stationary white
noise. These two signals from the input to this neuron
produce the output

y(1) = gls(e) + (1)) (2)

According to the theory of Ref. [5], the coherent
part in the output signal y(¢) shows up in the output

power spectral density as spectral lines at integer
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Fig.1 Nonlinear signal neuron and its input-output
characteristics
multiples of the coherent frequency 1/T,. The power

contained in the coherent spectral line at frequency

n/T, is given by ‘Y” *, where Y, is the order n
Fourier coefficient of T, periodic non-stationary output
mean E[y(t)}

< 1% ( . 2 )

Y, = 7]0 ELy(t)Jexp| - in -t | dt (3)

For a nonlinear system g( u), the mean E[ y( t)]
and the variance var| y(t )] at a fixed time ¢ are

computed as

EL0) = | g@a)flu-s(0ldu (4)
var[y(1)] = Ji:gz(u)fv[u - s(t)]du

_ (Ji:g(u)fv[u - s(l:)]du)2
(5)

The coherent part at frequency n/T, in the noisy
input s(t) + v(t) is measured by the spectral line at
frequency n/T, in the input power spectral density,

* with the order

which contains the coherent power | S,
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n Fourier coefficient of s(¢).

1 (% . 2w
S, = TJO s(t)exp(— in f)dt (6)

The ration of the amplitudes of the output and
input coherent spectral lines at frequency n/T,, which
defines the input-output gain G, for the coherent

component at frequency n/T,, follows as

6ul ) = 157 (7)

The incoherent statistical fluctuations in the input
s(t) + 77(t), which control the continuous noise
background in the input power spectral density, are
measured by the variance 6%7 of the input white noise
n(t). We defines the input-output gain G, for the
amplitude of the noise fluctuations as

c (1) _ Vovar(y)

wi | 7 s,
The ration of output and input SNRs, which

(8)

defines the input-output SNR gain Gy as

c (Q) _GL/T) Y, [P/ var(y)
S TS B Gim(n/Ts) B Sn 2/027]

Lemma 17 If the input-output SNR gain Ggy >

(9)

1 when noisy signal pass through a nonlinear system,
then the stochastic resonance phenomenon exists in this

nonlinear system.

2 Noisy Square Pulse Signal Transmission
by Using the Single Neuron
Since the square pulse signal is an important
element of digital signals, we choose a train of square
pulse with amplitude A, > 0 and duration T for T,

periodic signal s():

A, for t € [0, 7]
s(e) = {o fort € [T,T.] (10)
Substituting Eq. (10) into Eqs. (2) — (9), lead

to the input-output SNR gain Ggy as

GSNR(T%) - j?wm —F,(0-A)F

x [ 75,0 = A1 = F,(0 - )

(1= TT) FO0-F O] an

where the input noise 77(t) is zero-mean Gaussian

noise with the distribution function.

— e 5]
Fv(u) =5 1 + erf| «/567 (12)
where the error function
erf(u) = J%J(?exp(— w?)du’ (13)

3 Numerical Simulation Experiment Result

Fig.2 and Fig.3 present the numerical simulation
results of the nonlinear signal neuron when a noisy
square pulse train s(¢) + 77(t) input to it, which
reveal the non-monotonic evolutions of the input-output
SNR gain Gy with root-mean-square(rms) amplitude
o, of the input zero-mean Gaussian noise 7(¢) and with
hard threshold 0 of the nonlinear single neuron. Fig.2
clearly shows a range where the SNR gain Ggy; increase
as the input noise level o, increase, up to an optimal
noise level where Ggy is maximized. Fig.2 also shows
the Ggy gets higher when the filling factor T/T, of
s(t) gets small. Fig.3 shows the Gy gets a maximum
for an optimal hard threshold 0, and shows the peak
height is a function of the input noise level o,. It is
remarkable in Fig.2 and Fig.3 that there exists a wide
range of SNR gain Ggy > 1. Therefore, according to
lemma 1, the stochastic resonance phenomenon exits in

this nonlinear single neuron.

SNR gain Gsyg
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Fig.2 SNR gain Gy against rms amplitude o, of the
input noise ‘/](t). (a)T = 0.025T.; (b)T = 0.05T.;
()T = 0.075T,;(d)T = 0.17.; (e)T = 0.125T,
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Fig.3 SNR gain Ggsy against hard threshold ¢ of the

nonlinear signal neuron. (3)6,7 = 0.25; (b)d7 = 0.3;

(c)a,, = 0.35; (d)a,] =0.4; (e)a,7 = 0.45

Fig.4 represents the square pulse train s(t),

input noisy signal s(t) + 77(t) , and the output signal

y(t). Fig.4 shows well performance of noise reducing
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Fig.4 Input square pulse train s(¢), noisy signal s(¢)
+ 77(t), and output signal y(t). o, = 038, T =
0.17,, A, =1, 0 = 1.1

when this signal neuron with stochastic resonance is

used for periodic signal transmission.

4 Conclusion

A single neuron with simple nonlinear model is
demonstrated to exhibit stochastic resonance phenome-

non. When it is used for noisy square pulse signal tran-

smission, the noise can be greatly reduced. This
neuron can serve as a simple and useful model for
future investigation of the nonlinear effect of stochastic

resonance.
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