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Signal standing out from the high-intensity noise is a main task in diagnostics of power beam plasma systems.
Pulse signals detection from wide-band noise under low value of the signal-to-noise ratio is considered. Stochastic
resonance effect as a method of investigation scrutinized. The algorithm and program for the numerical solution are
developed. The comparative analysis of ranges of the useful signal on an output of stochastic and linear filters is
carried out. Estimates of quality of filtering in case of pulse width modulation signals are calculated. Criteria of non-
linear filtering of pulse signals in case of high intensity noise are formulated.

PACS: 05.45
INTRODUCTION

In modern conditions the providing of reliable com-
munication of data at presence of interferences is con-
sidered one of major problems. Error-correcting codes,
optimal filters are created, and are used by the detection
method of accumulation, the probabilistic approach to
suppressing random disturbances. etc. [1].

At the same time, researches in experimental and
theoretical physics at the end of the XX century [2, 3],
resulted in paradoxical conclusions. The noise on the
input of the nonlinear systems possessing the effect of
the so-called stochastic resonance (SR), allows to stand
out a weak (as compared to the noise) signal from addi-
tive signal — white noise mixture. The SR effect charac-
terizes the response of the nonlinear system on a weak
input signal. Thus data-output of the nonlinear system,
such as signal-to-noise ratio, at certain terms have the
distinctly expressed maximum [2, 3].

CONCEPT OF STOCHASTIC RESONANCE

The response of the nonlinear system on a weak ex-
ternal signal in case of SR noticeably increases with the
height of the noise intensity in the system and arrives at
a certain maximum at some level.

Consider the nonlinear system with SR, described by
the equation [2]:

dr /dt = n(t) 7" (t) + x(t), 1)
where x(t) — is an input process being additive mixture
of desired signal and white noise; 7(t) — is a process on

the output of the nonlinear device.

This equation is Abel equation of the first kind and
does not have an analytical solution [4]. It is also im-
possible to find the two-dimensional probability density
of the output signal meaning of an exact solution of the
Fokker-Planck equation even in the absence of an exter-
nal harmonic signal [5]. Consequently, the correlation
functions and the spectral densities of the output signal
are not exactly determined. Naturally, with the inclusion
of a periodic external force, additional difficulties arise
in the analytical description.

Consider the case where the input signal is an additive
mixture of a harmonic signal s (t) and white noise n (t) :

X(t) = s(t) + n(t). @)
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The numeral simulation of response at affecting in-
put of the system of additive mixture of harmonic signal
and white noise illustrating model (1), resulted on
Fig. 1. The signal frequency is 1/8 Hz, the signal-to-
noise ratio (SNR) is 3 dB
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Flg 1. Standmg out of S|gnal from addltlve signal- noise
mixture (input harmonic signal (green), signal-noise
mixture( black), output signal (red)

As it is seen from Fig. 1, mixture’s processing ac-
cording to expression (1) provides to drastically reduce
a noise component.

Spectra of input and output signals are shown on
Fig. 2. From here we can see output noise power is re-
duced, and the frequency of harmonic oscillation does
not change. Thus effective suppression of noise and
standing out of the useful signal is provided.
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Flg 2. Amplltude spectrum of mput signal (dot)
and output signal (solid)

We can note also that the ratio between signal pow-
ers on an input and an output practically does not
change, i.e. in the device there is no gain of an input
signal that contradict the results given in [2].

In [6] stochastic resonator output SNR depending on
the input harmonic signal frequency and the input SNR
is calculated. Input SNR 0.005; 0.02; 0.5 (on power) we
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accept equal respectively. Results of calculation are

given in Fig. 3.
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Fig. 3. The output SNR dependence (SNRoutput)
on the frequency of the periodic input signal
for various values of the input SNR (SNRinput)

The figures show that the phenomenon of SR is best
expressed at low frequencies, thus a nonlinear device,
having the effect of SR, is a stochastic low-pass filter. In
addition, there is a minimum SNR at the output at a fre-
quency f =0.2 Hz, and this effect is observed at any in-
put SNR. Output SNR is a nonlinear function of the
external noise and the input harmonic signal.

STANDING OUT OF PULSE SIGNALS

It is known that the model of a rectangular pulse is
basic in theories of information and coding [7, 8]. We
will consider a case of a so-called passive pause (though
it not essentially) when zero is provided by zero voltage.
The analysis of SR effect for the harmonic signal stand-
ing out from the signal-high intensive noise mixture has
been carried out in [9]. It is shown that modification of
the equation (1) by changing of the first item sign the
right member of equation (1), provides more effective
standing out of the harmonic signal. Thus, the equation
of SR has the form

drp / dt = —n(t) - 77 (1) + x(1). 3)

Consider a pulse sequence as the useful input signal.

Numerical solution of the equation (3) illustrates effec-

tive standing out of pulse signals from the signal-high

intensive noise mixture (Fig.4). The SNR becomes
much higher at the output of a SR filter than at its input
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F|g 4, Dlgltal signal W|thout n0|se (green) S|gnal nonse
mixture (black), output signal (red).pulses durations —
4 and 8 s, the SNR — 8 dB

We use a concept of squareness coefficient k_ for

assessment of a pulse-shape distortion. Squareness coef-
ficient is defined as duration relation ( AT ) at the given
level yand at the level of 0.707 of the maximum value
[10, 11].
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k =AT /AT,,.

In practice the conditional level is selected equal to
one of values: 0.1; 0.01; 0.001. It is obvious that for an
ideal rectangle pulse k. =1 [10, 11].

We calculate dependence of squareness coefficient
of pulse on an output of the non-linear filter from the
input SNR. The comparative analysis of equal duration
pulses shows that the first pulse is distorted more con-
siderably owing to transient phenomenon.

Fig. 5 shows that the maximum value of squareness
for coefficient of a certain pulse duration takes place in
case of a certain SNR. In this case this relation is equal
8 dB.
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Fig. 5. Squareness coefficient dependence on the input
SNR (black — the first pulse; green — the second pulse;
red — the third)

Pulse fronts duration is the important characteristic
of a output pulse signal. For information systems the
fact that if rise and recession of each pulse happens
quickly enough, then "tail" of a curve of transient phe-
nomenon does not get to adjacent channel [12].

Figs. 6, 7 show duration dependences of pulse lead-
ing edge and pulse back edges on the input SNR. It is
impossible to make some accurate conclusions on the
basis of these calculations that is explained by a small
data set for statistics.

The important result showing advantages of non-
linear filtering on the basis of SR can be received from
the comparative analysis of quality of standing out of
signals by means of the linear and non-linear filters.

Butterworth filter 8"-oder was selected in quality of
the linear electoral system. The Butterworth filter pro-
vides a maximally flat response. Butterworth filter pro-
vides saving the form and increase steepness of the
characteristic in the transition band in case of increase
in an filter order [13, 14]
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Fig. 6. Duration dependence of pulse leading edge
on the input SNR (black — the first pulse;
the green line — the second pulse; red — the third)
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Fig. 7. Duration dependence of pulse beak edge
on an input SNR (black — the first pulse;

the green line — the second pulse; red — the third)

Results of numerical calculation are given in Figs. 8-
11. As it is seen from Fig. 4 and Fig. 8, the non-linear
stochastic filter provides more effective standing out of
the pulse signal. Besides, the quality of standing out
characterized by squareness coefficient also higher in

case of the non-linear filter (see Fig. 9).
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Fig. 8. Digital signal without noise (black), the output
signal of the low-pass Butterworth filter (red). Duration
of the first two pulses — 4 s, the third — 8 s, SNR — 8 dB
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Fig. 9. Squareness coefficient dependence on the pulse
number (red — SR; black — for Butterworth filter)
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Fig. 10. Duration dependence of pulse leading edge
on the pulse number (red — SR;
black — for Butterworth filter)
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Fig. 11. Duration dependence of pulse beak edge on the
pulse number (red — SR; black — for Butterworth filter)

Figs. 10, 11 show advantage of stochastic non-linear
filtering. Pulses edge, are generally shorter at the non-
linear filter.

CONCLUSIONS

The classic SR signature is the SNR gain of certain
nonlinear systems, i.e., the output SNR is higher than
the input SNR when an appropriate amount of noise.
Some approach have been proposed to tune the SR sys-
tem by maximizing SNR. It has been shown that certain
conditions,

Use of the stochastic non-linear filter to pulse signal
processing allows to increase considerably efficiency of
standing out such signals from high-amplitude noise.
That can be used in radio engineering and measuring
systems for creation of non-linear filters.

The comparative analysis of standing out of signals
in the linear and non-linear filters showed:

- noise level on the output of the stochastic non-linear
filter is less than on the output of the linear filter;

- the pulse shape on the output of the stochastic non-
linear filter remains better than on the output of the
linear filter.

In linear systems, signal standing out is carried out by
the method of accumulation and requires a fairly long
time. In the case of stochastic filtering, the delay of the
output signal does not exceed the pulse duration.
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HEJUHEWHAS ®UJIbTPALIAA UMITYJIbCHBIX CUTHAJIOB
B IIYMAX BbICOKOW THTEHCUBHOCTH

O.U. Xapuenxo, A.M. I'opoans

B nmarHOCTHKE MOIIHBIX IMYyYKOBBIX W IUIA3MEHHBIX CHCTEM CYIIECTBEHHOH HpoOJIEeMOil SBISETCS BBIICICHUC
MIOJIC3HBIX CHTHAJIOB Ha (DOHE BHICOKOWHTCHCHBHBIX IIYMOB. PaccMoTpeHa 3aava BBIICTICHUS MMITYJIECHBIX CHTHa-
JI0B Ha ()OHE MIMPOKOMOJIOCHOTO IIyMa B YCIOBUAX HU3KOTO 3HAUCHHS OTHOIICHUS CUTHAJ/IIyM. B ocHOBY aHamm3a
MIOJIOXKEHO SBJIEHUE CTOXAaCTHMYECKOI'0 Pe30HaHCa, KOTOPOE 3aKII0YaeTCsl B YCUIICHUH epHOJUUECKOT0 CUTHAIa MO
JeficTBHeM 0elloro IyMa ompejesieHHOW MOUIHOCTH. Pa3paboTaHbl adroputM W mporpaMmma, oOecleyuBaIolIe
YICICHHOE peIleHHe MOCTaBIeHHON 3anaun. IIpoBeneH cpaBHUTENBHBIN aHAIU3 CHEKTPOB TOJIE3HOTO0 CUIHAja Ha
BBIXOJIC CTOXACTUYECKOTO M JIMHEHHOTO (pubTpoB. [lomydeHs! OlleHKH KadecTBa (DMIIBTPALUMHU B CIIydae HIUPOTHO-
UMITYJIbCHOW MOJYJISALUM BXOAHOW mocienoBaresibHOCTH. ChopMyTHpOBaHbl KPUTEPUH NPUMEHEHHSI CTOXacThUYe-
CKOro Q)Hanpa JJIA BBIACTICHUS TPAMOYTOJIbHBIX UMITYJILCOB Ha q)OHe orymoB BBICOKOW MHTEHCUBHOCTH.

HEJIHIAHA ®LJIBTPALIA IMITYJIbCHUX CUTHAJIB Y IIYMAX BUCOKOI IHTEHCUBHOCTI
O.1. Xapuenxo, A.M. I'opoans

VY niarHOCTHUIN IIA3MOBHX CHCTEM CYTTEBOIO MPOOJIEMOIO € BHIIUICHHS KOPHCHUX CHUTHANIB Ha ()OHI BUCOKOIH-
TEHCHBHHX IIyMiB. PO3IJIsSHYTO 3a71a4y BHIINCHHs iMITYJIbCHUX MOTYXXHUX MYYKOBHX CHUTHAJIB Ha (OHI IIMPOKOC-
MYTOBOIO IIYMY B yMOBaX HH3bKOTO 3HAYCHHs BiJHOIICHHsS CUrHANI / IyM. B OCHOBY aHami3y MOKIaJeHO SBHILE
CTOXAaCTHYHOTO PE30HAHCY, SKE MOJISTaE B MOCHICHHI MEePiOJUYHOrO CHTHANY il Ai€r0 OLIOro mymy MEeBHOI MOTY-
KHOCTI. PO3p00JIcHO aJilrOpUTM 1 IIporpamy, 1o 3a0e3medyoTh YUCeNIbHE PIIICHHS MOCTABJICHOrO 3aBaaHHs. [IpoBe-
JICHO TOPIBHSUIbHUI aHai3 CIIEKTPIB KOPUCHOTO CUTHAITY HA BUXOJII CTOXAaCTUYHOTO Ta JiHiitHOro QinerpiB. OTpu-
MaHO OLIHKHU SIKOCTI (ijbTpawii B pa3i IUPOTHO-IMITYJIbCHOT MOIYIISALIT BXigHOT nocnigoBHocTi. ChopMyTbOBaHO
KpHTepii 3aCTOCYBaHHs CTOXaCTHYHOTO (UIbTpa Ui BUAUICHHS NPSIMOKYTHHUX IMIyJbCiB Ha (DOHI HIyMiB BUCOKOL
IHTEHCUBHOCTI.
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