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Volterra-series-type analyses to communication systems with stochastic resonance driven by sine waves result
to. The n-hold Fourier transform of the n-th Volterra kernel plays an important role in the analysis. Methods of
computing transfer functions from the system equation are described and obtaining results are considered. It is
shown, if the transfer functions are known, then the output signal can be obtained by substitution the transfer func-
tions in general formulas derived from Volterra series representation. The obtained results showed that the ampli-
tude of the sinusoid should not be greater than one to obtain a minor third harmonic. Besides, with an increase in the
frequency of the sinusoid, the power of the output signal decreases sharply. Numerical calculations of the output
signal driven by sinusoidal input were made to improve the accuracy and reliability of the obtained results. Compar-
ative analysis showed the coincidence of the results of the calculation by different methods.

PACS: 05.45

INTRODUCTION IN VOLTERRA SERIES
ANALYSIS

In communication systems often it is necessary to
deal with the devices executing non-linear conversions.
Volterra series are usually used for calculation of such
devices. Wiener introduced Volterra series into nonline-
ar circuit analysis [1].

The object of this paper is to present results of ap-
plying Volterra-series-type analyses to systems driven
by sine waves.

Volterra series describe the output of a nonlinear
system in degrees of input x(t). A substantial number

of the communication system can be represented as
Volterra series. The series for typical system can be
writing as [2]
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where y(t) is the output, x(t) — the input and the ker-

nels gy (Uyg,....U, ) describe the system. The first-order

kernel g;(uy) is simply the familiar impulse response

of linear network. The higher order kernels of higher
order impulse responses and serve to characterize the
various orders of nonlinearity.

The coefficient 1/n! inserted A. Bedrosian and D.
Rice [2] it because it simplifies many of equations.

The n-fold Fourier transform have the form [2, 3]
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Gy is identically zero because our Volterra series
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starts with n=1. G (f;) is the transfer function of

linear network. For linear systems, the possible output
frequencies are the same as the frequencies in the input.
For non-linear systems, however, the relationship be-
tween the input and output frequencies is more compli-
cated [4, 5].

Thus the transform of the nth-order Volterra kernel
is seen to be analogous to an nth-order Volterra trans-
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fer function. In many cases G, can be obtained without
first computing g,.

The complete formulas are infinite series. Fortunate-
ly, in the study of communication system it is often pos-
sible to neglect terms of the Volterra series of order
higher then the second or third. They are usually used
because of fast increase in complexity [2, 3]. The n-
fold Fourier transform considerably simplifies the solu-
tion of a large number of problems.

To calculate the transfer functions, we use the har-
monic input method [2]. This method relies on the fact
that a harmonic input must result in a harmonic output
when (1) holds. System specified by the nonlinear dif-
ferential equation considered [2, 3]
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with the condition that system causally (y(t) vanish
identically when x(t) does). It is assumed that one and

only one such solution exists (it is proved in [3]) and the
system is stable. F(d/dt) is a polynomial in d/dt,

and the coefficients in F(d /dt) and the coefficients a,
are independent of t,x, and vy .

The Volterra transfer functions for (3) can be written
as [2]
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The last equation is recurrence relation because G
is given by
n
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for the n-fold Fourier transform of the n-th kernel in
the Volterra series for [y(t)]', | being a positive inte-
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ger,and 1<I<n. GV (f,,.., f,) is zero for I >n and
G (f,,..., f,) isequal to n!G,(f,)G,(f,)..G,(f,).
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SINUSOIDAL INPUT FOR STOCHASTIC
RESONANCE

Consider a general bistable dynamic system which
can be described by the following stochastic differential
equation [6, 7]

dy

ot (®)
where a and b are positive, usually given in terms of
system parameters,

=ay— by +X(t),

X(t) =s(t)+n(t), s(t) = Asin(2z fyt+¢) is the driving
signal, n(t) is the input noise,
E[n(t)n(t+7)]=2Do(r), D is the noise intensity.
The input signal consists of the driving signal s(t) and
the additive noise n(t) [6, 8]. This equation describes a

stochastic resonance effect (SR) [6 - 8]. Volterra trans-
fer function for y(t) are given in table 1 for the general

case (the equation 3) and for SR equation.
Table 1

Volterra transfer function

Volterra transfer function for eq. 3 [2]

Volterra transfer function for eq. 4
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When noise is absent, input signal can be writing as x(t) = s(t) = Asin(2z fyt +¢) . We will solve SR equation
for this case. The leading terms output signal are given in Table 2.

Table 2

The leading terms output signal

The output signal for eq. 3 [2]

The output signal for eq. 4
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We will define the output signal of non-linear sys-
tem by the Runge-Kutta method and by Volterra series.
Results of calculations are given in Figure for A=1,

f =0.5 Hz.

Results from the Figure show, that in the numerical
calculation by Runge-Kutta method takes place transient
that lasts about two periods of a signal. Further the re-
sults of calculation of an output signal received by both
methods match.

We will determine the power of an output signal.
Powers of the first and third harmonica are specified in
Table 3.
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Analyzed results of the output signal using
different methods: Volterra series (solid line);
Runge-Kutta method (dotted line)
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Table 3

The power of the output signal

'The power of the output signal for eq. 3 [2]

The power of the output signal for eq. 4
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Results of Table 3 show that, with an increase in the
frequency of the sinusoid, the power of the output signal
decreases drastically.

We can calculate the powers relation of the first and
third harmonicas as:
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The obtained results showed that the amplitude of
the sinusoid A should not be greater than one to obtain

a minor third harmonic.
CONCLUSIONS

The Volterra series is a powerful tool that can be
used to describe a wide class of non-linear systems.

Results of applying Volterra series analysis to sys-
tems with SR effect driven by harmonic input showed
what output signal contains the 1st and 3rd harmonicas,
that matches the known results [6]. In addition, with an
increase in the frequency of the sinusoid, the power of
the output signal decreases sharply and with an increase
in the frequency of the sinusoid, the power of the output
signal decreases sharply.

Results of calculations showed that numerical calcu-
lation and calculation by Volterra series match. At the
same time numerical calculation is followed by transient
which lasts about two periods of oscillations. Transient
take place in radioengineering devices [9].

In the present paper the method of transfer functions
is developed. The received gear Volterra transfer func-
tion for the systems with SR effect will allow to receive
further expressions for an output signal in case of input
white Gaussian noise and an input additive mix of a
harmonic signal and white Gaussian noise.
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YACTOTHBIN AHAJIN3 CTOXACTHYECKON ®UIbTPAIINA C IIOMOIIBIO MEPEJATOYHBIX ®YHKIIHAN.
YACTH I: CHHY COUJAJBHBIN BXOTHOM CUTHAJI
O.U. Xapuenxo, 10.®D. /lonun, A.I. Ilonomapes

HpI/IBeZ[eH aHaJIn3 Ha OCHOBE pSI,IIOB BOJILTepa HpI/IMeHI/ITeHLHO K TeIIeKOMMyHI/IKaHI/IOHHI)IM CUCTCMaM, O6JIaI[a}OHII/IM 3(1)-
(EeKTOM CTOXaCTHYECKOI0 PEe30HAHCA, BO30YXK/IaeMbIM CHHYCOMIANbHBIM CUTHAJIOM. BakHYIO POJIb IIPH TaKOM aHAIU3e HrpaeT
MHOromepHoe npeobpazoBanue @ypre. Onrcansl CiocoObl BEIUMCICHNS EPEIaTOYHBIX (QYHKIMH, HCXOAS U3 YPaBHEHUS CHUCTE-
MBI, 1 PACCMOTPEHBI Pe3yNbTaThl pacueToB. CpaBHUTENBHBIN aHAIN3 YHCICHHBIX PACYEeTOB M PACUETOB HAa OCHOBE PAIOB Boib-
Tepa MOKa3ayl COBNAAECHUE PE3YyJIbTATOB pacyeTa.

YACTOTHHUI AHAJII3 CTOXACTUYHOI ®LIBTPALII 3A JOTOMOI'OIO NEPEJATOYHUX ®YHKIIIN.
YACTHHA I: CHHYCOIJAJIbHAM BXIJJTHAU CUTHAJI
O.1. Xapuenxo, 10.®. Jlonin, A.I. Ilonomapvos
Hageneno anani3 Ha oCcHOBI psiaiB BosibTepa cTOCOBHO TelnEeKOMYHIKaLiTHUX CHCTEM, II0 BOJIOIIOTh e()eKTOM CTOXaCTUYHO-
IO PE30HAHCY, SKi 30Y/UKYIOTBCS CHHYCOIJaIbHUM CUIHAJIOM. BaxkiuBy pouib mpu TakoMy aHallisi rpae OaraToBUMipHE epeTBo-
pennst Oyp'e. Onrcano crocodu 00UNCICHHS NepeaaTOYHUX (QYHKIIIH, BUXOASYN 3 PIBHSAHHS CHCTEMH, 1 PO3TISIHYTO Pe3yiIbTaTH
po3paxyHkiB. [TopiBHSUTbHUMIA aHANI3 YHCETBHUX PO3PAaXyHKIB 1 pO3paxyHKiB Ha OCHOBI psiziB BosbTepa nokasas 30ir pe3ynbTariB

PO3paxyHKy.
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