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Abstract. The paper proposes an analytical tool in the form of a point interpolation method that
allows describing transition processes in nonlinear objects taking into account the shape of the signals and
the minimum number of discrete samples (minimizes the number of terms in the general expression
describing the behavior of the signal in its domain). In addition, the proposed method of describing the
signals provides their compression, which is important in the transmission of signals and their storage. The
gain in the sampling interval, compared with polynomial approximation, is shown when providing a given
error of signal reproduction by discrete values. A mathematical apparatus for determining the error of the
proposed interpolation is developed. The error of the proposed interpolation is compared with the known
polynomial ones. A classification of signals at the output of the simulated nonlinear object is proposed and a
mathematical apparatus for calculating the error of modeling and reproduction of each type of signals in this
classification is developed. The proposed method allows describing analytically the response of the
investigated nonlinear object to the produced effect on the numerical values of the ordinates of this response
in modeling of information transmission systems. This ensures acceptable accuracy by increasing the
sampling interval and reducing the number of discrete samples. The proposed method of analytical
description of signal can be used not only in modeling nonlinear object, but also in signal recovery from
discrete samples in the case where the signal is stored as discrete samples, as well as when reproducing
the signal by an information receiver in the case, when in the form of discrete counts, a signal is transmitted
over the communication channel.

Key words: information transmission, information transmission systems, modeling, signals,
discretization, interpolation, approximation, nonlinear objects, modeling of nonlinear objects.
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AHoTauifl. B poboTi NponoHyeTbCst aHaniTUYHUIA anapat y BUrNaAi MeToay TOYKOBOI iHTeprnonsuii,
LLIO O03BOJISIE ONUCYBATK NEpEXifgHi Mpouecy B HENiHiMHMX 00'ekTax 3 ypaxyBaHHAM hOpMU CUrHarniB Ta 3a
MiHIManbHO KIiNbKICTIO OUCKPETHMX BigfikiB (MiHIMI3yeTbCA KiNbKiCTb AOAAHKIB y 3aranbHOMYy BMpasi, Lo
onucye NoBefiHKy curHany Ha noro obnacTi Bu3HadeHHs1). Kpim Toro, nponoHoBaHWI MeTog Onucy curHanis
3abe3nevye iX CTUCHEHHS], WO € BaXXMBMM Mpu nepegadvi curHanie i ix 36epiranHi. lNokasaHo Burpail B
iHTepBani guckpeTusadii npu 3abeaneyeHHi 3agaHoi NOXUOKM BiATBOPEHHS CUrHaNy ANCKPETHUM 3HAYEHHSAM,
MOPIBHAHO 3 MONiHOMIaNbHOK anpokcumaldieto. Po3pobneHo matemaTtuyHuin anapat Ans BU3HAYEHHs
noxubkn 3anponoHoBaHOIl iHTepnonAuii. [poBeaeHO NOPIBHAHHA NOXMOKM 3anpOMNOHOBAaHOI iHTepnonsuii 3
BiJOMMMMK noniHOMianbHUMKU. 3anpornoHoBaHa knacudikauia curHanis Ha BuUXoAi HeniHiHoro ob'ekTa, Lo
MOENETbCA, Ta po3pobneHo maTemMatudHMn anapaT Ans  nigpaxyHKy MoXMbKM MoAdentoBaHHS i
BIOTBOPEHHSA KOXHOrO BMAOY CUrHaniB B [faHii knacucpikauii. 3anponoHoBaHui cnocibé possonsie npu
MOZENOBaHHi cucTeM nepepadi iHpopmadii aHaniTM4HO onucyBaTU BIAryK AOCNILKYBAHOrO HEMiHINHOro
ob'ekta Ha BMpOONEHMM BMNAMB 3a YWUCENbHUMW 3HAYEHHAMW OpAMHAaT Uboro Bigryky. [lpyn ubomy
3abe3nevyeTbCa MNPUMHSATHA TOYHICTb NpW 30iNbLUEHHI iHTepBany AWCKpeTM3auii i CKOPOYEHHi KiNbKOCTi
ONCKPETHMX BignikiB. 3anponoHOBaHU cnocib aHaniTUYHOro ONUCY CUrHamy MoXe OYyTWM BUKOPUCTaHWUA He
TiNbKWM NpU MOAENIOBaHHI HeniHiHOro o0'ekTa, ane TakoX i Mpy BiOTBOPEHHI cuUrHamy no AMCKPETHUX
BioMikax y BMNagKy, Konu curHan 30epiraetbCcs y BUMMsSAi OUCKPETHUX BiANIKiB, @ TakoX Npwu BiATBOPEHHI
cuUrHany npuvnmadem iHdopmalii y pasi, Konu y BUrnagi QUCKpeTHMX BignikiB curHan nepegaetbcd no KaHany
3B'AA3KY.

KnioyoBi cnoBa: nepegada iHdbopmalii, cuctemum nepegadi iHpopmauii, MogentoBaHHA, CUrHanm,
OMCKpeTm3auis, iIHTepnonsyis, anpokcMmaldis, HeniHiriHi 06'eKTM, MOAEMNoBaHHA HEMiHIMHUX 06'EKTIB.

AHHoTauma. B paboTe npegnaraetca aHanuTMYecKuid anmapat B Buae MeToda TOYeuvHOW
WHTEpnonauumW, MNo3BOMNALWMIA ONUCbIBATb MEePexoAHble MPOLEeCcChbl B HeNMHENHbIX OObekTax C y4eToMm
dopMbl CUrHaNOB M MO MWHUMANbHOMY KOMMYECTBY AMCKPETHbIX OTCHETOB (MUHUMMU3NPYETCH KONMYEeCTBO
crnaraembix B 0OOLleM BblpaXkeHWW, ONWCbIBalOLWEM MOBeAeHWe curHana Ha ero obnactu onpegeneHus).
Kpome Toro, npeanaraembiii MeTOA ONWCaHWA cUrHanoB obecnevmBaeT MX CXKaTue, YTO ABMSETCA BaXHbIM
npu nepeaave CUrHanoB u nx xpaHeHuu. MNokasaH BbIUIPbILL B MHTEpBane AMcKpeTusaunm npu obecneyeHnm
33aHHON MOrpeLHOCT! BOCMPOM3BEAEHUS CurHana Mo AUCKPETHbIM 3Ha4YeHWsM, MO CpaBHEHUK C
nonvHOMManbHOW  annpokcumauuen. PagpabotaH MaTemaTuyeckun annapat Ans  onpegeneHuvs
MOrpPeLHOCTU MNPEANOXEeHHON WHTepnonaumn. [lpoBegeHo CcpaBHeHMEe MOrpeLwHoOCT MpeasiokeHHON
WHTEPNONAUMN C M3BECTHbIMU MOMMHOMMAanbHbIMU. [peanoxeHa knaccudukaums CUrHanoB Ha BbIXO4E
MOOENVPYEMOro HenuvHemHoro obbekta u paspabotaH maTemaTMdeckuin annapat Ans nogcuyeta
MOrpeLHOCTM MOAENMPOBaHUSA N BOCNPOU3BEAEHUS KabKAOro BMAa CUrHanoB B AaHHOMW KraccuduKkaumu.
MpeonoxeHHbI cNOCO6 NO3BONSET NpYM MOAENMPOBaHWM CUCTEM nepedadn MHAOPMaLMN aHanMTUYeCKn
OnuCbIBaTb OTKIMK MCCIEQyeMOro HeflMMHENHOro oobekTa Ha Npon3BeAeHHOe BO3AENCTBME MO YNCMEHHBIM
3HayeHUsiM opauHaT 3Toro oTknuka. lNpu aTom obecneunBaeTcs npuemneMasl TOMHOCTb MPU YBENUYEHUM
MHTepBana AWCKpeTU3aumM M COKPaLLeHUWM KonMyecTBa OUCKPETHbIX OTcyeToB. peanoXeHHbIn crnocob
aHanMTUYeCKoro OnuWCaHWs curHamna MoxeT OblTb WCMONb30BaH He TOMbKO MpU  MOAENMPOBAaHMM
HenuHenHoro obbekTa, HO Takke M MpU BOCNPOM3BEAEHUM CUrHana no AWCKPEeTHbIM OTcyeTaMm B cryyae,
Korga CuMrHan XpaHuTcs B Buae AMCKPETHbIX OTCHETOB, a Takke Npu BOCNPOU3BEAEHNN CUrHana npMeMH1UKOM
nHdopmaumm B cnyvae, Korga B BUae AMCKPETHbIX OTCYETOB CUrHan nepegaeTtcs no kaHany CBA3w.

KnioueBble cnoBa: nepegada vHdopmauum, cuctemsl nepegadn mHdopMaumm, MogenvpoBaHme,
CUrHambl, OUCKpeTU3auusl, WHTepnonsumsi, annpoKcumauus, HenvHenHble Oo6beKTbl, MOAenupoBaHue
HenMHenHbIX 06 bEKTOoB.

Modern information transmission systems are complex nonlinear systems. Such a system is
a set of different nonlinear objects. To select an effective control action on these objects, it is
advisable to simulate them. In turn, modeling requires a mathematical description of both input and
output signals of the object.

The description of a nonlinear object, or its macromodel in modeling, is determined by the
function describing the response deviation from the action. The greatest difficulty is finding an
analytical description of the response of the object under study to the impact, as a researcher has
only numerical values of response ordinates. This task can be attributed to the class of interpolation
tasks, and it is to find the discrete signal counts approximating function that provides the best
approximation to the signal.

According to [1, 2], interpolation methods can be classified into two large groups. The first
is the analytical method. It is finding an analytical function defined on the entire domain of the
signal passing through all of the reference counts (interpolation nodes). Finding such a function,
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describing the whole transition process, would be the best solution to the problem. However, firstly,
it is extremely difficult to find such a function and, secondly, the method is not universal, since
because of any change in response (at least in one ordinate) the entire interpolating function must be
determined anew. More appropriate is the method conventionally called piecewise interpolation. It
boils down to splitting the signal definition area into sub-domains, on each of which the signal is
described by its interpolating function, and then these "pieces” are stitched into one general
interpolating function, which constitutes a sum of "pieces”, each of which is defined only on its own
sub-domain definition. Of the methods of this group, the simplest are the methods of point
interpolation [3], which consist in constructing an approximating function on a sampling interval by
reference counts so that the values of the approximating function at the boundaries of sampling
intervals coincide with the values of the signal. Optimization of the analytical description of the
signal by this method comes down to a decrease in the number of "pieces”, that is, a decrease of the
number of terms in the general expression describing the function in the entire domain of definition
(in this regard, it is necessary to solve the problem of increasing the sampling intervals, that is,
reducing the number of reference samples used in the description of the signal — data compression),
and taking into account the shape of the described signal.

The purpose of the article. The purpose of this article is to develop an analytical apparatus
for describing transition processes in nonlinear objects while simulating information transmission
systems for a minimum number of discrete samples, taking into account the signal shape.

The paper proposes an analytical tool in the form of a point interpolation method that allows
describing the transition processes in nonlinear objects taking into account the shape of the signals
and with the minimum number of discrete samples (the number of terms in the general expression
describing the behavior of the signal in its domain minimizes). In addition, the proposed method of
describing signals provides their compression, which is important in the transmission of signals and
their storage.

The main material of the study. The signals at the outputs of nonlinear objects have an
oscillatory form, are limited in time and are not limited in spectrum. In general, such a signal can be
represented as a smooth nonmonotonic function:

Ue) = {UD(rj + U, (t). vt € [0;T.];
0, vt & [0;T,].
where U, (t) is the «constant» component; U, (t) is the dynamic component; ¢ is current time; T, is
signal monitoring end time. Here [U(t)]a. << [Uy (£)]1na; U (£) is an alternating smooth
function having at least two local extrema on [0;T..]. On each interval between local of extrema the
signal can be written in the form:

U(t) = U, (t) + f(t)coswt, t € [A, 0, + T/,] 1)
where f(t) is a monotone, continuously differentiable on the interval [A,, A, + /] function; &, is
the distance of the "left" from the i-th pair of neighboring local extrema from the reference point on
the t axis; ™ __.-"m“f AT is the interval between neighboring local extrema. The parameters U_(t),
F(t) and w can take different values at each interval between a new pair of local extrema. A signal
of the form (1) at each interval between neighboring local extrema will be approximated by a
trigonometric spline of the form:

v=(4,+4,)/2 + [(A,—A4,) /2] cos(mt/AT), (2)
where A, u A,— neighboring local extrema of the signal,
t € [A,4; + T/l

Algorithm of the description of a signal in this approach comes down to finding its local
extrema and the restoration of the signal according to formula (2) at each of the sites [4,, 4, + T/,,]
between neighboring local extrema 4, and 4,.
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It can be shown that the maximum error of signal reconstruction of form (1) by the function
of form (2) on an arbitrary region between local extrema [4,, 4, + T/,,] is equal to:

E=(If(a)— fla;+ Trulh/2. @)
To compare the error of the cosine restoration with the errors of polynomial approximations,
let us explore the applicability of the proposed approach to the class of functions given in Fig. 1.
According to the general provisions of the approximation theory [4], the maximum error € of the
proposed reconstruction for these functions can be expressed by means of the maximum value of
the derivative module |f|,,.... on the interval ™/, = AT:
£ = AT |f|‘|mc.r-"32' ' (4)
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Figure 1 — Classification of functions of form (1)

Using the dependences of approximation errors given in [5, p. 87, Table 2-1] and formula
(4), it can be shown that the gain of cos- approximation in the interval of discretization, in
comparison with the n-th degree polynomial approximation, depending on the permissible error £ is
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where ¥, is the permissible relative error; € is a constant determined according to the degree of the
basic polynomial approximation [5].

Fig. 2 shows an example of application of the proposed approach to the analytical
description of the signal at the output of the simulated nonlinear circuit. Using the cos-
approximation by the local extrema for the given signal we receive:

((0+ 1532)/2+ ((0—15,32)/2)cos (mwt/5), vt € [0;5];
(15,32 + 3,80)/2+ ((15,32— 3,80)/2)cos (wt/5), WVte [5:10[;
(3,80 + 13,16)/2+ ((3,80 — 13,16)/2)cos (wt/5), Wt [10;15];
(13,16 + 5,81)/2+ ((13,16 — 5,81)/2)cos (7t/5), Wt [15;20[;
Ut) = , , ,
(581+ 11,93)/2+ ((581 — 11,93)/2)cos (wt/5), ¥t [20;25[;
(11,93 + 7,64)/2+ ((11,93 — 7.64)/2)cos (wt/5), Wt [25;30[;
(7,64 + 10,58)/2+ ((7.64 — 10,58)/2)cos (wt/5), WVt [30;35[;
\(10,58 + 8,42)/2 + ((10,58 — 8,42)/2)cos (wt/5), Wt €& [35;40][.

The error for this description of the signal determined by formula (3) does not exceed 11%,

WhICh |s conflrmed by experimental data (Flg 2).
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Thus, the proposed approach allows to describe analytically the responses of nonlinear
objects in constructing of their models. The result of the analytical description reproduces the shape
of the described signal well.
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