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Introduction. In many physical processes, the spectrum of the modulated signal is transferred
to the low-frequency region, which also manifests itself in active dielectrics in radio sound. In the ge-
neral case, the analysis of the spectrum transformation process is a very difficult task related with
solving a system of nonlinear differential equations. And in the accepted form, the principle of super-
position is not applicable here, since the parameters of the output signal cannot be determined by alge-
braic summation of the signals received separately from each source. The spectrum of an input ampli-
tude-modulated signal is nonlinearly related to the spectrum at the output. Aim. The conversion of
the current spectrum under supplying an amplitude-modulated voltage to an active non-linear element
with a non-linear current-voltage characteristic is considered. Materials and methods. In the analysis
of the spectral transformation, a power approximation of the current-voltage characteristic in
the form of a polynomial of the third degree with trigonometric functions is used. In the examples,
spectrum transformations for a mono signal, amplitude-modulated signal, and beats are considered.
Application of amplitude modulation methods is essential for transferring the spectrum of the signal
to the low frequency region. Results. A graphical representation of the dependence of the current
function on time for an AM signal and beats, as well as their spectral representation, is given. Con-
clusion. The paper analyzes the transformation of the signal spectrum for the current when applying
any, but amplitude-modulated voltage on the ohmic nonlinear element. The carrier signal is repre-
sented as a harmonic trigonometric function of the cosine of the current time. However, signal spec-
trum conversion has not related with detection.

Keywords: nonlinear element, current-voltage characteristic, amplitude modulation, beats.

Introduction

In many physical processes, the spectrum of the modulated signal is transferred to the low-
frequency region, for example, in the occurrence of radio sound in active dielectrics [1] or the appear-
ance of an acoustic signal at the beats frequency during the interaction of signals from two ultrasonic
sources [2]. In the general case, the analysis of the spectrum transformation process is a very difficult
task related to solving a system of nonlinear differential equations. And in this case, the principle of su-
perposition is not applicable. Nevertheless, research and analysis can be carried out using relatively sim-
ple methods if the form of the current-voltage characteristic (CVC) for a nonlinear element (NE) in
the dynamic mode is the same as for a constant voltage (or in static mode). Such a NE is called a resis-
tive inertialess element [3, 4]. Physically inertialess NE means the appearance of a response in the form
of a function of time from the current i(f) after the input action as a function of time from the voltage
u(f). Formally, there are practically not inertialless NE. At the same time, many modern circuit elements
are perfect in their frequency parameters and can be idealized from the point of view of their inertialess.
Such elements are called not only resistive, but also active or ohmic [5].

In order to effectively transmit signals in any environ, it is necessary to transfer the spectrum of the-
se signals from the low-frequency region to the region of sufficiently high frequencies. This procedure is

BecTHuk HOYplY. Cepus «<KomnbioTepHble TEXHONOrMK, ynpaBreHue, PaauoaneKkTPoHUKay. 71
2020.T. 20, Ne 1. C. 71-78



MHqJOKOMMYHVIKaLIVIOHHbIe TeXHOJIOr'Mn U CUCTEMbI

called modulation in communication technology. The frequency o for the physical information carrier is
selected taking into account the peculiarities of the propagation of oscillations in communication lines or
in the environ of radio communication. But in any case, the frequency @ is much higher than the highest
frequency Q of the primary signal, which performs modulation [5, 6].

Under these conditions, the parameters of the modulated oscillation change slowly compared to
the rate of change of the carrier oscillation. In one period of the modulating signal 7= 1/F = 27/ usu-
ally contain hundreds, thousands and more periods of high-frequency oscillations. Consequently, during
several periods of the last 7= 1/f= 2n/®, only slight changes in the parameters of the modulating signal
occurs [7, 8].

1. The concept of current-voltage characteristics (CVC)

CVC — a special case of the transfer characteristics that determine the dependence (function) of
the output quantity on the input for a given specific device or circuit. CVC is a graph of the current
through a two-terminal circuit versus the voltage at this two-terminal circuit. CVC characteristic de-

scribes the behavior of a two-terminal circuit in static mode. Most often, the analysis of nonlinear ele-

ments by CVC degree of nonlinearity, which is determined by the coefficient of nonlinearity K = %.

For linear elements, CVC is a straight line and is not of particular interest [7, 8].

While analyzing the spectral transformation under the influence of harmonic voltage, for example,
a power-law approximation in the form of a polynomial with trigonometric functions is used:

i(t) = by + by Uy, cos wt + byUZ cos? wt + b3U3, cos® wt, (1)
where we limit ourselves to a polynomial of the third degree. Here b; — dimensional parameters; by —
constant component is not of interest in the work.

Example 1.
1. If =0 c, R =1 Ohm, then based on Ohm's law from (1) we obtain:
I1=U, ()

where CVC (and below in the example) is represented in dimensionless form.
2.1fby =1,b, = 0,b; =1 of (1) we get:

L, =U+US3. 3)
3.If b =1, b, =0,5, b =1 of (1) we get:

I, =U+0,5U%+ U3. 4)
4.1fby =1, by =1, b3 =10f(1) we get:

I;=U+U?+US3. ®)
5.1ftby =1, by =2, b3 =1 of (1) we get:

I, =U+2U?%+ U3 (6)

CVC for example 1 in dimensionless form are presented in Fig. 1.
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Fig. 1. Dimensionless form of CVC for example 1
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2. Spectrum transformation for a mono signal

Consider the analysis of an example of a current spectrum under supplying a harmonic voltage.
When the element is linear, then receive harmonic current (one component). When the element is non-
linear, then receive a lot of components [6].

For the spectrum concept, it is important to find the amplitude spectral components and initial pha-
ses. The frequencies of all components will be multiples of the fundamental frequency or the frequency
of exposure [7-12].

The best choice of approximation method depends on the type of nonlinear characteristic, as well as
on the mode of operation of the nonlinear element. One of the most common methods is power polyno-
mial approximation [13—15].

In the analysis of the spectral transformation under the influence of harmonic voltage, for example,
a power approximation in the form of a polynomial with trigonometric functions is used:

i(t) = by + b Uy, cos wt + b,UZ cos? wt + b3U3, cos® wt + -+ + b, UR cos™ wt, 7
where U,, [V] — voltage amplitude; b, [A] — constant current component; b; [Ohm™'-V '], b, [Ohm >V ... —
dimensional coefficients.

When using the cosines of all the initial phase is zero. In this paper, we mainly limit ourselves to the
polynomial of the third degree (1).

Example 2.

Given: by =0, by =1, b, =0, b3 =1, U, = 1. Determine the current.

Solution. If b, = 0, then applying the degree reduction formula

3 cos 3wt+3 cos wt
cos"wt = —.

4
From (1) we get the expression for current:

3 3
i(t) = (3%# + by Um) coswt + %% cos 3wt. ®)

The result is shown in Fig. 2.
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Fig. 2. Current function versus time for example 2

3. Spectrum transformation for amplitude-modulated signal

Under AM, the spectrum of the modulating signal is transmitted to the region of the carrier frequen-
cy, forming the upper and lower side components of the spectrum. Since such a transformation creates
new frequencies, the modulation procedure is a nonlinear transformation. But since the AM spectrum of
the modulating signal does not change, but is transmitted only to the high-frequency region, AM is con-
sidered a type of linear modulation. In many cases, the spectrum of the AM signal is relatively simple
and can be determined from the spectrum of the modulating signal, which is noticeably simpler than its
direct calculation. The basic relationships required for this can be relatively easily obtained using the
example of the AM signal when the AM signal is performed by a harmonic signal [9—-13].

Carrier frequency, frequency of harmonic oscillations subjected to modulation by signals for trans-
mitting information. Low-frequency oscillations are sometimes called carrier oscillations. The oscilla-
tions with the LF themselves do not contain information, they only “carry” it. The spectrum of modulat-
ed oscillations contains, in addition to low frequencies, side frequencies, which contain the transmitted
information [4].
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Every modulated oscillation is non-sinusoidal and has a complex spectrum. Consider an amplitude-
modulated signal in the simplest case where the modulating function represents a sinusoidal character.
The voltage acting on the NE:

u(t) =U coswyt + %U (cos(wg + Q) + cos(wg — Q) t), )
where U — is the amplitude; m — is the modulation depth; @, — is the carrier frequency; Q — is the modu-
lation frequency.

We apply by analogy the substitution «(¢) in (1). The analysis of the validity of this formal substitu-
tion is not discussed in the work, but in the field of LF is not in doubt. So, we get:

i(t) = b (U cos wyt +%U(cos(m0 + Q)t + cos(wg — Q)t)) +

2
+b, (U cos wyt + %U(cos(mo + Q)t + cos(wy — Q)t)) +

+b; (U cos wot + %U(cos(wo + Q)t + cos(wy — Q)t))3. (10)
Next, we use the following formulas to reduce the degrees:

cos?ot = %; (11)

cos3pt = ST (12)

For current i(t) because of substitution, we obtain:
2 2
i(t) = 3bU2 + 2= b,U? + mbyU? cos Qt + - b, U? cos 2Qt +
m am om?3 3 9m?
+ (;blU + ?b3U3 + ?b3U3) cos(wg — Q)t + (blU + Zb3U3 + Tb3U3) cos wot +
3 2
+ (20U + Z2byU3 + 22 b3U) cos(wg + Q)t + 2 byU3 cos(wg — 2Q)t ... (13)

Here and below, the low-frequency components of the spectrum are of interest.
Example 3. Given- m =1, by =0, by =1, b, =1, b3 =1, U = 1. Determine the low frequen-

cy current.
Solution. From (13) we get the current LF:
2 2
LF: i(t) = 5b,U% + - b,U? + mb,U? cos Qt + = b, U? cos 2Q. (14)

There is a constant component and there are two harmonics. For Fig. 3 and 4 the results are presen-
ted as reamers of the signal and its spectrum.
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Fig. 3. The spectrum of the signal Fig. 4. The dependence of the function of current
with amplitude modulation for example 3 on time for example 3

Example 4. In the dimensionless form, it is given: m = 1,by = 0,b; = 1,b, =0, b3 =1,U = 1.
Determine the low frequency current.

Solution. If b, = 0, then (14) results in the absence of a low-frequency current and a constant com-
ponent.
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4. Beat Spectrum transformation

Beats occur due to the fact that one of the two signals is linear in time lags the other in phase, and at
those moments when the oscillations coincide in phase, the total signal is the maximum, and at those
moments when the two signals are not in phase, they mutually suppress each other. These moments pe-
riodically replace each other as the lag increases [4].

If at the same time two tuning-forks with slightly different frequencies are slightly excited, the re-
sulting sound periodically oscillates and decays. These modulations are called beats; their frequency is
equal to the difference in frequency of the initial tones. Beats are obtained when electrical signals from
the outputs of two generators are mixed and fed to the speaker. On the other hand, these same signals
can be simultaneously applied to two different dynamics and also hear beats [5].

Beats relate to amplitude modulation, but without a carrier frequency. Consider the addition of two
high-frequency oscillations:

u=1u; +u, =U; cos(w— Q)t + U, cos(w + Q)t, (15)
where the difference frequency Aw = 2Q.

To analyze the spectral transformation of beats we write an approximating power polynomial with
trigonometric cosine functions in the form:

i(t) = by (U; cos(wg —Q)t + U; cos(wg + Q) t) +

+b,( Uy cos(wg — Q)t + U; cos(wg + Q) £)? +

+b5(U; cos(wg — Q)t + Uy cos(w, + Q) t)3. (16)

We use the formulas for lowering the degrees (11) and (12) below to transform. We obtain

i() = 3byUZ + 5b,U3 + byUy Uy cos 2Qt + (byUs + 2 b3UR + 2 b3Uy Uy ) cos(w — Q)t +

+ (ble + %b3U23 + %bgU]_Uz) cos(w + Q)t + b,U; U, cos 2wt +

+%b2U12c052(oo—Q)t+%b2U22c052((o+Q)t+--- (17)

In Fig. 5 and 6 shows the results in the form of a sweep of the signal and its spectrum.

I(©)
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Fig. 5. Low-frequency spectrum Fig. 6. The dependence of the LF current
for beats: constant component on time for beats

and frequency 2Q

If we substitute b, = 0, in polynomial (17), then we obtain for the current:

i() = (byUs +2b3U5 +2b3U,U, ) cos(w — Q)t +

+ (b1U2 + %b3U23 + %b3U1U2) cos(w + Q)t + %b3U1U2 cos(w — 3Q)t+

+%b3U1U2 cos(w + 3Q)t + %b3U1U2 cos(3w — Q)t + %b3U1U2 cos(3w + Q)t +
+%b3U130053(oo—Q)t+%b3U130053((o+Q)t. (18)
There are no low frequencies and no constant component in this polynomial.

Conclusion

The transformation for the current spectrum under supplying a modulated voltage to an ohmic non-
linear element is considered. Transformation for any type of amplitude modulation to the low-frequency
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region is observed when there is a quadratic nonlinearity of the CVC. Similar transformations can be
observed in active dielectrics, for example, in piezoceramics. In the presented examples, the transfor-
mation process has nothing to do with signal detection.
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NMPEOBPA3OBAHUE CIMNEKTPA
AMNNUTYOHO-MOAOYNUPOBAHHOIO CUIHAIIA
HA OMWYECKOM HENTMUHEWHOM J3JIEMEHTE

B.5. Caudoe” % B.U. Tam6oeues’, U./. Mpokonoe’

" FOxHO-Ypanbckull 2ocydapcmeeHHbill yHusepcumem, 2. YensbuHck, Poccus,
2 Tadxukckuli mexHudYeckull yHusepcumem umeHu akademuka M.C. Ocumu,
2. [ywarbe, Pecrniybniuka TadxukucmaH

Beenenne. Bo MHOTHX (hnzmueckux mporeccax HaOMogaeTcs MEpeHoC CIeKTpa MOAYIHPOBaH-
HOTO CHTHaJla B HU3KOYaCTOTHYIO 00JIacTh, YTO MPOSIBISIETCS U B aKTUBHBIX JIUAJIEKTPHUKAX IIPH pa-
Io3ByKe. B obmiem cimydae aHann3 mporiecca MpeoOpa3oBaHMs CHEKTpa SBISETCS OYEeHb CIIOKHOU
3aaueil, CBSI3aHHOM C pelIeHHeM CUCTEMBI HeJTMHEHHBIX MU hepeHInaIbHbIX ypaBHeHUHA. 1 B ipu-
HATO# (opMe MPHHIMI CYNEpIO3ULMH 3/1eCh HE MPUMEHHM, IOCKOJIBKY MapaMeTpbl BBIXOJHOTO
CHTHaJIa HE MOTYT OBITh OIpEAEIEHBl aNreOpanuyecKiM CYMMHPOBAHHEM CHUTHAJIOB, ITOJIY9aeMbIX pa3-
JIETBHO OT KaXXIOTO MCTOYHHKA. CIIEKTp BXOJHOTO aMIUTUTYIHO-MOXYJIHPOBAHHOTO CHTHAja HEIH-
HEHHBIM 00pa3oM CBs3aH CO CIieKTpoM Ha Bbixoze. Llesan uccaenoBanusi. PaccmarpuBaetcs mpeoOpa-
30BaHUE CIIEKTPa TOKA IPH MOJAYe aMIUIUTYIHO-MOAYJIUPOBAHHOIO HANPSDKEHUS HA aKTHBHBIN HEITH-
HEHHBIN 3JIEMEHT C HEJIMHEMHOM BOJIbTaMIIEpHON XapakrepucTukoil. MartepuaJibl M MeToabl. B ana-
JM3€ CHEKTPaJbHOTO NMpeoOpa3oBaHUsl MPUMEHSETCS CTEeIeHHAs anlpOKCHUMAIM BOJIbTAMIICPHOM
XapaKTEepUCTUKH B BHUJIE TIOJIMHOMA TPEThel CTENEHN C TPUrOHOMETpHYecKuMH (QyHKuusMH. B npu-
Mepax paccMaTpHBaIOTCs MPeoOpa3oBaHus CIEKTPa JUIi MOHOCHTHAIIA, aMIUIUTYAHO-MOIYJINPOBaH-
HOTO curHajia ¥ OueHuil. [IppuMeHeHne aMIDIMTYIHBIX METOI0B MOAYJISIIIMM HEOOXOAMMO JUTA TIepe-
HOCa CIIEKTpa CHI'Haia B 00JacTh HU3KUX 4acToT. PesynbraThl. [IpuBoautcs rpaduueckoe mnpen-
CTaBJICHUE 3aBUCUMOCTH (YHKIIUH TOKa OT BPEMEHH JUIsI aMIUIUTYTHO-MOIYIMPOBAHHOI'O CUTHAJIA U
OueHuil, a TakKe X CIIEKTPaJIBHOTO MpeICTaBlIeHN. 3ak/o4eHue. B padore ananmu3upyercs mnpe-
oOpa3oBaHHe CHEKTpa CHI'HAjJa Ui TOKa MPH I0Ja4e aMIUIUTYIHO-MOIYINPOBAHHOTO HANPSHKEHUS
Ha OMHMYECKOM HEIMHEUHOM 3yieMeHTe. Hecynuil cursan npeacTaBieH B BUIE FTapMOHUYECKUX TPU-
TOHOMETPHUYECKUX (PyHKIMI KocHHyca TeKymiero BpeMenu. OHako npeobpa3oBaHHE CIICKTpa CHT-
HaJla HUKAK HE CBSI3aHO C JIETEKTHPOBAHUEM.

Kniouegvie crosa: nenumeiinvlii d1emenm, BONbIMAMNEPHAA XAPAKMEPUCMUKA, AMIIUNMYOHAS.
MOOynAyUsl, OueHus.
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