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THE DETERMINISTIC CHAOS OSCILLATOR BASED ON A
FIELD-EFFECT TRANSISTOR STRUCTURE WITH NEGATIVE
RESISTANCE FOR TELECOMMUNICATIONS SYSTEMS

Andriy O. Semenov

Vinnytsia National Technical University, Vinnytsia, Ukraine

Background. Application of deterministic chaos oscillators in telecommunication systems requires knowledge about their
dynamical properties. Mathematical models and phase portraits of such generators are well known. However, common theory of
the deterministic chaos oscillators was developed without noise. At the same time, these oscillators are applied in
telecommunication systems at presence of both external and intrinsic noises. Therefore, researching the noise impact on
oscillation dynamics in the deterministic chaos oscillator is an actual applied scientific task.

Objective. Creating the mathematical models of the Kiyashko-Pikovsky-Rabinovich-type deterministic chaos oscillator
based on a FET structure with negative resistance at presence and at absence of additive white noise.

Methods. Chaotic oscillation dynamics in the oscillator was examined on a base of the well known mathematical model of
Kiyashko-Pikovsky-Rabinovich and the non-linear approximation of the FET structure’s static current-voltage characteristic
using the hyperbolic tangent function. The results of the deterministic chaos oscillator mathematical simulation at presence of
additive white noise were obtained. The additive white noise impact on generated chaotic oscillation’s dynamics and parameters
was researched.

Results. The phase portraits, time and frequency dependences for the oscillation in the deterministic chaos oscillator based
on a FET structure with negative resistance at presence and at absence of additive white noise have been obtained.

Conclusions. The results of chaotic oscillation dynamics numerical simulation at presence of white noise confirm the high
noise immunity of the deterministic chaos oscillator based on a FET structure with negative resistance.

Keywords: oscillator; chaos; oscillation; phase portrait; white noise.

Introduction Theory of the KPR oscillator

Deterministic chaos oscillators are applied in radio The simplified electric circuit of the KPR oscillator
engineering and telecommunications in presence of  based on the field-effect transistor structure with
intrinsic or external noise [1]. Therefore, researching  negative resistance is presented on fig. 1 [5-7].
the noise impact on physical processes in deterministic ~ Different schemes of the transistor structure with
chaos oscillators is an actual scientific problem [2].  negative resistance VT1-VT2 and their properties have
This problem is quite complicated because such  been examined in [8].
processes cannot be regarded as only random or only
deterministic ones. Intrinsic or external noise sources M _ VT3
can considerably impact on a non-linear dynamic J_f L 7
system [3,4]. The most noticeable noise impact is
quantity changes of the generated oscillation dynamics. R1
It takes place in points of the self-oscillating system

N o S VT1 L _
structural instability, especially in bifurcation points. Iﬁl: 172 U

The aim of the paper is researching the additive == C R3 []
white noise impact on chaotic dynamics of the R2
Kiyashko-Pikovsky-Rabinovich (KPR) oscillator based T
on a field-effect transistor structure with negative
resistance. In the paper, much attention is paid for
model researching the noise impact on oscillator’s
phase portraits and on a shape and spectral
characteristics of the generated oscillation.

N

Fig. 1. The simplified electric circuit of the KPR oscillator
based on the field-effect transistor structure with negative
resistance
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The equivalent circuit of the KPR oscillator based on the
field-effect transistor structure with negative resistance is
presented on fig. 2.

|

Fig. 2. The equivalent electric circuit of the KPR oscillator
based on the field-effect transistor structure with negative
resistance

On the equivalent circuit there are marked: U is a
voltage on the capacitance C of the generator’s
oscillatory circuit; I is a current of the inductance coil;
V is a voltage on the transistor structure VT1-VT2,
shown as a non-linear resistance in parallel with
voltage-controlled capacitance C(V); -R is a value of
the negative differential resistance brought in by a
positive feedback circuit into the generator’s oscillatory
circuit; L is a value of the equivalent inductance coil
(allowing for the mutual inductance M); C is an
equivalent conductance of the generator’s oscillatory
circuit [6,7].

The system of differential equations with
normalized variables [6]
1 C 14
x=—,y=Ul |—, z=—. 1
I y=Ul, \E v (1)
in reference to a normalized time
r=—— @)
NLC
looks so [6,7]
X=2hx+y—-gz,
J./ =X (3)
si=x—[(2),

where approximation function of the field-effect
transistor structure current-voltage characteristic in
normalized variables [7]

25z
—2.029-107 24+1.217(1-1.042- 2)* tanh | — =2
S : ( 2) (1—1.042-zj

“)

The normalized coefficients equation of the system

(3) is [6,7]
Y S /iy (R (<)
2h=R T8 I 70 o Q)

The differential equations system (3) and the
normalized coefficients equations (1), (2) and (5) are
valid if the non-linear capacity C(¥) is much less than
the capacity C (C(V)U C) and changes very little in
generated oscillation amplitude change range
(CF(@)=C,). In such a case, a coefficient & is

regarded as a small parametere[] 1 [7, 9].

Impact of the field-effect transistor VT3 transfer
current-voltage  characteristic’s  non-linearity s
considered according to the equation [10]

SU’
ICT(U)=[O+SU_3U2' (©)

0

where U, — the cutoff voltage.

With normalized variables considering the impact of
the non-linear characteristics of the field-effect
transistor VT3 will cause changing the first equation of
the system (3) like

x=2hx+y—gz—dx-y" , N

where

4
d:im,/a)o-M-S. (8)

0

In analytical consideration the additive white noise
impact is estimated by connecting a noise current

source i, () in parallel with a non-linear resistance and

voltage-controlled capacitance C(V) at the equivalent
circuit. In such case the homogeneous system of
differential ~ equations (3) transforms in an
inhomogeneous one [11]

X=2hx+y—-gz—dx-y’,
y=-x, €]
ez=x—f(z)+ 2Dn(t),

where n(¢f) is a normalized source of Gaussian

noise, D 1is a noise level. The white Gaussian noise
normalized source parameters are 3, 11]
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oscillator phase portrait in a space of x-y-z, and its

<n(t)> =0, <n(t)n(t—r)> =6(7). (10)  projection in planes of x-y, x-z and y-z are shown on
fig. 5.
The Results of Mathematical Simulation o
the KPR Oscillator without Noise 1288,

The mathematical simulation for the system of
differential equations was performed in MathCad 15.0.
The differential equations system was solved by using
the Runge—Kutta method of the 4-th order with the
standard function rkfixed() [9, 11]. The phase portraits
in dynamic range of the generated oscillations without
noise when g=0.957 and d=0.2 are shown on fig. 3.

The change of the normalized coefficient h impacts
on a change of pulse quantity z on the distance between
them. This defines quantity and length of the oscillation
packets at the oscillator’s chaotic mode.

1,
0 z Iz

0.1-

€=0.2 h=0.057

14 Z z

€=0.2 h=0.115

€=0.2 h=0.15

Fig. 3. Phase portraits of the KPR oscillator without noise
when g=0.957 and d=0.2

In the paper the KPR oscillator operating mode
taking place on conditions when g=0.957, d=0.2, £=0.2,
h=0.15 was examined more particularly. The results of
simulation the oscillator operation chaotic mode
without noise are presented in fig. 4 — fig. 5. The time
graphs of normalized variables are shown in fig. 4. The
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Fig. 4. The graphs of normalized variables x, y and z
depending on normalized time 7" = @,t , when g=0.957,
d=0.2, e=0.2, h=0.15



A. SEMENOV, THE DETERMINISTIC CHAOS OSCILLATOR BASED ON A FIELD-EFFECT 49

139, e

-2
0143,
- 128, 1288,

-l o3 128,

'
[¥]

Fig. 5. The KPR oscillator phase portraits when g=0.957,
d=0.2, £=0.2, h=0.15 in planes of x-y, X-z, y-z and in a space
of X-y-z

The Results of Mathematical Simulation the KPR
Oscillator in Present of White Gaussian Noise

In the paper the KPR oscillator operating mode
taking place on conditions when g=0.957, d=0.2, e=0.2,
h=0.15 was examined more particularly. The results of
researching the dynamic processes in the KPR
oscillator in presence of noise when g=0.957, d=0.2,
€=0.2 and h=0.15 at different D levels are shown on
fig. 6. The KPR oscillator phase portrait projections in
a plane of variables at different additive white Gaussian
noise intensity levels D are shown in fig. 7 — fig. 9.

D=0.1 D=0.15
Fig. 6. Phase portraits of the KPR oscillator’s in presence of
white Gaussian noise when g=0.957 and d=0.2

The results of simulation the oscillator operation
chaotic mode with noise are presented on fig. 7 — fig.
12. The amplitude and phase spectrums of the
oscillations in presence of white noise at different D
levels are shown on fig. 10 — fig. 11.
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Fig. 8. The phase portraits of the chaos oscillator in planes of
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Fig. 9. The phase portraits of the chaos oscillator in planes of
X-Z
0.4 0.4
036
0338
0 1}
o 1}
|
0.1 01
J J
_ 4| 10t
. Ty b 597<10 ] L 19510
0 20 40 60 a0 o0 0 20 40 a0 20 100
D=0.01 D=0.05

0338 v

01 0l
4 —4
j/k 7492410 /"“\L/L 124910

a a 40 a0 a0 100 0 0 40 60 0 100

D=0.1 D=0.15

Fig. 10. The amplitude spectrum of the oscillation variable x
in presence of white Gaussian noise when g=0.957, d=0.2,
€=0.2 and h=0.15
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Fig. 11. The phase spectrum of the oscillation variable x in
presence of white Gaussian noise when g=0.957, d=0.2,
€=0.2 and h=0.15

Increasing the white noise intensity has a great
impact on phase portraits of the KPR oscillator as can
be seen from the simulation results (fig. 6 — fig. 9).
This causes transition from chaotic oscillations (fig.12,
a) to stochastic oscillations (fig. 12,b,c), and then to
quasi-harmonic oscillations with spurious amplitude
and phase modulations. The appearance of quasi-
harmonic oscillations is proved by the phase portrait
limiting cycle creation in fig. 7 — fig. 9 at D=0.1 and
D=0.15.

The white noise impact on chaotic oscillators is
known from the chaotic oscillation theory to cause the
coherent resonance effect at some bifurcation modes
(the Hopf bifurcation, period-doubling bifurcation).

The examination of the amplitude-frequency (fig.
10) and phase-frequency (fig. 11) oscillation spectra
shows the coherent resonance effect not to take place at
the considered operation mode the KPR oscillator

The qualitative time graphs of the normalized
variable x oscillation are shown in fig. 12. As one may
see from fig. 12, increasing the white noise intensity

causes the qualitative transition from chaotic
oscillations  packets (fig. 12,a) to complicated
stochastic  oscillations (fig. 12,e) with random

amplitude and phase.
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Fig. 12. The graphs of the normalized variable x depending
on normalized time T = @,? , when g=0.957, d=0.2, &=0.2,
h=0.15 and a) D=0.0 (without noise),

b) D=0.01, ¢) D=0.05, d) D=0.1, e¢) D=0.15

Conclusion

In the paper the mathematical model describing the
dynamic processes in the Kiyashko-Pikovsky-
Rabinovich oscillator based on the field-effect
transistor structure with negative resistance in presence
and in absence of additive white Gaussian noise has
been proposed. The phase portraits, time and frequency
dependences of the generated oscillation in presence
and in absence of additive white noise having various
intensity have been obtained.

The chaotic oscillation dynamics changes slightly
due to the oscillator’s amplifier non-linear properties,
which are strongly influenced by the additive Gaussian
noise. The additive white Gaussian noise impact on the
chaotic oscillation dynamics for the KPR oscillator
based on the field-effect transistor structure with
negative resistance was defined as taking place at noise
intensity of level D=0.01 and more by means of
mathematical simulation. It confirms the higher noise-
stability of the KPR oscillator comparing to the
classical oscillator of Van-der-Pol [11,12]. In that case
dynamics of the KPR oscillator changes significantly at
the additive white Gaussian noise level of D=0.125.
Also the generated chaotic oscillation becomes
oscillatory ones with random amplitude and phase
modulations. The stable generation mode for the
oscillation of oscillatory type with random amplitude
and phase modulations is observed at noise level up to
D=0.437, and its exceeding leads to suppression of
oscillation.
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I'eHepaTop AeTepMiHOBAHOIO Xa0Cy HAa OCHOBI MOJIbOBOI TPAH3HUCTOPHOI CTPYKTYPH 3 BiIl’€MHMM OIIOPOM LISt
TeJeKOMYHIiKaNiiiHUX cHCTeM

IIpo6aemaTnka. 3aCTOCYBaHHS FCHEPATOPIB ACTEPMIHOBAHOIO Xa0Cy B TEICKOMYHIKAI[IHHUX CHCTEMaX MOTPeOye 3HAHHS IXHIX
JIMHAMIYHUX BracTuBocTeil. Bimomi martemaruuni mojeni Ta (a3oBl MOPTPETH TAKMX TIeHeparopiB. Ale 3arajbHa TeEopis
T€HepaTopiB JIETEPMIHOBAHOTO Xaocy po3poOieHa 3a yMOBHU BIACYTHOCTI HIyMiB. Y TOH Yac, sIK MPAKTUYHE 3aCTOCYBAHHS IHX
T€HepaTopiB y TENEKOMYHIKaiMHUX CHCTEMaX 3AIHCHIOETHCS 32 YMOBH HAsIBHOCTI SIK BHYTPIIIHIX, TaK 1 30BHIMIHIX mIyMiB. ToMy
aKTyaJbHOI0 TIPUKIAJAHOI0 HAyKOBOIO 3aJauyel0 € JOCIIPKEHHS BIUIMBY IIyMy Ha JMHAaMIKy KOJMBaHb Y T€Heparopi
JIETEPMIHOBAHOT'O Xa0Cy.

Meta pociigkenb. CTBOpeHHsS MaTeMaTHYHHX MOJENeH TeHepaTopy AeTepMiHOBaHOro xaocy Tury Kusmko-IlikoBcbkoro-
PabinoBrYa Ha OCHOBI MOJIBOBOI TPAH3UCTOPHOI CTPYKTYPH 3 BiJI’€MHUM OIOPOM 3a BIACYTHOCTI Ta TPU HASIBHOCTI aIUTUBHOTO
6100 HIyMYy.

Mertonuka pearizamii. Ha migctaBi BukopucTaHHs Bimomoi MmareMatuunoi moneni Kwusiiko-IlikoBchkoro-PabiHoBuua Ta
HEJHIHOT arpokcuMalii CTaTUYHOI BOJIBT-aMIIEPHOI XapaKTEPUCTHKU IOJILOBOI TPAH3UCTOPHOI CTPYKTYPH 3a JOMOMOTOIO
GyHKIIT TimepOOoNMIYHOTO TAHTEHCY OCTIIPKEHO MWHAMIKY XaOTHYHHX KONWBAaHb B TeHepatopi. OTpuMaHO pe3yibTaTH
MaTeMaTHYHOTO MOJIETIOBAHHS T€HEPaTOpy ACTEPMiHOBAHOTO Xa0Cy 3a BIICYTHOCTI Ta PH HASBHOCTI aANTUBHOTO OiIOTO IIyMYy.
OLiHEeHO BIUTMB aIUTHBHOTO O1I0r0 IIyMy Ha JHHAMIKY Ta ITapaMeTpH TeHEPOBAHUX XaOTHYHHUX KOJIMBAHb.

PesyasTaTn gocaimkenn. OtpuMaHo (a3oBi MOPTPETH, YAaCOBI Ta YACTOTHI XapaKTEPHCTUKH KOJIHMBAHb 3a BIJICYTHOCTI Ta MPH
HAasBHOCTI [IyMy B '€HEpaTopi JeTepMiHOBAHOTO Xa0Cy Ha OCHOBI MOJIbOBOI TPAH3UCTOPHOT CTPYKTYPH 3 BiJI’€MHUM OTIOPOM.
BucnoBku. OtprMaHi pe3ysibTaTH YUCEbHOTO MOJICIOBAHHS JMHAMIKM Xa0THYHUX KOJIMBAaHb 32 HASBHOCTI aJIMTHBHOTO OLIOTO
IIyMy MiATBEPIKYIOTh BHCOKY 3aBaJIOCTIMKICTh TE€HEpPaTOpy MCTEPMIHOBAHOTO XaoCy HA OCHOBI TOJBOBOI TPAH3UCTOPHOI
CTPYKTYPH 3 BiJi’ EMHUM OTIOPOM.

Kurowogi ci1oBa: reneparop; Xaoc; KOJMBaHHS;, ()a30BHi MOPTpPET; OLINI 1IyM.

Ceménos A.A.
lenepaTop neTePMUHUPOBAHHOIO Xa0ca HA OCHOBE TI0JEBOIl TPAH3UCTOPHOW CTPYKTYPHI
CONPOTHUBJICHUEM /IJISI TeJIEKOMMYHUKAIIHOHHBIX CHCTEM

¢ oTpHIaTe/JIbHBIM
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Ipo6aemaTuka. [IpuMeHeHne reHEPATOPOB ACTEPMUHHUPOBAHHOIO Xa0Ca B TEJICKOMMYHHUKAIIMOHHBIX CHCTEMax TPeOyeT 3HAHUS
UX JIMHAMUYECKHX CBOMCTB. V3BecTHBI MareMaTHuecKue MOJENH M (ha30Bble MOPTPEThI TaKMX TreHepaTopoB. OpHaKO oOIIas
TEOpHsl TEHEpPaTOpOB JIETEPMUHUPOBAHHOTO Xaoca pa3paboTaHa NpH YCIOBMM OTCYTCTBHSI IIyMOB. B To e Bpems, Kak
TIPAKTUYCCKOC MCIIOJIb30BAHMUEC OTUX T'CHEPATOPOB B TCICKOMMYHHUKAIIMOHHBIX CUCTEMAX OCYHICCTBIIACTCA MPU YCIOBUU HATTUYUA
Kak BHYTPEHHHX, TaK M BHEUIHHX IIyMOB. [109TOMy aKkTyanpHOW MPHKIAAHON HaydHOW 3a/1auel0 €CTh MCCIIEOBAHUE BIMSHUS
IIymMa Ha IMHAMHKY KOJleOaHHUH B TeHEpaTope JeTePMUHHUPOBAHHOTO Xa0ca.

Heas wucciaenoBanuii. Co3naHme MaTeMaTHYECKUX MOJENEH TeHepaTopa JACTePMHHHPOBAHHOTO Xaoca THma Kwusmko-
[TukoBchKOro-PabHOBMYA HA OCHOBE MOJICBOM TPAH3UCTOPHON CTPYKTYPBI C OTPUIATENHHBIM CONPOTHBICHUEM MPH OTCYTCTBUH
U TIpU HAJIUYNHW AJAUTUBHOTO 6CJ'IOFO aryma.

Metoauka peajauzanuu. Ha OCHOBaHMM WCIIOJB30BAHUS WM3BECTHOW MaTemaruueckodl wmoxenu Kwustmko-ITnkoBehkoro-
PaOnHoBMYa ¥ HENMMHEHHON amMIIPOKCHMALMK CTaTHYECKOH BOJBTAMIICPHOW XapaKTEPUCTHUKH TIOJEBOM TPaH3UCTOPHOM
CTPYKTYpBI C TIOMOIIIBI0 (DYHKIIMU THIEPOOINYECKOTO TaHI€HCa UCCIEeI0BAaHO AMHAMHUKY Xa0THUECKHUX KoyeOaHUil B reHepartope.
[TomydeHsl pe3yabTaThl MaTEMAaTHYECKOTO MOJCTHPOBAHUSA TEHEpaTopa JACTEPMHHHPOBAHHOTO Xaoca MPU OTCYTCTBHU H MPH
HaJIMYK aJJUTUBHOI'O 66HOF0 mryma. OHCHCHO BJIMAHUC aJJIUTUBHOI'O 66.]]01"0 mymMma Ha JUHAMHUKY MW [OapaMeTphbl
T€HEePHPOBAHHBIX Xa0THYECKUX KOJIEOaHMUIA.

Pe3ysnbTaThl HccieqoBaHuii. [lomydyeHbl (a3oBbie MOPTPETHI, YACOBBIC M YACTOTHBIC XAPAKTCPHCTUKH KOJICOAHHH MpH
OTCYTCTBUM M IPH HAJIUYMU IIyMa B TeHEpaTope ACTEPMUHUPOBAHHOTO Xa0Ca HA OCHOBE TOJIEBON TPAH3UCTOPHON CTPYKTYPHI C
OTPULATECIILHBIM COIIPOTHUBJICHUEM.

BoiBosbl. [lonyuyeHHble pe3ynbTaThl YUCICHHOTO MOJCIUPOBAHUS JMHAMUKH XAOTHYECKHX KOJICOAHWH MpH HAJINYUU
AJUIMTHBHOTO OEJIOTo IIyMa TOJTBEPKAAI0T BHICOKYIO TOMEXO0YCTOHYMBOCTD IT'€HEpaTopa ACTePMUHIPOBAHHOTO Xa0ca Ha OCHOBE
MOJIEBOM TPAH3UCTOPHON CTPYKTYPBI C OTPULIATENILHBIM COPOTUBICHUEM.

KiroueBble ci10Ba: reneparop; xaoc; konebanus; (pa3oBblil HOPTPET; OEINBIH IIyM.



