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1. INTRODUCTION

Accor'dihg to the contract, the goals of this work are:

e search in the literature for and selection of sources of chaotlc osc1llat10ns in radio fre-
quency band with known models and which potentlally could be used for ranging and de-
tection problems

¢ study of mathematical models of chaotrc sources, identification of modes of generation of
low-dimensional chaos and study of modes of chaotic generation.

~e analysis of a possibility of symbolic description for systems under consideration.

‘Symbolic description means a representation of a continuous trajectory of a chaotic generator
by means of a finite alphabet. At the moment, theoretically rigorous construction of symbolic
description is p0551b1e only for a limited number of discrete time systems.

There are two methods for constructmg a symbolic description known from literature:
* construction of quasi-one-dimensional maps from a flow system, _
* determination of a set of unstable periodic orbits (UPO) of a chaotic attractor.

Both methods imply the procedure of embedding of an observed trajectory into a multidimen-
sional (preferably, three-dimensional) phase space. Then a one-dimensional-one-dimensional
map is constructed or a topology of the attractor by means of UPO is determined. With a suc-
cessful embedding and determining of a UPO set, the known structure of the attractor facili-
tates determining the size of an alphabet necessary for symbolic encoding of the trajectory.
Fmally, UPO set enables to determine a generatmg partition.

This is why systems with low-dimensional chaos are considered in the literature in detail. For
such systems it is possible to construct quasi-one-dimensional succession sequence, which
determines genetating partition and enables to solve some other problems concerning the
structure of attractor. In this paper attention is pard to constructlon of quasi-one- dlmensmna.l
maps, which might deﬁne a generating partition.

‘Such a sequenceé could facilitate comparison of signals, decision about identity of signals (fel-

low/stranger), synchronization of two chaotic sources. In some cases symbolic descrrptlon
could facilitate synchromzatlon in the presence of additive noise or distortion of signal i in a
channel. :

In section 2 a review is given of five models of microwave chaotic generators: klystron gen-
erator ‘with delay, generator based on traveling-wave tube, based on backward-wave tube,
Pierce diode and microtriode. Two models have been selected for further investigation: -gen-
erator based on traveling-wave tube and generator based on microtriode. :

Section 3 describes features of such models, the1r characteristics and numerical methods used
for studying these models.

EX1stence of low-d1mensronal chaotxc modes in selected models of generators is shown in sec-
t1on 4, - )

The description of traJectorres of models of generators, selected in section 2, by means of bi-
nary symbolic sequences, is investigated in section 3.

)



" For the system base,dv' onm. - ,J'tr'iode the symbolic descrip’tion is con. Jeted and properﬁes of
obtained symbolic 'sequences are studied. Methods for constructing. symbolic binary se-

quences closely connected with initial chaotic trajectory are indicated and properties of such

sequences are considered for the system based on traveling-wave tube.

| 2. REVIEW OF GENERATORS .

In this section a review is given of models of generators of chaotic oscillations in microwave

range, presented in the literature. Best-studied and relatively simple mathematical models of

- generators, which have been shown to have chaotic modes are included in this review. This

- section includes neither detailed description of physical organization of devices nor principles
of operation: More detailed miaterial can be found in literature, cited in the body of this sec-

tion. " : ' - ' : '

All rcsulfc__s_'pf ‘numerical or physical experiments cited in the text of this section are taken from
the cited literature. S - -

21 'Klystroh generator

The scheme of klystron generator with delayed
feedback is presented in Fig. 1. Electron bearn
(shown with arrows) is velocity-modulated in the
first resonator. Energy is taken off the beam in the
second resonator. Input and output resonators are
connected with the delayed feedback line. The
input resonator is excited by. the signal of output
resonator coming from feedback line, which is
characterized by modulation depth m and delay
- lime &r. Output résonator is excited by the cur-
rent of the electron beam. If voltages at cavity
gaps of input-and ‘output resonators are repre-
- sented as ¥, () = Re(4;, () exp(io,t)), the equa-
tions for excitation of resonators become [1]:

| o, 4 =720 4, (-5 )exp(—in,51), (1a)

dd, o ' : .
j.*. 2Q02 141 =C00K11 (Z,t) §xp(—10301/vo) s (lb)

F 1g 1. Scheme of klystron generator with

- delay: 1 - cathode, 2 — collector, 3 — elec-
- tron beam, 4,5 — input and output resona-

tors, 6 — accelerating eléctrode, 7 — feed-

where / - is the distance between the resonators, back.
K - wave resistance of output resonator, 0., 0,
- are loaded quality factors and

L= 2T, 411918, /28,)explintt-1/v,) e
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Fig 2. Waveforms phase portralt and power spectra density for two modes of klystron gen-
erator.

LY

is the first harmonic of the current (second resonator is usually a part of a high—Q empfy

~* resonator, so only the first harmonic of the current exciting the second resonator is consid-
ered).

J, is Bessel function of first order, ¢ = Arg(4,), 8, =w,l/v, - is undisturbed transit angle -
(phase incursion). ' ' - L o
‘With dimensionless amplitudes of oscillations

EO=400,/2%, e

mA, (t—w,0t/y)0

F(t)=
() 7

% exp(—ie,5t), (3b)
where 1=t/ and y = o, (8¢ +1/v,), then

dF,
‘c?l'*YlF; =v,F

dF.

@
2,y =20, ( RG-D) L ) G- | |

| F(x-1)]

where v,, =y/ 20, , - are damping parameters, . a. = mey, exp[-z(w+7t/ 2)], 8=K[0/ 2V, -
are amplification parameters.

In case of low—Q of input resonator (7, >>1) the system is reduced to a first-order equation:




aF o Fan ] _
Ly N ©

- Numerical simulation was carried out for the following values of the system parameters.

Length of the feedback line is 8 m, signal moves with' velocity of light, distance between -

resonators / =10 cm, fundamental frequency of resonators is Jo =3 GHz, loaded quality fac-

tors O, =300, 'Wavc.resi‘stance K =100 Ohm, qccelératihg voltage ¥, =2500 V, current
I, =50 mA. " Co ' e o - :
Values of dimensionless parameters are \p+ n/ 2~180x, 0, ~20%,’ N2 =1, =107,

- The work [1] includes results of numerical and physical experiments (integration by Runge-

utta method of the fourth order) (see Fig.2). Numerical experiment demonstrates transition

to chaos through series of period doubling bifurcations. The experiment corroborates also the

presence of a chaotic mode. But since the experiment was carried out with five-resonator kly-
 stron, agreement with numerical experiment is only qualitative. - ' ‘

The results of num_eri‘cal experiment are presented in greater detail in [2].

1

2.2. Traveling-wave tube (TWT)

Scheme of generator with delayed feedback based on traveling;wave tube is depicted in Fig.3.

Delay feedback

T Output

. Slowmg structure

Fig. 3. Scheme of TWT-g.en'erator:' 1 — cathode, 2 — anode, 3 - accelerating
grid, 4 — electron beam ' _
Advantage of TWT as cornpa:éd to klystrons s airnpliﬁcation in a broad frequency band.

Results of experiments on searching for chaotic modes in a TWT-generator aré described,
eg,in[3,4]. : ,

First, generator waé considered'in a general form [5,6], depicted in Fig. 4, where F — is a
- nonlinear amplifier, T - is a'delay and @ - is a filter. v :

The equation for oscillations of such generator is a functional equation:

X()=bF(X(t-T)), | o )




where Cbs(t) [ s(r)g(t—. 4, and g(x) - is an

impulse response charactenstlcs of the filter.

- For narrow-band filter-and for T=0 this equatlon‘ |
corresponds to reduced differential equatlon

X'+eX = =eF(X) 7

A

or, in the presence of delay
C X'+eX = sF[X(t nlL, @®

where € <<1.

. Fig. 4. Block—scheme of TWT gen-
erator '

This , equation is stud1ed with cub1c nonhneanty F= YoX (1 - X?) or with nonhneanty of the

type F (X ) =oX exp(—(X - B) ), whlch accordlng fo [51, describes the nonhneanty of TWT -
in the best way.

~ The results of numencal simulation of the system are described in [3] Simulation was carried

out under the assumpnon that the field at the input area of TWT is defined, phase wave veloc-

ity is constant and is independent of signal frequency. For the 1nput area of tube an approx1-

mation of specified current is used.

_ Since the input signal fades completely

. in the local absorbent and the output

signal is week and does not influence

beam, the effect of volume charge is
neglected.

2.3. Systém based of
backward-wave tube (carc:- '
notron) '

Fig.' 5 Scheme of generator based on back-
ward-wave tube: 1 — cathode, 2 — accelerat- -
ing electrode, 3 — penod1c deceleratmg sys-
tem, 4 — collector 5— energy output 6 -
matched load : ‘

Traveling-wave tube is a broadband
~amplifier, but it -can operate as a
generator only ‘im a.relatively narrow
frequency ‘band.. As a broadband
gmerahmkwahhckmdt-ubwas tubeallis

‘used. Its scheme is depicted in Fig. 5. 30 [T 3
In such generator amplification is pro- A (’E:O”) S B P 5 (% s B
vided by interaction of backward wave 20 Wi

with electron beam, which is used to '

transfer oscillation energy from the in- e Lo

put of decelerating system to the out-

put, where backward wave occurs. v
. Thus electron beam is used simultane-
ously as feedback regulated by phase
(to change the accelerating voltage),
which provides tuning of generation = :
frequency in a broad frequency range. Y anl o '

‘ W WO IGO0 MW RS T 30 20 -0 00 10 20 30
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‘Dynamics based on . backward-wave
tube is-described in [7], where there are

Fig. 6. Waveform and phase portrait of genera-
also references to earlier works. £ P P g

tor based on backward-wave tube.




“Itis showh that genérator b } on backward-wave tube couid be des _}ed by equation

04, o4, :
— t—=ad,4.*
e S .
04, 84, - S | o
14u *24"“2:—(}_;4 , : : v L . i .
( ,)a;.ag ‘.‘43_ | S )
o4, od,
2P a4 4 *
o o 244

: Numerical..Si_mulatio‘n‘ demonstrates considerable similarity with finite-dimensional Lorenz
system (Fig. 6).. : : :

2.4. Pierce diode

Pierce diode consists of two parallel inﬁnitély wide equipotential grids, penetrated by
monoenergetic electron flow. Charge density and flow velocity at the input of the system are
~ fixed. Space between grids are filled uniformly with motionless ions. E

Control paramete; is Pierce parameter o =w,L/v,, where o , =~Jep/em - is plasma fre-

quency, p, -is charge density in the flow at the input, v, - flow velocity at the input, L -
the distance between grids. ' o '

Pierce has shown in 1944 that uniform motion of the flow with velocity v(x)=v, becomes

unstable at o > 7. Fluctuations of charge density in the flow lead to redistribution of charges
in external circuit, connecting the grids, and to the -appearance of induced charge on the
bounding grids. As a result, potential at the grids remains constant, and uniform field of these -
charges strongly perturbs the flow. For o, > 7 this perturbation leads to growth of fluctuations
of charge density. Perturbation evolves until a virtual cathode appears in the system — a region
with potential of volume charge close to cathode potential, The virtual cathode reflects part of
input electron flow to input grid. : . '

'.According to 8], Pierce diode could be used "'to obtain _s»upe,r-pQWer‘ microwave radiation.
‘Numerical simulation is based on "particle in a cel]" method. Electron beam is represented as
a body of big particles (in one-dimension case — charged sheets), injecte_d in equal time inter-
vals with constant velocity into the interaction space. For every sheet an equation is solved:
d’x, . 4 S S o o )

L= -E(x) - B | 10)

dr? _

To calculate field strength and field potential of volume charge and charge density a uniform
space grid with step Ax is introduced. Field potential of volume charge in electrostatic ap-
‘proximation is defined by Poisson equation: -
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~ Fig. 7. Dependence of dimension D on observation scale for different dimensions of em-

bedding space for two modes of non-regular oscillations.- .

To calculate charge density a procedure of linear weighting of particles on space grid is used.
Field strength is calculated by differentiation of obtained values of potential, The number of

- grid cells is 128, and the number of particles per cell in unperturbed state is 4, s
Analysis of oscillatioris was carried out by means of observation of time realizations of field
of volume charge E at the output of the system and corresponding power spectra. Existence
of chaotic modes is shown; dimension of attractor is estimated (see Fig.7).

» 2.5 Oscillator based on vacuum microtriode.
Study of chaotic dynamics of vacuum microtriode is de- . '
scribed in [9]. It is shown that active microtriode oscilla- o J,,.—m.;{, o
NN V) Anode
for can generate chaotic oscillations in microwave band. »

Active oscillator could be constriicted by introduction of ) X% o ————
a feedback into the scheme of microtriode amplifier in a Ak C -[’_‘ R
manner similar to usual tube generator. However, due to ZZZ7778 = | -
the absence of saturation of nonlinear characteristics | Cathode '
self-oscillations in such generator would incréase infi- !

nitely, leading to destruction of cathode. It is necessary to -
introduce passive element with nonlinear characteristics
into feedback loop to.compensate the signal growth..

. C - Fig. 8. Scheme of generator
Scheme of proposed generator (see Fig.8) contains & vac- - -based on vacuum microtriode
uum microtriode with -nonlinear oscillation circuit  with inductive feedback and
(nonlinearity is given by resistor), included in a grid cir- ‘nonlinear dissipative element in

cuit, and an inductive feedback. : the grid circuit.

Anode current depends on veltage at the grid according to
Fauler-Nordheim's law of autoelectronic emission:

I, = AF>(@U +b)" exp[-BO™* (F(JU+b)], - (12)

where I, - anode current, U - grid voltage, A,B - almost constant parameters, @ - work -
function, F - field amplification, a, b - geometric constants. . '



- Nonlinear dissipation 1s give  Jy nonlinear resistor, with characteristi. /

T =1L [expU/U,)-1] | S o (13)
The generator equation in dimensionless var_iableé for non-autonomous mode is givén by
5 3 o '
g—zx + (g™ — (2% + 20 + 1)e "+ ')Z—g +x =V sin(pr) . (14)
4 : : ! - :

Existence of chaotic modes is demonstrated by physical an experiment and numerical simula-

tion. Spectra and phase portraits are presented in [9]. Results similar to those of [9]-are pre-.

- sented in the following sections.

2.6. Models selected for investigation | |
Among five models described above, capable of geherating chaotic signals in microwave

band, we have selected two: generator based on microtriode and generator based on traveling-
wave tube. : : :

We have preferred models that are studied to some extent and at the same time have models -

that do not require enormous computational resources for simulation of their dynamics.

As a result, we selected a model based on microtriod_e,'which is described by non-autonomous

o

R ordinary differential equation of second order. This model is of interest also because generator

based on microtriode is the only generator of chaotic signal in microwave region with finite
dimensional mode! discovered in literature. All other above models are described either by
differential equations with delay or by partial differential equations, i.e. by systems with infi-
nite number of degrees of freedom. - ' ' R :

The complexity of such system is that it is stiff and requires care in numerical simulation. Dif-

ferent integration methods were used for numerical simulations and chaotic modes have been
obtained which are in good agreement with those described in [9]. The calculation of a trajec-

tory could be carried out by Runge-Kutta method of 4-5 order. with variable step, if con-

straints are imposed on maximum size of integration step. 5
. Among models presented in this review, two are described by differ'e_ntiélbéquatiéns_ with de-
- lay. These are the model of klystron generator and TWT-model. FOr_further\inve‘_stigaﬁon we

have taken the system based on TWT, because equation (8) is simpler than system 4). '

In case ofrieces‘sity, develé)péd methods for analysis of TWT-generator can be employed to
analyze of the dynamics of klystron generator with delay. ‘ h

Equation with 'delay'(8)', for fWT-systeni, has infinite number degrees of freedom, and this

fact substantially complicates investigation of this system. First, chaotic modes of high di-
mension might exist in such system, and, as one will see from the results described below,
this narrows the region of parameters useful to us. Second, calculation of equation (8) gives
one scalar component, so to study chaotic modes it is necessary to reconstruct a phase space.
- Reconstruction algorithm is described in the next section. '

3. ALGORITHMS “

The aim of this section is to describe ‘algorithms used for identification of low-dimensional
chaotic modes. '




By investigation of the syste ~Jased on microtriode and described by bation (14) we do not
face a problem of separating the regions of high-dimensional and low-dimensional chaos.

-~ Only simple chaotic modes are possible in the system. The single aim of estimating of dimen-
~ sion or the major Lyapunov exponent is to give evidence that the modes are chaotic.

With TWT-system the situation is much more complicated.. This system has chaotic modes of "
high dimension and isolation of “relatively simple” modes of low dimension is important. As
was already noted, calculation of equation (8) gives the only scalar variable, so, preliminary
. reconstruction of a phase space and embedding of realization into this phase space is neces-
sary ‘(embedding algorithm is described below). - S

The first problem here is that emb‘edding spacé dimension for calculated signal is unknown.
To estimate this dimension — the embedding space dimension — the Karhunen-Loeve
method could be used. L : -
- After éstimation of embédding space dimension it is possible to reconstruct the phase portrait- |

and to estimate attractor dimension using correlation integral and to calculate Lyapunov ex-
ponents. B o : ' : : '
To Sum_ up, in this work we v

1. Estimate embedding space dimension by the method of Karhunen-Loeve.

2. Estimate attractor dimension and embedding.vspace dimension byv.means of correlation
integral. ’ ' : '

3. -:.V:Estimate Lyapunov dimcnsion by Lyapunbv exponents, '

To illustrate the methods described and verify the allgorithms émpioyed we cite the results for
Rossler system , ’ -

X=~y-z _ A o

y=x¥ay - | S (15)
z=b+(x—c)z | - |

with parameters a=0.15, =02, ¢ =10 corresponding to simple chaotic mode: Under

-other values of paramieters Rossler system can demOnstrat¢ much more complicated dynamics

[11]-

5.1. Estimation of e""bed.d’;’7$7‘.spacévdimensiOn by Karhunen-
Loeve method. T .

To construct embedding space it is necessary to get several coordinates in a multidimensional
embedding phase space from one observed coordinate x(1). ‘ :

There are several methods for this. For instance, initial signal and its derivatives are consid-
ered as coordinates: _ S - : S

(%), %), %(0)...), : ‘ N ¢ ()
or time-delayed values of a single coordinate (Takens method of délay embedding).
(x (@), x(t = 1), x(¢ - 21)) o | (17)

Review of methods for phasé space reconstruction by' one coordinate can be found in [12]."

11



- We use the method of ¢ embedding. Its idea was proposed . - 13] and mathematical
justification was given in [14]. The idea of justification is that subject to some conditions,
topological equivalence is shown, between the initial attractor of the system and attractor re- .

constructed by one observed coordinate. . | |

To determine einbédding space dimension, let us cOﬁsidef n .val'ues of variable
Xy =(x.x,)'=(x,, ¥iore--Xioui(asy ) > taken successively in time interval 1, as a vector in n-
dimensional phase space;_ Similarly, X, ¥.(x2;'..x,, 2= (%0405 X 0020 -2 )

Theoretically, any value of delay time 71 is acceptable. Practically, too big or too small
values of delay time 1 complicate analysis of reconstructed attractor. The issue of optimal .
delay time have ‘been - discussed intensively in the literature. Optimal delay time could be
taken as the first zero of autocorrelation function for observed realization, as the first mini-
- mum of mutual information function, etc. Review of possible methods is presented in [15]. A

In this work we define delay time as the first-zero of autocorrelation function of the proc-
. ess. Obfained sampling proves to be in accordance with simple rule of “3-5 samples' per pe-
+ riod”, cited in [16]. : » ' . ‘ :

" We also check-our results on stabillity relative to sampling interval 1.

- Thus, consider a method for estimation of embedding space dimension, described in [17],
and also known in the theory of image processing as algorithm of Karhunen-Loeve [18]. Ac-
cording to this method, it is necessary to construct a sequence of vectors by Takens method

from N =N, -n+1 points X; , where N,.- time series length, 7 - phase space dimension,
which is at first taken rather big, certainly bigger than expected embedding space dimension
(say, 15 or 20). Then a matrix of trajectory is constructed:” - : ]
_X{ 7 ) :
=N Cy S _ . SR (18)
X

phase space. The number of linearly independent projections, i.e., rank of matrix %, deters

Columns of this matrix are projections of phase trajectory on axes of -dimensional ©

mines the number of coordinates required for unique description of the system state.. Rank of =~ -

matrix % equals to the number of non-zero eigenvalues of matrix © — Ty

\

Practically,- due to pré:senoe of noise or due to the fact that the system is only approxi-
mately finite-dimensional, eigenvalues of matrix ® will not g0 to zero, but will decrease with

the eigenvalue index (and for white noise they will decrease very slowly). Thus, it is neces-

sary to determine some threshold value and o account only for eigenvalues of covariance ma-
trix ® which are bigger than the threshold value. :

An example 'of”determim'ng the dimension for Rossler attractor is depicted in Fig. 9a. Di-
mension is estimated by the break on the of plot covariance matrix eigenvalues. For this plot
itis 2-3. ' SRR : - L -

“After selecting space dimension, it is possible to choose new basis from basis vectors, cor-
responding to “nonzero” eigenvalues. Geometrically, it means such a rotation of axes of n-
dimensional phase space when phase trajectory would have nonzero projections only on
m<n axes. - : '




1

Advantages of this meth Are small requirements for computatic ) resources and noise

resistance. It is shown in [19] that successive application of this algorithm enables to get a

signal substantially cleared from noise.

Besides, it is shown in [20] that development of methods based on decomposition on ei-
genvectors of covariance matrix enables to get estimates of attractor dimension that are oper- -
ating in a broader region of sampling time 7 ‘than method based on estimation of correlation
integral, described below. B B o

T= = T T e 4 :
: ! H

B e L L L TSNP SR S

.............

Eigenvélue number 5 . o o
@ : | ' (b)

Flg 9. Results of estimation of embedding space dimension (a) and calculation of correla-
o tion dimension (b) for Rossler system (15). S ‘

3.2, Esfima_tion of embedding space dime‘hsion by correlation
i_ntegral o -

The second method for calculation of attractor dimension and estimation of embedding space
dimension is the method of correlation integral [21]. R C
The idea of the method is the following. The _n'umber{ of pdints in the neighborhood of radius
€ grows with € as €7 in a space of dimension d . o - ‘

To calculate dimensions, in a manner similar to that described above, n-dimensional vec-

tors are taken from one-dimensional time series by Takens method and for sufficiently large
set of vectors (more than several thousands), a number of vectors in the € -neighborhood of

- some arbitrarily taken vector is calculated. An estimate d of attractor dimension i$ derived

from obtained dependence of the number of vectors in ¢ -neighborhood on €.

Practically, correlation dimension is calculated for different embedding space dimensions
n. Starting from certain 7, calculated attractor dimension does-not change (saturates). This
value of 7, when saturation begins, could be considered as estimate of embedding space di-
mension. ' -

Result of dimension calculation for Rossler attractor is given in Fig. 9b. Horizontal axis
features different space scales (different €). Vertical axis represents calculated attractor di-




- mension. At very large or v jsmall & error of calculation become. _b large. Estimation of
attractor dimension is taken at “average” e » Where the curve is almost constant.

As can be seen in Fig. 9b, Rossler attgacfor dimension is slightly higher than two. As can
~ be also seen, saturation takes place already at =3 (which is in accordance with the fact that
Rossler attractor lies in three-dimensions space). ' : '

3.3 Calculation of Lyapuhov exponents and Lyapunov dimension

Y'Lyap‘unov dimension is defined by
a ks M+A, +.+4, ,
: S ,7\’k+l l

- where 4, - Lyapunov exponents of the system ‘(in‘décreasing ordér) k - maximum value sub-
jectto A+, +..4, >0, | A

(19)

An assumption is miade in [22], suppOrted by numerical evidence, that for “normal” attractors
+ Lyapunov dimension equals dimension calculated by correlation integral.

For the system based on microtriode one exponent is positive and one is negative for chaotic

modes. According to formula (19) this corresponds to attractor dimension being between two
and three. ' , -

Thus, for this system it is sufficient to calculate only the major Lyapunov eprnent. It can be
calculated by standard means, i.e., by introduction of small perturbations and calculation of
average rate of growth of these perturbations. ‘ ' : '

For the T WT-system, which is inﬁnite-dimcnéional, such a method is inapplicable.

'A_Igori_thm' of calculation of major Lyapunov exponent '[23] and Lyapunov exponent spectrum
[24] ﬁom'observed t_ime_ser_ies allows to_qvercqme_this difﬁculty to some extent. -

To calculate major Lyapunov €xponent we used our program. It operates according to an al-

- gorithm described in Kantz’s paper. To calculate Lyapunov exponent spectrum we have used
‘a program~ from “TISEAN” package, which is available at http://wiww.mpipks-
dresden:mpg.de/~tisean/. - ' : : '

Unfortunately, for a TWT-generator calculation of Lyapunov exponents requires considerable
time, and results turn out to be sensitive to parameters of calculation procedure, even with ap-
- plication of mentioned algorithms. ‘ ’ :




4. THE RESULTS F ANALYSIS OF CHOSE}x MODELS OF
| E GENERATORS o

-~

4.1.. Dynamics of the system based on :t‘ravellihg'-wa\)e tube

‘Control parameter for a model of TWT-generator is parameter e featuring pass-band of low-
frequency filter. In the beginning, parameters o, and B, determining gain factor and degree of
asymmetry of nonlinear characteristics were fixed. As can be seen in bifurcation diagram in

Fig. 10, the system undergoes a series of period doubling bifurcations as control parameter
decreases. After the series of bifurcations chaotic modes follow. Their complexity, as is
shown below, increases with decreasing of the control parameter. The smaller ¢ the more the
band pass is, and, correspondingly, the richer the dynamics is. This can also be seen in the bi-

furcation diagram.

Fig. 10 also shows results of estimation of Lyapunov exponent spectrum for five-dimensional
embedding space. As has already been noted, calculation of Lyapunov exponent spectrum isa
. complex task, and results are sensitive to algorithm’s details. So, the role of Fig. 10 is not to

- give exact values of Lyapunov exponents, - but rather to show regions where one or both
Lyapunov exponents are positive. Regions of hyperchaos, where two or more Lyapunov ex-
ponents ‘are positive, have complex dynamics and are not considered here. We pay attention to
relatively simple low-dimensional modes, with oneé positive Lyapunov exponent — modes with
control parameter values between 0.4 and 0.45. - - o

Figures'11-15 represent waveforms, spectra and calculated embedding space dimensions by
method of Karhunen-Loeve (right in figures). Values of control parameter between 0.75 and
- 0.5 correspond to periodic motion. As can be seen from the spectrum of eigenvalues of co-
variance matrix (result of calculation of embedding space dimension), two first eigenvalues

differ substantially from the others. One may surmise that two-dimensional space is enough to
~ describe these modes. = A R s

For more complex modes, for instance, for the mode with ¢ =0.444, the difference between
. pairs of eigenvalues is already smaller. In practice we use three-dimensional embedding space
forsuchmodes. = . R
Figures 16 and 17 show results of calculation of correlation dimension for the above modes.
Apparently, for ¢ =0.1 dimension exceeds 5 and saturation does not take place even for em-
bedding space dimension equal to 10. Such modes are not considered here,

For a mode with € =0.4 an estimate of ébrrelation dimension is between 2.5 and 3, and satu-
ration takes place when embedding space dimension equals three. In the following section we
make at attempt to construct symbolic description for relatively low-dimensional modes in

the range 0.4...0.45. As is shown below, symbolic description could be constru,cted"‘only in
rather narrow region of parameters. ' ‘
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Fig. 11. Power spectrum waveforrn and spectrum of elgenvalues of covariance matrlx
' forsystem(8)atoc 205,Bp=145,¢e=0.75.
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Fig.17. Correlation dimension for system (8) at o =2.05, p=1.45, £=0.1 (left) u
S £=0.5 (right) - |

4.2. Dynamics of the microtriode generétb_r.

Control parameteljs of generator bas_é.d on microtriode (14) are ¥ and p. Fig; 18 shows bi-.
furcation diagram and Fig. 19 shows the major Lyapunov exponent as a function of parame-
ter V' in the range [0.18...0.24]. S '

0.5

35 i ] i — 1 i
- 018 0.18 0.2 0.21 0.22. 023 . 024
Fig.18. Bifurcation diagram for system (14).
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: ' Fig.19. Diagram of major Lyapunov exponent for system (14).

Both the bifqrcation diagram and the Lyapunov exponent indicate that a region of pararrieters
exists where the system demonstrates chaotic behavior. In the next chapter we construct sym-
bolic dynamics for this system for parameter values ¥ between 0.222 and 0.233, o

As an example, Fig. 20 shows the signal and specfrum of chaotic mode of systém (14).
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Fig. 20. Waveform and spectrum of signal of system (14) for control parameter V= 0.23.

Oscillations in system (14) are of'-_relaxation type, which Ieads to strong spectrum spreading,
even for periodic modes. '




5. ALGORTIHM FOR CONSTRUCTION OF sYMBOLIC
- _ DESCRIPTION o

In this section we demonstrate that in some modes, continuous signals generated by discussed -

generators could be associated with binary symbolic sequences. -

Let us give basic deﬁﬁitions’ of thé terms used.

Let a map be given by: , ‘ _ A _
o Xpe1 ?Af(xn),,x-neG;R”} o R (20)

where RN is N-dimehsi’onal real space; G—a Sef in RN » Where the map (20) is defined. |

Any set of m non-overlapping régiOns B= {B,. }:]”’ , which covers set G of dynamic system
states, is called partition - ’ .

B={B,.}ji:;":B,nBJ.:@for‘ig;_Uf;”’Bi=G., o @

Let us introduce a symbol i = &B)), i eM=1{123, ...m} for éyery region B; ofpartition B .
Let then denote a set of all sequences of unbounded length X7"= XiX5...X;..., with X; e M as

V= I_L'iI M . Thus we get a map #B G ¥

e () = X7 < (x)) €By for j 2 1, S - .< (22)

which relates a sequence X 7 € ¥ to every point x; € G, where X; is a symbol generated at

time /. Sign < means an equivalence between the sequence X;° and a sequence of samples

obtained after iteration of the map f{x;). .

According to (22) the dynamics, defined by a map fin the phase space, is translated to a set of
symbolic sequences ¥ based on alphabet M. In such manner a symbolic dynamic system is a
left-shift homomorphism. & is formed: 6(X;"), = X,,,, (Where X, = i-th symbol in X°). A
- set LY of all sequences, generated.by the system, is called a ldﬁguage. The study of sym-
bolic dynamic system (Z,,6), where £, - is a set of all unbounded sequences compatible with

L, is equivalent to the study of the map, provided that partition of fis generating, i.e. if every
unboundedly long symbolic sequence corresponds to the unique initjal condition x;,

The motion of dynamic system in continuous (microscopic) state space is determined and
described by equation (20). If an initial state x1 and map f are known, then future evolution of
(20) might be calculated. On the contrary, the motion of the system on partition (macroscopic -
motion) is stochastic, and trajectories are sequences of symbols. If a past trajectory of equa-
tion (20) on the partition is known, it is possible to predict its future macroscopic states only
in probabilistic terms. Different states which belong to the same region By; at time j, could get
into different regions at time j+1 because of stochastic nature of dynamic system. State space
partition transforms a determined system into a source of information (messages), which

could be analyzed in terms of information theory. The entropy could be derived for such
source of messages: : '

CHZ =- % P(X)log, P(XT), (23)
& 4

21



" where P(X ') is probabil. bf the trajector‘y fragment (word) X ,"b J(IXZ...X,,. Hf de_ter-»v V,
- mines average uncertainty for prediction of a word of length n. For the case of known past

symbols, a conditional entropy of (n+1) symbols in macroscopic trajectory equals -
By = Hfy- HY wheren=12,.. and b = g7, . S 7Y
Th_e rate of entropy production by a source (20) for this partitioﬁ B 1s d_étermined by the

expression '

Wo~lmhf = im lgs. . @)

' nse p

- Kolmogorov entropy (K-entropy) - of an equation (20) is an upper limit of the rate of entropy

creation by a source for all possible partitions: -

hi = sup A . D | e
y:} ' . ,

If Bf = IhK,, then Bis a generating partition. An'interesting property of gerieréting partition is

that corresponding map (22) is reversible, i.e. if initial conditions do not coincide, then sym-
bolic se'quences would be different: from x’ =x'’= Hp () # pp(x”). '

In order to map a continuousvtrajectory into a symbolic sequence the continuous trajectory is
transformed into a discrete one by introduction of Poincare section ¥ (succession map). Then .
consecutive intersections of the trajectory with T are considered. The section plane I is se-

lected individually for every system, and not all points of crossing of the trajectory with I are

used but only those where the trajectory crosses the plane in parﬁcylar direction.
Let illustrate this for the Rossler system (15) with parameter values @ = 0.15,6=02,¢c=10..
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Fig. 21. Phase portrait for Rossler system ( 15) (left) and poirits X;~(Xn, Z5) of crossing of the
: : trajectory with the plane y =0 :

Three-dimensional phase portrait of the system for sugh parameter values is depicted in Fig.
21a. For this case, a convenient choice of the section plane would be Z={(xz): y=0;

x<0}. Second condition accounts for the shape of the attractor in the XY projection and
general direction of the flow. - o :




| In this case crosSings of the .. .;J)éctory w1th 3 take place at %= 0 and " 0. A map in section

plane X introduced in this way is D . B

where x denotes location of a Vector on Z, n is discrete timé;, F: 2% nonlinear function,

which is- unknown in general case. Map ‘(27)__for Rossler system is depicted in Fig. 21b,
where X,=(xs.2,). Such dependence z,(x,) is a result of a good choice of the section plane
and the simplicity of the Rossler system dynamics for given parameter values. For other sec-

tion planes = the dependence z,(x,) might become more complex, and, in particular, lose

unambiguity in the projection at one or both of the axes. L

Note that thorough consideration of symmetries and local direction of the flow should be done
separately for every system under consideration. However, experimentally observed low-
dimensional attractors frequently have a simple (single-loop) structure and choice of Poincare
sections does not present difficulties. " : ' ’

~ In order to get a symbolic encoding of the motion on attractors of map F (27), a section T is
 divided by a finite number b of non-overlapping regions By, with k € M = {0, 1,... 5-1},
which cover region, where an asymptotic behavior take place. Consequently, a set B = {B;} .
is a partition. Every trajectory O = {x;, X2,...Xn} 1S associated with symbolic sequence S = sy
52 ....Sy, which consist of labels s; of regions Bg;, which are visited at time i=1,2, ...n. In
turn, subrcgions arc indexed by combinationsof symbols §= s; 5, ..., and all combinations
begin from the label s; of parental set Bg: thus, for instance, all points in an element Bg;s, be-
long to By at time i = 1 and would be mapped into regions By, at time i = 2. All points x in By
produce the same symbolic trajectory S under the effect of F before the expansion into differ-
ent regions of f. A ' o

Generating partition could be constructed in a systematic way in hyperbolic systems where
stable and unstable manifolds intersect transversally in every point. It is not clear, however,
how to identify a generating partition for “general” non-hyperbolic dynamics, which are char-
- acterized by tangency between stable and unstable manifolds and absence of exponential re-
pulsion in certain regions of phase space (that corresponds to negativity of all Lyapunov ex-
ponents caloulated on finite part of a trajectory). Non-hyperbolic motion is typical for real-
world systems.. - o o S

Fig. 22. Quasi-one-dimensional map x,,,(x,) for system (15) and generating partition




" In thé_:'examp]e with Ross] Jystem, a generating partition is introd. A through transition to
- one-dimensional map by one coordinate, for example x,,(x) . This dependence is depicted in
Fig.22. =~ | | o B

As one can see, this dependence is a one-dimensional map (or, more precisely, quasi-one-

dimensional '_u'riiqual map), which is visually similar to logistic map.

As is known (28], a syinb'OI_ic description can be constructed by pairtitioning of the plane by

vertical line crossing the maximum of the map, If a value x, is to the left from the vertical

F,line_, then the value of the i -th element of the symbolic sequence is L '(Of «O»). If value x, is

- to the right from the vertical line, then the i-th element of the symbolic sequence is R (or
Clw). - , ' . s - ,

- The waveform of X is depicted in Fig. 23 and the line corresponding to generating partition

(Fig. 22) is plotted. Local minima above the line correspond to symbols “L” or “0” and local
‘minima below the line to symbols “R” or “17, ' :

Thus, the pfocedure of construction of symbolic description is as follows. A discrete vector
sequence (x,, yi; z;) is formed from continuous chaotic traj ectory by means of Takens proce-
dure. Then, some coordinate x of this sequence is considered and the dependenée x,,(x,) is
plotted. If this plot turns out to be a quasi-one-dimensional unimodal map, then it is possible

to define a generating partition: values x, are associated with symbols L or R («0» or «1y), .

depending on whether the sample x, is on the left or on the right from the extremum:

{L’ Zf xi <_xlop

. (28)
R, if x, > X

i
As a result, binary symbolic sequence s, is associated with continuous chaotic trajectory

x(t). | : ’

i

T T — 18 T2 25
- Time o
Fig. 23. Generating partition and X waveform of Rossler system.
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As can be shown if equations of the system and symbolic sequence are known, then a chaotic
trajectory can be reconstructed, in principle, with arbitrarily high precision. Algorithm for re-
construction is described in detail in the next section for the system based on microtriode.




‘Note that in general case . bolic sequence does not have to be i iy for a system with

rather complex dynamics. But the scope of this work is deliberately limited to the simple case
of binary sequences. - - . : , C :

A review of metths for construction of symbolic dynarnics' and symbolic parti_tiori can be

found in [13, 25-27). In general case construction of symbolic description is rather complex.
It can be solved only in a limited number of cases. - S

- In section 5.2 we show that for a system based on microtriode a constructed s,_equenc'e is sym-
- bolic and could be used to reconstruct (with arbitrarily high precision) the initial continuous

chaotic signal. Thus we find such a partition of the phase -space that the obtained sequence
(sequence of symbols L,R or 0,1) corresponds one-to-one to continuous signal. '

‘A similar result can be vob,tained' for generator based on trav.éling-wave tube. |

5.1. Symbolic description for microtriode system

Symbolic description of phase trajectory for a system based on r:iicrotriode is carried out .
practically in the same way as for the Rossler system, but the succession map is replaced by
the shift map because the system is not autonomous. : ‘

A shift map is constructéd by means of sampling the coordinates over time intervals equal to
the period of external force. Namely, if 7' is the period then a-discrete vector sequence:

) =G T T, - ., 09)

is'associated with continuous trajectory (x(0), y(®) = (x(#), X(9)) , where ¢, is some initial time

. offset.- ' L

Fig. 24 shows a shift map for the trajectory of microtriode generator with parameters

- p=0.18,5=45, k=10, g, =054, m=02, ¥ = 0.233.

As one can _SCe;,thjC sh_ift m:va,pv isa s'ingl'e-vahied curve, as in the éase of Rossler system. :
Fig. 24b shows more. clearly where the points of shift map lie on the phase portrait. Quasi-
one-dimensional map x,,,(x,)- (fig. 24d) is unimodal similar to the Rossler system. .~ .

—
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Fig. 24. Shift map on the phase. portrait (a); magnified shift map (b) and (¢); quasi-one- -
dimensional map x,.,(x,) for mode with ¥ = 0.233 (d) in (14).

A binary symbolic sequence is constructed from a quasi-one-dimensional unimodal map, as

for Rossler System. This sequence is associated with initial continuous chaotic trajectory. A _

chaotic trajectory could be,reconStructe;d from this: symbolic sequence with arbitrarily high-

precision. S ' ' R

Principal steps of such reconstruction are as follo,Ws.' . _

Let a symbolic sequence 8),8,;.... of binary sa‘rnpl'c_es and the system of equations correspond-

ing to investigated models of chaotic oscillator be known. o _

L. Asis shown in [29] for unimodal one-dimensional map x,,, = £(x,) sample values X,

can be reconstructed from symbolic sequence {s,} with arbitrarily high precision. It can be

reconstructed owing to knowledge about future values of symbolic sequence s,. The more

elements N of symbolic sequence.is used for reconstruction, the higher precision of recon-

- struction of x, is. Precision'of reconstruction depends exponentially on number N of used .

elements of symbolic sequence. In the case of microtriode the only difference here is that map
~ f is not given explicitly. It can be obtained only approximately based on calculation of long
trajectory. The key point here is that it is sufficient to calculate a map one time with necessary
accuracy. Then the map could be reused repeatedly. Details on this stage of the algorithm, its
implementation and complications can be found in [29] _ L

2. Having obtained values x, it is possible to obtain value ¥, by means of Poincare map
(shift map) (Fig. 24) which is known numerically. - '

3. Pairs ('x;, ¥,) can be used as initial conditions for integration of the system on time in-
terval equal to the period of external force. Thus, from known (%, ;) we get approximate

continuous trajectory on [0,T]. Known (x,,,) gives us approximate ‘continuous trajectory
on [T,2T7], and so on. Such traj ectory can be discontinuous at moments of transition to new
initial conditions, but these discontinuities can be made arbitrarily small by more precise cal-
culation of points (x,¥). o o ’




‘Fig..25 shows the different - ]'}‘e'tween'the initial chaotic signal and  / signal reconstructed
from symbolic sequence for the cases of N =50 and 200 elements of symbolic sequence s,
used for reconstruction of each point . . o '
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Fig. 25. Difference between the initial chaotic signal and the signal reconstructed from sym-
bolic sequence: (a) the length of symbolic sequence is N =50 symbols and (b) N =200 sym-

. o : " bols. o

‘For bigger N it isposéib_le fo’reéo_nstruct a trajectory perfectly éxactly, i.e. with precision of ‘
computer calculations. ' - ' :

Dispersion o of difference between the initial and reconstructed sequences as function of N
is:shown in Table 1. ’ TS

" Table 1
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Fig. 26. Shift mép and quasi-one-dimensional map x,,(x,) for (14) with ¥ = 0.222.

At this point we have shown an algorithm for constmction of symbolic sequence and recon-
struction of chaotic trajectory from symbolic sequence only for a particular set of parameters.




- However, as.numérical exj . .vjn'e‘nts .indicate; ‘the',: shape of Poin'c'ar_e . p and-unimodalvquasi'- .'
one-dimensional map practically do not change for different values of V.. Fig. 26 shows these

‘maps for weakly chaotic mode ¥ =0.2221. As one can see, only a degree of filling the curve
by points is changing. Even the coordinate of the maximum remains the same.

bolic sequence for long chaotic trajectory. __

The results are reported as histbgrams for modes With 7=0.233 and V=0.225. F1g 27 shows
) histogram_s demonstrating which sequences of length two are permitted by generator dynam-

Table 2
Sequence " .A - Number -
LL (00). - T
1ZR o0y 1
RL (10) | |2
RR_(11) s

As one can see in Fig 27, a sequence with number 0, i.é.Asequen‘ce LL, is prohibited in these
modes. - : ' S . -

So we h.ave'p’ossibility to identify chaotic signal of particular chaotip oscillator in some prac- -

. . .

EE ) 00 01 10 . 11

@ | I
Fig. 27. HiSto‘grams of relative frequencies of permitted binary symbolic sequences of length
: 2in (14) for (a) ¥ =0.233 and (b) V' =0.225.
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Fig. 28 Histograms of relative frequencies of pefmifted binary symbblic Sequencés oflength
- 4in(14)for () ¥'=0.233 and (b) ¥ = 0.225.

Another interesting question concerns the possibility of discerning different modes of a gen-
erator based on microtriode by means of analysis of symbolic dynamics. For example, do the
sets of permitted sequences differ for the modes mentioned above? To answer this question it
is sufficient to analyze sequences of length four. But for better visualization we consider se-
quences of length five. Histograms for these sequences are presented in Fig. 28. -

As one can see, in a more developed mode with ¥ =0.233 sequences are permitted with
" numbers 15,30 and 31, i.e. sequences LRRRR, LRRRL n LRRLR , which are prohibited for
mode with ¥ =0.225. This difference enables to discern these two modes in the oscillator =
simply.by determining prohibited sequences for the analyzed signal. »

9.2 Symbolic description for TWT-system _
Construction of cqmpaét information des'cription'fCr TWT-system (8) is a much more com-
plex problem. v ' T ‘ :

- First, it is necessary to reconstruct the phése space of the "systerri.' Second, it is necessary to
find a region of modes with relatively. simple dynamics. Third, even for low-dimensjonal
modes the search for convenient Poincare section, which could give good unimodal quasi-
one-dimensional map; is a non-trivial task. = ' '

To construct the succession map the embedding in three-dimensional space is used. This is an
essential restriction of our method. : o o

The first method

Hete an example of construction of a binary symbolic description is considered for several

modes with fixed parameters a=205, p=145. Parameter ¢ is varied in the range
[0.4...045]. ' ' - ' -

For €=0.45 a peribd doubling bifu:cat_ion takes pldce (Fig. 29). Fig. 30 shows the change of
quasi-one-dimensional map x,,, (x;) with decreasing of €. Starting from €=0.447 the map
- becomes single-valued. (Fig. 30, 31).




 one-dimensional map to eliminate ambiguity in the projection on axes and get the possibility

to construct the generating partition. Succession map depicted at Fig. 33 is one of the best

maps (i.e., giving one of the mdst'“one-dim‘ens_’i'onal”,v almc_istv'single-‘valued and almost uni-

- modal) that we found for this mode. Because this map is r;ét- strongly single-valued, an algo-.

- rithm of reconstruction of samples x; used before is badly appli'cable.‘ s o

_An essential feature of thiis_sucace_ss'i,cl_)n map is the prééence; of the third branch that favors the .
conclusion that symbolic description requires-at least three symbols.. _ ‘
Nevertheless some problems described bellow can be considered even for such map.

The rﬁa;gimufn of this quas'i-oﬁe-dimensional‘map can' be asé;inied to be at 1.‘5‘26.s:o_t1_1at the

the initial chaotic traj ectory.

To 'sh_ow this we uSe the félloﬁng consideration. Two close chaotic trajectories diverge with -

.

-
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Fig. 34. Root-mean square error of initial condition identification as a function of the number
of coinciding members of binary sequences belonging to different trajectories (a) for system
_ ~ (8) and (b) for system (15). e

Therefore, if we show that with an increase of the number of coinciding members of con-
structed binary sequences the chaotic trajectories become closer to each other, we would get
an argument (but not the proof) supporting the viewpoint of close connection between the
constructed binary sequence and initial chaotic trajectory. .

At Fig. 34a, horizontal axis contains the number of coinciding members of binary sequence,
vertical axis — discrepancy in initial value averaged for many trajectories. Here the trajectories
are considered with the specified number of coinciding meémbers.

As one can see from Fig. 34a, the more members of binary sequences coincide, the vare ac-
curately initial points of the trajectories match. ' '




» If the introduced partition Jsnerating then the plot above should - ,5<strai'ght line. This is
because every known sample of symbolic sequence adds i average the same amount of in-
formation about initia] conditions. - S : :

Forv\in_stance,' Fig._ 34b shows similar curve for Rossler ’system, fbr which the sequence con-
~ structed in section 5 is a symbolic one. = - . ce ¢

| - As one can see, the curve is practically perfect straight line. _Iri case ofTWT-system the _cilrve
h’as.grac_lua‘lly decreasing slope. : : S

- reconstruction of a signal from binary symbolic sequence is required.
o ' The second method
" As an alternative we have considered an approach to construction of symbolic dynamics

based on a completely different principle. The basis of this approach to investigation of dy-
namics of active oscillator with delayed feedback is laid in[30], and used there for studying
periodic modes. _ o - S

f _ Thé .e'ss'e'n,c'e of the fnethod is as follows, Denote by ¢, the moments when the traj ectory of the
system moves through some value X=x,. Length of time interval between succession cross-
ings we denote as t, =/, ~1,. - ; ' D

Let us draw the plblt of the map 1, (t;). Fig. 35 shows thei obtained ,ciuasi4one—diinensional

map for the case x, =3. As can be seen, despite the fact that, algdfithm is essentially different-
from that described in the beginning, quasi-one-dimensional maps are almost the‘samAe.

the first one. First, the algorithm is much
be more stable to noise. . ‘
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Fig. 35. Quasi-one-dimensional map t,,,(t,) constructed from one-dimensjonal realization




As one can see, despite that methods of construction of binary sequences are completely dif- -
ferent, catalogue of permitted sequences and relative frequencies are similar in many respects.
There are no prohibited sequences among sequences of length two. Among sequences of
length four the following sequences are prohibited: LLLL, LLLR, RLLL . » . '
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02f 02t m
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Fig. 36. Histograms of relative freqﬁencies of permitted séquences of length 2 for two differ--
ent methods of construction of binary sequence of the system (8). '
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Fig. 37. Histograms of relative 'frequéncies of permitted sequences of length 4 for two differ-
ent methods of construction of binary sequence of the system (8). -




o 6. CONCLUSIONS
The condu'cted'in\iéstigation consists of three major stages. o

The bbje;:tive' of the first stage of the project was a search, analysis and selection of RF de- -

erence had to be given to those sources, that in a numerical simulation exhibited wide-band
Spectrum and low-dimensional‘chaOS that can give a chance to construct-rsymboli_c dynamics.
~ The search and analysis of RF generators and their models has shown that suggested hitherto
and most studied are models of devices of “electron beam ~ electromagrietic wave” type that
- demonstrate complex oscillating' modes, including chaos. The most covered in the literature
and most fully investigated are the models of , ' DU ' '
*  two-cavity klystron . . '
* ' generator baSed on TWT

®* microtriode genéraitor
. Pierce diode generator
*  backward-wave tuBe’genera_tor s

Note, that all these models are approximate, however they may be useful 1n déSign of the de-
vices and can ensure qualitative understanding of their complex dynamics. .

For further investigation the models of TWT generator and microtriode gencrator were cho-

sen. First, because of their relatively low computational complexity tompared to other mod--

- for qualitative understanding of the processes.

- Models of generators based on TWT and microtriode were investigated to find out if chaotic .
modes were possible. The Tange of parameters was localized where low-dimensional chaos

exists. The estiniates of attractor dimensioris by of Karhunén-Loeve method and ' method of
correlation integral were obtained. R e

It is shown that symbolic description of chaotic trajectories for the model of microtriode gen-
erator can be constructed via one-dimensional map. This approach is conditioned by the prop-
erties of the system ‘and the chaotic attractor: generator based on microtriode has natural
three-dimensional phase space that unambiguously sets upper bound on the dimension of cha-
ofic attractor. I S L

It is also shown that the knowledge of the symbolic description of the trajectory and the equa-
tions of the model allows reconstruction of the chaotic trajectory with precision limited only
by precision of numerical computation. A '

A series of investigations was conducted to construct symbolic description for the model of
TWT generator. It ascertained that symbolic description can be introduced only for relatively
narrow range of parameters corresponding to low-dimensional modes at the edge of periodic-
ity. As the driving parameter is decreased, introduction of symbolic description becomes
more complicated — either a miore sophisticated parameterization of the Poincare map or an

3R




“additional reversible map . iminate ambivalence of the quasi-omt _mensional map is re-

quired. Note that the attractor does not have a simple structure that uniquely identifies the

 choice of the succession map. Correlation dimension of the chaotic attractor for which the

introduction of symbolic dimension is possible does not exceed 2.1. There is no success in
construction of symbolic description with the aid of quasi-one-dimensional map for higher--

" dimensional modes. 4

The results obtained state that symbolic description in the investigated systems allows (with
some limitations). identification of chaotic modes (for example, different modes of the same
. generator). This is done by means of analysis of permitted and prohibited sequences of a
given length. Additionally, uniqueness of the set of permitted and prohibited sequences can be
used in various applications such as information transmission based on chaotic synchroniza-
tion and location detection. ' o : o
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