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THE COMBINATION NUMERICAL METHOD OF EFFECTIVIE PROCESSING HIGH
FREQUENCY SIGNALS

Zaiats V.M., Majewski J., Marciniak T., Zaiats M.M. The combination numerical method of effective processing high
frequency signals. An iterative approach to the construction of second-order numerical methods based on the Liniger-Willaby
method with minimal error of discretization is proposed. The essence of the approach is to identify corrections to the Euler's explicit
and implicit method at a time when their contributions to the amendment are equivalent. Improved time and accuracy in the process
of determining the characteristics of quartz oscillators of the 9th order and high-speed auto-generators18 of the order with very long
transients.
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3asub B.M., MaeBcbkuii S1., Mapuinsk T., 3asus M.M. Kom0iHoBani ync/10Bi MeToAN e(peKTHBHOIO ONPAIIOBAHHSA
BHCOKOYACTOTHUX CUTHAJIB. 3aNpONOHOBAHO iTepaIlifHUI MiaXi] 10 OOYJ0BH YHCEIbHUX METO/IB JAPYroro NOpsIKy, 3aCHOBAaHHUX
Ha Meroai Jlinirepa-Yimnabi, ski MatoTh MiHIMaJIbHy HOMIIKY JuckpeTu3aunii. CyThb MiXoay y BU3HAU€HHI MOMPABOK 10 SBHOTO Ta
HesBHOro Merony Eitepa B TOM MOMEHT, KOJMM IX BHECKHM B L0 IONpPAaBKYy piBHO3HAuHi. [liATBep/k€HO MOMIMIIEHHS TOYHOCTI
PO3paxyHKy Ta MiHiMi3auil 4acy y Hpoleci BU3HAYEHHS XapaKTepPUCTHK KBapIOBUX reHeparopax 9 MOpsIKy Ta BUCOKO JTOOPOTHUX
aBTOreHepaTopax cxeM 18 mopsaky 3 Jyxe JOBrUMH MepeXiTHUMHU IPOLIECaMH.

KurouoBi c10Ba: uncioBi MeToqu; IUCKPETH3allisl; KBapIOBi FCHEPATOPH; aBTOKOJIMBAHHI CHCTEMa; AUCKPETHA (opMya;
MOMMJIKA AUCKpPETH3ALL.

3asus B.M., MaeBcknii 1., Mapuunsak T., 3aaus M.M. KomOunupoBaHHble 4ucJieHHbIe MeTOAbl 3¢ (eKTHBHOM
00pa0OTKH BbICOKOYACTOTHBIX CHTHAJIOB. [Ipe/uiokeH HTEPalMOHHBIA IOAXOJ K IOCTPOCHHUIO YHCIEHHBIX METOZOB BTOPOrO
TIOpsI/IKa, OCHOBAaHHBIX HA Mertoze JInHurepa-Yumiadu, KOTOpble UMEIOT MUHUMAIBHYIO OMIMOKY auckpern3anuu. CyTh 1oaxona B
OIpe/IeJICHUH TONPABOK K SIBHOMY M HESIBHOMY METOAy Diiiepa B TOT MOMEHT, KOTJjda UX B3HOCHI B 3TY IIONPABKY PaBHO3HAYHBI.
IMonTBepkaeHO yNydllleHHe TOYHOCTH pacyéTa M MUHHUMH3ALMU BPEMEHHM pacu€ra B IpOLECCe ONMpENENeHHs XapaKTePUCTHK
KBapILEeBbIX T'€HEPaTOpoB 9 MOpsAAKE M BBICOKOAOOPOTHOrO aBTOreHeparopaxl8 mopsika ¢ OYeHb IMHHBIMHU II€PEXOJHBIMH
IPOLIECCaMHU.

KiroueBble cJI0Ba: 4YHCIEGHHBIE METONbI; JUCKPETH3allMM; KBAapLEBble TI'€HEPATOPbI; aBTOKOJeOaTeIbHbIE CHCTEMBI,
JHCKpeTHas opMylia; OMIMOKa AUCKPETU3ALIUH.

I. Introduction. In work a new numerical method is offered for forming of the discrete equations during
conducting of analysis of systems oscillation both autonomous, and with external forces. A discrete method
is built such, that for obtain the next discrete point of state variables on integral curves, that answers the
continuous model of process oscillation, need enough limited size of integration step at condition that a
previous discrete point is found exactly.

Expedience of application of the developed method is shown to the analysis of quartz generators with high-
Q quality [1, 2] and for generators wi th the long transitional processes [4-8, 13], that work in the regime of
discrete time and for objects with difficult dynamic nature of such, as systems of recognition of computers
users, that based on the probabilistic approach [14].

Il. APPROACH TO CREATING OF METHOD. Among a plenty of implicit numerical methods, which
found wide application at the analysis of the hard systems (implicit methods Eylera, Rounge-Coutta, many-
stepping methods Adamsa-Moultona, Gira, formulas of differentiation backwards, that based on application
of Legandra polynomials [3, 9-14]) there are methods with the variable step of calculations, that enable to
realize by main advantage of implicit numerical methods in comparative with explicit numerical methods —
changing of step in wide scopes at finding of point of phase space in areas with a different rate of
movement. Methods higher than the second order of complication, practically, are not used. This is due with
growth of calculable complication of algorithms, and from the second side that the methods of the second
order allow to study dynamics of the system of any nature and difficulty of conduct.

The analysis of literary sources confirms, in considerable part of the applied researches of dynamics of the
hard systems is used the method of trapezoids, discrete formula of which has a kind:
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X[n+1] = x[n] +g'(f[x[n]:tn]+ FIXN + Ttnsa]) ()

where x[n], x[n+1] - value of state variables in the n and n+1- points of discretization;
fIxnltn] fXIn+1th4q] — value of right parts of the differential equation of the explore system, which

written in normalized form Kashi.

A formula (1) is averaging amendments for implicit and explicit of methods Eyler for calculate the next
point of discretization, that determined in the moment of time on half size step integration. She coincides
with the method of Adamsa-Bashforta first order which near to the implicit method Heyna, in which the
exact meaning of derivative at the end of interval of calculations is transferable on the close value of
derivative, calculated in the middle of step of integration.

With the purpose of increase of exactness of method of trapezoids expediently to modify him thus, to
provide the exact hit in the n+1 point of discrete during conducting of integration on condition that the
values of state variables in a n point are calculated exactly. This it is possible to attain, if in (1) the step of
integration is variable, and derivative (right parts of the differential equation) calculated in such moment on
interval of h, that amendments of implicit method Eylera (second element of right part of formula (1)) and
explicit method Eylera (third element of right part of formula (1)) are equal. Thus, we build a discrete
method in a kind

A+ =] +h-(e- T T+ (- - T+ D) )

where 0O<p<l

On the basis of equation of two tangents, conducted on one curve in different moments of time, we can to
define the value of parameter in that moment when amendments to implicit and explicit methods Eylera in
a formula (2) are equivalent. Thus, from condition

p FIXNLtn 1= (1= w)- FIXN+1] g 41]
we get that

X+ 0tnegl
(FIN + tn 1]+ DN 1)

lu:

Consequently, we get a numerical discrete formula for construction of discrete models of the systems with
different areas of slow and rapid of motions:

1] — i« . 2 F D00+ D] D] @)
(fXn + 1 tnsa1+ f X[ tn 1)

The results of computer design confirm a right to existence of such method what gives adequate
recreation of descriptions of the set mode of oscillatory circuits without the losses, of generators with high
quality, quartz generators with protracted transitional processes.

The negative in the resulted method, is comparatively with the method of trapezoid, in growth of
algorithmic and computational complexity (almost in two times). Advantage in that at the comparable
accuracy with the method of trapezoids on one step of integration, the developed method substantially
extends the region of convergence of calculable procedures. In result at the calculation of generator with the
protracted transitional processes, which are described by the differential equation of high orders, is necessity
of application of methods of acceleration of search of the steady modes [4-7]. For providing of convergence
of process of deductions, at the use of the discrete method (3), is possible to do without such procedure.
Application of method (3) provides winning in time of calculation in 3 — 10 times in comparatively with the
method of trapezoid and depends from dimension of equations that describe model generator and it’s of
quality.

As for the construction of the formula (3) the contribution of each of the Euler method does not exceed half
the distance between x, and Xn+1, thus the method (3) provides guaranteed limits on the error of
discretization at each step and ensures its with positive sign.
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Further, to facilitate entry new discrete formulas of the function at discrete point X (tn ) will record as f..

I11. Iteration Approach to Minimization Error of Discretization. The analysis of error calculation on
the example of the conservative model of second order (on example oscillation circuit without losses)
confirmed that the error of calculation method (3) is proportional to h?/24, as in the method of trapezoids, but
has the opposite sign and twice more the absolute value. After used for the first half step of formula (3), and
then formula (1), obtain discrete formula:

h-fh-fhy1 B
X =Xpt———=+ —(f, +f 4
n+1=%n (fn+fn+1) 4(n n+l) ( )

named as a difference combination of the first kind (C1K). The error of calculation when using (4) to the
conservative system second order was two times lower compared with the method of trapezoids and opposite
in sign. Now, after averaging (1) and (4) we obtain difference combination of the second kind (C2K):

hfnfn+l S'h
Xpaq =Xp+———1=2 4 = (f. +f . 5
n+1 n+2'(fn+fn+1)+ 8 (fn+fne (5)

As shown the results of the analysis error calculation method (5) on the model without loss, then it was 4
times less than the error of the method of trapezoids and two times less than the error of method (4). This
error in the C2K coincides with the sign error in the method of trapezoids and opposite with the sign to the
error C1K. Thus, we can expect further decrease of the error calculation of methods (5) and (6), which leads
to a difference combination of third kind C3K):

—3.h-fn.fn+1+ﬁ(fn+fn+]) : (6)

X =Xn+
L (Fy + fnay) | 16

Note that consider a combination of (6) to (4) inappropriate (although she has a right to exist), because (5)
has in 4 times smaller of error calculation, compared to (4). In addition the signs of errors in (4) and (6)
coincide. The proposed combination of difference schemes constructed so, that in combinations of odd genus
(C1K, C3K) is more significant contribution to the second member in the derived formulas, compared with
the third, but in even combinations of type (C2K) these deposits are almost equivalents. This construction
provides a change of sign of error in obtaining the new combination. Thus, we can construct a merox of any
higher order, which will provide up to the members of the second order smallness arbitrarily small error.
After arithmetic averaging (5) and (6) we arrive at the difference scheme fourth generation (C4K):

5.h-fy-fryq  11-h

fy+f . 7
8'(fn+fn+1)+ 32(n+ n+1 ()

Xn4+1 =Xp+

Analyzing formula (4) - (7), for k-th step at using on half-step steam combination and half-step odd, we
obtain the difference scheme for the combination of k-th family (CKK):

ag -h-fn-fhi
Xn,1 =X+ +ag.q-h-(fh+f , 8
n+l =%n (fn+ fn+1) k+1 (fn n+2) ( )
where

Obviously, with increasing k the coefficients ax and ax+: in decrease, leading to a decrease of error
calculation.

Thus, the error of calculation any k-th combinations can be estimated by the formula:
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(X

that confirming the analysis of conservative second-order systems, systems of high order and with high
quality factor.

In order to minimize errors in (8) we will make the passage to the limit, directing k to infinity. Thus, we
get the difference scheme (10). In her with accuracy to members of the second-order of smallness the errors
are absent:

2hefy it 1y )

X =Xn+
L R (fy + frs1) 3

The conclusion that there is no error of difference scheme (10) that is the modification of method
trapezoid (MMT) follows from formula (9), if in its parameter k goes to infinity.

The obtained results of error evaluation for difference schemes (5 - (8) and (10) confirmed at the
modeling steady-state regimes of the generator Van der Pol [1, 4, 7]. In that model is introduced cubic
nonlinearity to delay the transition process. The above analytical error of calculations (9) fully confirmed our
results of computer simulation for different values of the parameters of the generator Van der Pol.

The analysis high quality generator that described by a system of differential equations of order 18 at the
choice 200 points in every steep, when we used method trapezoids (1) or method (10), that provide normal
mode search steady state. At that the use of (1) requires twice more time consuming than (10). With
increasing step twice, trapezoid method does not provide the convergence process of deduction, while MMT
provides a deduction of the exact value of state variables and frequency fluctuations. A good correspondence
between auto vibration system and its discrete model is stored and at the choice of 45 points using the
difference scheme MMT.

IV. Results Numerical Experiments. The results obtained by evaluating error for the obtained difference
schemes (4) - (8) and (10) confirmed in modeling steady state and transient process in the generator Van der
Pol [7], where was done modification and we introduced cubic nonlinear for the delay the transition process.

How to confirm the results of computer experiments errors in determining state variables missing, and
error calculation of the oscillation period fully consistent with the analytical expression (9) for different
values of k.

For convincing proof of the legality of the results were analyzed high-Q generator circuits [7] with long
transients.

As a first example considered quartz generator circuit is shown in Fig. 1. For the calculation used for
transistors model of Ebersa - Mola. The calculation was performed at the selecting of parameters the scheme

such:
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Fig. 1. Circuit of quartz generator
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RX =10mOm; RQ =20 Om; RI =68 kOm; R2=200m; R3=10kOm;
R4=470m; R5=1.2kOm; CQ=0,0010132118; CO=3 n®; Cl1 =470 n®;

C2=470 n®; L =1.0322536 I'n; E =8 B.

For zero approximation state variables we used the calculation regimes DC:

X1=1700; X>=0.00168; X3=4.56; X4=0.324; Xs=3.67;
X6=0.394; X7=336; Xg=0.0025; Xo=4.25.

For this scheme, the vector of state variables presented in the form of
X (9) ={UCQ, JLQ, UC0, UC1, UCK2, UCE1, UCK2, UCE2, UC2}.

The circuit quality factor is 1.5 x 10°. The transition process is so protracted, that the required application
acceleration algorithms [5-8, 13-14] to determine the steady state mode, because after the calculation of the
first three periods is required by more than 20 iterations of Newton on every step of integration, resulting in
significant time costs for the calculation. At the use of algorithms acceleration to determine steady state need
the 13 extrapolations. This required 3-4 iterations of Newton in order to achieve steady state mode with
accuracy 10-10. The analysis of transient process shows that the gains in calculation time are more than two
orders of magnitude compared with the calculation without acceleration. The step calculating answered 209
points on the each period of calculation. By steady state regime received the following values of period and
amplitude:

T=2.0807823-107;
X1 =2-10% X2 =-0.00266651262; X3 =1.7499755432;
X4=1.1051242378; Xs= 6.8712539891; Xe= 0.5982940334;
X7=6.2893474619; Xs=0.4881468158; Xy =0.6422128153.

For estimation error in determining the characteristics of established regime the step decreased twice and
again performed numerical experiment. As follows from the results, the error in determining the oscillation
period can be estimated by the formula:

2
8T=3,3~h—2 .
T

when using trapezoidal rule, which fully meets the previously given result and consistent with (9) with
application of different combinations of order k for discretization.

Note that the results of calculation models crystal oscillator to within 102 coincide with the results given
in [8]. In this paper Extrapolation algorithm based on the implementation of procedures to automatically
select the integration step, provided the convergence to steady mode is need 4 of extrapolation. But the
advantage of the proposed procedure acceleration [6, 7] the lack of need for setting the oscillation period and
a decrease on one order dimension matrix switching states, which significantly expands the scope of
convergence.

As a second example of high-frequency generator, we considered model that described by system of
differential equations 18 orders. The equivalent circuit of the model shown in figure 2.
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Fig. 2. Scheme of high-frequency generator
The calculation was performed under such scheme parameters:

R 1=5.50m; RDI=10° Om; RD2=10° Om; RD3=10°Om; RD4=10°Om; R E=0.150m; R B
=0470m; R K=0.160m; R 2=3KOm; R 3=1700mM; R H=500m; E=28B; C 1=281l¢h; c 2=
13.5lI¢p; CEB = 268 n®; CEK =0.15 n®; CBK = 0515 n®; C 3=1501l¢h; C 4=150n®; C T=2.4
n®; L 1=4103uln; L 3=11nuln; L T=33uln; L E=0.65ul'n; L B=0.12uln; L K=1nln.

Formed a vector of state variables of voltages on the capacities and the currents in the inductor and
controlled power supplies of transistor

X(18) = {Uco, Ucy, Uct, Ucg, Uck, Uces, Ucek, Ucek,

iL3, iLT, ILE, iLB, Lk, J1, J2, J3, J4, iL1}

come to a system of differential equations 18 order for describe the work the generator. Nonlinear capacity
emitter and collector of transistor approximated by the expressions:

CE =COE[BE +(1_X6/¢kg )] 'E'2;
CK =COK[BK +(1- X7/ox T K/2 ,
where

COE =41.3 n®; COK =41.6 n®; BE =2.5-10"; BK=11-10"%; pxe = 0.9 B; pxx = 0.88 B; JE =
0.33; JK=0.5.

The currents of current sources of transistor determined from the equations:

J1=Al11+(1 +pT1l1) ‘[exp(Xe/(ME-UT)) —1];
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J2 = ap*MK- A1l [exp(X7#/(MK-UT))-1]/(1 +pT21);
J3 = A22-(1+pT22) “[exp(X+/(MK-UT)) — 1];
J4 = ai*Me-A22[exp(Xs /(ME-UT))-1)/(1+pT12),
Where

Al1=6.310" 4; A22=11.5-10" 4; ap=0.99; 8, =0.67; T11 =T21 = T12=36"10"* ¢; T22 =510"
¢, ME=0.99; MK =11, UT =0.24 B;

p — operator differentiation.

For confident selection of points, that meet by maximum value of variable Xs, what is determined by the
voltage of emitter of transistor, performed numerical integration of the system within 255 periods. Only
then applied proposed methods acceleration. The resulting such values period and amplitude variables of
state corresponding to the established regime:

T=0.91305196-10";

X(18) = {-11.973693; 1.831977; 28.178422; 26.634062; -8.525022; 0.976644; -1.976436: 1.831977;
3.805761;-11.973693; 1.391815; -0.581793; 1.467136; 1.181913; 0.352000; 22278-10°*5; 1.287833;
0.364208}

At the analysis oscillating system of high-Q described by a system of differential equations 18 order and
at sample 200 points on period oscillation as the trapezoidal formula (1) and method (10) we find steady
state regime. The use of (1) requires in twice-long time costs, than costs (10). With increasing the step by
half, trapezoid method does not ensure convergence process, while MMT provides accurate deduction
system state variables and frequency fluctuations. Correspondence between the oscillating system and its
discrete model have place and in choosing 47 points on the period at the using MMT.

At the analysis oscillating system of high-Q described by a system of differential equations 18 order and
at sample 200 points on period oscillation as the trapezoidal formula (1) and method (10) we find steady
state regime. The use of (1) requires in twice-long time costs, than costs (10). With increasing the step by
half, trapezoid method does not ensure convergence process, while MMT provides accurate deduction
system state variables and frequency fluctuations. Correspondence between the oscillating system and its
discrete model have place and in choosing 47 points on the period at the using MMT.

V. Conclusions. The paper proposes a class of second-order combination methods based on the alternate
use of the trapezoid method (1) and the difference formula (3) obtained in (13).

Each subsequent combination is obtained by using the previous two. The discretization error such class of
numerical methods is estimated.In the analysis of conservative systems in which no energy loss, the
calculation of wireless devices with high quality factor, analysis of systems with long transient finding
periodic modes in systems with complex dynamics advisable to use the discrete formula (10), which in the
second order of smallness provides no error in determining both the amplitude and period of oscillations.

Using the difference scheme (10) in the construction of discrete models in applications of computer
analysis of electronic systems will increase their effectiveness and will ensure the reliability of their work.

The direction of further research is will related to the study of conditions of convergence and

stability of the developed class of numerical methods.

References

1. V.M. Zaiats, Constraction and analises of model descrete oscillation systems, Cybernetics and Systems Analysis, vol. 2,
Kiev, NAS of Ukraine, 2000, pp. 161-165.

2. V.M. Zaiats, The Models Descrete Oscillation Systems, Computer Tegnology of Print, Lviv,UAP, 2011, pp.37-39.

3. J.Vlach and K. Singhall, Computer Methods for Circuit Analysis and Design”, New York, VNRC, 1980, 560 p.

© 3asmp B.M., Maescpkwmii 5., Mapminsk T., 3asas M.M.



28

10.

11.
12.
13.
14.

Hayxosuii srcypuan "Komi 1oTepHO-1HTErpoBaHi TEXHOJIOTI1: 0CBiTa, HAyKa, BAPOOHHULITBO"
Jlyyox, 2019. Bunycx Ne 36

V.M. Zaiats, Amplitude and frequency errors of autooscillation of Linigur-Whillaby numerical integration formula,
Theoretical Electrical Engineering ,vol. 37, Lviv, LNU by Franko, 1984, pp. 83-88.

L.A. Synitsky and U.M. Shumkow, Analysis periodical ragimesin nonlinear cirquits by numerical methods, Theoretical
Electrical Engineering vol. 9, 1970, pp. 110-115.

T. Aprille and T. Trick. A computer algorithm to determine the steady-state response of nonlinear oscillators, IEEE Trans.
on Circuit Theory, 1972, V. CT-19,N 4, pp. 354-360.

V.M. Zaiats, Fast search of established modes of high-frequency oscillators with long transients, Proceedings Universities.
Radioelektronika, Kiev, vol. 3, 1993, pp. 26-32.

L.A. Synitsky and O. Yo. Felyshtyn Accelerated Search of Periodical Regimes in Autonomous Systems, Theoretical
Electrical Engineering,vol. 39, Lviv, LNU by I. Franko,1985, pp. 93-103

L. Feldman, A. Petrenko and O. Dmitrieva, Numerical Methods in informatic, Kiev, BHV, 2006, 480 p.

G. Holl and J.M. Watt, Modern Numerical Methods for Ordinary Differential Equations,. Clarendon press, Oxford, 1979,
312 p.

D. Forsait, H.Malkom, K. Mouler, Computer Methods of Mathematics Calculations, Moscow, Peace,1980, 282.p.
X. Shtetter, Analises Descretization for Original Differencial Equations, Moskow, Peace, 1978, 462 p.
V.M. Zaiats, Lviv, Discrete Models of Oscillatory Systems for the Analysis of their Dynamics, UAP, 2011, 284 p.

V.M. Zaiats, Methods, Algorithms and Software for Simulation and Analysis of the Dynamics of Complex Objects and
Systems Based on Discrete Models, Lviv, New World, 2009, 400 p.

© 3asmp B.M., Maescpkwmii 5., Mapminsk T., 3asas M.M.



	II. Approach to Creating of Method. Among a plenty of implicit numerical methods, which found wide application at the analysis of the hard systems (implicit methods Eylera, Rounge-Coutta, many-stepping   methods Adamsa-Moultona, Gira, formulas of diff...
	III. Iteration Approach to Minimization Error of Discretization.  The analysis of error calculation on the example of the conservative model of second order (on example oscillation circuit without losses) confirmed that the error of calculation method...
	The direction of further research is will related to the study of conditions of convergence and stability of the developed class of numerical methods.
	References

