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ABSTRACT

Context. The further development of the theory and techniques for forming and processing complex radar signals encompasses
both the study of existing mathematical models of probing radio signals and the creation of new ones. One of the directions of such
research focuses on reducing the maximum side lobe level in the autocorrelation functions of signals with intra-pulse modulation of
frequency or phase. In this context, the instantaneous frequency may vary according to either a linear or nonlinear law. Nonlinear
frequency modulation laws can reduce the maximum level of side lobes without introducing amplitude modulation in the output sig-
nal of the radio transmitting device and, consequently, without causing power loss in the sensing signals. The widespread implemen-
tation of nonlinear-frequency-modulated signals in radar technology is constrained by the insufficient development of their mathe-
matical models. Therefore, the development of methods for analyzing existing mathematical models of signals with nonlinear fre-
quency modulation remains an urgent scientific task.

Objective. The purpose of this work is to develop a method for conducting research to evaluate the advantages and disadvan-
tages of a mathematical model of a nonlinear-frequency-modulated signal consisting of two fragments with linear frequency modula-
tion.

Method. This study proposes a method for analyzing mathematical models of signals based on the transition from a shifted time
scale to the current time scale. The methodology consists of the following main stages: a formalized description of mathematical
models, transition to an alternative time scale, identification of components and determination of their physical essence, and a com-
parative analysis. The proposed method was validated through simulation modeling.

Results. Using the proposed method, it has been determined that the mathematical operation of time scale shifting is equivalent
to the introduction of additional components in the mathematical model. These components simultaneously and automatically com-
pensate for the frequency jump at the junction of fragments, as well as introduce an additional linear phase increment in the second
linearly frequency-modulated fragment. This approach provides a clear illustration of the frequency jump compensation mechanism
in the studied mathematical model. The applied method enabled the identification of a drawback in the examined mathematical
model, namely, the absence of a compensatory component for the instantaneous phase jump during the transition from the first LFM
fragment to the second.

Conclusions. A method has been developed to determine the essence and corresponding influence of the components of a
mathematical model in a time-shifted, nonlinear, frequency-modulated signal, which consists of two fragments with linear frequency
modulation. The model under study is not entirely accurate, as it lacks a component to compensate for the phase jump at the transi-
tion from the first signal fragment to the second. The introduction of such a component ensures a further reduction in the maximum
level of the side lobes of the signal autocorrelation function.

KEYWORDS: nonlinear-frequency-modulated signals, mathematical model, instantaneous phase jump, autocorrelation func-
tion, maximum level of side lobes.

ABBREVIATIONS IPM is an intra-pulse modulation;
ACEF is an autocorrelation function; LFM is a linear frequency modulation;
AFS is an amplitude-frequency spectrum; MF is a matched filtering;
ESS is an effective scattering surface; ML is a main lobe;
FM is a frequency modulation; NLFM is a non-linear frequency modulation;
FMR isa frequency modulation rate; MM is a mathematical model;
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MPSLL is a maximum peak side lobe level;
PSLL is a peak side lobe level;

REQ is a radio electronic equipment;

SAR is a synthetic aperture radar;

SL is a side lobe;

WF is a window function.

NOMENCLATURE
fo 1s an initial signal frequency, Hz;
f(t) is an instantaneous frequency of the NLFM sig-
nal, Hz;
f>(¢) is an instantaneous frequency of the second

fragment of the NLFM signal, Hz;
Af] is a frequency deviation of the first fragments of

the NLFM signal, Hz;
Af, is a frequency deviation of the second fragments

of the NLFM signal, Hz;

C, is a constant of integration;

t is a current time, s;

T is a duration of the first fragments of the NLFM
signal, s;

T, is a duration of the second fragments of the NLFM
signal, s;

¢(¢) is a instantaneous phase of the NLFM signal,
rad,;

8¢y, is a compensation component for the instanta-
neous phase jump at the junction of the first and second
LFM fragments, rad;

¢, (¢) is an instantaneous phase of the second LFM

fragment of the signal, rad;
By is a FMR of the first fragments of the NLFM sig-

nal, Hz/s;
B, is a FMR of the second fragments of the NLFM

signal, Hz/s.

INTRODUCTION

The continuous development of electronic technolo-
gies, along with the near-total abandonment of electro-
vacuum devices in favor of solid-state components, en-
sures multifunctionality and reduces the weight and di-
mensions of REQ. Another important direction of expand-
ing the capabilities of REQ is the use of signals with [PM
of phase and frequency, commonly referred to as complex
signals. Historically, the first systems to incorporate linear
frequency-modulated and code-phase manipulated signals
emerged [1-10] and are still widely used today. These
signals and their MF systems continue to evolve, undergo
modifications, and improve [11-22, 24-44].

The implementation of signals with IPM into radio
engineering and telecommunications has provided devel-
opers of radar systems, radionavigation, and communica-
tion technologies with additional opportunities to signifi-
cantly enhance system performance. This includes ex-
tending the operational range of REQ, provided that the
peak power of their radio transmitting devices is limited,
improving electromagnetic compatibility, enhancing noise
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immunity and operational security, and increasing the
bandwidth of information transmission channels [1-10].

However, despite the numerous advantages of using
signals with IPM, a significant drawback occurs — the
high MPSLL of the ACF compared to simple signals,
which imposes limitations on the achievable dynamic
range of the radio receiving device. In a multi-target aerial
environment, the reflected signal from a target with a
lower ESS may be masked by the side lobes of the signal
from a target or a passive obstacle with a higher ESS.
Research aimed at reducing MPSLL focuses on both im-
proving MF radio receiving devices and implementing
new types of signals with IPM [1-4, 11-44].

Thus, in studies [11-16], methods and devices have
been proposed to improve the processing of received echo
signals.

In [17-44], several types of NLFM signals have been
proposed for use in radio transmitting devices to reduce
MPSLL.

A large number of studies have been dedicated to the
problem of reducing MPSLL in SAR systems for various
purposes [15, 18-22].

Research on the issue of reducing MPSLL by imple-
menting NLFM signals whose fragments have IPM dif-
ferent from LFM has been conducted in studies [23-38].

A number of works are aimed at improving the exist-
ing MM of NLFM signals consisting of two or three LFM
fragments [39—44].

The authors [45-47] conducted a study analyzing
NLFM signal types and estimating their time-frequency
parameters in the context of solving problems related to
electronic intelligence and REQ suppression.

It should be noted that in the reviewed works, differ-
ent time scales are used for the formal description of the
mathematical model (MM) of pulsed NLFM signals [1-4,
11-44]. In particular, a symmetric time scale relative to
zero results in a radio pulse consisting of two opposite
fragments. Additionally, a continuous time scale allows
for the sequential determination of amplitude values of
signal samples in real-time, referred to as the current-time
MM. Another approach is to use a mathematical tech-
nique in which the mathematical description of both the
first and each subsequent fragment of the NLFM signal
starts from the zero-time value, thus implementing the
time-shifted MM.

In study [40], it is noted that the time-shifted MM of
two- and three-fragment NLFM signals has a useful fea-
ture, namely, it provides automatic compensation for the
frequency jump at the junction of LFM fragments, which
occurs at the moment of a change in the FMR value.

A detailed analysis of the compensation mechanism
and the study of the peculiarities of MM operation with a
time shift, due to the complexity of the mathematical de-
scription, have not been conducted in known studies, so it
is advisable to conduct such an analysis.

To conduct the study, this paper proposes a method
based on the mathematical transformation of a time-
shifted MM into an equivalent current-time MM, i.e., the
representation of models on a unified time scale, followed
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by a detailed analysis of their fine structure and proper-
ties.

Using the example of the MM of a two-fragment
NLFM signal, the validity of this approach is demon-
strated, and the equivalence of the current-time and time-
shifted MM is substantiated. Based on the results of the
conducted analysis, previously unaccounted distortion
components of the NLFM signal are identified, and a
method for their compensation is proposed.

The object of study is the process of synthesizing
NLFM signals using a time-shifted MM based on two
LFM fragments with different FMR values.

The subject of study is the MM of a time-shifted
NLFM signal consisting of two LFM fragments.

The purpose of the work is to identify and analyze
the components of the time-shifted MM of a two-
fragment NLFM signal by converting it into a current-
time model.

1 PROBLEM STATEMENT
For further analysis, we will write the expressions for
the instantaneous frequency and phase of the two-
fragment NLFM signal in the current time.

JoEBit, 0<t<Ty;
0] o
Jox BT £Bot, i< t <[+ 15
2
foli[?)l?,ogtﬁ]i;
o) =2n 5 2
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(o £ Ai+y 5 Ti< 1T+ T
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The +' or ' sign in (1), (2), and the subsequent ex-
pressions for the uncertainty ' ' is chosen depending on
whether the frequency of the LFM fragments increases or
decreases with time.

The descriptions (1) and (2) are obtained by removing
the third fragment of the MM of the NLFM signal intro-
duced in [2].

For describing time-shifted NLFM signals, we will
use the MM introduced by the authors in [40, 42—44]. The
expression for the instantaneous frequency is as follows:

where B; =

fOiBltaostSTl;

3
o BT £Pali—T,). T <1< T, ®

f(t)={

for the description of the instantaneous phase:
foti%tz,OS (<T;

2
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Tl<tST2.
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The defining difference between (3), (4) and (1), (2) is
the use of a different time scale. The initial count of the
frequency and phase of the second LFM fragment in (3),
(4) is shifted to the zero mark. During the studies con-
ducted earlier [40], it was determined that the MMs (3),
(4) provide automatic compensation for the instantaneous
frequency jump at the junction of the fragments, but the
mechanism of such compensation has not been studied in
the known works.

2 REVIEW OF THE LITERATURE

The fundamental principles of the construction and
functioning of REQ for various purposes, including the
use of signals with IPM, are discussed in papers [1-10]. It
is noted that in devices using MF based on the compres-
sion of complex signals, various methods for reducing the
MPSLL of the ACF are employed.

The time WF method is most widely used in the radio
receiving device, which rounds the radio pulse envelope,
resulting in a reduction of the MPSLL at the MF output
[12, 16, 24].

The authors [1, 2] proposed emitting radio signals
with a rounded AFS, which is equivalent to its WF in the
time domain.

It is possible to further improve the results of the win-
dow function (WF) and achieve lower values of the
MPSLL. To this end, signals with polynomial FM [1, 14,
15] and NLFM signals [2, 17-22] are proposed. In papers
[1, 2], the achievable MPSLL for the proposed signals
was determined by calculation to be —42.8 dB. However,
in study [2], it is noted that for low-base signals — those
for which the product of signal duration and spectrum
width is less than 100 — a MPSLL value of —30.0 dB is
considered a significant achievement. The authors [37],
by improving the MM of the form [1] and using a genetic
algorithm to optimize the time-frequency parameters,
achieved an MPSLL for the low-base signal at —34.9 dB.

The distinctive feature of the NLFM signal proposed
in [2] is that it consists of three LFM fragments, with the
FMR changing as it transitions to a new fragment. Further
improvement of the MM of the form [2] was conducted
by the authors [34—44]. The main difference in the MMs
they propose is the use of a time-shifted scale and frag-
ments with both linear and nonlinear frequency modula-
tion laws.

The authors [34-37, 40—42] have developed MM for
two- and three-fragment NLFM signals, in which com-
pensation for frequency-phase distortions at the junctions
of the fragments is implemented at the moments when the
FMR changes. The fragments of such signals follow both
linear and nonlinear frequency modulation laws. These
NLFM signals, which simultaneously include fragments
with both linear and nonlinear FM, have been proposed to
be classified as combined signals [34-36].

It is shown in [43, 44] that the feature of the time-
shifted MM is the automatic compensation for the fre-
quency jump at the junction of fragments, which allows
the synthesis of signals while adhering to the specified
time-frequency parameters without the introduction of
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any additional compensation components. However, the
compensation mechanism itself has not been studied.

3 MATERIALS AND METHODS
For further research, we will use the proposed method,
which involves replacing the time scale for describing the
second fragment (3), i.c., transitioning from shifted time
to current time. By expanding the brackets and combining
like terms, we obtain:

S2@O) = foxBat ¥ B —BT, T <t <Ty. Q)

The analysis of (5) indicates that, compared to (1), the
expression for the second fragment has undergone a trans-
formation of the constant component of the frequency
change from B47; to the component (B, —B1)7;, which

is accounted with the opposite sign relative to the main
one and is interpreted as compensatory.

Let us compare (5) with the current-time MM of the
two-fragment NLFM signal with compensation for instan-
taneous phase and frequency jumps at the junction of
fragments [41]:

[ So£Bit, 0t <T;
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The change in instantaneous frequency is defined by
(6), from the second expression of which we can observe
that the compensation for the instantaneous frequency
jump at the junction of the signal fragments occurs due to
the component (B, —p;)7; -

From this, an important conclusion can be drawn: the
time-shifting operation in the second expression of the
system of equations (3) is equivalent to the introduction
of a compensatory component for the frequency jump,
which is what needed to be proven.

We now turn to the current time scale in the descrip-
tion of the instantaneous phase of the second LFM frag-
ment of the MM (4). Through simple transformations, we
obtain:

2
o7 B+ Tl P27 i,

< t<T+5.

92(1)=2m ®)

The analysis of (8) shows that the component
(B> +B1) T in square brackets compensates for the linear

incursion of the instantaneous phase caused by the com-
pensatory component of the frequency jump, while the
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component Af;7; outside the square brackets compen-

sates for the total phase incursion of the first LFM frag-
ment. That is, as intended by the authors of MM (3), (4),
the use of a shifted time scale should ensure a zero initial
count for both the frequency and phase of the signal for
the second LFM signal fragment. However, in this case, a
jump in the instantaneous phase occurs due to the instan-
taneous frequency jump 77(B, +f;) at the junction of the

fragments, requiring additional compensation. The devel-
opment of such an MM was carried out in study [40],
resulting in the following:

By

ﬁm—iggmn;

2

o(1) =21y (fo iAﬁ)(t_n)iBZ{%_nt]$6(P127 (€))

T<t<T,+T, ,

1
where 8013 =77 (B2 +B1) (10)

It should be noted that the time scale shift operation in
(10) led to a sign change from '—' to '+' in the parentheses
compared to (7).

To derive (9), the graph-analytical method was ap-
plied in [40]; let us attempt to obtain this MM purely ana-
lytically. As a result of integrating the second equation
(3), we obtain:

0a()=

- t
Tl<l‘ST2.

2
) 27tjfz(t—T1)dt=(foiAfi)(t—T1)iBz[t2—T1fJ+C27 (11

The integration constant C, is determined considering
the initial conditions:

T2
Gy =02(0)) =1, =¢Bz%= (12)
has the physical meaning of a compensatory component
concerning the phase jump at the junction of the frag-
ments caused by the instantaneous frequency jump.
Comparison of (10) and (12) shows that they do not
correspond, and therefore we conclude that expression
(11) is not entirely correct. In order to compensate for the
phase jump at the junction of fragments caused by a fre-
quency jump for a time-shifted MM, it is necessary to
integrate the frequency jump component (B, +p;)7,

which is used to calculate the linear phase incursion in
(8). This is quite logical since the time-shift operation
ensures a zero initial phase value for the second LFM
fragment, while the final phase of the first LFM fragment
is not zero.

Thus, it has been established that the application of the
time scale shift to a zero point for the second LFM frag-
ment in MM (3) is equivalent to the introduction of a
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compensatory component for the instantaneous frequency
jump at the junction of the fragments. The obtained result
can be similarly extended to NLFM signals with a greater
number of fragments.

As a result of the conducted study, it has been estab-
lished that MM (4), used by the authors in [43, 44], does
not provide complete compensation for the phase distor-
tions of the resulting NLFM signal that occur when transi-
tioning to a new fragment due to the instantaneous change
in the value of the FMR. Only the additional linear phase
incursion caused by the frequency jump at the moment of
this transition is compensated. Therefore, obtaining the
resulting signal with a reduced MPSLL is not a general
rule and is only achieved for specific sets of frequency-
time parameters of the LFM fragments, which are typi-
cally determined through selection.

We will verify the obtained theoretical results through
simulation modeling. It should be noted that MM (7) and
(9) are equivalent and provide identical results, so it is
sufficient to use one of them for the simulation.

4 EXPERIMENTS
Mathematical modeling was carried out using the
Matlab software package. The studies were conducted
through a comparative analysis of the results obtained
using MM (4) and (9) for NLFM signals with identical
frequency-time parameters, namely: Af; = Af; =200kHz,

=40ps, 7, =100 us. A classical LFM signal with a

duration of 140 ps and a frequency deviation of 400 kHz
was also modeled.

The ACF parameters obtained as a result of modeling
the specified signals are summarized in Table 1.

Table 1 — Values of ACF Parameters for the Signals

The name of the ACF pa- LFM NLFM NLEM (9)
rameter 4)

:rdth of the ML of the ACF, 291 237 243
MPSLL, dB -13.5 -14.59 -17.14
Rate of SL decay, dB/decade 19.35 19.8 21.25

The result of using the time-shifted MM without com-
pensation for instantaneous phase jumps (4) is shown in
Fig. 1. Figure la demonstrates the change in instantane-
ous frequency without a jump at the junction of the LFM
fragments (at the current time of 40 ps). To simplify the
analysis of the oscillogram of the resulting signal (Fig.
1b), we take f; =0. In the oscillogram, at the moment of

transition from the first fragment of the NLFM signal to
the second at 40 ps, an instantaneous phase jump is ob-
served, with a magnitude exceeding 180°. The presence of
a significant phase jump causes a dip in the signal spec-
trum between the LFM components at a frequency of 200
kHz (Fig. 1c), which also results in distortion of its peak
and the presence of ripples on the side slopes and “wings”
of the spectrum.

The analysis of the ACF of the signal (Fig. 1d) indi-
cates the merging of the ML with the nearby SLs, which
led to the expansion of the ML and, consequently, a dete-
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rioration in range resolution. Due to instantaneous phase
distortion at the junction of the fragments, the resulting
MPSLL is higher than expected, and the SL ripples ex-
hibit level fluctuations and an irregular pattern of
changes. The MPSLL of the ACF is —14.59 dB, and the
ML width at the 0.707 level is 2.37 ps. Compared to the
classical LFM signal, the signal of type (4) demonstrated
an 8% reduction in the MPSLL of the ACF, a 7% increase
in the ML width at the 0.707 level of the maximum, and a
slight increase (approximately 2%) in the rate of decline
in the SL of the ACF.
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Figure 1 — Oscillogram (a), instantaneous frequency change
graph (b), spectrum (c), ACF (d) of the NLFM signal according
to the model (4)
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The simulation results corresponding to (9) are pre-
sented in Fig. 2. Figure 2a shows that the frequency of the
signals (4) and (9) changes within the same range; there-
fore, their frequency variation graphs are in full compli-
ance. The frequency jump at the junction of the fragments
is compensated. The oscillogram in Fig. 2b, in contrast to
Fig. 1b, is smooth, i.e., the compensatory phase compo-
nent was calculated correctly, ensuring this result. Ac-
cordingly, the spectrum of the resulting NLFM signal
acquired the expected shape. Due to the higher FMR of
the first LFM fragment, its power spectral density is
lower, as seen in the spectrograms of Figs. 1c and 2c.
However, Fig. 2c shows no dips, peak distortion, or rip-
ples on the slopes and 'wings' of the spectrum.
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Figure 2 — Oscillogram (a), instantaneous frequency change
graph (b), spectrum (c), ACF (d) of the NLFM signal according
to the model (9)
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The absence of a phase jump at the moment of transi-
tion to the second fragment of the signal ensured an im-
provement in the shape and a decrease in the MPSLL of
the ACF, which is —17.14 dB. However, the ML width at
the 0.707 level from the maximum increased to 2.43 pus.
Compared to the LFM signal, the resulting NLFM signal
of type (9) provided a 27% reduction in the MPSLL of the
ACF, the ML width at the 0.707 level of the maximum
increased by 10%, and the rate of decline in the SL of the
ACF increased by 10%.

5 RESULTS

As a result of mathematical modeling, it was estab-
lished that for the given identical frequency and time pa-
rameters of the two-fragment NLFM and classical LFM
signals, the use of the studied MM for the NLFM signal
(4) compared to the LFM signal resulted in a decrease in
the MPSLL by 1.09 dB, a slight increase in the decay rate
of the PSLL by 0.45 dB/decade, and a slight expansion of
the ML, which corresponds to an increase in the resolving
power for a range of 24 m. After transitioning to a con-
tinuous time scale, in accordance with the proposed
method, a phase jump at the junction of fragments was
identified, which had not been taken into account previ-
ously. The further introduction of a compensatory com-
ponent for the phase jump improved the well-known MM
(9) and reduced the MPSLL compared to the LFM signal
by 3.64 dB. In relation to MM (4), the reduction was more
than three times greater. The corresponding PSLL decay
rate increased by 1.9 dB/decade, i.e., it increased fourfold
compared to MM (4), while the resolving power for a
range, compared to the LFM signal, increased by 33 m,
which is approximately 1.4 times higher than MM (4).

6 DISCUSSION

The study of MM (3), (4) conducted using the pro-
posed method enabled a comparison with MM (1), (2) and
analogues [2, 43, 44].

The analysis of MM (3), (4), carried out using the cur-
rent time scale, allowed for the formalization of the ana-
lytical expressions of the compensatory components:

—the frequency jump at the junction of fragments in
the second expression of (3);

—the linear increment of the instantaneous phase
caused by the frequency jump at the junction of fragments
in the second expression of (4).

The applied approach provides a clear illustration of
the frequency jump compensation mechanism in MM (3),
(4).

The applied method enabled the identification of a
drawback in the examined MM, namely, the absence of a
compensatory component for the instantaneous phase
jump at the moment of transition from the first LFM
fragment to the second (second expression in (4)).

This can be explained by the fact that when the time
scale is shifted to zero, the initial phase of the second
LFM fragment becomes zero, while the final phase of the
first LFM fragment can take any value within the interval
from 0 to 2xm, which explains the mechanism of the phase
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jump occurrence. This is confirmed by the fact that direct
integration of the second expression in model (3) does not
allow for obtaining the complete set of compensatory
components needed to calculate the instantaneous phase
values of the second LFM fragment of the signal.

In addition to directly introducing a compensatory
component for the phase jump, it is possible to avoid such
a jump by using the method of providing an integer value
for the number of periods of the LFM oscillation in the
first fragment of the NLFM signal, as proposed in [42].

CONCLUSIONS

The study is based on the use of the proposed method
for transitioning to a continuous current time scale, fol-
lowed by a comparative analysis of the MM of NLFM
signals, which consist of two LFM fragments. The study
was made possible through the use of results obtained in
[40, 41].

This approach is advisable for comparing different
MMs of NLFM signals with equivalent time-frequency
parameters. The feasibility of the method is confirmed
through mathematical calculation and verified by simula-
tion modeling.

The scientific novelty. A method for studying the
time-shifted MMs of NLFM signals is proposed, which
involves transitioning to the current time scale followed
by a detailed analysis of its structure and properties.

For the first time, the mechanism of automatic com-
pensation for the instantaneous frequency jump at the
junction of fragments is explicitly highlighted. It is shown
that performing the time scale shift operation for the sec-
ond LFM fragment in (3) and (4) is equivalent to the
emergence of compensatory components for the fre-
quency jump and the linear increment of the instantaneous
phase. This ensures the absence of a gap in the spectrum
of the resulting signal and the specified frequency devia-
tion.

The use of the proposed method allowed for determin-
ing the advantages and disadvantages of the time-shifted
MM (3), (4) relative to the MM (1), (2). It is shown that
the studied time-shifted MM (4) does not function cor-
rectly in the process of determining the instantaneous
phase increments of the second LFM fragment, and the
reason for this is the failure to account for the instantane-
ous phase jump at the junction of the fragments.

The practical significance of the obtained results lies
in providing the scientific community with a new mecha-
nism for studying time-shifted MM. This mechanism in-
volves applying a mathematical technique to transform
such a model into a current-time MM, which facilitates
the simplification and detailed analysis of the model’s
components.

Prospects for further research involve applying the
proposed approach to the study of time-shifted MM for
NLFM signals with a greater number of LFM fragments
and with FM laws different from linear in one or both
fragments.
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METOA AOCJLIKEHHA MATEMATI/I‘-IE—IOi MOJEJI 3CYHYTOI'O YHACY ABO®PATMEHTHOT'O CUTHAJIY 3
HEJIIHIMHOIO YACTOTHOIO MOAYJIALIEIO

Koctupst O. O. — 1-p TexH. HayK, CTapmiuii HayKOBHH CHIBPOOITHHMK, NMPOBIAHUN HAayKOBHH CHiBPOOITHUK XapKiBCHKOTO
HauioHanbHOro yHiBepcutety [loBiTpsuux Cui imeni IBana Koxeny6a, Xapkis, Ykpaina.

I'pu3o A. A. — kaHJ. TeXH. HayK, JoieHT, HavanpHuk HJIJI XapkiBcbkoro HanmioHaigpHOTO yHiBepcutety IloBitpsiHux Cuit iMeHi
IBana Koxeny0a, XapkiB, YkpaiHa.

Tpodumos I. M. — xaHI. TeXH. HayK, CTapIINi AOCTiAHUK, mpodecop Kadeapu XapKiBCHKOTO HAIIOHAJIHLHOTO YHIBEPCUTETY
[ositpstanx Cun imeni [Bana Kokeny6a, Xapkis, Ykpaina.

JIsmenkxo O.1. — HaykoBumii chiBpoOiTHHK XapKiBCPKOTO HamioHaJdbHOTO YyHiBepcutTeTy IloBitpsamx Cun imeni IBana
Koxeny6a, XapkiB, Ykpaina.
Bepnik €. B. — an’ronkr XapkiBcbkoro HanioHanbHOro yHiBepcutery IloBitpsHux Cun imeni IBana Koxeny0a, Xapkis,
Vkpaina.
AHOTAULIA

AKTyanabHicTb. [lonanemmii po3BUTOK Teopii Ta TeXHIKH GopMyBaHHS i OOPOKH CKIAAHUX PaIioNOKaliiHIX CHTHATIB mependa-
Yae JTOCHIIKEHHS ICHYIOUHX Ta CTBOPEHHS! HOBHX MaTeMaTHYHUX MOJENeH 30HAyBaNbHUX pagiocurHaniB. OfUH i3 HANPSIMKIB TaKUX
JOCIIIDKEHb CIIPSIMOBYETHCS Ha 3HIKEHHSI MAaKCHMAJILHOTO PIBHS OIYHHMX MEITIOCTOK aBTOKOPEIIIHHUX (QYHKIIH CHTHAIIB 3 BHYT-
PIIIHBO IMITYJILCHOIO MOJYJIAIIEI0 YacTOTH 200 (azu. IIpy boMy MHUTTEBA YacTOTa MOXKE 3MIHIOBATHCS 3 JIHIHHIM a00 >k HeTiHii-
HUM 3aKOHOM. HeniHiliHi 3aKOHM 4acTOTHOT MOIYJISILIT MOXKYTh 3a0€3eUNTH 3HIKEHHSI MAaKCUMAaJIbHOTO PiBHS OIYHMX HETIOCTOK Oe3
aMIDTITYIHO MO ISILiT BUXIIHOTO CHTHATY pajiolepeaBaJbHOr0 PUCTPOIO, @ 3HAYNUTH 0€3 BTPAT MOTY)KHOCTI 30HAYBAJIBHUX CHUT-
naniB. [llupoke 3anmpoBaKeHHST HENIHIHHO-YaCTOTHO MOJYJIbOBAHUX CHTHATIB B PaliONOKALifiHy TEXHIKY CTPUMYEThCS HEJOCTaT-
HBOIO MPOPOOKOI0 TX MareMaTHYHUX Mogeineil. ToMy po3poOieHHS MEeTOAIB Ul JOCTIPKEHHS iICHYIOYMX MaTeMaTHYHUX MOJENeH
CHUTHAJIIB 3 HENiHITHOIO YaCTOTHOIO MOAYJIALIEIO € aKTyaJIbHOI0 HAYKOBOIO 33/1a4€IO.

MeTo10 podoTH € po3poOKa METOAy Uil BUKOHAHHS IOCIHIIKCHb CTOCOBHO BH3HAYEHHS IepeBar Ta HEIOJIKiB MaTeMaTHYHOL
MOJIEi HeTiHiIfHO-9aCTOTHO MOIYJILOBAHOTO CUTHAITY y CKJIAJIi IBOX ()parMeHTIB 3 JIHIHHOIO MOIYJISLIEI0 YACTOTH.

Metoa. Y 11b0My JOCITIDKSHHI 3aIIpOIIOHOBAHO METOJ aHaJli3y MaTeMaTHYHHUX MOJENel CUTHANIB, SIKUH 0a3yeThes Ha IIepexoi
BiJl IIKaJIM 3CYHYTOTO Yacy JI0 LIKAJIH IOTOYHOro yacy. MeTo/oJioris BKII0OYa€e Taki OCHOBHI eTanu: (opMajli30BaHUH ONMUC MaTeMa-
TUYHHX MOJIEJNEH, TIepexis J0 1HIIOol MIKaJIN Yacy, BUJJICHHs CKJIQJIOBUX Ta BU3HAUYCHHS 1X (i3N4HOI CyTHOCTI, IPOBECHHS HOPIBHSI-
nbpHOTO aHamizy. [lepeBipky mpare3gaTHOCTI METOAY BUKOHAHO IIUIIXOM iMITalliifHOrO MOJICTIOBAHHSI.

Pe3yjbTaTi. 3 BUKOPHCTAHHSM 3alIPONOHOBAHOIO METOJy BU3HAYEHO, 1[0 MaTeMaTH4HA OIEepallis 3CYBY ILIKaJIM 4acy € eKBiBa-
JICHTHOIO TIOSIBI B MAaTEeMaTHYHIA MOJEIN JOAATKOBHX CKJIAIOBHUX, IO 3IHCHIOIOTH OJHOYACHY aBTOMAaTHYHY KOMIICHCALII0 CTPHOKa
YacTOTH Ha CTHKY (parMeHriB, a TaKOXX NOJATKOBOTO JIHIMHOTO MpHPOCTy (asu y ApyroMy JNiHiHO-4aCTOTHO MOIYJIHOBAaHOMY
(dparmenTi. 3acTocoBaHU MmiXix 3a0e3nedye HA0OUHY IITIOCTPALil0 MEeXaHi3My KOMIIEHcaIlil CTpHOKa 9acTOTH y MaTeMaTHIHOI Mojie-
i, MO JOCTipKyBaslacs. BHKOpHCTaHUH METOJ O3BOJNMB BUSIBUTH HENOTIK PO3IIITHYTOI MaTeMAaTHYHOI MOJEN, SKHi IoJsrae y
BiJICYTHOCTI KOMIICHCAIIIWHOT CKJIAZIOBOI CTprOKa MUTTEBOT (ha3u y MOMEHT Tiepexoy Bia nepinoro JIYM dparmenty mo apyroro.

BucnoBku. Po3poGiieHo MeTox Juls BU3HAYEHHS CYTHOCTI Ta BIAIIOBIAHOTO BIUIMBY CKJIQJIOBUX MaTEMAaTHYHOI MOJENI y 3CYHY-
TOMY 4Yaci HeJiHIHHO-4aCTOTHO MOJYJIbOBAaHOTO CHI'HAIY, 10 CKJIAJAy SKOTO BXOAATH ABa ()PAarMEHTH 3 JiHIHHOI MOIYJIALIEI0 4aCTO-
Tu. JlocnimKyBaHa MOJIENb € HE 30BCIM KOPEKTHOIO, OCKIIBKM HEe Ma€ y co0i CKIagoBoi Ul KoMmeHcalii ctpubka $a3un y MOMEHT
Hepexoy BijJ mepioro GpparMeHTy CHrHaiy A0 Ipyroro. BBeleHHsS Takoi CkiagoBoi 3a0e3redye Moanblie 3HIKEHHS MaKCHMallb-
HOTO PiBHS OIYHMX METIOCTOK aBTOKOPEIALiHOT QyHKIIi cCHTHAITY.

KJIIOYOBI CJIOBA: curnamu 3 HeliHIIHOIO YaCTOTHOIO MOIYJISII€I0; MaTeMaTH4Ha MOJIEIb; CTPUOOK MHUTTEBOI (ha3H; aBTO-
Kopersniiina GpyHKITis; MAKCUMaJIBHUI PiBeHb OIYHUX ITEJIIOCTOK.
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