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An important problem that is solved during the creation of new and modernization of existing radar
equipment is to ensure the maximum range of detection of air targets, which requires increasing the radiated
power while maintaining the required range resolution. Since the generating devices, which are now widely
used as semiconductor elements, have limited peak power, the required energy is emitted by increasing
the duration of the sensing radio pulse, and the requirements for resolution are met by using so-called
complex signals, the product of the spectrum width of which and their duration (signal base) is greater
than one. One of the types of complex signals is multifragment signals with nonlinear frequency modulation,
which, unlike the well-known linear frequency modulated signals, have a significantly lower peak side lobes
level of autocorrelation functions, but the value of this level depends significantly on the frequency and time
parameters of the signal. Finding parameters that minimize the side lobes level of the autocorrelation function
of nonlinear frequency modulated signals, which include fragments with linear frequency modulation, is an
important scientific and technical problem, the solution of which is the subject of this article. The peculiarity
of considering this issue is that, in contrast to the previously proposed implementation of the method of
minimizing the side lobes level for mathematical models with a current time change, the paper develops
models of shifted time, that is, when the time count of each subsequent signal fragment is shifted to zero.
The first section of the paper analyzes the known publications, which shows that the method of minimizing
the side lobes level of correlation functions has not been considered before for mathematical models of the
shifted. Given this circumstance, the second section of the paper formulates the research objectives. The
theoretical justification of a new variant of the proposed method by developing mathematical time-shifted
models for two- and three-fragment nonlinear frequency-modulated signals, as well as the modeling results,
are presented in Section 3. In further research, it is planned to develop an algorithm for optimizing the
time-frequency parameters of signals with nonlinear frequency modulation based on mathematical models
of current and shifted time.
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Introduction

Observation radar stations for airspace control
should provide the maximum possible range of distance
measurement to location objects, which is determi-
ned by the minimum and maximum range of target
detection. The determining parameter for the mini-
mum range is the duration of the sensing signal, for the
duration of which the receiving device is blanking. The
maximum range at a fixed peak transmitter power is
also determined by the duration of the sensing signal.
Such contradictory requirements led to the use of si-
gnals with intra-pulse modulation (IPM), for which the
product B of the frequency bandwidth Afg by signal
duration Ts (signal base) B = AfsTs > 1. It is in
proportion to this value that the signal duration at the
output of the coordinated processing device decreases.

This makes it possible to obtain the required value of
the resolution from the range when using a signal of
long duration and is ensured by using complex signals
with IPM frequency or signal phase [1-6].

The use of complex signals allows us to obtain
a wider spectral width, which determines the
range resolution while keeping the signal duration
unchanged. Complex signals, which include linear-
frequency modulated (LFM) signals, are widely used,
but their disadvantage is a significant peak side
lobe level (PSLL, SLL) of the autocorrelation functi-
on (ACF). For LFM signals, the PSLL varies little
depending on their parameters and is not lower than
-13,5 dB. To reduce it, additional measures are taken,
namely, weight processing (WP) of the signal in the
radio receiving device [7-9] and/or nonlinear frequency
modulation (NLFM) of the sensing signal [6,10-20].
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The use of NLFM signals can significantly reduce
the PSLL of ACF [6, 10-20], but this result largely
depends on the value of their frequency-temporal
parameters. In [21], a method was proposed to mini-
mize the PSLL of NLFM signals based on parameter
optimization by providing an integer number of radio
oscillation periods for each LFM fragment. To describe
the signals, a mathematical model (MM) of the current
time is used [22—24], while such a method has not been
implemented for the MM of the shifted time [25-27]. It
is proposed to extend this method to the MM of NLFM
signals in shifted time.

1 Analysis of research and publi-
cations

The use of frequency and phase IPM of radar
signals has been substantiated in detail in a large
number of works, for example, [4—6], which outline
the fundamental principles of synthesizing probing
radar signals. Publication [6] focuses specifically on the
problem of maintaining a given range resolution and
the issue of joint measurement of the range and speed
of location objects when using complex signals. Among
the complex signals, the most widely used are the LFM
signals, due to the relative simplicity of implementing
systems for their formation and processing. However,
with the advent of these signals, the problem of reduc-
ing the PSLL of their ACF has arisen; this issue has
long been under the close attention of scientists, and
many others have been devoted to it [12,13,16,18-21].

The authors of [28] propose to reduce the PSLL by
changing the law of signal modulation to the NLFM,
which consists of a random sequence of LEFM fragments,
emphasizing that this mitigates the effect of mask-
ing the nearest targets by the side lobes of a more
powerful compressed signal and allows increasing the
useful dynamic range of the radio receiving device.

In [25], it is noted that the magnitude of the PSLL
can be reduced by using the NLFM for signals with a
base size B > 100.

The authors of [6,10-27] consider NLFM signals
of various types, but a single physical principle is
used to reduce the PSLL: in the lower and upper
frequency regions, the spectral power density of the
signal decreases, which results in spectrum rounding,
which is equivalent to the WP in the time plane.
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NLFM signals with a bell-shaped spectrum, which
are considered in [29], provide a significant reduction
in the PSLL, but the spectrum of such a signal has an
excessive width that does not match the bandwidth
of the transmitting and receiving path. Another di-
sadvantage of NLFM signals is the expansion of the
main lobe (ML) of the ACF, as a result of which the
radar’s resolution from the range deteriorates [19-22,
25-27).

In [20, 21], new MMs for NLFM signals and a
method for optimizing their parameters were proposed,
which was implemented for the case of the current time
change. Analogous MMs for time-shifted operation are
not considered in the known literature.

2 Formulation of the research
task

The aim of this work is to develop a variant of the
method of searching for sets of frequency parameters of
NLFM signals that ensure minimization of the PSLL of
two- and three-fragment NLFM signals. The method is
applied to signals described by the time-shifted MM.
Minimization of the PSLL is achieved by modifying
the values of the frequency modulation rate (FMR) in
such a way as to provide an integer number of periods
of radio frequency oscillations for each LFM fragment.

3 Materials and methods

3.1 Implementation of the method for

reducing the PSLL of ACF NLFM
signals based on time-shifted MM

As an initial one, we apply the time-shifted
MM of the NLFM signal consisting of three LFM
fragments [13] for the case of an increasing law of
frequency modulation, in which, by analogy with [20],
compensating phase components are introduced. In
the formation of such a signal, a negative shift of
the initial time for each subsequent LFM fragment
by the duration of the previous ones is applied. This
mathematical technique automatically compensates for
frequency jumps at the junctions of the NLFM si-
gnal fragments. The remaining phase jumps are elimi-
nated by introducing the corresponding compensating
components for the second and then the third LFM
fragments:
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where 8; = 2L is the frequency deviation of the

i-th (i = 1,2,3) LFM fragment;

T; is the duration of the i-th LFM fragment;

Af; is the frequency deviation of the i-th LFM
fragment;

Tio = T1 + T5 is the total duration of the first and
second LFM fragments;

Tg = T1 + Ty + T3 is the total duration of all the
LFM fragments.

In expression (1), these phase jumps are
compensated for by the phase components dp2 and
dpa3. The values of these components are calculated
by the following expressions:

812 =TT (B2 + Br);

(2)

oz = TP (B3 + B1) + T5(Bs + B2)].  (3)

In [21], a method was proposed to reduce the PSLL
of ACF NLFM signals by eliminating one of the causes
of phase jumps, which is based on modifying the values
of the FMR in each of the signal sections in such
a way as to obtain an integer number of periods of
radio frequency oscillations in each LFM fragment.
Let’s apply this approach to the time-shifted MM (1),
for which we define an integer number of periods of
radio frequency oscillations NV; for each of the LFM
fragments of the NLFM signal (1), the symbol |.[ means
the operation of rounding to the nearest larger integer:

we )kl ®

Corresponding value of the total phase advance ¥,
for the first LFM fragment:

%:%«ﬁﬂ+%ﬁ>:%M

(5)
and, after applying operation (4), we find the adjusted
value of the FMR 3, by solving (5) with respect to it:

~ 2 (N7 — foT;
ﬁlz(lef‘i’l). (6)
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It should be noted that when applying the modi-
fied values of the FMR, the obtained updated values
of the fragment frequency deviation may differ from
the original ones, that is, in the case of B; %+ B, we
have respectively A f; # Af;. The results of testing the

(fo+ BT (t — T1) + Ba (1; - Tlt)] + @12, Th <t <y

The same is true for the second LFM fragment:

- +2
Vo =27(fo—p1T1)(t=T1)+ [P (2—T1t>—27TN2,
where :
By = Na — (fo — BiTW)(Ty — Th)
11

(7)

Accordingly, for the third LFM fragment, we
obtain:

3 B 2
V3 =2r ((f0+51T1 +52T5) (t—=Th2)+ B3 (Z—Tmt)) =

= 271 Ns;

B, = N3 —(fo—B1T1—B2T2)(Ts —T12)
= - )
% —TsTi
(8)

It should be emphasized that in order to find each
subsequent corrected FMR value, it is necessary to use
the corresponding corrected values already obtained for
the previous fragments.

Despite the fact that the final phases of the LFM
fragments have a value of 27, the initial phases of the
second and third fragments in the vast majority of cases
are not equal to zero. The phase jump at the beginning
of these fragments is caused by a change in the value of
the FMR at this point in time, and therefore must be
compensated. That is, the compensating components
(2), (3) in the new MM remain with the change of the
initial values of the FMR to the modified ones:

512 = 7T} (52+B1) ; 9)

0oz = (T12 (53+51) +T3 (BngBz)) . (10)

Using (6)-(10), we obtain the MM of a three-
fragment NLFM signal in shifted time, which provides
an integer number of periods of radio oscillations of
each of the LFM fragments:

2

- - ~ t N
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performance of the developed MM are presented in the
next subsection.
3.2 Results of mathematical modeling

Mathematical modeling was performed in
accordance with (1) and (11). For two-fragment NLFM
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signals, the first two expressions of these MMs were
used, the results are given in Table 1, for three-
fragment signals — in Table 2. The fragment durations
remained unchanged for both models.

A comparative analysis of the data in Table 1 shows
a decrease in the PSLL when using MM [11]. The achi-
eved reduction of the PSLL is within 1 dB. Regarding
the rate of decay of the side lobe level (SLL), no signi-
ficant advantages are observed for the proposed MM
(11), as it should be, since MM (11) is actually a speci-

al case of MM (1). The deviations of the SLL decay
rate with respect to MM (1) range from -1 dB/dec to
3dB/dec for the variants shown in Table 1. The values
given in parentheses correspond to MM (11).

The data in Table 2 indicate the feasibility of using
MM [11]. Due to the provision of a whole number
of periods of radiofrequency oscillations on each of
the LFM fragments, a steady decrease in the PSLL
is observed, the maximum value of which is 3.5 dB
(variant No. 1).

Table 1 Results of modeling two-fragment NLFM signals

Nein order | T3, pus | 1o, us Afy, kHz A fo, kHz PSLL, dB Decay rate of SLL, dB/dec
1. 30,0 150,0 | 200,0 (200,0) | 450,0 (453,3) | -18,01 (-18,09) 20,0 (21,0)
2. 35,0 200,0 | 300,0 (285,7) | 700,0 (698,6) | -17,82 (-18,32) 23,0 (22,5)
3. 40,0 200,0 | 100,0 (100,0) | 220,0 (222,22) | -18,00 (-18,14) 21,0 (21,0)
4. 45,0 220,0 | 100,0 (88,8) | 200,0 (204,0) | -17,24 (-18,22) 21,0 (19,0)
5. 50,0 280,0 | 100,0 (80,0) | 200,0 (218,6) | -16,85 (-17,17) 21,0 (24,0)
Table 2 Results of modeling three-fragment NLFM signals
N in Ty, us | To, us | T3, us Af, Afa, Afs, PSLL, dB Decay rate
order kHz kHz kHz of SLL
dB/dec
80,0 200,0 95,0
1. 20,0 80,0 20,0 ! ’ ’ -20,22 (-23,52 14,0 (16,5
’ ’ ’ (100,0) (200,0) (100,0) 22 (-23,52) 0 (16:5)
80,0 200,0 90,0
2. 20,0 100,0 20,0 ’ ’ ’ -22,06 (-23,07) | 18,0 (18,0
’ ’ ’ (100,0) (200,0) (100,0) 06 (-23,07) 0 (18,0)
100,0 200,0 100,0
3. 30,0 150,0 30,0 ’ ’ ) -20,97 (-22,85) | 21,0 (20,0
’ ’ ’ (66,667) (186,67) (93,33) 97 (-22,85) 0(20,0)
150,0 300,0 150,0
4. 30,0 150,0 30,0 ’ ’ ’ -19,95 (-21,80) | 22,0 (21,0
(133,33) (306,67) (120,00) ( ) (21,0
150,0 350,0 150,0
5. 50,0 250,0 50,0 ’ ’ ’ -20,88 (-21,23 22,0 (22,0
’ ’ ’ (160) (352,0) (136,00) 88 (-21,23) 0 (22,0)

If the modified input values from (11) are substi-
tuted into (1), the final result will be identical, since
(11) is a special case of (1) and complements the set of
possible values of its frequency parameters.

According to Tables 1 and 2, we determined the
ratio of the duration of the LFM fragments and their

frequency deviations, which ensures the performance of
(1) and (11). The results are summarized in Table 3.
The results of the calculations are given in relation to
the parameters of the first LFM fragment.

Table 3 Correlation between the duration and frequency deviations of the LFM fragments

Ratio of fragment duration

2 fragments

3 fragments

from 1:5 \ to 1:5,7

from 1:4:1 \ to 1:5:1

Ratio of frequency deviations

Mathematical model (1)

from 1:2 ‘ to 1:2,5

from 1:2:1 \ to 1:2,5:1

Mathematical model (11)

from 1:2,2 \ to 1:2,7

from 1:2:1 \ to 1:2,9:1,4
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The analysis of the results in Table 3 shows that
when the proposed method of minimizing the PSLL
for a two-fragment NLFM signal (MM (11)) is applied,
the range of change in the frequency deviations of the
LFM fragments remains unchanged but has shifted by
10%, that is, the range of change in this parameter has
expanded by this value. For a three-fragment signal, in
the case of MM (11), compared to MM (1), there is an
expansion of the range of change in frequency deviation
by 20% for the component of the second LFM fragment
and by 40% for the component of the third.

Figures 1 and 2 show the results of modeling
the two- and three-fragment signals that provided the
lowest value of the PSLL — parameter sets No. 2 of
Table 1 and No. 1 of Table 2

The graphs of the fragment frequency changes
(Fig. 1a, Fig. 2a) correspond to the specified frequency
parameters of the NLFM signals. The spectra of
these signals are shown in Fig. 1b and Fig. 2b, they
demonstrate smooth transitions between fragments
and the absence of pulsations on the slopes, which indi-
cates full compensation of instantaneous phase jumps
in the resulting signals. The corresponding ACF signals
(Fig. 1c and Fig. 2c) have smooth slopes and a uniform
change in the side lobes (SL) ripple frequency, which
also indicates the absence of phase distortion of the
signals.

Conclusions

The result of the performed research is the
development of a variant of the practical implementati-
on of the method of searching for frequency parameters
for MM two- and three-fragment NLFM signals, which
ensures a decrease in the PSLL of their ACF.

The novelty of our results lies in the extension of
the known method of compensating for instantaneous
phase jumps to the time-shifted MM, that is, when the
time scale for each subsequent fragment is shifted by
the duration of the previous ones. The application of
the proposed MM provides an expansion of the range
of input values of frequency parameters and facilitates
their detection. The ratio of deviations in the frequency
and duration of the LFM fragments, which ensures
the efficiency of the proposed MM, was determined
experimentally.

The obtained experimental data confirmed the
possibility of reducing the PSLL when applying the
proposed method for a two-fragment NLFM signal
within 1 dB, and for a three-fragment signal - up to
3.5dB.

The practical significance of the obtained results
is to expand the possible variants of NLFM signals
by changing the frequency parameters that meet the
requirements of users. With regard to the field of radar,
this will ensure the adaptation of the air target detecti-
on mode to the conditions of the signal-interference
environment.

The obtained values of the sets of PSLL signal
parameters can be considered as an initial set for
further optimization, for example, using evolutionary
algorithms. This approach is expected to reduce the
number of algorithm iterations.

9 Frequency, MHz

B

0.5 e
/
0,2 / -
0 50 100 150 200 250
Time,us
(a)
1Normahzed spectrum
0.8 IHW N](
;J
0.6 F U‘w
0.4 / I
0.2 /
0_,__._._—--r’/ | Te—
-1 0 1 2 3
Frequency, MHz
(b)
Autocorrellation function, dB
=20t
40!t
a0 ! |
-colmimiy Mﬂ“h | MN | f {
ik
|J|||l '
80 ~5000 0 5000

Time sample number
(c)

Fig. 1. Graph of changes in the instantaneous time-
total (a), spectrum (b), ACF (c) of the two-frequency
NLFM signal



Peauqizanis meroay minimizanil piBast GiuHEX HEJIIOCTOK aBTOKOPesiiaux PyHKIi curaastis 3 HeJiHIHHOK 4aCTOTHO . . . 21

6 Frequency, MHz

//.
0,4 e
o
.j/j
0,212 .
0 50 100 - 150
Time,us
(a)
1 Normalized spectrum
' i
0.8 . |1
!
(|
0.6 |
0.4 \
0.2 |
\
RN
-1 0 2
Frequency, MHz
(b)
Autocorrelation function, dB
0 - |"|
i
220 ]
;'||'|i ﬂ|!’!'1
||"I i i“ﬁ’"".lr\
-40 \| Y oan,
[| 'I|-II i ‘: ' ' I / i{!|i_i!f'j'l-’l.”-]
Hh "'. | | ':I. | |
-60 H i l'-. ]
-80 : -

-5000 0

5000

Time sample number

()

Fig. 2. Graph of instantaneous frequency change (a),
spectrum (b), ACF (c) of a three-fragment NLFM si-

gnal

References

[1] Skolnik M. I. (1981) Introduction to Radar Systems. Second
Edition. Singapore: McGraw-Hill Book Co., 581 p.

(2]

[7]

[10]

[11]

[12]

13]

[14]

[15]

[16]

Richards M. A., Scheer J. A., Holm W. A. (2010) Principles
of modern radar, Vol. I: Basic Principles, Chelsea: Sheridan
Books, Inc., 962 p.

Meikle H. (2008) Modern Radar Systems. Second Edition.
Norwood: Artech House, Inc, 701 p.

Kwok Tom, Kenneth Ranney (2020) Survey of
Methodology and Features for Radar Waveform
Modulation Classification. CCDC Army  Research

Laboratory, Sensors and Electron Devices Directorate,
ARL-TR-9062, 42 p.

Levanon N., and Mozeson E. (2004) Radar Signals. Wiley
IEEE Press.

Cook C. E., and Bernfeld M. (1993) Radar Signals: An
Introduction to Theory and Appli-cation. Artech House,
552 p.

Heinzel G., Riidiger A., and Schilling R. (2002) Spectrum
and spectral density estimation by the Discrete Fouri-
er transform (DFT), including a comprehensive list of
window functions and some new flat-top windows. Techni-
cal Report. Maz-Planck-Institut fiir Gravitationsphysik
(Albert-Einstein-Institut), Germany, 84 p.

Valli N. A., Rani D. E., Kavitha C. (2019) Windows
for Reduction of ACF Sidelobes of Pseudo-NLFM Signal.
International Journal of Scientific €& Technology Research,
Vol. 8, Iss. 10, pp. 2155-2161.

Doerry A. W. (2017) Catalog of Window Taper Functions
for Sidelobe Control. Technical Report SAND2017-4042.
U.S. Department of Energy Office of Scientific and Techni-
cal Information, 208 p. doi: 10.2172/1365510.

Swiercz E., Janczak D., and Konopko K. (2022) Esti-
mation and Classification of NLFM Signals Based on the
Time-Chirp Representation. Sensors, Vol. 22, 8104. doi:
10.3390/s22218104.

Alphonse S., Williamson G. A. (2014) Novel radar
signal models using nonlinear frequency modulation.
22nd European Signal Processing Conference (EUSIPCO),
doi:10.5281/ZENODOQO.44184.

Song Chen, et al. (2022) A Novel Jamming Method against
SAR Using Nonlinear Frequency Modulation Waveform
with Very High Sidelobes. Remote Sensing, Vol. 14, Iss.
21, 5370. doi:10.3390/rs14215370.

Chukka A. and Krishna B. (2022) Peak Side Lobe Reducti-
on analysis of NLFM and Improved NLFM Radar signal.
Aiub Journal of Science and Engineering (AJSE), Vol. 21,
Iss. 2, pp. 125-131. doi: 10.53799/ajse.v21i2.440.

Fan Z., Meng H. (2020) Coded excitation with
Nonlinear Frequency Modulation Carrier in
Ultrasound Imaging System. IEEE Far Fast NDT
New Technology & Application Forum (FENDT).
doi:10.1109/FENDT50467.2020.9337517.

Zhao Y., et al. (2020) Non-continuous piecewise nonli-
near frequency modulation pulse with variable sub-
pulse duration in a MIMO SAR Radar System.
Remote Sensing Letters, Vol. 11(3), pp. 283-292.
doi:10.1080,/2150704X.2019.1711237.

Jin G. et al. (2019) An Advanced Nonlinear Frequency
Modulation Waveform for Radar Imaging With Low
Sidelobe. IEEE Transactions on Geosciences and
Remote Sensing, Vol. 57, Iss. 8, pp. 6155-6168.
doi:10.1109/TGRS.2019.2904627.


https://apps.dtic.mil/sti/trecms/pdf/AD1110842.pdf
https://apps.dtic.mil/sti/trecms/pdf/AD1110842.pdf
https://pure.mpg.de/rest/items/item_152164_1/component/file_152163/content
https://pure.mpg.de/rest/items/item_152164_1/component/file_152163/content
http://www.ijstr.org/final-print/oct2019/Windows-For-Reduction-Of-Acf-Sidelobes-Of-Pseudo-nlfm-Signal.pdf
https://www.osti.gov/biblio/1365510
https://www.osti.gov/biblio/1365510
https://www.mdpi.com/1424-8220/22/21/8104
https://ieeexplore.ieee.org/document/6952344
https://www.mdpi.com/2072-4292/14/21/5370
https://ajse.aiub.edu/index.php/ajse/article/view/440
https://bura.brunel.ac.uk/handle/2438/22296
https://bura.brunel.ac.uk/handle/2438/22296
https://www.tandfonline.com/doi/abs/10.1080/2150704X.2019.1711237
https://ieeexplore.ieee.org/document/8693558
https://ieeexplore.ieee.org/document/8693558

22 Koctupst O. O., I'puzo A. A., Xuxusk [. A., @Pegopos A. B., Jlyk’ssuuuxkos A. A.
[17] Saleh M., Omar S.-M., Grivel E., Legrand P. (2021) A PeaJsizanmia wmetoaxy wiHimizarii piBHS
R//Iar(iialile Chir\p;VRatfe Step]};ed Fre((iluencyALinear Freque\rjl\(/:y OIYHITX IIeJIOCTOK aBTOKOpeHﬂHiﬁHHX
odulation aveform Designed to Approximate i- s . s tes _
deband Non-Linear Radar Waveforms. Digital Signal (l)yHKI_UI/I CHFH%JHB 3 HEJIHIMHOIO HacCTo
Processing, Vol. 109. doi: 10.1016/j.dsp.2020.102884. THOXO MO YJIAIIEIO
[18] Xu, Z.; Wang, X.; Wang, Y. (2022) Nonlinear Frequency-
I\R/Ioéimaied 1'W£i",ef0rnjl\i[ %Odelth?g fgldl ?OIEtQi?)liZgg;; for  Koemupa O. O., I'puso A. A., Xuoienax I. A.,
adar Applications. Mathematics, Vol. , , DP- s
1-11. doi: 10.3390/math10213939. Pedopos A. B., Jlyxanwuros A. A.

[19] Kavitha C., Valli N A, Da.sarl M. (.20'20) Optlmlzatlon. of BasKk/IBOIO IIPOGITEMOIO, SIKA BUPIIIYETHCH [T/ 14ac CTBO-
two-stage NLFM signal using Heuristic approach. Indian . . e . . co
Journal of Science and Technology (INDJST), Vol. 13(44), peHH?I HOBOL Ta MOZEpH13am ICHyIOqf)l paAIOHQKaHIHHOI
pp- 4465-4473. dOllO17485/IJST/V131441841 TEXHIKHU, € 3a0e3neveHHsT MaKCUMaJIbHOI JaJIbHOCT1 BUABJIE-

HHS TOBITPAHUX M€, I 90r0 HeoOximHo 30iapuryBaru

[20] Kostyria O. O., Hryzo A. A., Dodukh O. M., Nariezhnii  gympomimosarmy moTy)mHiCTh 3i 36epesKeHHSIM HTOTPIGHOT
O. P. & Tedorov, A. V. (2023) Mathematical model of 1, sninmopamproi 3matrOCTI 3 KampHOCTI. OCKigbKE Teme-
the current time for three-fragment radar signal with non- R ——— JKOCTI SIKHX 32033 MHDOKO 33CTOCO-
linear frequency modulation. Radio Electronics, Computer b P P . A y . P b
Science, Control, Vol. 3(63), pp. 17-26. doi: 10.15588/1607- BYIOTHCSI HAITIBIPOBIIHUKOBI €JIEMEHTH, MAIOTh OOMEKEHY
3974-2023-3-2. MKOBY MOTYXKHICTHb, BUIIPOMIHIOBaHHS HEOOXi/THOI eHeprii

3aiMCHIOETHCH 33 PAXYHOK 301/IbIIEHHS TPUBAJIOCTI 30HIY-

[21] Kostyria O. O., Hryzo A. A., Dodukh O. M., Lisohorskyi ga1mmor0 PaTiOIMITYIIbCY, & BIMOTH 3 PO3Pi3HIOBAJIBHOL 318~
B. A., & Lukianchykov A. A. (2023) Method of minimi- .

; : : . . THOCTi BUKOHYIOTHCS 33 PAXyHOK BUKOPUCTAHHS TaK 3BAHUX
zation sidelobes level autocorrelation functions of signals . 6
with non-linear frequency modulation. Radio Electronics, SKHMLHHX CH.rHamB’ AODyTOK mHI?HHH CLIEKTPY AKEX na
Computer Science, Control, Vol. 4(67), pp. 39-48. doi: 1XHIO TPUBAIICTH (6aza curmasy) Gimbure omuHMI.
10.15588/1607-3274-2023-4-4. OpHuM 3 PI3HOBUAIB CKJIaHUX CUIHAJIB € Gararodpa-
. . . TMEHTHI CUTHAQJIX 3 HEJIIHIMHOIO YaCTOTHOIO MOIYIINEI0, K]

[22] Prakash B. L., Sajitha G., and Rajeswari K. R. (2016) Ha BUIMIHY BiZl MHDOKO BLIOMEX MiHIHHO-IACTOTHO MOIY-
Generation of Random NLFM Signals for Radars and a y BIA X p o N Y
Sonars and their Amblgmty Studies. Indian Journal JIbOBAHUX CUI'HAJIIB MAIOTh CYTTE€BO HUXKYUKN MaKCHUMAJIb-
of Science and Technology, Vol. 9, lss. 29, pp. 1-7. Huil piBenb GivHHUX HEJIOCTOK aBTOKOpeJAnitanx yHKmii,
doi:10.17485/1jst/2016/v9i29,/93653. OIHAK 3HAYEHHS IHOTO PIBHI CyTTEBO 3aJIEXKUTH BiJ 3a7a-

HHMX 9aCTOTHO-YACOBUX 11aDAMETPIB CUrHAJLY. SHAXOKEHHS

23] Kurdzo J. M., et al. (2019) A Neural Network Approach mapaMerpiB, fKi 3a0e3medyioTh MiHiMi3aIio piBHA 6i¥HMX
for Waveform Generation and Selection with Multi- p pis, . Y . up
Mission Radar IEEE Radar Conference, pp. 1-6. TE/TOCTOK aBTOKOpeTAiHIX byHKIIT HeTIHITHO-9aCTOTHO
doi:10.1109/RADAR.2019.8835803. ’ MOZY/IbOBAHUX CHUTHAJIB, 0 CKJIAAY fAKAX BXOAATH (dpa-

TMEHTH 3 JHHIAHOIO MOIYJIAIE€I0 YaCTOTH, € BayKJIUBOIO

[24] Baymdir C. .(201.5) A Novel Nonlinear Frequency gaykopo-rexnivmHOI0 3a/1a4€10, BUPIIIEHHIO AKOI TPUCBAUCHO
Modulated C hirp Signal for Synthet,lc Aperture Rgdar {md many crartio. OcobsmsBicTb pO3riis/ly 3a3HAYE€HOIO IUTAHHS
Sonar Imaging. Journal of Naval Science and Engineering, . . . .
Vol. 11, No. 1, pp.68-81. TOJIATAE Y TOMY, IO HA BIIMIHY BiJ] paHiIlIe 3aIIpOoOHOBAHOI

peaizarii meToxy MiHimMizamii piBHS OIYHUX METIOCTOK LTSt

[25] Valli N. A., Rani D. E., Kavitha C. (2019) Modified Radar maremarudHux mMoueseil 3 HOTOYHOK 3MIHOIO 4acy y Ja-
Signal Model using NLFM International Journal of Recent  miit ctarti po3pobasioThCS MOENl 3CYHYTOrO 9acy, TOHTO
Technology and Engineering (IJRTE), Vol. 8, Iss. 283, PP oy piix Jacy KOXKHOTO HACTYIHOTO (bParMeHTy CHTHAa-
513-516. doi: 10.35940/ijrte.B1091.07825319. L ..

JIy 3CyBA€TbCd HA HYJIBOBY BiamirTky. Y mepimomy po3zisi

[26] Jeevanmai R., Rani N. D. (2016) Side lobe Reduction using CTaTTi IPOBEICHO AHAMI3 Bimommx mHyOsikamiit, gkuil 1mo-
Frequency Modulated Pulse Compression Techniques in Ka3ye, mo A9 MaTeMaTHIHHX MoJeTeil 3CYHyTOro dYacy
Radar. International Journal of Latest Trends in Engi- cpnoci6 minimizarmii piBH# GiyHMX 1e/110CTOK (BYHKIIH Kope-
neering aend Technology, Vol. 7, Iss. 3, pp. 171-179. doi: JAmil paHile He PO3IIALABCA. 3 OIVIALY HA JAHY OGCTABHHY
10.21172/1.73.524. s .

y ApyroMy po3mit pobotn chopMynIpOBaHO 3aBIAHHS I0-

[27] Adithyavalli N., Rani D. E., Kavitha C. (2019) An Algo- ¢aiskenus. Teoperuune oOIpyHTyBaHHs HOBOIO BapiaHTy
rithm for Computing Side Lobe Values of a Designed peaJii3aiiii 3aIIpOIIOHOBAHOIO METO/LY IIJIAXOM PO3POOKH Ma-
NLFM function. International Journal of Advanced Trends temaTuaHUX MOzEJIeH 3CYHYTOrO Yacy jjis ABO- Ta Tpudpa-
in Computer Science and Engineering, Vol. 8(4), pp. 1026-  pyepranx mesinifino-4acToTHO MO/y/IbOBAHMX CHIHAJIB, a
103. doi:10.30534/ijatcse/2019/07842019. TAaKOXK pE3yJIbTaTU MOAEIIOBAHHA HABEAECHO Y TPEThOMY

[28] Galati G., Pavan G., and De Palo F. (2017).Chirp po3aini pobotu. Y TOAAMBIINX TOCTIIKEHHIX IIAHYETHCS
Signals and Noisy Waveforms for  Solid-State PpO3pOOUTH AATOPUTM OTITUMI3AIlil TACTOTHO-9aCOBUX TTapa-
Surveillance Radars. Aerospace, Vol. 4(1), 15, 14 p. MeTpiB CHUTHAJ/IB 3 HEJIHIHHOIO YACTOTHOIO MOIYJISAINEI0 HA
doi:10.3390/aerospace4010015. OCHOBI MaTeMAaTHIHHX MOAeeill IOTOYHOTO Ta 3CYHYTOTO

[20] Lesnik C. (2009) Nonlinear Frequency Modulated Signal 0%

Design. Acta Physica Polonica A, Optical and Acoustical
Methods in Science and Technology, Vol. 116, No. 3, pp.
351-354. doi:10.12693/APhysPolA.116.351.

Karono06i cao6a: HemiHINHA 9aCTOTHA MOTYJIATIIS; aBTO-
KopessAniiina GbyHKIisg; MiHIMI3aia piBH OI9HUX IIETIOCTOK


https://www.sciencedirect.com/science/article/abs/pii/S1051200420302293
https://www.sciencedirect.com/science/article/abs/pii/S1051200420302293
https://www.mdpi.com/2227-7390/10/21/3939
https://indjst.org/articles/optimization-of-two-stage-nlfm-signal-using-heuristic-approach
https://indjst.org/articles/optimization-of-two-stage-nlfm-signal-using-heuristic-approach
http://ric.zntu.edu.ua/article/view/288042
http://ric.zntu.edu.ua/article/view/288042
http://ric.zntu.edu.ua/article/view/294294
http://ric.zntu.edu.ua/article/view/294294
https://indjst.org/articles/generation-of-random-nlfm-signals-for-radars-and-sonars-and-their-ambiguity-studies
https://indjst.org/articles/generation-of-random-nlfm-signals-for-radars-and-sonars-and-their-ambiguity-studies
https://ieeexplore.ieee.org/document/8835803
https://www.researchgate.net/publication/281670243_A_NOVEL_NONLINEAR_FREQUENCY_MODULATED_CHIRP_SIGNAL_FOR_SYNTHETIC_APERTURE_RADAR_AND_SONAR_IMAGING
https://www.ijrte.org/wp-content/uploads/papers/v8i2S3/B10910782S319.pdf
https://www.ijrte.org/wp-content/uploads/papers/v8i2S3/B10910782S319.pdf
https://www.academia.edu/72195038/Sidelobe_reduction_using_frequency_modulated_pulse_compression_techniques_in_radar
https://www.academia.edu/72195038/Sidelobe_reduction_using_frequency_modulated_pulse_compression_techniques_in_radar
https://www.warse.org/IJATCSE/static/pdf/file/ijatcse07842019.pdf
https://www.warse.org/IJATCSE/static/pdf/file/ijatcse07842019.pdf
https://www.mdpi.com/2226-4310/4/1/15
https://www.researchgate.net/publication/258354997_Nonlinear_Frequency_Modulated_Signal_Design

	Introduction
	Analysis of research and publications
	Formulation of the research task
	Materials and methods
	Implementation of the method for reducing the PSLL of ACF NLFM signals based on time-shifted MM
	Results of mathematical modeling

	Conclusions
	References

