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ABSTRACT

Context. At present, when creating new and upgrading existing radar systems, solid-state generator devices are widely used,
which imposes certain restrictions on the peak power of probing signals. To overcome this limitation, longer duration signals with
internal pulse modulation are used. The main efforts of the researchers are focused on reducing the maximum level of the side lobes
of the autocorrelation function of such signals, which, without taking additional measures, has a significant level, which complicates
the work of systems for detecting and stabilizing the level of false alarms. Attention is paid to signals with non-linear frequency
modulation, which consist of two and three linearly frequency-modulated fragments. The maximum level of the side lobes of such
signals depends significantly on the frequency-time parameters of the fragments, and therefore it is very difficult to obtain its stable
value. Searching for signals with minimal side lobe level values by optimizing their time-frequency parameters is a difficult task,
because changing the parameters of previous signal fragments leads to changes in the parameters of subsequent fragments

Objective. The aim of the work is to develop a method for simplifying the search for local minima of the level of side lobes of
two- and three-fragment signals with nonlinear frequency modulation by using a modified mathematical model with a whole number
of periods of radio oscillations of linear-frequency modulated fragments.

Method. The developed method is based on the proposed modification of the mathematical model, which corrects the frequency-
time parameters of two- and three-fragment signals with non-linear frequency modulation by modifying the values of the frequency
modulation speed while providing an integer number of complete periods of radio frequency oscillations for each of the fragments,
which simplifies the process of finding local minima of the level of side lobes.

Results. Modification of the initial mathematical model leads to the expansion of the possible range of values of frequency-time
parameters, ratios of durations and frequency deviations of linearly-frequency modulated fragments and ensures stability of the
mathematical model with a decrease in the maximum level of side lobes of the autocorrelation function.

Conclusions. It has been experimentally confirmed that the use of the proposed method of modifying the input frequency-time
parameters of signals with non-linear frequency modulation in the vast majority of cases reduces the maximum level of side lobes
and simpli-fies the process of finding its local minima. The optimal ratios of durations and deviations of the frequency of the signal
frag-ments are determined, subject to these, stable operation of the models is ensured and, in most cases, - less than the value of the
maximum level of the side lobes.

KEYWORDS: mathematical model; a non-linear frequency modulation signal; autocorrelation function; maximum level of side
lobes.

ABBREVIATIONS ¢t is atime, sec;
ACF is a autocorrelation function; T,, is a duration n-th fragment LFM signal, sec;
SL is a side lobe; . . .
Wt is a weighting; T is a duration NLFM signal, sec;
LFM is a linear frequency modulation; ¢,(®) is a instantaneous phase n-th fragment LFM
MM is a mathematical model; signal, rad;
MPSLL is a maximum side lobes level; . B,=Af,/T, is a FMR n-th fragment LFM signal,
NLFM is a non-linear frequency modulation;
SLL is a side lobe level; Hz/sec; ) ]
FM is a frequency modulation; AB,y is a difference of FMR 2-nd and 1-st LFM

FMR is a frequency modulating rate. fragments, Hz/sec;
AB3y is a difference of FMR 3-rd and 1-st LFM

NOMENCLATURE fragments, Hz/sec;

n=1, 2, 3 is a fragment sequence number LFM signal,
fo is a initial signal frequency, Hz;
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ABs3, is a difference of FMR 3-rd and 2-nd LFM
fragments, Hz/sec;

En is a modified FMR n-th fragment LFM signal,
Hz/sec;

A, is a frequency deviation n-th fragment LFM sig-
nal, Hz;

Afn is a modified deviation n-th fragment LFM sig-
nal, Hz;

8¢, is a phase jump during transition from m=n-1-
st fragment LFM signal on n-th, rad;

INTRODUCTION

The modern stage of development of radar facilities is
characterized by wide introduction of modular construc-
tion of receiving-transmitting devices using the technol-
ogy of phased antenna arrays on solid-state generator de-
vices and application of internal pulse modulation of fre-
quency (phase) of probing signals [1-9]. These technolo-
gies and technical solutions are interrelated, since they
aim to achieve the required radiated power under condi-
tions of limiting the peak power of an individual transmit-
ting module. Signals from LFM [1-10] are used as wide
sounding signals, the methods of forming and processing
of which are constantly being improved.

The main efforts of the researchers are focused on re-
ducing the MPSLL of the autocorrelation function of
LFM signals, which, without additional measures, is ap-
proximately —13 dB. As a rule, for this purpose, Wt is
used in the time (spectral) region of the received radar
signal [10—14] and signals with a rounded spectrum [10,
15-20] are used, which is equivalent to Wt in time.

Rounding the spectrum LFM signal brings its shape
closer to the bell-shaped one and leads to a decrease in the
effective spectrum width and, as a result, to the expansion
of the main lobe of the ACF signal. That is, the deteriora-
tion of the range discriminating ability in the case of the
use of Wt or the rounding of the signal spectrum is a fee
for reducing the MPSLL. This is acceptable because from
the point of view of detecting weak signals, minimizing
MPSLL is a more important task. In [12, 19, 20] it is
noted that the application of Wt to signals with a rounded
spectrum gives a better final result than the separate use
of these methods.

A common method of obtaining signals with a
rounded spectrum is the use of intra-pulse NLFM, which,
in comparison with LFM signals, provides significantly
lower MPSLL [1, 2, 810, 12, 15-31]. NLFM signals are
widely used, consisting of two or three fragments com-
bined in time with linear or nonlinear FM, or their combi-
nations [10, 12, 15, 17, 19-22, 27-31]. Unlike LFM sig-
nals, which have practically fixed MPSLL regardless of
the values of the input variables of their MM [1-14],
MPSLL of multifragment NLFM signals significantly
depends on the ratio of the duration of fragments and de-
viations of their frequency and varies widely depending
on their magnitude.
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The studies carried out by the authors [30, 31] showed
that the known MM NLFM signals, consisting of two and
three LFM fragments [15, 25, 27-29, 32-34], have a sig-
nificant drawback — they do not take into account fre-
quency and phase jumps (or only phases, depending on
the temporal representation of MM). These jumps are
caused by an instantaneous change in the FM value, that
is, the ratio of the frequency deviation of the FM fragment
to its duration, at the moment of transition from one
fragment to another. Several methods of their compensa-
tion are offered, which allow to take full advantage of
such signals. It was also found that their MPSLL depends
on what value the initial and final phase of each of the
LMF fragments has.

Searching for signals with minimum MPSLL values
by optimizing their frequency-time parameters is a com-
plex problem that belongs to the class of dynamic pro-
gramming problems, because changing the parameters of
previous fragments of the NLFM signal leads to changes
in the parameters of subsequent fragments. Therefore, the
paper proposes a method that simplifies the search for
local minima of the MPSLL by adjusting the input MM
variables under the conditions of providing an integer
number of radio oscillation periods in each of the frag-
ments of the NLFM signal.

The object of study is the process of formation and
processing of two- and three-fragment NLFM signals.

The subject of study are mathematical models of
NLFM signals, which consist of two and three LFM
fragments.

The purpose of the work is to develop a method for
simplifying the search for local minima of two- and three-
fragment NLFM signals by using a modified MM with a
whole number of periods of radio oscillations of LFM
fragments.

1 PROBLEM STATEMENT
The authors propose [30, 31] MM for calculating the
instantaneous phase of two- and three-fragment NLFM
signals in the current time, in which frequency and phase
jumps are compensated during the transition from the
previous to the next LFM fragment. Let's use MM [31]
for the three-fragment NLFM signal:

2
fot+—B12t ,05t<Ty

2

Pot
—ABy T} Jt+—=—+0¢17, T} £t < Ty
o(f) = 27 (fo-ABxTh) St Ty 12 (1)

2
t
(fo—AB31T; —AB32T2)f+B3T—5(923,

T,<t<T,

in which, to ensure compactness of mathematical records,
the designation of the difference FMR between the second

and first fragments is introduced AP, =B, —By, the dif-
ference FMR Dbetween third and first
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AB31 =P3 —Py, the difference FMR between third and

second fragments: A3, =B3—P5 .
Similarly, the total duration of the first and second
LFM fragments 7j, =77 +7, and the total duration of the

NLFM signal are introduced Ig =1, +7, +75. Addi-

tional MM variables (1), which are determined using al-
ready specified parameters, are the phase jump during the
transition from the first to the second LFM fragment:

1
3¢ = 5A521T12 2

and phase jumps between the second and third LFM
fragments:

1
3¢p23 =5(AB31T12 +Al332T22) 3)

Thus, in addition to the current time ¢ and the initial
frequency fj, the input parameters of the model (1) are

Af,, and T, that can be corrected.

In the presentation of the material, the designation of
the operation of finding the nearest larger integer ceil was
used. The two-step model is a separate case (1) when us-
ing the first two components. Model (1) can be adapted
for the descending law of FM, if you use the negative sign
of FMR in the calculated ratios.

The result of the research is to modify the model (1)
so that the radio oscillations of each LFM fragment have
an integer number of periods. The results of the assess-
ment of MPSLL and the rate of decline of SLL are com-
pared with those obtained earlier [15, 17, 19-22, 27-34].

2 REVIEW OF THE LITERATURE

The first publications on the use of NLFM signals,
which have fragments with LFM and NLFM, appeared in
the 60s of the last centuries [16, 17]. Subsequently, these
developments received a more detailed theoretical basis,
which emphasized the need to ensure the continuity of the
instantaneous phase of such signals. For this, NLFM sig-
nals with symmetrical rounding of the spectrum were
proposed, which in theory should have provided an
MPSLL of —42.8 dB [10]. However, even today such an
MPSLL is unattainable for known multi-fragment NLFM
signals. Interest in using NLFM signals, which consist of
LFM fragments, is associated with the results of devel-
opments in the field of their formation and processing [1—
11,13, 14].

A number of researchers [15-29, 32-34], along with
tri-fragmental signals that can reduce MPSLL by an aver-
age of 6 dB, consider two-fragment NLFM signals,
which, in comparison with LFM, provide a decrease in
MPSLL by about 3dB. The peculiarity of the use of
NLFM signals, which consist of two and three LFM
fragments, is that the MPSLL of the resulting signal de-
pends significantly on the frequency-time parameters of
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the fragments, and therefore it is very difficult to obtain a
stable value of the MPSLL even with slight changes in the
parameters of the signals. Therefore, the choice of pa-
rameters must be approached carefully, for example, in
[27] an algorithm for selecting parameters is proposed in
order to minimize the MPSLL of a two-fragment NLFM
signal.

Frequency and phase jumps at the junctions of previ-
ous LFM fragments are included as components in the
frequency and phase expressions of subsequent fragments
(see the second and third fragments in expression (1)),
which complicates the optimization of parameters. In the
previously developed MM of both current and shifted
time [10, 12, 15, 16, 17, 19-22, 25, 27-29, 32-34], such
distortions were not taken into account. In works [30, 31]
on the example of MM of the current time of two- and
three-fragment NLFM signals it is shown that such fre-
quency-phase distortions arise as a result of instantaneous
change in the value of FMR and a method of their com-
pensation is proposed. The range of change of initial pa-
rameters of NLFM signals (input variables of their MM)
after compensation of frequency and phase jumps at the
joints of LFM fragments is somewhat expanded, however,
as practice shows, the possibilities of such expansion have
not yet been exhausted. At the same time, the actual task
remains to minimize the SLL of the correlation functions
of NLFM signals.

3 MATERIALS AND METHODS
We apply the concept of the full phase ¥, -nth LFM
fragment, which is equal to the phase of the radio fre-

quency oscillation during its duration. For the first LFM
fragment, based on (1), its total phase is:

Tﬁ]-

We impose the condition that the complete phase of
the LFM fragment (4) has an integer number of complete

periods of radio frequency oscillations 21t/V; . In this case:

By

: @

\Pl ZZT{foTl +

Ny = ceﬂ(foTl +%Tf j (5)

In order to satisfy (5) without applying the ceil opera-
tion, it is necessary to solve this equation with respect to

Byand obtain a new modified FMR P value, which for
the first LFM fragment is:

B, = 2(Ny - foTh)

. Q)

Since the frequency jump, and therefore the instanta-
neous phase at the junction of the fragments caused by the
change in the FMR, remains, these jumps still need to be
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compensated. Taking into account the above and on the
basis of (1) for the second LFM fragment, by analogy we
have:

‘Pz=2ﬂ([fo—(ﬁz—ﬁl)T1]T2 +B72T22j=2nN2; (7)

By

_ 2(N2 —[fo—(Ba _Bl)Tl]TZ)
72 : ®)
2

As you can see, in (7), (8), a modified value is already
involved, that is, the calculation of the modified parame-

ters El of the next fragment is performed taking into ac-
count the modification of the parameters of the previous

fragments of the NLFM signal. Similarly, for the third
LFM fragment, we write:

s =27T[[f0 ~(B3 ~ BT — (B3 — B2 173 +B73T3ZJ=Z7TN3 )
where:

2Ny~ 1o (B3 ~ BT (B3 ~ BB 113

s

B3

N ©)

Thus, the essence of the proposed method for mini-
mizing ACF SLL signals from NLFM is as follows. Due
to modification of FMR values, an integer number of pe-
riods of radio frequency oscillations is formed at each of
the signal sections, which eliminates the cause of phase
jumps due to an arbitrary value of the final phase of the
LFM fragment. However, the frequency jumps due to the
change of the FMR with the transition to the next frag-
ment are preserved and must be compensated. Taking into
account the above, we have a modified MM in the current
time for the instantaneous phase of the NLFM signal,
which consists of three LFM fragments, with an integer
number of radio oscillation periods and compensation for
frequency and phase jumps at the joints of the fragments:

o) =2mx

)
fot+%,03t£ﬂ;
~ ~ Eztz ~
y [fo—(Bz—Bl)Tl]HT“‘&Plz,T15f§T12; (10)
3._3 57 By’ o
[fo—(ﬁ3—51)T1—(53—52)T2]1+T—5(P23a

T,<t<Ty.

The compensating phase components (2), (3) in (10)
should be calculated using expressions (11) and (12) al-
ready taking into account the modification of the FMR:

3¢, Z%(Ez -BDL; (11)

303 =%((—E3 + BT + (s —E2)T22). (12)
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The modified FMR values for (10)—(12) are in accor-
dance with (6), (8), (9). It should be noted that with the
transition from the first fragment to the second, the FMR
decreases, that is, it has a negative increase, and at the
junction of the second and third fragments it increases —
the increase is positive. This is taken into account by the
opposite signs of the compensating phase components
P12, dPy3, in (10) and by changing the signs of the

FMR, [~33 , EI in the first term (12).

The FMR rate is a time-frequency parameter because
it is determined by frequency deviation Af,, and duration

T

n

of the FMR En with constant duration of the LFM frag-
ment, its frequency deviation changes:

of the corresponding fragment. In case of modification

Afy =BTy (13)
Thus, MM (10) is obtained, which changes the fre-
quency-time parameters of two- and three-fragment
NLFM signals by modifying the values of the FMR frag-
ments while providing an integer number of complete
periods of radio frequency oscillations for each of the
FMR fragments. A feature of the proposed MM is the
correction of the initial values of the frequency deviations
of the LFM fragments, which simplifies the process of
finding local minima of the MPSLL. It should be noted
that modification of the initial MM (1) leads to expansion
of the possible range of values of frequency-time parame-
ters, ratios of durations and deviations of frequency of
LFM fragments, which ensure stability of MM operation.

4 EXPERIMENTS
Operability of the developed MM with adjustment of
frequency-time parameters of two- and three-fragment
NLFM signals was checked in the MATLAB application
package. For verification, an experimental scheme was
used, identical for both two- and three-fragment signals —
groups of ten signals with the same input variables for
each type of signals were studied. The obtained MPSLL
for two-fragment NLFM signals is not higher than —
18.0 dB, and for three-fragment signals — not higher than
—22.0 dB. The ranges of possible changes in the ratios of
the duration of LFM fragments, as well as their fre-
quency deviations, in which the stable operation of the

MM is observed, were also determined.

5 RESULTS

MPSLL was first evaluated for MM (1) with compen-
sation for frequency and phase jumps at the joints of LFM
fragments, and then for MM (10) with frequency parame-
ters correction by modifying FMR values.

Table 1 shows the values of frequency-time parame-
ters of two-fragment NFLM signals and the obtained
MLSS values for the case of MM (1) with compensation
of frequency and phase jumps. Corrected values of time-
frequency parameters and corresponding MPSLL are
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given in parentheses using MM (10). The parameters in
the table are arranged in the order of increasing the dura-
tion of NLFM signals, and in the case of the same dura-
tion — by increasing the total frequency deviation.

Table 1 — Frequency-time parameters and MPSLL of two-
segment NLFM signals

No. Ty,ps | Do ps Afi, kHz Afs, kHz MF;SBLL’
L 12 50 (100) T
2. 25 140 (1800(; (217810.2103) (jg:gg)
s 30 | s | ks | man | cisen
4. 30 180 (113539'303) (434()594%) (j%;)
5. 35 180 (111()41(),209) (328680. 509) (j ;‘2‘8)
6. 40 180 (}88) (32222().2()2) (jg:}g)
7. 4s 220 (flsg?ég) é§3> (jg:zlgg)
8. 45 220 (113539'303) (432.?15) (jg:gz)

Analysis of Table 1 indicates that the use of adjusted
time-frequency parameters in 80% of cases for this data
set provides a decrease in MPSLL. It should be noted that
the use of the proposed method for selecting frequency-
time parameters simplifies the process of finding local
minima of the MPSLL. It should be noted that in some
cases the modified values of frequency deviation of the
LFM fragments differ quite significantly from the initial
ones.

Frequency-time parameters of three-fragment NLFM
signals and corresponding MPSLL values are given in

Table 2.

Table 2 — Frequency-time parameters and MPSLL of three-

fragment NLFM signals.
No. | Tips | Tops | 7o s | A kiiz | % | af kit | MP0HE
Lo 15 | 75 | 15 (133(.)33) (7(;(.)3) (;g) (:éiigg)
2| 25 | 100 | 25 (28) (388) (}(2)8) (j;:gg)
3.0 25 | 100 | 25 (gg) égg) (13& (j;:gg)
4. 30 | 150 | 30 (133?33) égg) (38) (:5:3451)
5. 30 | 150 | 30 é(s)g) (jgg) (13135.(;3) (iiﬁizf)
6. | 30 | 150 | 30 (26266.%7) (232) (22?%3) (jl;:gg)
7. | 30 | 150 | 30 (35’3%3) (;gg) é;g) (j}:ég)
8. | 40 | 200 | 40 (138) (588) (38) (72211..1936)

Comparison of the results of Table 2 indicates that the
use of adjusted frequency-time parameters for three-
fragment NLFM signals in the vast majority of cases (for
the given data set — 90%) provides a decrease in MPSLL,
which indicates the feasibility of using (10) in practical
activities.
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In the case of using modified frequency parameters of
two- and three-fragment signals for MM (1) and (10), the
obtained results completely coincide, which indicates the
adequacy of the proposed method. So it should be, since
model (10) is a separate case of model (1) under the condi-
tion of an integer number of periods of radio oscillations.

In case of FMR modification, the new values of frag-
ment frequency deviations may differ from the given ini-
tial ones, which ensures their automatic selection and
variability. Subsequently modified by (10) deviation fre-
quency is advisable to use as input variables for MM (1).

The possibilities for obtaining potentially achievable
MPSLL values and the rate of decline of the SLL in the
case of adjusting the frequency-time parameters of three-
fragment NLFM signals are shown in Fig. 1 — Fig. 4.
Fig. 1 shows the results of application (10) for signal Ne 1
from Table 1, Fig. la shows the signal spectrum, and
Fig. 1b shows its ACF on a logarithmic scale, the MPSLL
is —20.85 dB. Note that such a MPSLL value is achieved
with a relatively small value of the total frequency devia-

tion when the spectrum type approaches the bell-shaped
one more.

Normalized spectrum

0.8 [N
f
0.6 —

0.4 { |

0.2 / ‘.
J A
L Mo

0.4 0.6
Frequency, MHz

0 = e
-0.4 -0.2 0

a
Autocorrelation function, dB

Time sample number
0)
Figure 1- Spectrum (a), ACF (b) NLFM signal by model
(10), parameter Ne 1 tab. 1

The simulation results shown in Fig. 2 are also ob-
tained using (10), the set of parameters corresponds to
signal Ne 1 of Table 2. The spectrum of Fig. 2a has a no-
ticeable rounding, which led to a decrease in MPSLL to —

24.62 dB (Fig. 2b).
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Figure 2— Spectrum (a), ACF (b) NLFM signal by model
(10), parameters Ne 1 Tab. 2

To assess the rate of decline of the ACF SL, two- and
three-fragment NLFM signals with larger values of the
resulting duration and frequency deviation were used —
parameter set Ne 8 from Table 1 and parameter set No 5
from Table 2. The results are shown in Fig. 3 and Fig. 4,
respectively.

There is a clear decrease in the intensity of the signal
spectrum in the low frequency region of Fig. 3a. Loga-
rithmic scale along both coordinate axes is used for con-
venience of ACF signal analysis. For a two-segment
NLFM signal, the SLL decay rate is estimated at about
22 dB/dec. (Fig. 3b). Analysis of Fig. 4a indicates a two-
sided decrease in the intensity of the spectrum, as a result
of which the ACF MPSLL decreased to the level of —
22.61 dB. The rate of decline of the SLL is approximately
21.5 dB/dec.
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Figure 3 — Spectrum (a), ACF (b) NLFM signal by model (10),
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Analysis of Fig. 1 — Fig. 4 indicates that the spectra of
Fig. 1a, 2a, 3a, 4a do not have significant additional dis-
tortions in the form of breaks and dips, and the corre-
sponding ACF of Fig. 1b, 2b, 3b, 4b do not have a sharp
change in the frequency of side lobe pulsations and SLL
drops. This confirms the absence of frequency and phase
jumps in the resulting NLFM signals.

For the studied groups of signals, the ratio of durations
and deviations of the frequency of the LFM fragments is
determined, which ensures the stability of the MM opera-
tion and minimization of the SLL in the case when only
the frequency-phase jumps are compensated, as well as
when the FMR is further modified to provide a whole
number of radio oscillation periods. The obtained results
for the ratios of LFM fragment durations are grouped in
Table 3, and for frequency deviations — in Table 4. The
ratio is relative to the value corresponding to the parame-
ter of the first LFM fragment.

Table 3 — Ratio of LFM fragment durations

Compensation of frequency and phase jumps
2 fragments 3 fragments

from1:4.1 [ tol5 from 1:5:0.5 | to 1:6.7:1
Modifications FMR
from1:45 [ tol:6 | from 1:4:1 | to 1:5:1

Table 4 — Frequency deviation ratio LFM fragments

Compensation of frequency and phase jumps
2 fragments 3 fragments

from1:2 [ to1:23 from 1:2:0.9 | to 1:2.5:1
Modifications FMR
from1:2.8 | t01:3.5 | from1:2:067 [ tol:2.5:1.5

A comparative analysis of the results of Table 3 and
Table 4 indicates that the ranges of change in the input
parameters for (1) and (10) differ, that is, as a result of
using (10), the total variability of the input variables for
determining the parameters of NLFM signals increased.

6 DISCUSSIONS

Comparison of results obtained using (1) and (10)
suggests that the proposed method of finding new values
of input variables for (1) simplifies their selection and
increases variability. When changing the input data,
models (1) and (10) can give excellent results both in
favor of one and in favor of another model. It should be
noted that they mutually complement each other. That is,
in studies of NLFM signals, both MM should be used
and already on the basis of the obtained results, it should
be concluded that it is advisable to use unmodified input
variables or the results of their modification.

In the case of obtaining a lower MPSLL by adjusting
the initial time-frequency parameters, it is advisable to
use them as input for (1). This approach does not always
work in the opposite direction, since as a result of modi-
fication in (10), the input variables from (1) may receive
new values, and the achieved result may even deterio-
rate. In the course of experimental studies, it was found
that the proposed method allows for two-fragment
NLFM signals to obtain MPSLL values below —20 dB,
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and for three-fragment signals — below —24 dB with a
relatively small total frequency deviation, which can be
useful in a number of practical applications, for example,
sonar, ultrasound diagnostics, etc. At the same time, sig-
nal spectra do not have significant distortions, which
provides a potential possibility of achieving a high de-
gree of their coordination with the frequency characteris-
tics of the receiving-transmitting paths.

CONCLUSIONS

The scientific novelty. The paper proposes a new
method of simplifying the search for local minima of
MPSLL by adjusting the input variables of MM under the
conditions of providing a whole number of periods of
radio oscillations in each of the fragments of the NLFM
signal. Thus, each LFM fragment begins with a zero
phase, and ends with a value of 2 & radians, which ensures
the stability of the model and in the overwhelming num-
ber of cases — an additional decrease in MPSLL. Use of
the proposed method of modification of input frequency-
time parameters for two-fragment NLFM signals for the
investigated group of signals ensured reduction of
MPSLL by 3 dB, and for three-fragment signals — up to
3.5 dB. It should be noted that the use of the proposed
method for selecting frequency-time parameters simpli-
fies the process of finding local minima of the MPSLL.

It has been determined that two- and three-fragment
NLFM signals generated with the help of the proposed
MM have a higher rate of decline of MPSLL, which is
estimated at 21-22 dB/dec, compared to the LFM signals.
The optimal ratios of durations and deviations of the fre-
quency of LFM fragments have been determined experi-
mentally, subject to these, stable operation of models is
ensured and, in most cases, — less than the MPSLL value.

The practical value of the obtained results lies in the
possibility of using the proposed method for selecting
parameters of NLFM signals, which consist of two and
three LFM fragments. This can be used to develop de-
vices for generating and processing radio signals of vari-
ous applications, for example, radar of air targets, aviation
and space systems for inspecting the earth's surface,
weather location, sonar, ultrasonic diagnostics, etc., in
which NLFM signals can be used to reduce MPSLL inde-
pendently or in combination with Wt in the receiving de-
vice.

Prospects for further research. In the future, it is
planned to improve MM [15, 25, 27-29, 32-34] in terms
of compensating for phase jumps at the joints of frag-
ments of NLFM signals and to explore the possibilities of
optimizing input variables for such MM.

ACKNOWLEDGEMENTS
We thank the management of Ivan Kozhedub Kharkiv
National Air Force University for the opportunity to con-
duct scientific research.

OPEN a ACCESS




p-ISSN 1607-3274 Pagioenexrponika, inpopmaTuka, ynpasiainss. 2023. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 4

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

© Kostyria O. O., Hryzo A. A., Dodukh O. M., Lisohorskyi B. A., Lukianchykov A. A., 2023

REFERENCES
Skolnik M. I. Radar Handbook. Editor in Chief. Boston,
McGraw-Hill Professional, 2-nd Edition, 1990, 846 p.
Meikle H. Modern radar systems. Boston, London, Artech
House, 2-nd Edition, 2008, 701 p.
Van Trees H. L. Detection, Estimation, and Modulation
Theory. Edition, reprint, John Wiley & Sons, 2004, 716 p.
Curry G. R. Radar System Performance Modeling. London,
Artech House, 2-nd Edition, 2004, 410 p.
Levanon N. Mozeson E. Radar Signals. Hoboken, John
Wiley & Sons, 2004, 403 p.
Barton D. K. Radar System Analysis and Modeling. Lon-
don, Artech House, 2005, 545 p.
Richards M. A. Scheer J. A., Holm W. A. Principles of
modern radar. SciTech Publishing, 2010, 924 p.
Mervin C., Budge J., Shawn R. G. Basic Radar Analysis.
London, Artech House, 2015, 727 p.
Melvin W. L., Scheer J. A. Principles of modern radar. New
York, SciTech Publishing, 2013, 846 p.
Cook C. E. Bernfeld M. Radar Signals: An Introduction to
Theory and Application. Boston, Ar-tech House, 1993, 552 p.
Heinzel G., Riidiger A., Schilling R. Spectrum and spectral
density estimation by the Discrete Fourier transform (DFT),
including a comprehensive list of window functions and
some new flattop windows [Electronic resource]. Access
mode: https://pure.mpg.de/rest/items/item _
52164 1/component/file 152163/content.
Valli N. A., Rani D. E., Kavitha C. Windows For Reduction
of ACF Side Lobes of Pseudo-NLFM Signal, International
Journal of Scientific & Technology Research, 2019,Vol. 8§,
Issue 10, pp. 2155-2161.
Doerry A. W. Generating nonlinear FM chirp waveforms for
radar. Sandia Report SAND2006-5856, 2006, 34 p.
DOI:10.2172/894743.
Doerry A. W. Catalog of Window Taper Functions for Side
lobe Control [Electronic resource]. Access mode:
https://www.researchgate.net/publication/
316281181 Catalog _of Window Taper Functions_for Sid
elobe_Control.
Fan Z., Meng H.-Y. Coded excitation with Nonlinear Fre-
quency Modulation Carrier in Ultrasound Imaging System,
IEEE Far East NDT New Technology & Application Forum
(FENDT). Kunming, Yunnan province, China, 20-22 Nov.
2020, P. 31-35. DOI:10.1109/FENDT50467.2020.9337517.
Cook C. E., Paolillo J. A pulse compression predistortion
function for efficient side lobe reduction in a high-power ra-
dar, Proceedings of the IEEE, 1964, Vol. 52, Issue 4, pp.
377-389. DOI:10.1109/proc.1964.2927.
Cook C.E. A class of nonlinear FM pulse compression sig-
nals, Proceedings of the IEEE, 1964, Vol. 52(11), pp. 1369—
1371. DOTI: 10.1109/PROC.1964.3393.
Xu Z., Wang X., Wang Y. Nonlinear Frequency-Modulated
Waveforms Modeling and Optimization for Radar Applica-
tions, Mathematics, 2022, Vol. 10, Article Ne 3939. DOI:
10.3390/math10213939.
Ghavamirad R., Sebt M. A. Side Lobe Level Reduction in ACF
of NLFM Waveform, /ET Radar, Sonar & Navigation, 2019,
Vol. 13, Issue 1, pp. 74-80. DOIL: 10.104%/iet-rsn.2018.5095.
Alphonse S., Williamson G. A. Evaluation of a class of
NLFM radar signals, EURASIP Journal on Advances in Sig-
nal Processing, 2019, Article Ne 62, 12 p.
Saleh M., Omar S.-M., Grivel E. et al. A Variable Chirp
Rate Stepped Frequency Linear Frequency Modulation
Waveform Designed to Approximate Wideband Non-Linear
Radar Waveforms, Digital Signal Processing, 2021,

DOI 10.15588/1607-3274-2023-4-4

46

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Vol. 109, Atrticle
DOI:10.1016/j.dsp.2020.102884.
Chukka A., Krishna B. Peak Side Lobe Reduction analysis
of NLFM and Improved NLFM Radar signal, AIUB Journal
of Science and Engineering (AJSE), 2022, Vol. 21, Issue 2,
pp- 125-131. DOI: https://doi.org/10.53799/ajse.v21i2.440.
Zhao Y., Ritchie M., Lu X. et al. Non-continuous piecewise
nonlinear frequency modulation pulse with variable sub-
pulse duration in a MIMO SAR Radar System, Remote
Sensing Letters, 2020, Vol. 11, Issue 3, pp. 283-292.
DOI:10.1080/2150704X.2019.1711237.

Kurdzo J. M. Cho John Y. N., Cheong B. L. et al. A Neural
Network Approach for Waveform Generation and Selection
with Multi-Mission Radar, IEEE Radar Conference. Boston,
22-26  April 2019, Article Ne 19043446. DOL:
10.1109/RADAR.2019.8835803.

Nettem A. V., Rani E. Doppler Effect Analysis of NLFM
Signals, International Journal of Scientific & Technology
Research, 2019, Vol. 8, Issue 11, pp. 1817-1821.

Jin G., Deng Y.-K., Wang R. et al. An Advanced Nonlinear
Frequency Modulation Waveform for Radar Imaging With
Low Side Lobe, IEEE Transactions on Geoscience and Re-
mote Sensing, 2019, Vol. 57, Issue 8, pp. 6155-6168. DOI:
10.1109/TGRS.2019.2904627.

Adithyavalli N. An Algorithm for Computing Side Lobe
Values of a Designed NLFM function, International Journal
of Advanced Trends in Computer Science and Engineering,
2019, Vol. 8, Issue 4, pp- 1026-1031.
DOI:10.30534/ijatcse/2019/07842019.

Valli N. A., Rani D. E., Kavitha C. Performance Analysis of
NLFM Signals with Doppler Effect and Back-ground Noise,
International Journal of Engineering and Advanced Tech-
nology (IJEAT), 2020, Vol. 9, Issue 3, pp. 737-742. DOI:
10.35940/ijeat.B3835.029320.

Valli N. A., Rani D. E, Kavitha C. Modified Radar Signal
Model using NLFM, International Journal of Recent Tech-
nology and Engineering (IJRTE), 2019, Vol. 8, Issue 253,
pp. 513-516. DOI: 10.35940/ijrte.B1091.0782S319.
Kostyria O. O., Hryzo A. A., Dodukh O. M. et al. Mathe-
matical model of a two-fragment signal with a non-linear
frequency modulation in the current period of time, Visnyk
NTUU KPI Seriia — Radiotekhnika Radioaparatobuduvan-
nia, 2023, Vol. 92, pp. 60-67. DOI:
10.20535/RADAP.2023.92.60-67.

Kostyria O. O., Hryzo A. A., Dodukh O. M. et al. Improve-
ment of mathematical models with time-shift of two- and tri-
fragment signals with non-linear frequency modulation, Vis-
nyk NTUU KPI Seriia — Radiotekhnika Radioaparatobudu-
vannia, 2023, Vol 93,  pp. 22-30. DOL:
10.20535/RADAP.2023.93.22-30.

Widyantara M. R., Suratman S.-F. Y., Widodo S. et
al.Analysis of Non-Linear Frequency Modulation (NLFM)
Waveforms for Pulse Compression Radar, Jurnal Elek-
tronika dan Telekomunikasi, 2018, Vol. 18, No. 1, pp. 27—
34. DOI: 10.14203/jet.v18.27-34.

Kavitha C., Valli N. A., Dasari M. Optimization of two-
stage NLFM signal using Heuristic approach, Indian Jour-
nal of Science and Technology, 2020, Vol. 13(44),
pp. 4465-4473. DOI:10.17485/1JST/v13i44.1841.

Anoosha C., Krishna B. T. Peak Side Lobe Reduction analy-
sis of NLFM and Improved NLFM Radar signal with Non-
Uniform PRI, Aiub Journal of Science and Engineering
(AJSE), 2022, Vol. 21, Issue 2, pp. 125-131.

Received 02.10.2023.
OPEN a ACCESS

Ne 102884.

Accepted 30.10.2023.




p-ISSN 1607-3274 Pagioenexrponika, inpopmaTuka, ynpasiainss. 2023. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 4

YK 621.396.962

CIIOCIB MIHIMI3AIIIT PIBHSA BIYHAX MEJIOCTOK ABTOKOPEJISAIIMHNX & YHKIIA CATHAJIIB
3 HEJITHITHOIO YACTOTHOIO MOIYJISIIEIO

Koctupst O. O. — 1-p TexH. HayK, C.H.C., IPOBi/. HayK. cmiBp. XapKiBChKOro HauioHaibHOTO yHiBepcuteTy IloBiTpsHux Cuin
imeni IBana Koxeny6a, XapkiB, YkpaiHa.

I'puso A. A. — kaHJ. TeXH. HayK, noueHT, HadansHUK H/1JI XapkiBcekoro HarioHanpHOTO yHiBepcuteTy IloBiTpsHIX Cuit iMeHi
IBana Koxeny6a, Xapkis, Ykpaina.

Hoayx O. M. — kaHI. TexXH. HayK, IPOB. HayK. CHiBp. XapKiBChKOTO HallioHAIBHOTO yHiBepcuTeTy [loBiTpsHux Cui imMeHi IBana
Koxeny0a, XapkiB, Ykpaina.

Jlicoropcbknii B. A. — kana. TexH. Hayk, CTapil. HayK. CHiBp. XapKiBCbKOro HalioHajbHOTro yHiBepcuteTy IloBiTpsHux Cui
imeni IBana Koxxeny0a, Xapkis, Ykpaina.

Jlyk’ssHumKkoB A. A. — cTapul. Hayk. criBp. XapkiBcbKoro HarioHansHoro yHiBepcutery [oBitpsuux Cut imeni IBana Koxeny-
0a, XapkiB, YkpaiHa.

AHOTAIIA

AKTyasbHicTB. Y TenepilHiil yac Ipu CTBOPEHHI HOBUX Ta MOJEPHI3allil iCHYIOUNX PaJioJIOKAIHHIX CHCTEM IIUPOKO BUKOPHU-
CTOBYIOTHCSI TBEPJOTIJIbHI T€HEPaTOPHI MPHIAAH, 0 HAKIAAa€e NEeBHI 0OMEXEHHs Ha IIKOBY HOTY>KHICTh 30H/IyBaJbHUX CHIHAIIIB.
Jst mojonaHHs 1IbOTr0 0OMEKEHHS 3aCTOCOBYIOTHCSI CUTHAIIM O1IBIIIOT TPUBAJIOCTI 3 BHYTPIIIHBO iIMITYJIECHOIO MoAyJisietro. OCHOB-
Hi 3yCHIUISL JOCIIiTHUKIB 30CEPe/KYIOThCS Ha 3HIKEHHI MAKCHMAJIBbHOTO PiBHS OIYHMX MEJIOCTOK aBTOKOPEJALiiHOI QyHKIT Takux
CHUTHAIIB, SIKMH 0e3 NPUHHSATTS J0JaTKOBUX MIp Ma€ CyTTEBHUiIl piBeHb, L0 YTPYIHIOE POOOTY CHCTEM BHSBICHHs Ta cTadimiariii
PiBHS XHOHHX TPUBOT. YBarorw KOPHCTYIOTHCS CHUTHAIH 3 HENIHIHHOIO YaCTOTHOI MOIYJIALIEI0, SKi CKJIAAIOThCA 3 IBOX Ta TPHOX
JIHIHHO-9aCTOTHOMOYJIOBaHUX (parMeHTiB. MakcuManbHUH piBeHb OIYHUX MENIOCTOK TAKHX CHTHATIB CYTTEBO 3alEXKHThH Bij
YaCTOTHO-YaCOBHX MapaMeTpiB ()parMeHTiB, a TOMy Jy’Ke CKIAIHO OTpUMATH Horo craburbHe 3HadeHHs. [lomryk curaaiis 3 MiHIiMa-
JBHUMU 3HAYEHHSMH PiBHS OIYHUX IEIIOCTOK IUIIXOM ONTHMI3alii iX 4aCTOTHO-4acOBHX MapaMeTpiB € CKIATHOIO 33/1auero, 60 3Mi-
Ha [apaMeTpiB MonepeHix GpparMeHTiB CUrHaIy IPU3BOAUTE JI0 3MiH ITapaMeTpiB HACTYIHUX ()parMeHTiB.

Meroto poboTH € po3pobka criocoOy sl CHPOLIEHHS HOIIYKY JIOKAJIBHUX MIHIMYMIB piBHS OiYHHX MEIIOCTOK JBO- Ta Tpudpar-
MEHTHHX CHTHAJIIB 3 HEJiHIHOIO 4aCTOTHOIO MOIYJISIIIIEIO 32 paXyHOK BUKOPHCTaHHS MOIU(iIKOBaHOI MaTEMAaTHYHOT MOZEII 3 LiTUM
YHCIIOM TIEPiOAiB PaliOKOIMBAHb JiHIHHO-4aCTOTHOMOYJILOBAaHUX (pparMeHTIB.

MeTtoa. Po3pobienuii criocid ciupaeThest Ha 3apOIIOHOBaHy MO (iKaLit0 MATEMaTHYHOT MOZAEMI, SIKa 311HCHIOE KOPUTYBaHHS
YaCTOTHO-YaCOBUX MapaMeTpiB ABO- Ta TPU(PPArMEHTHUX CUTHAINIB 3 HEJIHIHHOIO YaCTOTHOIO MOIYJIALIEI0 338 PaXyHOK MOAUQiKaIii
3HAUCHb IIBUIKOCTI YaCTOTHOI MOMYJISNIi IpH 3a0e3NeueHH] NIoTo YHCiIa TOBHUX MEPioJiB pagioyacTOTHUX KOJMBAHb IS KOXKHO-
0 3 (hparMeHTiB, IO CIPOLIYE MPOIIEC 3HAXOPKEHHS JIOKATBHIX MIHIMYMIB PiBHS OIYHHX IETIOCTOK.

Pe3yasTaTn. Moaudikarist mo4aTkoBoi MaTeMaTHIHOI MOAENI NPU3BOAUTE 0 PO3LIMPEHHS MOXKIMBOTO Jiarna3oHy 3Ha4eHb
YaCTOTHO-YaCOBUX MapaMeTpiB, CHIBBIJHOMIECHb TPHBAIOCTEN Ta JAeBialliil 4acTOTH JIIHIHHO-4aCTOTHOMO/YJIbOBAaHUX (hparMeHTiB Ta
3abe3mneuye CTiiKicTh POOOTH MaTeMaTHYHOI MOJIEN PY 3HIKEHHI 3HAUSHHS MaKCUMAJBHOTO PiBHS OIYHMX IIENIOCTOK aBTOKPEIs-
LiiHOT QyHKIIT.

BucHoBku. ExcriepuMeHTaIbHO HiATBEPPKEHO, [0 BUKOPHCTAHHS 3alIPOMIOHOBAHOI0 crIoco0y Moaudikamiil BXiJHUX 4aCTOTHO-
YaCcOBHX IMApaMETPiB CHTHATIB 3 HENiHIHHOI YacTOTHOK MOIYJLALIEI0 y MEpeBaKHIM OLTBIIOCTI BUMAAKIB 3a0e3medye 3HIDKCHHS
MaKCHUMAaJBHOTO PiBHS OIYHMX MENIOCTOK Ta CIIPOILY€E MPOLEC 3HAXOHKEHHS HOro JIOKalTbHUX MiHIMyMiB. BU3Ha4eHO onTHManbHi
CIIIBBIHOIICHHS TPUBAIOCTEH Ta JeBiamili 4acTOTH (pparMeHTiB CHTHAIy, IPH DOTPHMaHHI Takux 3abe3medyeThes CTilika pobora
MoJerel Ta y OIIBIIOCT] BUMAAKIB — MEHIIE 3HAYSHHS MAKCHMAIILHOTO PiBHS OIYHHX IMEITIOCTOK.

KJIOYOBI CJIOBA: MaTteMaTHyHa MOJICb; CUTHAI 3 HETIHIHHOK YaCTOTHOK MOJYJISALIEI0; aBTOKOPEsIiiHA (YHKILS; MaK-
CHMAJIbHUH PiBEeHb OIYHHX MEIFOCTOK.
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