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ABSTRACT

Context. The rapid development of the technology of digital synthesis and processing of radar signals, which has been observed
in recent decades, has practically removed restrictions on the possibility of implementing arbitrary laws of frequency modulation of
radio oscillations. Along with the traditional use of linearly-frequency-modulated signals, modern radar means use probing signals
with non-linear frequency modulation, which provide a lower level of maximum side lobes and a higher rate of their descent. These
factors, in turn, contribute to improving the detection characteristics of targets under conditions of passive interference, as well as
increasing the probability of detecting small targets against the background of targets with larger effective scattering surfaces. In this
regard, a large number of studies are conducted in the direction of further improvement of existing and synthesis of radar signals with
new laws of frequency modulation. The use of multifragment nonlinear-frequency-modulated signals, which include fragments with
both linear and nonlinear modulation, provides an increase in the number of possible versions of the laws of frequency modulation
and synthesis of signals with predicted characteristics. Synthesis of new multifragment signals with a reduced level of side lobes of
autocorrelation functions and a higher rate of their descent is an important scientific and technical task, the solution of which is de-
voted to this article.

Objective. The purpose of the work is to develop mathematical models of the current and shifted time of two-fragment nonlin-
ear-frequency modulated signals for the case when the first fragment has a root-quadratic, and the second linear frequency modula-
tion and determine the feasibility of using such a signal in radar applications.

Method. The article theoretically confirms that for the mathematical model of the current time, when moving from the first
fragment to the second at the junction of fragments, jumps of instantaneous frequency and phase (or only phases for the mathematical
model of shifted time) occur, which can significantly distort the resulting signal. Determination of value of frequency-phase jumps
for their further elimination is performed by finding difference between value of initial phase of second fragment and final value of
phase of first fragment. A distinctive feature of the developed mathematical models is the use of the first fragment of the signal with
root-quadratic, and the second — linear frequency modulation.

Results. Comparison of the signal, the first fragment of which has root-square frequency modulation, and the signal with two
linearly-frequency-modulated fragments, provided that the total duration and frequency deviation are equal, shows that for the new
synthesized signal the maximum level of side lobes decreased by 1.5 dB, and their rate of decay increased by 6.5 dB/dec.

Conclusions. A new two-fragment signal was synthesized, the first fragment of which has root-quadratic, and the second — linear
frequency modulation. Mathematical models of the current time and with a time shift for calculating the values of the instantaneous
phase of such a signal have been developed. A distinctive feature of these models is the presence of components to compensate for
frequency-phase distortions, taking into account the modulation law of the frequency of the first fragment. The resulting oscil-
lograms, spectra and autocorrelation functions of the synthesized two-fragment signals do not contradict the known theoretical posi-
tion, which indicates the reliability and adequacy of the proposed mathematical models.

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

ABBREVIATIONS PSLL is a peak side lobe level;
ACEF is an autocorrelation function; REQ is a radio electronic equipment
SL is a side lobe; RP is a radio pulse;
ML is a main lobe; FM is a linear frequency modulation;
PWM is a pulse-width modulation; FMR is a frequency modulation rate;
WP is a weight processing; DDS is a digital discrete synthesis;
RQFM is a roots of quadratic frequency modulation; DSP is a digital signal processor;
LFM is a linear frequency modulation; FPGA is a field-programmable gate array;
MM is a mathematical model, SDR is a software-defined radio;
MPSLL is a maximum peak side lobe level, PLL is a phase-locked loop.

NLFM is a non-linear frequency modulation;
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NOMENCLATURE
By is a time-bandwidth product;

Af is a frequency deviation of the signal, Hz;

A, is a frequency deviation of the n™ signal fragment
NLFM, Hz;

Ts is a weight of the signal, s;

n=1, 2 is a serial number signal fragment NLFM;

fo 1s a initial signal frequency, Hz;

t is a current time, s;

T,, is a duration of the n" signal fragment NLFM, s;

T, is a sums of duration of the first and second frag-

ments, s;
¢, (t) is a instantaneous phase n-ro signal fragment

NLFM, rad;
B, isa FMR n" signal fragment NLFM, Hz/s;

AP, is a difference FMR 2™ and 1™ fragments, Hz/s;

Biy is a average FMR 1" fragment, Hz/s;

Byg is a ultimate FMR 1™ fragment, Hz/s;

3¢y, is a component to compensate for phase jump at
fragment junction, rad.

INTRODUCTION

The widespread use of digital synthesis and radar sig-
nal processing due to the introduction of new capabilities
of DDS, DSP, FPGA, SDR technologies [1-10] provides
the use of signals with various types of PWM [11-16].
Signals with PWM frequency (phase) are called complex
signals, among them the most widely used are signals
with LFM. Such signals ensure preservation of required
distinguishing ability from range in case of increase of
radar probing signal duration to increase its energy poten-
tial [11-13, 15, 17-22]. Scientific research is actively
carried out to improve the technical characteristics of
REQ by using complex signals with different types of
PWM from LFM, one of the directions is to minimize the
value of MPSLL ACEF radar signals.

As a rule, this is achieved by selecting the type of
modulation of the probe signal [11-24] or by WP of the
reflected radio frequency oscillation in the radar receiver
[25, 26]. It is also possible to jointly apply the above
methods [27-29], which can potentially provide a better
result. The effectiveness of the use of WP depends sig-
nificantly on such a parameter as the rate of decrease in
the SL of ACF signals. Therefore, when selecting a probe
signal, in addition to the MPSLL, attention should also be
paid to the value of the SL descent rate, which should be
as achievable as possible.

The choice of the PWM type of the probe signal can
be based on the analysis of its spectral characteristics — a
sign of a decrease in the ACF MPSLL is the rounding of
the signal spectrum, that is, the approximation of its shape
to the bell-shaped one. This effect can be achieved by
using nonlinear frequency modulation, namely, by in-
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creasing the FM, which is a derivative of the instantane-
ous frequency B(¢) =df (¢)/dt. In this case, the FM can

have both a constant (linear frequency change) and a vari-
able value (non-linear FM). Such signals are related to
NLFM signals, they can be formed by sequentially join-
ing fragments in time with linear and nonlinear FM. There
are MM two- and three-fragment NLFM signals [30-34].
Single-fragment signals with polynomial, tangential, S-
shaped and other types of FM are also known [35-39].
NLFM signals also include phase-manipulated signals
[41].

This article is devoted to the consideration of the fea-
tures of the formation of multi-fragment, namely two-
fragment NLFM signals.

There is no doubt that three-fragment NLFM signals
provide lower MPSLL compared to two-fragment signals,
and therefore their use is more expedient. However, two-
fragment signals should not be excluded from considera-
tion, since they are significantly easier to implement,
richly illustrative and allow more efficient testing of new
theoretical hypotheses and putting into practice the results
obtained. Such signals should be used at the initial stage
of research to debug MM and develop software products
for their practical reproduction.

The research is based on the hypothesis that it is pos-
sible to synthesize an NLFM signal with a lower MPSLL
and a higher rate of decline of the SL if one of the frag-
ments in the low frequency region has a more rounded
shape.

The article considers the case when the first fragment
of the NLFM signal has a root-quadratic, and the second —
linear FM.

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

The subject of study are mathematical models of
NLFM signals, which consist of two fragments of the
RQFM-LFM type.

The purpose of the work is to develop the MM of the
current and shifted time of the RQFM-LFM signal and
determine the feasibility of using such a signal in radar
applications.

1 PROBLEM STATEMENT

The authors [33], along with NLFM signals, which
consist of LFM fragments, consider signals, one of the
fragments of which has a nonlinear law of frequency
change, for example, exponential. They are also consid-
ered as independent tangential, polynomial, S-shaped and
other laws of frequency modulation [14, 35-39], which
provide two-sided or one-sided rounding of the signal
spectrum.

A distinctive feature of the signal with RQFM in
comparison with the classical LFM signal is the rounding
of the spectrum in the low frequency region, which makes
it attractive to use it as one of the fragments for the syn-
thesis of multi-fragment NLFM signals. It is to be ex-
pected that the NLFM signals, when included in their
composition of the RQFM fragment, will have better
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characteristics with MPSLL compared to signals consist-
ing only of LFM fragments.

To determine the features of the synthesis of NLFM
signals using RQFM fragments, it is proposed to first
consider the option of a two-fragment RQFM-LFM signal
with the development of the current and shifted time MM.

The authors of the article propose to consider two-
fragment NLFM signals, the first fragment of which has
RQFM, that is, its instantaneous frequency changes in
accordance with the expression:

£i@0) = fo +BinTit » (1)

A
where By =% — average FMR 1" fragment RQFM
1
NLFM signal.
As the initial, let’s take the MM of the current time of
the NLFM signal with frequency-phase distortion com-
pensation, which consists of two LFM fragments [40]:

2
2n{f0t+%},0§t3ﬂ;
o) =
By’ )
2m (fO _ABZITI)I"’_T +3¢1p, T} <t <Ty
2
where 3915 =1 Ba1; B, =41, /T,; ABy =PBr—Pi;

T =N+T,.

The current instantaneous phase component, which
compensates for frequency jumps during the transition
from the first fragment to the second, is calculated
as AleT t.

As the initial MM shifted time, we also use the
NLFM signal with two LFM fragments [41] of the form:

. Bt
27 jot-i—T ,OﬁtSTi;

2
9u()= 211{(‘1’0 +A)(E-Th) +Bz[%—T1fﬂ—5(Plzs A3)

T <t<Tp,

where 8@, = —7'ET12 (B2 +By)-

It is expected that due to the instantaneous change in
FMR at the joints of RQFM and LFM fragments, instan-
taneous frequency and phase jumps (or only phases for
MM shifted time) will occur, as is justified in [40, 41],
but the expressions for calculating the magnitude of these
jumps will be different, and therefore the resulting MM
will be new, which is the result research.

The effectiveness of the use of new MMs is evalu-
ated by achievable MPSLL, the rate of reduction of SL
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and the width of ML ACF signals, which is measured at
0.707 of the maximum value, compared to the previously
obtained in the works [14, 27-41]. Also, when comparing
the results obtained, the value of the signal base should be
taken into account Bg = Af¢T , that is, the product of the

deviation of the signal frequency by its duration, since
with a decrease in Bg, the MPSLL ACF value usually in-
creases.

2 REVIEW OF THE LITERATURE

New opportunities for digital synthesis and digital
processing of radar signals, which are provided by DDS,
DSP, FPGA, SDR technologies, allow to radically revise
approaches to the development of a new and improvement
of the existing REQ. The stimulator of this process is
DDS [1, 2], which provides the development of increas-
ingly high-frequency radio bands. The emergence of such
a tool as DSP [3, 4] at one time made a significant im-
provement in the efficiency of DSP systems in relation to
the range of operating frequencies and their band. In the
future, the FPGA [5-9] combines DDS with PLL, pro-
vides DSP functions, which allows you to quickly change
the operating modes of radar equipment by changing the
operating frequency, type of probe signal and operating
frequency band. SDR technology [10] is now more of a
tool for scientific researchers and REQ developers, as due
to versatility it can have excessive hardware redundancy.

The above indicates that there is a practical possibility
of introducing new types of probing signals with different
types of PWM into REQ.

Theoretically, the feasibility of using probing LFM
and RQFM signals [11-13, 15, 17-22], which historically
were the first among complex signals, has been proved in
practice. The authors of these publications define as com-
plex such signals, the base of which, that is, the product of
the duration of RP by the width of its frequency band, is
more than one. In addition to LFM and RQFM, signals
with non-linear PWM frequencies — NLFM signals [11—
24, 27-41] are also complex.

The nonlinear PWM frequency allows increasing
FRM at the edges of the RP, as a result of which the sig-
nal spectrum is rounded, which is equivalent to the WP
signal in the time domain [25, 26], but the bypass RP re-
mains rectangular and the energy loss in the radio trans-
mitter does not increase.

Varieties of NLFM signals are widely considered by
the authors [14, 27-41], these works are devoted to the
problem of improving the characteristics of REQ by re-
ducing MPSLL, which is achieved due to the WP signal
in the radio receiver [25, 26], rounding the signal spec-
trum [14, 30-41] or the simultaneous use of these meth-
ods [27-29].

Reduction of MPSLL can be achieved by synthesizing
a new type of signal, as described in [33]. The authors
proposed a two-fragment NLFM signal, the first fragment
of which has an exponential FM.

It is appropriate to clarify the feasibility of using
fragments with other non-linear types of FM, which can
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also provide rounding of the signal spectrum and reduce
MPSLL.

New opportunities for digital synthesis and digital
processing of radar signals, which are provided by DDS,
DSP, FPGA, SDR technologies, allow to radically revise
approaches to the development of a new and improvement
of the existing REQ. The stimulator of this process is
DDS [1, 2], which provides the development of increas-
ingly high-frequency radio bands. The emergence of such
a tool as DSP [3, 4] at one time made a significant im-
provement in the efficiency of DSP systems in relation to
the range of operating frequencies and their band. In the
future, the FPGA [5-9] combines DDS with PLL, pro-
vides DSP functions, which allows you to quickly change
the operating modes of radar equipment by changing the
operating frequency, type of probe signal and operating
frequency band. SDR technology [10] is now more of a
tool for scientific researchers and REQ developers, as due
to versatility it can have excessive hardware redundancy.

The above indicates that there is a practical possibility
of introducing new types of probing signals with different
types of PWM into REQ.

Theoretically, the feasibility of using probing LFM
and RQFM signals [11-13, 15, 17-22], which historically
were the first among complex signals, has been proved in
practice. The authors of these publications define as com-
plex such signals, the base of which, that is, the product of
the duration of RP by the width of its frequency band, is
more than one. In addition to LFM and RQFM, signals
with non-linear PWM frequencies — NLFM signals [11—
24, 27-41] are also complex.

The nonlinear PWM frequency allows increasing
FRM at the edges of the RP, as a result of which the sig-
nal spectrum is rounded, which is equivalent to the WP
signal in the time domain [25, 26], but the bypass RP re-
mains rectangular and the energy loss in the radio trans-
mitter does not increase.

Varieties of NLFM signals are widely considered by
the authors [14, 27-41], these works are devoted to the
problem of improving the characteristics of REQ by re-
ducing MPSLL, which is achieved due to the WP signal
in the radio receiver [25, 26], rounding the signal spec-
trum [14, 30-41] or the simultaneous use of these meth-
ods [27-29].

Reduction of MPSLL can be achieved by synthesizing
a new type of signal, as described in [33]. The authors
proposed a two-fragment NLFM signal, the first fragment
of which has an exponential FM.

It is appropriate to clarify the feasibility of using
fragments with other non-linear types of FM, which can
also provide rounding of the signal spectrum and reduce
MPSLL.

3 MATERIALS AND METHODS
Using the methods [40] and (1), we determine the fi-
nal phase of the first fragment and the initial phase of the
second fragment of the RQFM-LFM signal for the time
t=T. It should be noted that the FMR of a fragment with
RQFM is a time variable, its instantaneous value is:
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and at time =7, the final FMR value is:

P =pi(r) =P )
We have expressions for the final phase of the first
and the initial phase of the second fragment:

2
Qg1 = Zﬂ[foﬂ +§B1Elej; (%)

1
P52 = 2T{foTl +EBZT12J (6)

and taking into account (4)—(6) the phase jump at the
junction of the fragments is equal to:

31y =211} (372 - B]TNJ (7

Thus, based on (1), (2) and (7), the MM for calculat-
ing the instantaneous phase of the two-fragment NLFM
signal in the current time, if the frequency of the first
fragment changes according to the root-square law, has
the form:

2m f0t+ ,OSl‘STl;

2131NV13T1
3

o) = )

2
t
2 (fo —AB21T1)t+B2T}6<p12, T, <t<Ty,

An MM of the current time of the two-fragment
NLFM signal (8) is obtained, which provides determining
a frequency jump at the junction of fragments in the case
when the first fragment is a signal from RQFM, which, in
turn, allows compensating for the corresponding phase
jump and taking into account the change in instantaneous
frequency when switching to the second fragment.

These results can be applied to the development of an
MM shifted time for a similar signal in which the fre-
quency jump at the junction of fragments is compensated
automatically.

Using (1), (3), (4) and the results of the studies [41],
the phase jump at the fragment junction for MM shifted
time is defined as:

4
3y = —Tlez(Bz +%} )
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Using (1), (3) and (9), we record the MM of the
shifted time to calculate the instantaneous phase of the
two-fragment NLFM signal, the first fragment of which is
the signal from RQFM:

o) =

2B ET
21 ﬁw% L0<t<Ty

(10)

B, (t* ~Tir)

| (fo + M (t=T7) + 5

=0¢pp, I} 1<Tpp

Model (10) differs from (8) in the form of time repre-
sentation and is fully adequate to it. That is, (8) and (10)
allow you to get the same final result in different mathe-
matical ways, which is evidence of their fairness and reli-
ability.

4 EXPERIMENTS

The operability of the two-segment NLFM signals de-
veloped by MM, in which the first fragment has RQFM,
was checked using the MATLAB application package.

To determine the advantages and disadvantages of the
new synthesized RQFM-LFM signal, three more complex
signals were simulated: single-fragment (LFM, RQFM)
and two-fragment (LFM-LFM) with equivalently identi-
cal frequency-time parameters. That is, the total duration
and frequency deviation of two-fragment signals is equal
to the duration and frequency deviation of single-
fragment signals that were taken for research. The follow-
ing signal characteristics were measured and compared:

— MPSLL value;

— SL descent rate;

— ML ACEF signal width at the level of 0.707 of the
maximum value.

For a more detailed analysis of RQFM-LFM signals, a
group of five signals was studied, for one of which
graphic material was provided. Also, for comparison, a
graphic material for single-fragment LFM and RQLF sig-
nals was obtained, the frequency-time parameters of
which coincide with the parameters of one of the RQLF-
LFM signals (No. 3, Table 2).

5 RESULTS

The results of studies of single-fragment LFM, RQFM
and two-fragment LFM-LFM, RQFM-LFM signals are
summarized in Table 1.

Comparison of results for LFM and RQFM signals
shows that the RQFM signal has a larger ML ACF width,
this is evidence of a decrease in the effective signal spec-
trum width, which is perfectly logical, since the LFM
spectrum of Fig. 1a compared to the RQFM spectrum of
Fig. 2b has a more rectangular shape, that is, in the same
frequency band, the power spectral density of the RQFM
signal is less than that of the LFM signal.
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Table 1 — Results of experimental studies of NLFM signals of
different types with equivalent frequency-time parameters

Typeof| T, | 7o, | Af., mpsLL, | Decline of \ypp A cr,
signal | pus | ps | kHz A, kHz dB SL, s
dB/s
LFM | 120 — | 600 | - | -1343 | 19.65 0.75
RQFM | 120] — | 600 | - | -1347 | 19.55 0.92
LEM-" 50 {100 | 200 | 400 | —17.31 17.42 0.83
LFM : : :
RQFM-
CEM | 40 | 80 | 400 | 200 | -19.0 24.0 1.03

The MPSLL values and the SL decay rates of these
signals are virtually indistinguishable.

Normalized spectrum
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Figure 1 — Spectrum (a), ACF (b) LFM signal

It should be noted that the amplitude of the pulsations
of the SL ACF LFM signal (spurious oscillations at the
output of the matched filter) exceeds 20 dB (Fig. 1b), for
the RQFM signal this value averages 5 dB (Fig. 2c), and
therefore the use of WP for such signals should give the
best effect.

Table 2 shows the values of frequency-time parame-
ters of the studied two-fragment RQFM-LFM signals cal-
culated in accordance with MM (8). The use of MM (10)
provides identical results.
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Figure 2 — Frequency change plot (a), spectrum (b), ACF (c)
signal with RQFM

Table 2 — Results of experimental studies of two-fragment
RQFM-LFM signals

Decline
No Ty, us | To,us | Afi,kHz | Afs, kHz MPSLL, of SL,
dB

dB/s
1. 20 40 500 300 -20.76 21.5
2. 40 80 500 100 -20.0 26.5
3. 40 80 500 300 -19.71 22.3
4. 80 160 500 300 —19.38 22.6
5. 80 160 600 400 -20.16 20.0

A comparative analysis of the results of Table 1 and
Table 2 indicates that, provided the frequency-time pa-
rameters of signals such as RQFM-LFM and LFM-LFM
are equal, the MPSLL decrease for the new signal is ap-
proximately from 1.5 dB to almost 2.7 dB, and the SL
decrease rate increase in this case, from 6.6 dB/dec. up to
9.1 dB/deck.

The result of comparing the graphic material for
RQFM (Fig. 2) and RQFM-LFM (Fig. 3) signals is inter-
esting. Graphs of the instantaneous frequency change over
time in Fig. 2a and Fig. 3a have insignificant differences
at the mark of 40 ps — Fig. 3a shows a slight decrease in
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the characteristic. In this case, the signal spectra of Fig.
2b and Fig. 3b differ significantly. Figure 3b clearly
shows both spectral components of the signal, the transi-
tion between them without gaps and differences. That is,
there are no frequency and phase jumps at the junction of
the fragments.

Based on the results of comparative analysis of ACF
signals, the following should be noted. As a result of the
combination of two types of FM, the first SL RQFM sig-
nal (see. Fig. 2¢) on the ACF graph, the RQFM-LFM sig-
nal merged with ML (Fig. 3c), as a result of which the
width of ML at the minimum level increased, the dip be-
tween the first SL and the second SL increased, as a result
of which the level of the second SL from —18 dB de-
creased to —22 dB and the third petal became the maxi-
mum at —20 dB. The amplitude of pulsations SL in Fig.
3v compared to Fig. 2b increased by 2-3 dB, but it is sig-
nificantly less than for the single-fragment LFM signal
Fig. 1b. These changes with other digital values are ob-
served in the ACF graphs of RQFM-LFM signals with
identical frequency-time parameters, which are included
in Table 2.

Frequency, MHz

1

0.5 ///

0

a
1 Normalized spectrum

0.8 |
0.6 WL

|
04 f |

0.2 f |

0 .
-1 -0.5 0 0.5

1 1.5 2
Frequency, MHz

b

Autocorrelation function, dB

-80

1000 10000
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1 10 100
C

Figure 3 — Frequency change plot (a), spectrum (b), ACF (c)
signal from RQFM-LFM
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To demonstrate the potentially achievable characteris-
tics, Fig. 4 shows the results of modeling the RQFM-LFM
signal with the following parameters: f;,=0,

Afy =550 KHZ, Af, =100kHz, T; = 20 ps, T, = 40 ps.
Frequency, MHz
0,5 //
0
0 10 20 30 40 50 60
Time, ps

a
Amplitude, V

[

—_

0 10 20 30 40 50

Time, ps
b
Normalized spectrum
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0 e e )
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d

Figure 4 — Frequency change plot (a), oscillogram (b), spec-
trum (c), ACF (d) RQFM-LFM signal with parameters:
Jo =0, Af; =550 kHz, Af; =100kHz, 7} =20 ps,

T, =40 ps

The frequency change graph of Fig. 4a and the oscil-
logram of Fig. 4b indicate the absence of abrupt changes
in the instantaneous frequency and phase of the signal,
which also confirms the appearance of its spectrum of
Fig. 4c. For better clarity of the result, the ACF plot is
shown on a linear scale. The MPSLL value is —26.9 dB
and the SLL decay rate is estimated at 30 dB/dec. ACF
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shows the merger of ML with SL, due to which its width
at the minimum level has significantly expanded, how-
ever, at 0.707 from the maximum value that determines
the discriminating ability from the range to the location
objects, the ML ACF extension is acceptable.

The ratio of duration and frequency deviations of
RQFM and LFM fragments is determined, according to
which MMs ensure the absence of frequency and phase
jumps (or only phase) at the junction of NLFM signal
fragments. For the duration of fragments, the ratio of 1:2
is optimal, that is, the LFM fragment must be twice as
long as the RQFM fragment. For frequency deviations,
the range of change in the ratio between fragments is sig-
nificantly larger — from 6:5 to 5:1. If this value is 1:1 and
with a subsequent increase in the contribution of the LFM
fragment to the ACF of the resulting signal, the RQFM
increases and it begins to approach the ACF LFM signal
in appearance and characteristics, which is quite logical.

6 DISCUSSION

The two-fragment NLFM signals considered in [35]
mainly have the form LFM-LFM, the MPSLL obtained
for this case is at the level of —16.5 dB, which is a very
real result in the absence of phase jump compensation in
MM shifted time, which was used. In [33], a two-
fragment NLFM signal is proposed, the first fragment of
which has an exponential FM, the smallest MPSLL ACF
value is —25.96 dB at Bg =200 . As a result of the studies

performed, this result was improved by 0.94 dB with
Bg =39, that is, such an MPSLL value is obtained for

the low-base ( Bg <100 ) signal.

The achieved MRBP level of synthesized RQFM-
LFM signals practically reaches (on average, about 1-2
dB worse) MPSLL three-fragment NLFM signals consist-
ing of LFM fragments. However, compared to the latter,
the new signals have a wider range of changes in the input
frequency parameters and provide a higher SLL decay
rate. Therefore, in the case of WP application, an im-
provement in the results of further MPSLL reduction as
compared to the above signals is to be expected.

CONCLUSIONS

The scientific novelty. As a result of the studies, a
new two-fragment NLFM signal was synthesized, which
consists of RQFM and LFM fragments. Two new MMs
(current time and with time shift) have been developed to
calculate the instantaneous phase values of such a signal.
Studies of MM have demonstrated their mutual compli-
ance and adequacy, which is evidence of their reliability.
The combination of RQFM and LFM fragments allows
you to get an NLFM signal with a reduced MPSLL level
and a higher SLL decay rate. A feature of using RQFM
fragments in a two-fragment NLFM signal has been re-
vealed. This feature is that to calculate the frequency pa-
rameters of the RQFM fragment, it is necessary to use the
average value of FMR B, , and to determine the compo-

nents of the frequency-phase correction, take the final
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FMR value for the fragment, which is half the average,
that is, ;5 /2. By mathematical modeling, it is deter-

mined that the MPSLL for the studied group of five
NLFM signals ranges from —19.38 dB to —20.76 dB, and
the SLL decay rate varies from 19 dB/dec to 22 dB/dec,
which is on average more than in the case of using only
LFM fragments. Comparison with the LFM-LFM type
signal for the same frequency-time parameters demon-
strates a decrease in MPSLL by 1.5 dB, an increase in the
SLL decay rate by 6.5 dB/deck, however, the ML ACF
width increased by 24%, which is the price for improving
the previous characteristics. Analysis of the obtained os-
cillograms, spectra and ACF synthesized NLFM signals
shows no distortion at the joints of fragments, which indi-
cates that the values of frequency-phase (or only phase)
jumps are determined correctly and fully compensated.

The practical significance of the obtained results lies
in the possibility of using the synthesized NLFM signal
for use as a probe in a variety of radar facilities. In addi-
tion to the above advantages RQFM-LFM signal is its
insensitivity to change the ratio of frequency deviations
RQFM and LFM fragments in contrast to LFM-LFM sig-
nals. That is, in the case of practical application, the
RQFM-LFM type signal will provide greater variability in
the frequency parameters of the probe signal without
changing the total frequency deviation, which will im-
prove the characteristics of the radar in terms of noise
immunity and electronic compatibility.

Prospects for further research. In the future, it is
planned to develop MM three-fragment NLFM signals
that use fragments with a nonlinear law of frequency
modulation.
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AHOTAIIA

AKTyanbHicTh. BypximBuii po3BUTOK TeXHIKHM IU(POBOro CHHTE3Y Ta 0OpPOOKH PajioioKalifHUX CHUTHANIB, SIKMH cHoOcCTepira-
€ThCS Y OCTaHHI JECATUIITTS, NPAKTUYHO 3HSAB OOMEXKEHHS LI0A0 MOXKJIMBOCTI peaji3alil JOBIIbHUX 3aKOHIB YaCTOTHOI MOJYJIALIT
paniokosnuBanb. [lopsin 3 TpaauLiHHAM 3aCTOCYBAHHSIM JiHIHHO-4aCTOTHO-MOMAYJIbOBAHMX CHUTHAIIB B CYYacHHX pajiojoKauiifHuX
3ac00ax BUKOPUCTOBYIOTHCS 30HAYBAIbHI CHTHAIH 3 HENIHIIHOI YaCTOTHOIO MOYJIALIEI0, SIKi 320€3MeUy0Th HH)KUHI PiBEHb MaK-
CHUMaJIbHUX OIYHUX TENTIOCTOK Ta OUIBIIY MBHAKICTH iX cmaganHs. Lli ¢pakTopu B CBOIO Yepry CHOpPHUSIOTH MOKPAIICHHIO XapaKTepuC-
TUK BUSBJICHHS LUJIEH 3a YMOB JIii TACHBHUX 3aBaJI, a TAKOX IiJIBUIICHHIO WMOBIPHOCTI BHSBJICHHS MaJOPO3MIpHHX IIJICH Ha TIi
1itei 3 OUIBIIMME e()eKTUBHUMHU OBEPXHIMH PO3CIIOBAaHHS. Y 3B’S3Ky 3 IIUM BeJHKa KUIBKICTh JOCIIKEHb IIPOBOJUTECS y HAIpPS-
MKY MOJAJIbIIOr0 yJOCKOHAJICHHS ICHYIOUHX Ta CHHTE3y PaJioJIOKAlliiHUX CUTHAJIB 3 HOBUMH 3aKOHAMH 4acTOTHOI MoayJisiuii. Bu-
KOpHCTaHHs 0araro)parMEHTHUX HENiHIHHO-4aCTOTHO-MOJIYJIbOBAaHUX CUTHAJIB, 0 CKJIamy SIKMX BXOIATH ()pPArMEeHTH 5K 3 JiHIH-
HOIO, TaK i 3 HEJiHiIIHOI MoIyIsieio 3abe3mnedye 301IbLMICHHS KiTbKOCTI MOXJIMBHX BapiaHTIB 3aKOHIB YacTOTHOI MOAYJILIi Ta
CHHTE3 CHUTHAIB 3 MPOrHO30BAaHUMH XapakTepucTukaMi. CHHTEe3 HOBUX 0OaraTto(pparMeHTHHX CUTHAIIB 31 3HIKEHUM piBHEM OiuHHX
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TIEITFOCTOK aBTOKOPEIIIIMHUX (QyHKIIH Ta OiIbIIO0 MIBHAKICTIO IX CIIAQJAHHS € BaXIIMBOIO HAyKOBO-TEXHIYHOIO 33/1aUer0, BUPIIICH-
HIO SIKOT IPUCBSYCHO JaHy CTaTTIO.

MeTta po6oTH — po3poOKa MaTeMaTUYHHUX MOJIENIel TOTOYHOTO i 3CYHYTOro Yacy ABO(ParMeHTHUX HEJIiHIHHO-4aCTOTHO MOJY-
JIbOBAHUX CHUTHAIIB Ul BHIAIKY, KOJIM HepUIMii GpparMeHT Mae KOpiHb-KBaApaTU4HY, a APYTUil JiHIIHY 4acTOTHY MOAYJLSILIIO Ta
BU3HAYCHHS TOLIIBHOCTI BUKOPHUCTAHHS TAKOTO CUTHATY B PaiONOKALIHUX 3aCTOCYBaHHSX.

Mertona. B cTarTi TEOpETHYHO MiATBEPIKCHO, IO JJIsI MAaTEMAaTHYHOT MO IIOTOYHOTO Yacy, IpH Mepexoi Bix nepmoro ¢par-
MEHTY 10 Ipyroro Ha CTUKY ()parMeHTiB BHHUKAIOTh CTPHOKH MHUTTEBOi 4acTOTH Ta (a3u (abo TimbKH (a3u s MaTeMaTHIHOL
MOJIeNTi 3CYHYTOrO 4acy), siKi MOXYTb CYTTEBO CIIOTBOPHTH PE3yJbTYHOUMil CHUrHay. BH3HaueHHsS BENMYMHH YaCTOTHO-(ha30BHX
CTPUOKIB JUIsl 1X IOJAJBIIOr0 YCYHEHHS BHKOHYEThCS IUISIXOM 3HAXOJDKCHHS PI3HMI[ MK 3HAYCHHSIM IOYaTKOBOI (ha3d Jpyroro
(parMeHTy Ta KiHI[CBUM 3Ha4CHHSIM (a3u mepuioro. BiqMiHHO OCOONMHMBICTIO PO3POOJICHUX MATEMATHUYHHX MOJCICH € BHUKOPHU-
CTaHHJ MepIIoro pparMeHTy CUrHaily 3 KOpiHb-KBaPaTHYHOIO, @ APYTOro — JIiHIHHOI YaCTOTHOIO MOAYJISILIET0.

PesyabraTu. [TopiBHAHHSA CHUrHAY, NepIIMii (ParMEHT SIKOTO Mae€ KOPiHb-KBaJpaTH4YHY YaCTOTHY MOAYJIALIIO, Ta CHTHANY 3
JIBOMA JTiHIHO-4aCTOTHO MOJYJIbOBAaHUMH (h)parMEHTAMH 32 YMOBHU PIBHOCTI CyMapHOi TPHBAJIOCTI Ta AeBialii 4aCTOTH MOKa3ye, 10
IUIE HOBOTO CHHTE30BAHOTO CUTHANy MaKCHMAaJbHUH piBeHb OIYHMX METIOCTOK 3HM3MBCA Ha 1,5 nb, a mBuakicTe iX cmamaHHS
30iIbmmIacs Ha 6,5 nb/nex.

BucnoBku. CHHTE30BaHO HOBHUI JBO(parMEeHTHHII cuUTHAN, HNEepini (parMeHT SKOro Mae KOpiHb-KBAaApaTH4HY, a OPYTHi —
NiHIfHY 4acTOTHY MoOJyJisliro. Po3po0iieH0 MaTeMaTHyYHi MOJENI MOTOYHOrO 4acy Ta 31 3CYBOM Hacy Ui PO3paxyHKY 3Ha4yeHb
MHUTTEBOI a3y TaKOro CUrHaiay. BiIMIHHOK OCOOJHMBICTIO IMX MOJENCH € HasBHICTh CKJIQJOBHX JUIi KOMIICHCAIll Y4acTOTHO-
(a30BHX CIIOTBOPEHb 3 YpaxyBaHHSM 3aKOHY MOJIYJIALIl 4acToTH mnepmioro ¢parmenty. OTpuMaHi OCHMIOrpaMHM, CIEKTPH Ta
aBTOKOPEIALIHHI (QyHKUIT CHHTE30BaHUX ABO(PPArMEHTHHX CHUTHAIIB HE MPOTHPIYaTh BIIOMHM TEOPETUYHHMM IIOJIOKEHHSM, IO
CBIJTYMTb IIPO JOCTOBIPHICTH Ta a/IeKBATHICTh 3aIIPOIIOHOBAHUX MaTEMaTHYHUX MOJIEIICH.

KJIFOYOBI CJIOBA: maremaTiHyHa MOJIETIb; HEJiHII{HA 9aCTOTHA MOIYJIAMIS; MAKCUMAIILHUN PiBEHb O1YHHX METIOCTOK.
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