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The use of signals with intra-pulse modulation in radar systems allows us to increase the duration of
sounding pulses, and therefore the radiated energy with limitations on peak power. In the processing system,
compression of the signal provides the necessary time difference, but leads to the appearance of side lobes.
This, in turn, causes the “stretching” of the passive interference zone by range and worsens the potential
for target detection. Therefore, reducing the level of the side lobes of the processed signal is an urgent task
of radar. With regard to the maximum level of side lobes, signals with non-linear frequency modulation
have advantages, but the models used for their mathematical description need to be clarified. The research
carried out by the authors of the article and the obtained results of mathematical modelling explain the
mechanism of frequency and phase jumps in signals with nonlinear frequency modulation, consisting of
several linearly frequency modulated fragments. These results are obtained for the mathematical model of
the current time, when the time of each subsequent fragment is counted from the end of the previous one.
The article discusses mathematical models of two- and three-fragment signals with using different approach.
The difference is that the start time of each successive linearly frequency modulated fragment is shifted to the
origin, that is, the shifted time is used. The advantage of this approach is the absence of frequency jumps at
the joints of fragments, but phase jumps at these moments of time still occur. Thus, there is a need to develop
a mathematical apparatus for compensating of such jumps. An analysis of known publications conducted in
the first section of the article shows that for mathematical models of shifted time, the issue of determining
the magnitude of phase jumps at the joints of fragments and the mechanisms for their compensation were
not considered. From this follows the task of research, which is formulated in the second section of the work.
Mathematical calculations for determining the magnitude of phase jumps that occur in these mathematical
models, as well as the results of checking the improved mathematical apparatus, are given in the third section
of the work. Further research is planned to be directed at the features of using the developed mathematical
models in solving applied problems in radar systems.
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Statement of the research task

Signals with internal pulse frequency (phase)
modulation make it possible to increase the duration of
the probing radio pulse while maintaining time discri-
minating ability. Linearly frequency modulated (LFM)
signals [1-6] are widely used, their significant drawback
is a rather high maximum peak of side lobes level
(MPSLL, SLL) of the autocorrelation function (ACF).

In the presence of a high SLL, an excessive increase
in the signal base (the product of the width of the radio
pulse spectrum by its duration) leads to a “stretching”
of the passive interference zone by range. Such a zone
can expand by 20...30%, which is a significant share
of the maximum detection range [7,8].

One approach to reducing this effect is to decrease
the MPSLL of signals at the output of processing devi-
ces by using probing signals with non-linear frequency
modulation (NLFM, FM). NLFM are widely used in
the form of a sequential combination of fragments with
linear or nonlinear laws of FM [9-15]. The authors
show the presence of jumps of instantaneous frequency
and phase at the joints of fragments of the NLFM
signal, which consists of two and three LFM fragments,
and proposed a mechanism for their compensation for
the mathematical model (MM) of the current time
[16]. It is proposed to introduce the used approach to
the model of shifted time of two- and three-fragment
NLFM signals [9,10,12-14].
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As a task of the study, we will determine the finding
of the phase jumps at the joints of LFM fragments of
NLFM signals and the development of a mechanism for
their compensation in order to reduce MPSLL.

1 Analysis of studies and publi-
cations

In modern radars, chirp signals are often used to
detect targets and accompany them, since due to the
comb form of the autocorrelation function, they are
weakly sensitive to Doppler frequency shift, which si-
mplifies their [1-6]. The capabilities of LFM signals
are significantly expanded if the frequency modulation
rate in individual signal fragments varies according to
a certain linear or non-linear law, such signals belong
to the class of NLFM signals.

Change of frequency modulation rate during signal
duration allows us to reduce level of side lobes on
frequency-time plane [1-6]. Many publications on the
subject of the work are devoted to the study of various
methods for the development and optimization of LFM
and NLFM signals [1-6,16—26], the presentation of the
material is carried out taking into account the requi-
rements and limitations of specific radar applications.

The works are generally aimed at minimizing
MPSLL and strive to achieve optimal time and
frequency resolution, efficient use of energy of sounding
signals.

The authors [27-35] consider NLFM signals as an
effective means to solve a variety of applications due to
a greater degree of reduction in MPSLL. Research in
this area is focused on the development of synthesis
algorithms and methods for processing received sig-
nals. The papers present MM of various NLFM signals
[1-6, 14, 16,19, 25, 29, 32-35], and a number of studi-
es consider the specific applications and results of
experiments [4, 10,27, 30].

2 Formulation of the study task

The aim of the work is to improve mathematical
models with time shift of NLFM signals, consisting
of two and three LFM fragments, by determining the
magnitude of phase jumps at their joints and develop-
ing a mechanism for compensating of these jumps.

3 Presentation of the study
material
3.1 Improvement of mathematical

model with time shift for two-
fragment NLFM signal

Consider the NLFM signal, which consists of two
LFM fragments [9,12-14, 16, 20, 22, 26]. Mathematical
model (MM) for the instantaneous phase of such a
signal has the form:

B

fot + ?1152, 0<t<Ty
on(t) =27 (fo+BiT1)(t—T1) £ % (tQ—Tlt) ) 1)

Ty <t<T + 1Ty,

where fo — initial frequency of NLFM signal; 31, B2 —
frequency modulation rate of the first and second FM
fragments:

_Af _Afy
Bl - Tl’ 52 - T2 )
where Af;, Afs — frequency deviation (differ-

ence between upper and lower frequencies) of the
corresponding FM fragment; 77, T — duration of the
first and second signal fragments.

The sign «+» or «» in (1) means that the
instantaneous phase of the NLFM signal increases or
decreases in time, so we have a linear increase or
decrease in the frequency of fragments. Expressions for
instantaneous frequencies of fragments of the NLFM
signal are obtained from (1) by differentiation, one of
the options for plotting the frequency versus time is
shown in Fig. 1 (solid line). This case demonstrates a
decrease in frequency with increasing time.

From analysis (1) and Fig. 1, it can be seen that
the calculation of the parameters of the LEM fragment
of the signal at the moment of time ¢ = T} begins with
a zero count of time, that is ¢t = (¢t — 71) = 0. In fact,
the graph of the change in the instantaneous frequency
of the second fragment (Fig. 1, dashed line) shifts in
time by an amount 77 (shown by arrows).

From (1), it is obtained that there is no frequency
jump at times t = T} because the instantaneous value
of the finite frequency of the first fragment is equal
to the initial value of the instantaneous frequency of
the second fragment. This indicates the insensitivity of
this MM to frequency jumps that occur for the MM
NLFM signal in the current time [11,15,16], which is
an advantage of such an MM NLFM signal.

Let us consider in detail how the instantaneous
phase (1) changes at the moment of transition from
the first fragment to the second. Consider the case of
reducing the instantaneous phase (frequency) of the
signal.
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Fig. 1. Diagram of frequency variation of NLFM signal consisting of two LFM fragments

Final phase of the first LFM fragment:
T2
pp1 =27 <f0T1 - 515) ;
the initial phase of the second fragment:

.2
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1
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Find the phase jump dp12 value at the moment of
transition to the second fragment:

(2)

That is, when MM (1) is used, at the moment of
transition from the first LFM fragment to the second, a
phase jump occurs, the magnitude of which is determi-
ned in accordance with (2).

It is proposed to improve the known MM (1) by
introducing a compensating phase component (2) to
compensate for this jump.

The improved MM of the two-fragment NLFM
signal has the following form:

t2
fot—ﬂlT, 0<t<Ti

512 = o2 — pr1 = TE (B2 + Br).

) =2 2
plt) = 2m (fo—Af)(t—T1)— B2 <2T1t> —0p12,
T <t<Ty+Ts.

(3)
It should be noted that despite the similarity of the
approach and the identity of the physical content of the
components that are taken into account, the magnitude
of the compensating phase component in model (3)

differs from that in the current time model [16]. The
considered example is illustrative in nature and is not
provided to explain the approach used. Next, consider
the case of a three-fragment NLFM signal, which is
widely used in solving applied problems.

3.2 Improvement of mathematical
model with time shift for three-
fragment NLFM signal

Consider the three-fragment NLFM signal [10, 14,
20,22], the graph of the instantaneous frequency change
of which is shown in Fig. 2 (solid line).

The MM of the instantaneous phase of the three-
fragmented NLFM signal, the instantaneous frequency
of which varies in accordance with Fig. 2, is described
by expression (4) [10,14,20,22]:

B

fot = 512, 0<t<Ty;
t2
(fo—Af1)(t —T1) — B2 (2 - T1t> )
#n(t) = 27 Ty <t < T
2
(fo—Afi2) (t—Th2)—Ps3 (2—T12t) ,
T12 S t S Ts7

where Afis = Af) + Afy; Tio = Th + Ty Ts =
Ty + Ts + T3; B3 — frequency modulation rate of the
third FM fragment:

_Afs
ﬂ3_ T3 )

A f3 — frequency deviation of the third chirp fragment;
T3 — duration of the third signal fragment.
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Fig. 2. Graph of frequency change of three-fragment NLFM signal

Using an approach similar to that described in
subsection 3.1, we find a jump in the instantaneous
phase of the NLFM signal at the junction of the second
and third LFM fragments:

23 = pos—pr2 = 7 [TE(Bs+B81)+T5 (Bs+52)] . (5)

For a three-fragment NLFM signal, taking into
account (2) and (5), we obtain an improved MM with
compensation for phase jumps at the moments of
transition from the previous to the next LFM
fragments:

el

fmf—;t% 0<t<Ty;

2
(fo—Af1)(t—=T1)—p2 (tQ—Tﬂf) —d¢p12,

T <t < Tho;
2

(fo—=Afr2)(t—=T12)—H3 (1%2 —T12t)—5<,0237

T <t <Ts.

on(t)=2m

(6)

Verification of the obtained theoretical results is

carried out by comparative analysis of oscillograms,

spectra and ACF, built using the known and proposed

MM two-fragment (1), (3) and three-fragment (4), (6)
NLFM signals.

3.3 Results of mathematical modelling

Verification of the validity and adequacy of
improved MM was carried out in the MATLAB appli-
cation package.

For a two-fragment NLFM signal, modelling was
carried out using the following parameters: deviations
of the frequency of LFM fragments are A f; = 350 kHz,
A fy = 250 kHz, their duration 77 = 100 ps, T = 30ps,
respectively.

Results of modelling by ratios (1) are shown in
Fig. 3 and by ratios (3) — in Fig. 4. For better visuali-
zation of the results during modelling, it is accepted
fo=Af1+Afs.

The oscillogram of the NLFM signal in Fig. 3a
shows a phase jump at 100 ps (detailed on an enlarged
scale), which corresponds to the junction of fragments.
The presence of a phase jump is manifested in the
signal spectrum of Fig. 3b in the form of a dip at a
frequency of 250 kHz, pulsation distortions of slopes, a
bevelled top of the spectrum.

Due to the modification of the spectrum shape
(Fig. 3b), in comparison with the classic LFM signal,
the MPLSS level decreased to -14.41 dB (Fig. 3c),
while the width of the GP at the zero level is 6.34 ps.
The level of the side lobes of the ACF has symmetric
differences of the “step” type relative to zero, the length
of which is determined by the duration of the first LFM
fragment.

The oscillogram of the NLFM signal according to
the improved model (3) is shown in Fig. 4a. Unli-
ke model (1), the instantaneous phase of the signal
changes smoothly, the phase jump is compensated (the
joint of the fragments at 100 ps is detailed). The signal
spectrum is shown in Fig. 4b, there are no additional
distortions, which is consistent with the theory.
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Fig. 3. Oscillogram with detail at the junction of the
fragments (a), spectrum (b), ACF (c) according to
model (1)

The corresponding ACF is shown in Fig. 4c, it has
an MPLSS of -15.81 dB and a main lobe (ML) width
at a zero level of 6.44 ps, the level and frequency of
side pulsations changes smoothly, which is also a sign
of the absence of distortion of the instantaneous phase
of the NLFM signal.
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Fig. 4. Oscillogram with detail at the junction of the
fragments (a), spectrum (b), ACF (c) according to
model (3)

The simulation results for the three-fragment
NLFM signal of (4) and (6) are shown in Fig. 5 and
Fig. 6, respectively.

The parameters of the simulated signals are as
follows: deviations of LFM fragments Af; = Afs =
125 kHz, Afy = 300 kHz, duration 77 = T3 = 20 ps,
Ty =100 ps, set that fo = Af; + Afo + Afs.
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Fig. 5. Oscillogram with detail at the joints of the
fragments (a), spectrum (b), ACF (c) according to
model (4)

On the oscillogram of the NLFM signal, Fig. 5a,
there are phase jumps at the joints of the LFM
fragments (timestamps of 20 ps and 120 ps), which are
shown on an enlarged scale for better clarity. These
phase jumps cause distortion of the NLFM spectrum
of the signal shown in Fig. 5b, that is, there are dips at
the frequencies of transitions to the next fragment, the
top of the spectrum is bevelled, there are pulsations on
the side slopes.
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Fig. 6. Oscillogram with detail at the joints of the

fragments (a), spectrum (b), ACF (c) according to
model (6)

ACF signal, Fig. 5c¢, has MRBP -19.05 dB and
ML width at a zero level of 4.92 ns, ACF rays are
distorted. In NLFM signal according to the improved
model (6), phase jumps at the joints of NLFM signal
fragments are compensated, as evidenced by the osci-
llogram of Fig. 6a. Accordingly, the appearance of the
signal spectrum of Fig. 6b changed for the better —
it became symmetrical, without dips and pulsations
on the slopes, the apex is flat. ACF, Fig. 6c¢, also
demonstrates positive changes: MPSLL decreased to
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-22.17 dB, ACF ML width is 4.85 ps at zero level, the
level of side lobes decreases and the frequency of their
pulsations changes evenly. The decay rate of the ACF
side lobes is 19.2 dB/deck.

Table 1 shows the results of comparison of LFM
ACF and NLFM signal parameters with a total durati-
on of 140 ps and frequency deviation of 550 kHz.

Analysis of the data in Table 1 indicates a 65%
decrease in MPSLL with a 31% expansion of the ACF
ML for the three-fragment NLFM signal. It should be
noted that the rate of decline in the level of the side
lobes increased by 7%.

Conclusions

Thus, the paper proposes improved MM with ti-
me shift for two- and three-fragment NLFM signals.
The introduction of compensating phase components
provides for a smooth change in the instantaneous
phase of signals during the transition from the
current FM fragment to the next. For the first time,

Table 1 Relative change of ACF signals parameters

analytical expressions were obtained to calculate such
components.

In comparison with the well-known models of
NLFM signals, the use of improved MM provides for
the case of a two-fragment NLFM signal a decrease
in MPLSS by 1.4 dB with an almost equivalent width
of ACF ML, and for a three-fragment NLFM signal
a decrease in MPLSS is 3.12 dB with a slight (1.4%)
narrowing of ACF ML.

The results of comparing the ACF of the three-
fragment NLFM signal, which is more widely used in
solving applied problems, and the classical LFM signal
indicate that there is a decrease in MPSLL by 65% with
the expansion of the ACF ML by 31%, while the rate
of decline of the level of the ACF side lobes increases
by 7%.

The introduction of advanced MM will contribute
to the wider use of NLFM signals in various scienti-
fic and technical fields. Further research is planned
to be directed at the features of using the developed
mathematical models in solving applied problems in
radar systems.

Parameter name LFM NLFM Percentage change, %
Width ML ACF, ps 3,69 4,85 31

MPSLL, dB -13,42 -22,17 65

decline of ML speed, dB/deck 17,9 19,2 7
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VYaockoHAIEeHHS MaTeMAaTHYHIX MOJeJIeit
3i 3cyBoM uacy aBo- Ta TpudparmMeHT-
HOTr'O CHUTHAJIIB 3 HEJIIHINHOI YaCTOTHOIO
MO/YJISIIIE€I0

Kocmupsa O. O., I'puso A. A., Jodyx O. M.,
Hapeorewitu O. I1.

Bukopucranna y pamioJoKaIiffHUX CHCTeMaX CHTHAJIIB
i3 BHYTPINIHBO-IMIIYJIBCHOIO MOIYJISINEI0 MAO3BOJIE 301b-
IIUTH TPUBAJICTh 30HAYBAJILHUX IMITYJIbCIB, & 3HAYUTH i
BUIIPOMIHIOBAHY €HEpriio Ipu OOMEeKeHHSIX Ha IMIKOBY IIO-
ryx)HicTb. CTHCHEHHS CUrHAILY B cucreMi 06poOku 3abe3-
medye HeoOXiHe PO3PI3HEHHST 33 YacOM, aJjie MPU3BOIWTH
0 TIosiBU OiYHUX TeIIOCTOK. Lle B CBOIO depry 00yMOBIIIOE
«PO3TArYBAaHHS» 30HHU [IACHBHHUX IIEPENIKOJ 33 JAJIbHICTIO
Ta TIOTiPIIYE TTOTEHINHHI MOXKJ/JIUBOCTI 3 BUSBJIEHHS IILIE.
Tomy 3um>KeHHs piBHSA OIYHUX IEIIOCTOK 00POOJIEHOrO CH-
rHaJly € aKTyaJlbHUM 3aBiaHHaM pasiosokanii. CrocoBro
MaKCHMAJIbHOTO DIiBHS DIYHMX IEJIOCTOK IIEPEBArd MalOTh
CATHQJIN 3 HEJIHIMNHOIO YAaCTOTHOIO MOIYJIAIIEIO, ajle MO/Ie-
Jii, 10 BUKOPUCTOBYIOTHCS I IX MATEMATHUYIHOIO OIHCY,
noTpebyioTh yrounenHsi. [IpoBemeni aBropaMm cTaTTi I0-
CTi/PKeHHs] Ta OTPHMAaHI Pe3y/JIbTaTH MATEMATHUTIHOIO MO-
[e/II0BAHHS IIOSICHIOIOTH MEXaHI3M BUHUKHEHHS CTPHUOKIB
gacToTu Ta (a3W B CHUTHAJAX 3 HEJIHIHHOI YaCTOTHOIO
MO/ TSIIEI0, O CKIIAI0THCA 3 KiTBKOX JIHINHO-9aCTOTHO
MomysiboBauux dparmMenTis. 3a3HavueHi pe3y/braTh OTPU-
MaHO [IsT MAaTEeMATHIHOI MOJEJi ITOTOYHOrO dYacy, TOOTO,
KOJIM YaC KOYKHOTO HACTYITHOTO (parMeHTy BiIpaxoBye-
ThCd Bl KiHIZ [OIEPEIHBOrO. ¥ CTATTI PO3IJIAJAIOTHCS
MaTeMATHYHI MOdeJi JBO- Ta TPU(MPATrMEHTHUX CHUTHAJIB,
sKi BUKOPUCTOBYIOTH iHMIil miaxin. BimviaaicTs monsrae, y
TOMY, IO IOYATKOBUN YaC KOKHOI'O HACTYIIHOTO JIiHIHHO-
YaCTOTHO MOIYJIBOBAHOrO (hparMeHTy 3CyBAaE€THCS HA IIO-
YaTOK BIJIKy, TOOTO BHKOPUCTOBYETHCS 3CYHYTHH dUac.
Ilepesaroo mporo miaxomy € BiaCyTHICTH CTPUOKIB 9acTOTH
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Kocrtupsa O. O., I'puzo A. A., Jonyx O. M., Hapexuiit O. I1.

Ha cTukax ¢parmMeHTtiB, ajie crpubku da3u B IIi MOMEH-
TN Yacy BCe PIBHO CIIOCTEPIraioThcda. TakmMm <MHOM icHye
moTpeba y po3po0Ii MAaTEMATUIHOTO alapaTy KOMIIEHCATHT
Takux cTpuOKiB. AHasi3 Bimomux mybsikariii, nposexeHuit
y TIEPIIIOMY PO3/IiJI CTATTi, MOKA3YE, IO IS MATEMATUIHUX
MOzesIell 3CYHYTOr0 Yacy MUTAHHS BU3HAYEHHS BEJININHN
cTpubkiB ¢a3m Ha CcTUKaX (parMeHTiB Ta MeXaHIi3MHu IX
KOMIIEHCAIT He PO3TJISIAINCH. 3 IIHOT0 BUTIKAE 3aBIAH-
He TOC/IKEHHS, gKe CHOPMYIbOBAHO y APYTOMY DPO3ZIisii
poboru. MaremarrdHi BUKJIAAKKA IO/I0 BU3HAYEHHS BEJIK-
uynHn (HA30BUX CTPUOKIB, SKi BUHUKAIOTH B 3a3HAYEHIX

MaTEeMATHIHUX MOJE/AX, & TAKOXK Pe3yJIbTaTH IepeBip-
KM YIOOCKOHAJIEHOTO MAaTEMATHYHOTO AMapaTy HABEIEHO Y
TperhoMy po3aiiai poboru. ITomansmmi gociiKeHHs IaHye-
ThCSA CHPSAMYBATHU HA 0COOINBOCTI BUKOPHUCTAHHS PO3PO0JIe-
HUX MATEMATHIHUX MOJEJeil MPU BUPIMIEHH] MPUKJIQTHUX
3aBJAaHDb y PaJiOJIOKAIITHIX CHCTEMAaX.

Karowosi croea: CUTHAIA 3 HEMTIHIAHOIO 9aCTOTHOIO MO-
YJAII€I0; MATEMATUIHA MO/IEIb; CTPUOOK MUTTEBOI das3wm;
aBTOKOpeJAIiiiHa (DYHKIIST; MAKCUMAIHHUN piBeHb OiTHIX
TIeJIIOCTOK
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