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

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

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

The use of complex signals allows us to obtain
a wider spectral width, which determines the
range resolution while keeping the signal duration
unchanged. Complex signals, which include linear-
frequency modulated (LFM) signals, are widely used,
but their disadvantage is a significant peak side
lobe level (PSLL, SLL) of the autocorrelation functi-
on (ACF). For LFM signals, the PSLL varies little
depending on their parameters and is not lower than
-13,5 dB. To reduce it, additional measures are taken,
namely, weight processing (WP) of the signal in the
radio receiving device [7–9] and/or nonlinear frequency
modulation (NLFM) of the sensing signal [6, 10–20].

http://radap.kpi.ua/radiotechnique/article/view/1976
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The use of NLFM signals can significantly reduce
the PSLL of ACF [6, 10–20], but this result largely
depends on the value of their frequency-temporal
parameters. In [21], a method was proposed to mini-
mize the PSLL of NLFM signals based on parameter
optimization by providing an integer number of radio
oscillation periods for each LFM fragment. To describe
the signals, a mathematical model (MM) of the current
time is used [22–24], while such a method has not been
implemented for the MM of the shifted time [25–27]. It
is proposed to extend this method to the MM of NLFM
signals in shifted time.

1 Analysis of research and publi-

cations

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

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

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

The authors of [6, 10–27] consider NLFM signals
of various types, but a single physical principle is
used to reduce the PSLL: in the lower and upper
frequency regions, the spectral power density of the
signal decreases, which results in spectrum rounding,
which is equivalent to the WP in the time plane.

NLFM signals with a bell-shaped spectrum, which
are considered in [29], provide a significant reduction
in the PSLL, but the spectrum of such a signal has an
excessive width that does not match the bandwidth
of the transmitting and receiving path. Another di-
sadvantage of NLFM signals is the expansion of the
main lobe (ML) of the ACF, as a result of which the
radar’s resolution from the range deteriorates [19–22,
25–27].

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

2 Formulation of the research

task

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

3 Materials and methods

3.1 Implementation of the method for

reducing the PSLL of ACF NLFM

signals based on time-shifted MM

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

𝜙𝑛(𝑡) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

2𝜋

[︂
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𝛽1

2
𝑡2
]︂
, 0 ≤ 𝑡 ≤ 𝑇1;

2𝜋

[︂
(𝑓0 + 𝛽1𝑇1)(𝑡− 𝑇1) + 𝛽2

(︂
𝑡2

2
− 𝑇1𝑡

)︂]︂
+ 𝛿𝜙12, 𝑇1 ≤ 𝑡 ≤ 𝑇2;

2𝜋
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(𝑓0 + 𝛽1𝑇1 + 𝛽2𝑇2) (𝑡− 𝑇12) + 𝛽3

(︂
𝑡2

2
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)︂]︂
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(1)
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where 𝛽𝑖 = Δ𝑓𝑖
𝑇𝑖

is the frequency deviation of the
𝑖-th (𝑖 = 1, 2, 3) LFM fragment;

𝑇𝑖 is the duration of the 𝑖-th LFM fragment;
∆𝑓𝑖 is the frequency deviation of the 𝑖-th LFM

fragment;
𝑇12 = 𝑇1 + 𝑇2 is the total duration of the first and

second LFM fragments;
𝑇𝑆 = 𝑇1 + 𝑇2 + 𝑇3 is the total duration of all the

LFM fragments.
In expression (1), these phase jumps are

compensated for by the phase components 𝛿𝜙12 and
𝛿𝜙23. The values of these components are calculated
by the following expressions:

𝛿𝜙12 = 𝜋𝑇 2
1 (𝛽2 + 𝛽1); (2)

𝛿𝜙23 = 𝜋[𝑇 2
1 (𝛽3 + 𝛽1) + 𝑇 2

2 (𝛽3 + 𝛽2)]. (3)

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

𝑁𝑖 =

]︂
Ψ𝑖

2𝜋

[︂
. (4)

Corresponding value of the total phase advance Ψ𝑖

for the first LFM fragment:

Ψ1 = 2𝜋

(︂
𝑓0𝑇1 +

𝛽1

2
𝑇 2
1

)︂
= 2𝜋𝑁1 (5)

and, after applying operation (4), we find the adjusted
value of the FMR 𝛽1 by solving (5) with respect to it:

𝛽1 =
2 (𝑁1 − 𝑓0𝑇1)

𝑇 2
1

. (6)

The same is true for the second LFM fragment:

Ψ2=2𝜋(𝑓0−𝛽1𝑇1)(𝑡−𝑇1)+𝛽2

(︂
𝑡2

2
−𝑇1𝑡

)︂
=2𝜋𝑁2,

where :

𝛽2 =
𝑁2 − (𝑓0 − 𝛽1𝑇1)(𝑇2 − 𝑇1)

𝑇 2
2

2 − 𝑇2𝑇1

.

(7)

Accordingly, for the third LFM fragment, we
obtain:

Ψ3=2𝜋

(︂
(𝑓0+𝛽1𝑇1+𝛽2𝑇2)(𝑡−𝑇12)+𝛽3

(︂
𝑡2

2
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)︂)︂
=

= 2𝜋𝑁3;
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𝑇 2
𝑆

2 −𝑇𝑆𝑇12

.

(8)

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

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

𝛿𝜙12 = 𝜋𝑇 2
1

(︁
𝛽2+𝛽1

)︁
; (9)
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(︁
𝑇 2
1
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)︁
+𝑇 2

2

(︁
𝛽3+𝛽2

)︁)︁
. (10)

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

𝜙𝑛(𝑡) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
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2
− 𝑇1𝑡

)︂]︂
+ 𝛿𝜙12, 𝑇1 ≤ 𝑡 ≤ 𝑇2;

2𝜋

[︂
(𝑓0 + 𝛽1𝑇1 + 𝛽2𝑇2) (𝑡− 𝑇12) + 𝛽3

(︂
𝑡2

2
− 𝑇12𝑡

)︂]︂
+ 𝛿𝜙23, 𝑇12 ≤ 𝑡 ≤ 𝑇𝑆 .

(11)

It should be noted that when applying the modi-
fied values of the FMR, the obtained updated values
of the fragment frequency deviation may differ from
the original ones, that is, in the case of 𝛽𝑖 ̸= 𝛽𝑖, we
have respectively ∆𝑓𝑖 ̸= ∆𝑓𝑖. The results of testing the

performance of the developed MM are presented in the
next subsection.

3.2 Results of mathematical modeling

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

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

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

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

Table 1 Results of modeling two-fragment NLFM signals

№ in order 𝑇1, 𝜇s 𝑇2, 𝜇s ∆𝑓1, kHz ∆𝑓2, kHz PSLL, dB Decay rate of SLL, dB/dec

1. 30,0 150,0 200,0 (200,0) 450,0 (453,3) -18,01 (-18,09) 20,0 (21,0)

2. 35,0 200,0 300,0 (285,7) 700,0 (698,6) -17,82 (-18,32) 23,0 (22,5)

3. 40,0 200,0 100,0 (100,0) 220,0 (222,22) -18,00 (-18,14) 21,0 (21,0)

4. 45,0 220,0 100,0 (88,8) 200,0 (204,0) -17,24 (-18,22) 21,0 (19,0)

5. 50,0 280,0 100,0 (80,0) 200,0 (218,6) -16,85 (-17,17) 21,0 (24,0)

Table 2 Results of modeling three-fragment NLFM signals

№ in
order

𝑇1, 𝜇s 𝑇2, 𝜇s 𝑇3, 𝜇s
∆𝑓1,
kHz

∆𝑓2,
kHz

∆𝑓3,
kHz

PSLL, dB Decay rate
of SLL,
dB/dec

1. 20,0 80,0 20,0
80,0
(100,0)

200,0
(200,0)

95,0
(100,0)

-20,22 (-23,52) 14,0 (16,5)

2. 20,0 100,0 20,0
80,0
(100,0)

200,0
(200,0)

90,0
(100,0)

-22,06 (-23,07) 18,0 (18,0)

3. 30,0 150,0 30,0
100,0
(66,667)

200,0
(186,67)

100,0
(93,33)

-20,97 (-22,85) 21,0 (20,0)

4. 30,0 150,0 30,0
150,0
(133,33)

300,0
(306,67)

150,0
(120,00)

-19,95 (-21,80) 22,0 (21,0)

5. 50,0 250,0 50,0
150,0
(160)

350,0
(352,0)

150,0
(136,00)

-20,88 (-21,23) 22,0 (22,0)

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

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

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

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

Ratio of fragment duration

2 fragments 3 fragments

from 1:5 to 1:5,7 from 1:4:1 to 1:5:1

Ratio of frequency deviations

Mathematical model (1)

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

Mathematical model (11)

from 1:2,2 to 1:2,7 from 1:2:1 to 1:2,9:1,4
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The analysis of the results in Table 3 shows that
when the proposed method of minimizing the PSLL
for a two-fragment NLFM signal (MM (11)) is applied,
the range of change in the frequency deviations of the
LFM fragments remains unchanged but has shifted by
10%, that is, the range of change in this parameter has
expanded by this value. For a three-fragment signal, in
the case of MM (11), compared to MM (1), there is an
expansion of the range of change in frequency deviation
by 20% for the component of the second LFM fragment
and by 40% for the component of the third.

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

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

Conclusions

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

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

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

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

The obtained values of the sets of PSLL signal
parameters can be considered as an initial set for
further optimization, for example, using evolutionary
algorithms. This approach is expected to reduce the
number of algorithm iterations.
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Реалiзацiя методу мiнiмiзацiї рiвня
бiчних пелюсток автокореляцiйних
функцiй сигналiв з нелiнiйною часто-
тною модуляцiєю

Костиря О. О., Гризо А. А., Хижняк I. А.,

Федоров А. В., Лук’янчиков А. А.

Важливою проблемою, яка вирiшується пiд час ство-
рення нової та модернiзацiї iснуючої радiолокацiйної
технiки, є забезпечення максимальної дальностi виявле-
ння повiтряних цiлей, для чого необхiдно збiльшувати
випромiнювану потужнiсть зi збереженням потрiбної
розрiзнювальної здатностi з дальностi. Оскiльки гене-
раторнi прилади, у якостi яких зараз широко застосо-
вуються напiвпровiдниковi елементи, мають обмежену
пiкову потужнiсть, випромiнювання необхiдної енергiї
здiйснюється за рахунок збiльшення тривалостi зонду-
вального радiоiмпульсу, а вимоги з розрiзнювальної зда-
тностi виконуються за рахунок використання так званих
складних сигналiв, добуток ширини спектру яких на
їхню тривалiсть (база сигналу) бiльше одиницi.

Одним з рiзновидiв складних сигналiв є багатофра-
гментнi сигнали з нелiнiйною частотною модуляцiєю, якi
на вiдмiну вiд широко вiдомих лiнiйно-частотно моду-
льованих сигналiв мають суттєво нижчий максималь-
ний рiвень бiчних пелюсток автокореляцiйних функцiй,
однак значення цього рiвня суттєво залежить вiд зада-
них частотно-часових параметрiв сигналу. Знаходження
параметрiв, якi забезпечують мiнiмiзацiю рiвня бiчних
пелюсток автокореляцiйних функцiї нелiнiйно-частотно
модульованих сигналiв, до складу яких входять фра-
гменти з лiнiйною модуляцiєю частоти, є важливою
науково-технiчною задачею, вирiшенню якої присвячено
дану статтю. Особливiсть розгляду зазначеного питання
полягає у тому, що на вiдмiну вiд ранiше запропонованої
реалiзацiї методу мiнiмiзацiї рiвня бiчних пелюсток для
математичних моделей з поточною змiною часу у да-
нiй статтi розробляються моделi зсунутого часу, тобто
коли вiдлiк часу кожного наступного фрагменту сигна-
лу зсувається на нульову вiдмiтку. У першому роздiлi
статтi проведено аналiз вiдомих публiкацiй, який по-
казує, що для математичних моделей зсунутого часу
спосiб мiнiмiзацiї рiвня бiчних пелюсток функцiй коре-
ляцiї ранiше не розглядався. З огляду на дану обставину
у другому роздiлi роботи сформульовано завдання до-
слiдження. Теоретичне обґрунтування нового варiанту
реалiзацiї запропонованого методу шляхом розробки ма-
тематичних моделей зсунутого часу для дво- та трифра-
гментних нелiнiйно-частотно модульованих сигналiв, а
також результати моделювання наведено у третьому
роздiлi роботи. У подальших дослiдженнях планується
розробити алгоритм оптимiзацiї частотно-часових пара-
метрiв сигналiв з нелiнiйною частотною модуляцiєю на
основi математичних моделей поточного та зсунутого
часу.

Ключовi слова: нелiнiйна частотна модуляцiя; авто-
кореляцiйна функцiя; мiнiмiзацiя рiвня бiчних пелюсток
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