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Advantages of using frequency-modulated signals for locating objects are the possibility of using long-term
probing pulses. Such signals provide the required radiated power while maintaining the desired discriminating
power from range. One such signal that has found wide application is a signal with linear frequency
modulation. An undesirable effect of the matched filtering of such a radio pulse is a sufficiently large level
of side lobes of the compressed signal at the output of the processing device, the maximum level of which
is approximately minus 13 dB. Such an effect may lead to an increase in the probability of false detection
or masking of less powerful signals by side lobes of signals with greater power. One method of reducing the
level of side lobes is the use of signals with non-linear frequency modulation. An example of such signals
is a known two-fragment signal consisting of linearly-frequency modulated fragments in time. However, the
mathematical models used to describe such a signal do not fully reflect the effects that occur at the moment
of transition from one fragment of the signal to the second. These effects are manifested in a sudden change
in frequency and phase, which leads to distortion of the signal spectrum, an increase in the level of the side
lobes of the autocorrelation function and sharp changes in their level. Such effects have not been studied in
known works, as evidenced by the results of the analysis of studies and publications given in the first section
of the article. In the second section of the work, the research task is formulated. The third section of the work
is devoted to the development of a mechanism for compensating for the manifestation of detected effects and
its mathematical description, which is verified by modeling. Taking into account the detected effects, a new
mathematical model of a non-linear frequency modulated signal has been developed. In contrast to those
known in the proposed model, instantaneous frequency and phase jumps are compensated for, which occur
at the moments when the frequency modulation rate changes during the transition from one signal fragment
to another. Further studies should be focused on the peculiarities of compensation for the manifestation
of detected effects for signals with a large number of fragments, as well as combinations of fragments with
different types of modulation, as indicated in the conclusions on the work.
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Statement of the research task

Signals with non-linear frequency modulation
(NLFM) traditionally enjoy the attention of specialists
in the development of radar technology due to the
possibility of obtaining signals of the maximum peak
of side lobes level (MPSLL, SLL) of the autocorrelati-
on function (ACF) smaller than linearly frequency-
modulated (LFM) signals. The possibility of a signi-
ficant decrease in MPSLL without the use of weight
processing (WP) in the time or frequency domain is
theoretically substantiated, confirmed experimentally
and proved by modeling by many authors, for example,
[1-4]. These studies are fundamental and have found
further development both in relation to LFM and in
the case of using NLFM signals. In [3,4], NLFM sig-

nals are proposed in which the power spectral density
is less at the edges of the spectrum compared to its
middle, which ensures rounding of the spectrum and,
as a consequence, a decrease in the MPSLL of their
ACF. The simplest implementation of such a signal is
the combination in time of two LFM fragments, one of
which has a different value for the frequency modulati-
on rate (FM), that is, the ratio of its spectrum width
(frequency deviation) to the duration of the fragment.

The studies carried out by the authors showed that
the process of formation of the NLFM signal, which
consists of two LFM fragments, according to common
mathematical models (MM) is accompanied by the
appearance of effects that are not reflected in known
publications, which necessitated the development of a
new MM two-fragment NLFM signal.
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1 Analysis of studies and publi-
cations

A lot of work is devoted to research on the
introduction of NLFM signals in many areas of use,
such as airspace control systems [5], weather location
[6-9], sonar [10], aviation and space land survey [11-
14], communications [15], medical ultrasound diagnos-
tics [16], radio-frequency surveillance and electronic
reconnaissance, electronic warfare [17-21], etc.

A number of scientific papers are focused on the
problems of forming and processing signals from LFM
and NLFM [6, 22-30]. The problem of reducing the
MPSLL due to the use of only NLFM signals is devoted
to the [7,31-34] in works [5,28,35,36], the joint use of
WP with the help of window functions is additionally
considered, the impact of Doppler frequency shift on
MPSLL is also analyzed [37-40].

Widely used are NLFM signals, which consist of
two or more LFM fragments, as well as combinati-
ons of LFM fragments and fragments with a different
frequency modulation [13,22,30,32,34,38,39,41-43].

The considered studies of NLFM signals are based
on the use of MM with the current time, for example,
[24,26,38,42], with a time symmetrical with respect to
the middle of the radio pulse [25,31,38, 39|, there are
those in which for all fragments of the NLFM signal the
amplitude calculation begins with a zero time reference
by shifting the timeline [22, 30, 32,34]. In MM of two-
fragment NLFM signals, as a rule, the shifted time is
used. The authors of the work found that such MMs
do not fully reflect the processes occurring during the
formation of the NLFM signal at the time when the
transition from the first fragment to the second.

2 Formulation of the research
task

The purpose of the work is to develop and study the
MM of the current time of the NLFM signal, which con-
sists of two LFM fragments, which takes into account
frequency and phase jumps when switching from one
fragment to another.

3 Presentation of the research
material

3.1 Justification of the need to develop
a mathematical model of the

NLFM signal in the current time

Consider a common MM NLFM signal, which con-
sists of two LFM fragments [22, 30, 32, 34]. Fragments
differ in the values of the speed of FM and the shift in

time relative to each other:

’U‘ exp (Joi(t)), 0<t<Ty (1)
exp (jpo(t—=T1)), L <t <Ty+T5 "
where U (t) is the complex signal amplitude; ‘U is the

complex signal amplitude module; 1 (t) = 27 [ f1(t)

= 27 f fa(t)dt are the 1nstantaneous phases of
the ﬁrst and second signal fragments, respectively;
fi(t), f2(t) are the instantaneous frequencies of the
corresponding signal fragment; 77, T, are the durations
of the first and second signal fragments.

To simplify the recording, we isolate from (1) the
components of the instantaneous phase and in the
future, we will operate on them and the components of
the instantaneous frequency obtained by differentiating
them.

Define the instantaneous phase of the LFM
fragments as [22,30, 32, 34]:
51 2 .
ft+7t70§t§T17
on(t)=2m (fo+p1T1)(t— T1)+@ (*—Tit), 2

T <t <Th+1Ty,

where fo is the initial frequency of NLFM signal; 51, B2
are the frequency modulation rates of the first and
second FM fragments, which are equal to:

where Af1, Afy are the frequency deviations (the di-
fference between the upper and the lower frequencies)
of the corresponding LFM fragment.

The instantaneous signal frequency varies Eq. (3)
as:

£ = fo+pBit, 0 <t <Ty; (3)
Jot+BiTi+pB2(t—=T1), Th <t < T +Ts.

A plot of the signal frequency change over time (3)
is shown in Fig. 1. From the analysis (3) and Fig. 1,
it turns out that in the MM under consideration, the
calculation of the parameters of the second fragment
of the NLFM signal begins with a zero time reference,
that is, at, t = Th, t = (t—T1) = 0, the actual graph
of the instantaneous frequency change is displayed in
Fig. 1 with a dotted line, which then shifts in time by a
value 77 (shown by arrows). Therefore, model (2), (3)
will be considered to use shifted time.

Regardless of what physical processes occur at the
moment of changing the value £ by, £ the value is
taken as the initial frequency of the second fragment
fo + Af; when it is actually equal fys-

The initial phase of the second fragment has zero
value, despite the fact that the final phase of the first
fragment is equal to 27(fo + Af1)T1. This means that
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at the moment of changing the speed of the FM during
the transition to the second fragment of the signal,
the instantaneous frequency and phase jump occurs,
which is not taken into account in the considered MM
with a time shift. This model is generally insensitive to
frequency jumps.

Frequency f(¢)
A
Afy
AN 'I'fa; -
7T;: T, " Time, ¢

Fig. 1. Diagram of frequency change of two-segment
NLFM signal

Let’s consider in more detail how the phase of the
signal changes at the moment of transition from the
first LFM fragment to the second in the current time.
From Fig. 1 it turns out that the final phase of the first
fragment g is defined as:

7
wp1=2m | foT1 +51? ;
and the initial phase of the second fragment g is:
T2
o2 = 2T <f02T1 + ﬁ221> ;

where foo = Af1 — BTy = (61 — B2)T1.
Determine the phase dpi2 jump at the time of
change 3 to fs:

(4)

After substituting the values ¢g2, g1 in (4) and
performing simple transformations, we get:

dp12 = Po2 — PE1-

dp1g = 7T(ﬁ2 - 51)T127 (5)

by further differentiation we find that the frequency
jump 6 f12 at this very moment in time is:
dfr2 = (B2 — B1)Th. (6)
Thus, based on (5) and (6), we state that in the
process of formation of the NLFM signal at the moment
of transition from the first to the second LFM fragment
due to a change in the value of the speed of the FM, a
sudden change in the instantaneous frequency occurs,
which causes a jump in the instantaneous phase of the
signal.
The following subsection of the article is devoted to
the development of the MM of the current time, which
will take into account these changes.

3.2 Development of mathematical

model of two-fragment NLFM sig-
nal in current time

As a basis, unlike (2), for MM of the current ti-
me we will use another known model of instantaneous
values of phase ¢(t) (7) (expressions for instantaneous
frequency f(t) are obtained by differentiation) of a
two-fragment NLFM signal [27]:

/2
27T<f0t+512> , 05t LTy

p(t)= 2
2W<(f0+51T1)t+522) , Ty <t<Ty+T5.

(7)

To determine the effect of a frequency jump, we
introduce an auxiliary model, which we obtain by
compensating for (7) the frequency jump (6), we get:

/2
2m (fot+512) ,0<t < Ty

_ 2
2= 27 ([fo — (B2 — B1)Th|t + 52752) , ®
T <t<T+ 1>

We add in (8) the compensating phase component
(5) and obtain the MM of the instantaneous phase of
the two-fragment NLFM signal in the current time:

Bit?
2m fot-l-T ,0<t < Ty

Bat?

oli)= 27<[f0—(»32—51)T1]75+ +(52_51)T12> ;

2 2

T <t<TH + 1.
9)
Thus, a new MM of a two-fragment NLFM signal
(9) is obtained, which includes LFM fragments, it
takes into account the abrupt change in instantaneous
frequency and phase at the moments of change in the
value of the speed of the FM. The developed model was

tested using the MATLAB software package.

3.3 Results of mathematical modelling

Further analysis will be carried out by comparing
the results of modelling. The results obtained using
the considered MM with fixed parameters of the two-
fragment NLFM signal were compared: Af; = Afy, =
200 kHz, 71 = 20 ps, T = 100 ps.

Figure 2 shows the results of using the current time
MM without compensating for frequency and phase
jumps (7). For better clarity, the results are set fo = 0.
At the moment of transition to the second fragment
of the signal on the oscillogram of Fig. 2a, a phase
jump is observed, on the graph of Fig. 2b at this very
moment we see a sudden change in frequency, the signal
spectrum of Fig. 2c is distorted — it has a significant
dip at a frequency of 200 kHz and ripple on the slopes,
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the ACF MPSLL is -14.4 dB, the width of ACF main
lobe at zero level is 10.8 ps (Fig. 2d).
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and Fig. 3d, there is a sharp drop in the level of the
ACF side lobes and a sharp increase in the pulsation
frequency, which corresponds to a larger value of the
FM speed and is a characteristic sign of the presence
of a jump in the signal phase at the time of transi-
tion to the second fragment. Next, we compare the
models of shifted time (2),(3) and current time with
the compensation of frequency and phase jumps (9).
The simulation results are shown in Fig. 4 and Fig. 5.
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Fig. 2. Oscillogram (a), the graph of instantaneous
frequency change (b), the spectrum (c), ACF (d) of
the NLFM signal according to model (7)

For the current time model with frequency jump
compensation (8) in Fig. 3, we see that the phase
jump of the signal in Fig. 3a has been preserved,
the frequency jump in Fig. 3b, compensated, the dip
in the spectrum of Fig. 3¢ has become significantly
smaller, however, the ripples on its slopes remained,
the MPSLL decreased to a level of -15.08 dB, and the
width of the main lobe at the zero level increased to
11.46 ps (Fig. 3d). At the edges of the graphs of Fig. 2d
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Fig. 3. Oscillogram (a), the graph of the instantaneous
frequency change (b), spectrum (c), ACF (d) of the
NLFM signal according to model (8)

In the oscillogram of the signal in Fig. 4a, a phase
jump is observed at the moment of change in the speed



64

Kostyria O. O., Hryzo A. A., Dodukh O. M., Nariezhnii O. P.

of the FM, the frequency change graph for both MMs
is identical to Fig. 3b, the signal spectrum also has a
dip.
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Fig. 4. Oscillogram (a), spectrum (b), ACF (c) NLFM
signalas model observed in the models (2)-(3)

Another nature of the change in frequency and
phase at the time of transition to the next fragment of
the signal causes a two-way distortion of the top of the
spectrum, which explains the decrease in ACF MPSLL
compared to the usual LFM signal, the pulsations on
the spectrum slopes are similar to Fig. 2 and Fig. 3.
Autocorrelation function MPSLL is -14.57 dB with the
width of the main lobe at a zero level of 11.4 us. There
is also a difference in the SLL ACF Fig. 4c, similar to
Figs. 2d and 3d. Simulation results for the current time
MM with simultaneous compensation of frequency and
phase jumps (9) are shown in Fig. 5. They indicate that
after the introduction of the compensation component
(5) in (9), the jump in the signal phase disappeared
(Fig. 5a). The signal spectrum of Fig. 5b was noti-
ceably rounded on one side, and the higher frequency
part remained unchanged, there were no pulsations on
the slopes. The MPSLL value of the ACF signal is

—15.77dB, while the width of the main lobe at the
zero level is 10.52 ps, unlike previous cases, there is a
smooth change in the level and frequency of pulsations
of the side lobes of ACP Fig. 5c.
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Fig. 5. Oscillogram (a), spectrum (b), ACF (c) of
NLPM signal according to model (9)

Analysis of the results of mathematical modelling
Fig. 2-Fig. 5 states that the use of the NLFM model
of the signal in the current time (9) ensures that there
are no instantaneous frequency and phase jumps at the
moment of change in the speed value of the FM. The
type of signal spectrum takes the expected form - it is
noticeably rounded at low frequencies, the ripples of
the stingrays disappeared in it, which led to a decrease
in the maximum level of the side lobes of the ACF,
a decrease in the SLL occurs smoothly, which is a
characteristic sign of the absence of frequency and
phase jumps of the resulting NLFM signal. Compared
to the known MM in shifted time, due to compensation
for the phase jump, the MPSLL decreased by 1.2 dB
with a narrowing of the width of the ACF main lobe by
about 8%, which indicates an increase in the effective
spectrum width of the resulting NLFM signal.
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The rate of decline of the average SLL for models
(2), (7), (8) is almost the same and is 15 dB/dec. For
the model (9) developed by the authors, this figure is
17.5 dB/dec.

Conclusions

The paper considers the most common MM signals
with non-linear frequency modulation, which consist of
two LFM fragments.

For the first time, it was shown that the models in
question are characterized by significant shortcomings,
namely, the presence of frequency and phase jumps
(or only phase) of the signal when moving to the
next fragment. In addition, such an abrupt change
in frequency and phase (or only phase) leads to the
appearance of symmetrical significant differences in
the SLL relative to the center and an increase in the
frequency of pulsations of the ACF signal at a time
that corresponds to the beginning of a new fragment.

Taking into account the detected effects, a new MM
NLFM signal was developed. Unlike those known in the
proposed model, instantaneous frequency and phase
jumps are compensated for, which occur at the moment
of change in the speed of the FM when switching from
one signal fragment to another.

It is shown that using the developed model provides
the best spectral characteristics of the resulting two-
fragment NLFM signal, shape distortion disappears
and the effective spectrum width increases. This causes
a decrease in the MPSLL, an increase in the rate of
decline of the average SLL and a decrease in the width
of the main lobe of the ACF signal. The considered
MM is quite illustrative, the proposed approach can
be extended to NLFM signals with a large number of
LFM fragments, as well as combinations of fragments
with linear and other types of modulation. The model
can be useful for developers and researchers of systems
for the formation and processing of NLFM signals. In
the future, based on the results obtained, it is planned
to develop MM of the current time of three-fragment
NLFM signals that can potentially be used in practical
application.
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MaremaTuyHa MOAE/b ABOMPATMEHTHOIO CUIHAJY 3 HEJIHIHHOK YaCTOTHOI MOJYJISAIIEI0 Yy MOTOYHOMY 4aci 67

MEeTO/IiB 3HUKEHHS PiBHs OIYHIX METIOCTOK € 3aCTOCYBAHHS
CUTHAJIIB 3 HEJIHIAHOI0 YacTOTHOIO Momyssamieo. [Ipukia-
JOM TaKHX CATHAJIIB € Bimomwuil qBoparMeHTHUN CUrHAJ,
10 CKJIAJAETHCS 3 MOEAHAHNX Y Jacl JIHIHO-IaCTOTHO MO-
aynpoBaHUX parmMenTiB. OgHAK MaTEMaTHIHI MOIEJ, AKi
BHKOPHUCTOBYIOTHCS [IJIsI OIIMCY TAKOI'O CHTHAJIY, HE B IIOB-
Hiil Mipi BimoOpaxkaoTh edeKTH, M0 BUHUKAIOTD ¥ MOMEHT
repexo/y Bix omHOTO (hbparmMenty curuasy g0 apyroro. Lli
edexTH NpOsIBIAIOTHCA y CTPHOKOIOAIOHIN 3MiHI wacToTH
Ta dasy, Mo Npu3BOAUTH A0 CIOTBOPEHHS CIEKTPY CHUrHA-
JIy, TIBULIEHHST PIBHS OITHIX TEIIOCTOK aBTOKOPEJISIITHOT
dbyukil Ta pizkux mepemanis ix piBasa. Taki edexktu He
JOCTIKYBAJICA Y BimoMmx pobOTax, mpO IO CBLIIATH
HaBeJIeHI y IEPIIOMY PO3MJiIl CTATTi pe3y/IbTaTH aHATI3Y
JOCJIiTZKeHb 1 myOJtikariit. Y apyromy po3mijii poboru cgop-
MyYJIbOBAHO 3aBJAaHHS JOCTiMKeHHs. T'petiit po3mia podborn
MIPUCBSIIEHO PO3POOII MeXaHi3My KOMIIEHCAIIl MPOsiBY BHU-

sABeHNX edEeKTIB Ta 10r0 MATEMATUIHOMY OIIHCY, IO Iepe-
BIPEHO TIJITXOM MOJIETIOBAHHSA. 3 yPaXyBaHHIM BUSIBJIEHUX
edekTiB po3p0obIeHO HOBY MaTEMATHIHY MOJIE/Ih HeTiHIHHO-
YaCTOTHO MOY/Ih0BAaHOrO curuaty. Ha Bigminy Bim Bimomumx
Yy 3amnpOoTOHOBAHIN MOIEI KOMITEHCYIOTHCS CTPUOKH MUT-
TeBOI 9acToTu Ta (a3u, siki BUHUKAIOTH Y MOMEHTH 3MiHU
MIBUAKOCTI YACTOTHOI MOJYJIAIIl IPHU IEPEXOdi Bif OIHOTO
dbparMeHTy CUrHaJy 0 iHIIOTO.

ITomanmii qOCHIIPKEHHS OIJIHFHO 30CEPEIUTH HA 0CO-
OIMBOCTSX KOMITEHCATIl MPOSBY BUSB/IEHUX €(EKTIB Ist
CATHAJIIB 3 OL/IBIIOI0 KiJIBKICTIO (hparMeHTiB, a TAKOXK KOM-
Ginariit ¢pparMenTiB 3 pi3HUMU BUAAMU MOIYJISIII, IIPO 110
BKA3aHO y BHCHOBKAX /0 PoOOTH.

Karouosi carosa: memiHiliHa 9acTOTHA MOJIYJISINS; Ma-

TeMaTUYIHA MO/Ie/Ib; aBTOKOpesdiiina dyHukiis; piBeHs Oi-
YHUX TIEJIFOCTOK; CTPUOKM JacTOTH Ta (as3u
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