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ABSTRACT
Radar sensors are wide spread as ranging and navigation systems, especially in ATC and
prevention of wings’ collisions. Traffic handing on routes and commuter areas is held
with their use. Therefore, improving the noise immunity of radar sensors remains as
priority, especially in aviation sector. In this connection, we consider a synthesis method
of complex signals with irregular bi-level structure envelope of power spectrum. We
conducted analysis of synthetic signal’s spectral characteristics. We described the
possibility of the use of such signals for frequency clutter rejection localized in a
relatively small range of Doppler frequency shifts. The frequency rejection of ground
reflection is proposed to improve the noise immunity of radar sensors.
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Introduction

Improving noise immunity of radar sensors with high-output ground reflection at
hand requires probing signals providing minimization of valid and interfering
signals’ power spectrum overlap (Liu et all., 2015; Sheen, 2015; Pralon, Pompeo
& Fortes, 2015). Targeting problems widely use probing signals in the form of
coherent radio pulse clusters with a high repetition rate (Chen et all., 2012; Yao,
Lorenzelli & Chen, 2013). Such signals are characterized by line structure, wide
and "pure" frequency domain of ambiguity function. These properties provide an
effective frequency selection of high-speed targets against ground reflection. The
most significant drawback of this type of signals is high range ambiguity
ambiguity (Levanon & Mozeson, 2004; Skolnik, 2008; Nathanson, 1969).

On the other hand, the wideband signals of long duration eliminate range
ambiguity. At the same time, the detection of weak signals is possible only by the
frequency rejection of high-output passive clutters with a Doppler frequency shift
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(Richards, 2005; Schleher, 1991; Skolnik, 2001). In the case of wideband signals
with a large time-frequency product, the use of frequency rejection is problematic
due to the almost complete valid and interfering signals’ power spectrum overlap.

As an alternative, the authors of this article provide the use of a special type
of wideband signals with a multilevel phase-shift-keying having a bi-level
irregular structure envelope of power spectrum. Such spectrum allows conducting
the frequency rejection of ground reflections distributed by means of delay and
localized by means of frequency (Levanon & Mozeson, 2004; Bystrov, 2005;
Kutuzov, 1996). As a result, the processed signal reveals a significant part of
interfering signals’ energy promoting valid signals detection.

The objectives of this article are to describe the method of synthesis of
multiphase signals with the bi-level power spectrum and to evaluate the
effectiveness of frequency rejection of point radar clutter.

Method

The theoretical and methodological basis of the study is a set of methods relevant
to desired goal: induction and deduction, abstraction and generalization, analysis
and synthesis, analogy, as well as modeling. The paper describes the experience
of leading domestic and foreign researchers, who studied the issues.

The basis of the study is the analysis method; functions of considered objects
were comprehensively studied under this method. We also used mathematical
modeling method, which has allowed considering the main characteristics of the
research subject.

Data, Analysis, and Results

Synthesis of multiphase signals with bi-level irregular structure of
power spectrum

Let us consider the method of synthesis of signals with bi-level irregular structure
of power spectrum. It uses the features of ternary sequence (TS) b, €{0,+1},
n=0...N -1, with certain side-lobe relief of autocorrelation function (ACF). After
completing the discrete Fourier transform of the original TS we obtain its
spectrum:

1 . 27ki
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If TS has an ACF with zero sidelobe level, the spectral module of such
sequences 1s uniform. In the case TS has an ACF with non-zero sidelobe level, the
amplitude fluctuation of module’s spectral components appears in spectrum
module.

Using time-frequency transformation duality, a multi-phase modulating
sequence Y, =B, n=0..N-1 might be constructed. In terms of mentioned
properties of duality, the sequence y will have the envelope of spectrum module of
a type

, k=0...N-1 2)
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identical in form to the module of initial ternary sequence | Yz|~|bz| €{0,1}.
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In general, the envelope of multiphase signal will not be constant in time.
This is highly undesirable. Therefore, constructing multiphase signals with a
constant envelope is produced with the use of complex value yn:

w, =exp[jx¢,], ¢, = arg(y,),n=0.N-1 3

Phase value of such signal is a continuous value, but the discrete phase
values with Ap=2n/K, step, where K, — the number of level phase, is more
interesting from a practical point of view.

The envelope of synthesized multiphase sequence {w».} power spectrum will
be closer in form to the envelope of initial ternary sequence module. The envelope
of synthesized signals’ power spectrum will contain spectral components
concentrated near two certain levels: high and low — that differ in value. The
spectrum becomes a comb shape. The number of high-level spectral components
constituting the "comb" tooth, as well as their repetition interval differ and have
a pseudo-random nature in terms of pseudorandom TS module law.

As an example, Figure 1 shows a multiphase signal of length N=63
synthesized from TS (Ipatov, 1979, 1992) {bx} ={000-100010100100000
00000100000000001-1-10-1000-11000100-10110000001
0 0}, as well as its power spectrum. The number of phase gradations is equal to
Ko =64.
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Figure 1. Multiphase signal of length N=63

The power spectrum of synthesized signal (Figurelb, Diagram 1) has a bi-level
structure of the envelope, changes of which align with the law of sequence
changing | br|, represented in Diagram 2.

Indicators of synthesized signals’ quality
We characterize the quality of synthesized signals by means of QM ratio of high-

and low-level spectral components of amplitude spectrum | Wi |. We work in an
expression reflecting the dynamic range of spectral components:

3 (1- b)Y (I 3 (o
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N-1
2 Ib|

where Q, ~ kZON -TS is the duty cycle {bn}.

In the example given above, the TS {bn} has Qv=25%. The dynamic range of
signal spectrum levels synthesized on its basis was 37.1 dB with the phase
gradation of 64 levels.

There is an obvious 1 dependence on TS {bxn} duty cycle Qp, as well as on the
number of phase gradations K, of multiphase signal {wn}.

Increasing the number of phase levels, the dynamic range of synthesized
signal’s spectrum levels increases as well. This follows from dependency graph
represented in Figure 2 for the signal of length N=1023. However, it is not possible
to increase the number of phase gradations in real conditions due to the influence
of transmit-receive chain phase errors. Thus, the number of phase gradations is
necessary to be chosen maximum, but not inconsistent with the parameters of the
real system.
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Figure 2. Signal of length N=1023

Decreasing duty cycle Qv of the ternary sequence {bn}, the dynamic range of
synthesized signal spectrum levels increases. It can be clearly seen from the
comparison data (Table 1) for various lengths of synthesized signal under phase
gradation at Ky=32 levels. Changing Qp» from 50% to 12.5%, n value increased by
6 dB in average. Upon that, n parameter for defined TS duty cycle values {bn}
practically does not depend on the length of synthesized signal.

Table 1. Dynamic range of synthesized signal spectrum levels

Qs N n, dB
511 27,41

. 2047 27.83
50% 8191 27.89
32767 27.79

- 1023 31.26
25% 16383 31.23

12.5% 511 34,13
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Ambiguity function of synthesized signals

An important characteristic of synthesized signal is the ambiguity function
(AF). As an example, Figure 3 shows the AF relief of synthesized signal with
length N=511. It can be seen that AF has a pronounced narrow peak. This
indicates the signals’ high resolution in terms of delay and Doppler frequency, as
well as indicates an unambiguous measurement of these parameters over a wide
range. AF feature of these signals is the "ridge" along the delay axis at zero
Doppler frequency shift. The size of the ridge exceeds the background of AF lift
and depends on the spectrum’s average duty cycle. The mean square of ridge side
lobes for synthesized signal of length N =511 is equal to 18.64 dB; the lift level of

27.12 dB corresponds to the traditional value R;,s = 1/ JN of RMS of AF side lobes
of complex digital signals (Bystrov, 2005; Chebotarev, 2007; Kutuzov, 1996).
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Figure 3. AF of synthesized sequence with length N=511

The level of AF lift side lobes establishes a potential limit of weak signals
detection under the influence of high-energy clutter. As it was previously
mentioned, the irregular bi-level structure of power spectrum allows conducting
frequency rejection of interfering signals to recover weaker signals.

Discussion

The Doppler frequency shift causes a shift of signal spectrum along the frequency
axis. As a result, only a part of high-level components of initial spectrum will
interfere with the high-level components of the spectrum shifted spectrum. After
high-level components frequency rejection, the interference level minimization
will be achieved, and this level is determined by the average duty cycle of power
spectrum and depth of the low-level components in the synthesized signal
spectrum.

Efficiency of frequency clutter rejection can be estimated by the decrease of

interference level at the output of the processing unit. The second factor of
frequency rejection efficiency is the valid signal energy loss.
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Let us consider a matched signal processing in the frequency domain based
on the calculation of spectrum of the sum of returns and reference signals with
the following calculation of inverse DFT (Skolnik, 2005):

N-1
v., =2 SW., exp(j2zke/N), (5)
k=0

Where: r=7_ ...t u Vv=V_..v_ — numbers of range and frequency

min *** “max min ** max

channels.

We will show the efficiency of frequency rejection on the example of
synthesized signal of length N =511 with spectrum average duty cycle Q» = 12.5%.
Let us consider the processing results of additive sum of three signals
s(h=s,(t, a, 7, v)+S,(t, &, 7, v,) +5(t, &, 75, v;)  with  the following
parameters:

— amplitude a, =1, a, =05 (-6 dB), & =0.1 (-20 dB);

— discrete delays determined by the number of signal time samples
7, =7, =7, =100,

—normalized Doppler frequency shifts determined by the number of
spectrum samples v, =40, v, =20, v, =60.

Signals s, —s, differ in terms of intensity and Doppler frequency shifts, but
they have the same delay. After coherent processing, s, and s, signals’ responses

are observed at levels 0 and — 6 dB, respectively (Figure 4.). QM noise level in
other channels of processing is 25.86 dB, so the signal s,is masked by noises

caused by AF side lobes of stronger signals.
y(zy)

Figure 4. Results of quasi-matched processing of additive sum of signals s, and s, at levels
0and - 6 dB.

Let us consider the quasi-matched processing with the use of frequency
rejection. It sets to zero high-level spectral components of reference spectrum W, |

, which has same frequency shift as the high-level clutter components.
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After completing the inverse DFT of spectral input and reference signal
response, we obtain the response function of quasi-matched signal processing:

N-1
pr., =S, (W, br Jexp(j2zks/N), v #a,, (6)
k=0

Where: br, =1-|b,_ |e{L 0} — the sequence of frequency samples, describing
the ideal signal’s power spectrum,;
on— normalized Doppler frequency shifts of valid signals.

Figure 5 shows the results of quasi-matched processing of additive sum of
signals after the frequency rejection of only the most intense signal.

wrey)

Figure 5. Results of quasi-matched processing of additive sum of signals after frequency
rejection of s clutter

Signal response s, is not changed due to the fact that rejection was not

conducted in this frequency channel. Magnitude of the signal response was -7.15
dB. Therefore, the energy loss after frequency signal rejection is -1.15 dB. The
level of interference in other channels fell to -31.9 dB. This allowed identifying the
weakest signal s,. Its level amounted to -21.14 dB, taking into account energy
losses.

The residual level of interference caused by the overlap of reference signal’s
spectrum with low-level components of signal spectrum s, and AF side lobes of the
s, signal. Frequency rejection of s, signal should be performed in a similar method
to reduce noise level (Figure 6).

Noise level has decreased to -44.3 dB, all three signal responses are observed
at levels -1.14, -7.16 and -22.3 dB. Energy losses in the processing of the most
intense signal s, were -1.14 dB, for the least intense signal they are -2.3 dB.
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Figure 6. Results of quasi-matched processing of additive sum of signals after frequency
rejection of syand sy and s, clutter

Conclusion

One of the ways to improve the noise immunity of radar sensors is the frequency
rejection of ground reflection. This way is possible in the presence of probing
signals providing minimization of valid and interfering signals’ power spectrum
overlap.

This article presented wideband signals with irregular bi-level structure of
power spectrum, considered their synthesis, the basic parameters and
characteristics, presented the ambiguity function. Signals with such power
spectrum structure allow using the clutter frequency rejection distributed in
terms of delay, but localized at a relatively small range of Doppler frequency
shifts.

Disclosure statement

No potential conflict of interest was reported by the authors.
Notes on contributors

Nikolay E. Bystrov is a PhD, Chief Research Ofticer at the Radiosystems Deparment, Yaroslav-
the-Wise Novgorod State University, Velikiy Novgorod, Russia.

Irina N. Zhukova is a PhD, Head of Radiosystems Department, Yaroslav-the-Wise Novgorod
State University, Velikiy Novgorod, Russia.

Vladislav M. Reganov is a PhD, Head of R&D Department, The Yaroslav-the-Wise Novgorod
State University, Velikiy Novgorod, Russia.

Sergey D. Chebotarev holds a Master Degree, Research Officer at the Radiosystems Deparment,
Yaroslav-the-Wise Novgorod State University, Velikiy Novgorod, Russia.

References

Bystrov, N. E. (2005) Pseudorandom amplitude-phase shift keying signals synthesis and processing
methods in radars with quasicontinuous transceiving mode. PhD thesis: Novgorod State
University, Velikiy Novgorod, Russia, 150 p.

Chebotarev, D. V. (2007) Compensation processing methods of quasicontinuous wideband signals. PhD
thesis: Novgorod State University, Velikiy Novgorod, Russia, 165 p.



OO  IEJME — MATHEMATICS EDUCATION 3195

Chen, P. H. et al. (2012) Portable real-time digital noise radar system for through-the-wall imaging.
Transactions on Geoscience and Remote Sensing, 50(10), 4123-4134.

Ipatov, V. P. (1992) Periodic discrete signals with optimum correlation properties. Moscow: Radio 1
Svyaz, 152 p.

Ipatov, V. P. (1979) Ternary sequences with ideal periodic autocorrelation. Radio Engineering and
Electronic Physics, 24(10), 75-79.

Kutuzov, V. M. (1996) Synthesis of non-regular multitone signals and algorithms of their processing.
3rd International Conference on Signal Processing. Beijing, China 14-18 oct.

Levanon, N., Mozeson, E. (2004) Radar Signals. New York, USA: Wiley, 427 p.

Liu, J. et al. (2015) Change detection in synthetic aperture radar images based on unsupervised
artificial immune systems. Journal of Applied Soft Computing, 34, 151-163.

Nathanson, F. E. (1969) Radar Design Principles, 1st Ed. New York: McGraw-Hill, 720 p.

Pralon, L., Pompeo, B., Fortes, J. M. (2015) Stochastic analysis of random frequency modulated
waveforms for noise radar systems. Transactions on Aerospace and Electronic Systems, 51(2),
1447-1461.

Richards, M. (2005) Fundamentals of Radar Signal Processing. New York: McGraw-Hill, 513 p.
Schleher, D. C. (1991) MTI and Pulsed Doppler Radar. Boston: Artech, 639 p.

Sheen, D. M. (2015) Noise analysis for near-field 3D FM-CW radar imaging systems. SPIE Defense+
Security. International Society for Optics and Photonics, 946206-946206-11.

Skolnik, M. (2001). Introduction to Radar Systems, 34 ed. McGraw-Hill, New York, 513 p.
Skolnik, M. 1., (2008) Radar Handbook. New York, USA: McGraw-Hill Professional, 1352 p.

Yao, K., Lorenzelli, F., Chen, C. E. (2013) Detection and Estimation for Communication and Radar
Systems. Cambridge University Press, 336 p.



