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ON A COMPARISON OF RADAR SYSTEM PERFORMANCE BETWEEN
RANDOM AND LINEAR FREQUENCY MODULATION CONSIDERING
SIDELOBE SUPPRESSION TECHNIQUES

B. POMPEO, L. PRALON, G. BELTRAO, H. CIOQUETA, B.COSENZA AND J.R. MOREIRA

In order to improve sidelobe suppression, to increase processing gain and range resolution at the receiver
filter’s output, many techniques based on transmit waveform and receiver’s filter design have already been
proposed. This paper addresses a comparison on the performance of pulse compression radar systems that
apply random frequency modulated transmitted signals, commonly used in noise radars, and linear frequency
modulated transmitted signals. For the latter, it will also be analyzed pulse compression’s sidelobes reduction
techniques, more precisely, it is investigated window functions techniques and mismatched receiver filter de-
sign using the Lp- norms minimization techniques. Peak to sidelobe ratio, range resolution, compression gain
and signal to noise ratio will be evaluated for all cases by means of mathematical analyses and simulations.

Keywords: noise radar, LFM, sidelobes.

I. INTRODUCTION

Many techniques related to transmit waveform
design [3] and receiver filter design [2] emerged in or-
der to increase the detection performance, to improve
sidelobe suppression, to increase processing gain and
range resolution in pulse compression radar systems.
Pulse compression is a signal processing technique
widely used in modern radar systems. A pulse com-
pression radar involves the transmission of a long
coded (modulated) pulse and the processing of the
received echo to obtain a relatively narrow pulse. The
increased detection capability of a long-pulse radar
system is achieved while retaining the range resolu-
tion capability of a narrow- pulse system [1].

Studies to improve radar performance when this
technique is employed have been a research subject
since it’s inception in mid 1950s[2]. However, the
pursuit to achieve all the previously reported goals
simultaneously is a never-ending challenge, because
almost in every proposed scheme a requirement has
to be relaxed in order to satisfy another.

A well known waveform generation procedure
is based on linear frequency modulation. Transmitted
signals of this nature have been more employed than
any other coded waveform in radar systems due to it’s
great popularity, easy generation and it’s insensibility
to Doppler shifts [1]. Traditionally, matched filtering
isthen applied in the receiver’s signal processing chain
when pulse compression technique is employed, max-
imizing signal to noise ratio, for AWGN, at the filter’s
output [4]. This technique, however, introduces high
levels of sidelobes, which can significantly increase
the false alarm rate.

In order to eliminate the previously mentioned
drawback, sidelobe suppression techniques can be ap-
plied. In the present paper, windowing function along
with matched filtering and mismatched filtering are tak-
en into consideration in order to improve the proposed
comparison. The former reduces sidelobes to an ac-
ceptable level, but do not make use of any optimization
algorithm. The latter has gain notoriety in radar society
due to recent presented research results. It is a method
based on a minimization of Lp norms of the sidelobes
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seeks to achieve not only low sidelobe levels but also a
constant value over all non-zero time shifts [2].

A more widespread approach to solve high lev-
els of sidelobes at pulse compression output relays on
waveform design. Nonlinear frequency modulation,
phase coded pulses generation, which range from
analytical techniques [5] to exhaustive searches and
random waveforms are examples of such approach.
However, the first two methods mentioned are lim-
ited in use and development due to computational
complexity and time computing [1,2].

Random waveforms present some advantages
when used as transmitted waveform: low probability
of interception [10], suppression of range ambiguity
and low range sidelobe levels [6]. However, until a
few years ago, such transmitted signals could be left
aside due to generation complexity. Nowadays, with
the advances made in hardware as well as the rise of
software defined noise radar concept [7] many works
have been published in this area referred to: system
modelling [8], waveform generation [9] and optimal
detectors design [10].

In the present work, random waveforms are tak-
en into consideration on a comparison between linear
frequency modulation waveforms, the latter with and
without the usage of the sidelobes suppression tech-
niques previously mentioned. Lukin [11] and Axelson
[6] published recent works describing the phase/fre-
quency randomly modulated signal’s power spectral
density and autocorrelation function for employment
as transmitted signal in noise radar systems which will
be directly used in the discussion.

This paper is organized in 6 more Sections. In
Section I1, a brief discussion about radar coherent re-
ception is performed, highlighting the importance of
pulse compression. The Section I1I describes the linear
frequency modulated signal’s characteristics. Section
IV presents two distinct methods widely disseminated
in radar systems to reduce pulse compression output’s
sidelobe level. In Section V, the specific features of
Noise Radar coherent reception are taken into con-
sideration and randomly frequency modulated signal’s
properties are presented when a Gaussian, unit power
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and with rectangular power spectral density modulat-
ing signal is used. In Section VI, the results of software
simulations are showed and finally Section VII presents
the conclusion about the results obtained.

I1. PULSE COMPRESSION

Pulse compression is a signal processing tech-
nique applied in radar systems that enables the trans-
mission of a long pulse, achieving higher energy with-
out jeopardizing range resolution. Furthermore, it is
also possible to extract the exact position of the target
based on the delay of the returning signal when this
method is employed.

Let us consider a radar emitting a time limited
signal s(¢) . Furthermore, we shall assume that a single
point scatterer is located at the range #, . According to
this assumption, the received signal, r(f) can be writ-
tenas r(r) = A(t)s(t—T;)+ v(¢) where v(t) is associat-
ed to external interferences; A(f) denotes the fading
function of the signal; 7} :2% is the time spent by
the echo signal to return to the radar and c is the vac-
uum light speed. Usually radar systems perform signal
processing digitally using signal’s complex envelope.
Therefore, the mathematical analysis was performed
under this perspective. The delayed reference signal’s
complex envelope is correlated with the actual target
echo’s complex envelope. The peak position value of
the correlation output indicates the round-trip delay
of the electromagnetic wave, resulting in a measure of
distance. The output of the coherent receptor that has

an equivalent impulse response A(7), j(7) , is given by
~ T}m ~ 7
()=, " Foh(t -y, (1

where T,,, denotes the integration time and 7(¢) de-
notes the received signal’s complex envelope.

Matched filtering has simple implementation and
maximizes signal to noise ratio associated to the pulse
compression output, increasing the system’s proba-
bility of detection. Hence it is preferred by most radar
designers. Matched filter’s impulse response is given
by h(t)=35"(-t), where §*(f) is the complex conju-
gate of the transmitted signal’s complex envelope. In
the next sections it is analyzed the behaviour of two
different frequency modulated transmit waveforms
when employed in pulse compression systems.

II1. LINEAR FREQUENCY MODULATION

Frequency modulated waveforms complex enve-

lope are given by
K » I a(a)do
5(t)=,2Pe —~ , 2)

where P is signal’s mean power, K, is the modula-
tion constant and a(¢) is the modulating signal.

When the modulating signal is given by a linear
function, the transmitted signal is said to be linear
modulated and it’s complex envelope is given by
Kt 2 Kyt
2 2

5(t)=2P e{
where ts is the pulse duration.

3)
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When matched filtering is applied and when
A(t)= A, pulse compression’s output can be showed
to be given by

2
j 7Kpt 7Kprst Koot
T.T 2 2 JEE
e

~ . Kp K
y(t)=2APrsinc —5 e LN )]

Range resolution of such systems are associated
with the 3dB width of the pulse compression’s output
and the signal to noise ratio associated to the pulse
compression output is given by the relation between
it’s peak instantaneous power and the noise power.
For linear frequency modulated waveforms along with
matched filtering the range resolution is given by [12]

Atsgp =5 )

N
where B, is signal’s bandwidth. The instantaneous
power of the pulse compression’s output peak is given
by P(Ty)=|3(Ty)|" =442 P
It can be observed from (4) that the absolute value
of the pulse compression output, when linear frequen-
cy modulated signals are employed as transmit wave-

forms and matched filtering is performed at the recep-
tor chain, has high levels of sidelobes. They are spaced

intimeby t= % and the sidelobe with higher intensity

isjust 13.2dB below the pulse compression peak [1].

A. Sidelobe Suppression Techniques

Sidelobes can severely deteriorate radar perform-
ance since it can induce a false alarm or, if any sidelobe
suppression technique is employed it can mask nearby
targets. Many methods for sidelobe suppression have
been proposed in the scientific community. Next we
take into consideration a widespread windowing ap-
proach and a mismatched filtering approach.

1) Windowing: Windowing technique consists in
multiplying the reference signal for a window func-
tion prior to the pulse compression. Some windows
function are represented in Table I where the column
PSLR stands for peak to side lobe ration achieved and
G stands for the peak value gain.

TABLE I
Window functions properties

window PSLR(dB) G
Uniform -13 1.00
Hamming(0.54) -43 0.54
Gaussian(a=3.0) -55 0.43
Blackman -58 0.42
Dolph-Chebyshev(a=4.0) -80 0.42

In the present work it is used the Hamming(0.54)
window [1], which is the most popular in radar sys-
tems. It’s digital implementation is given by

2nt
), (6)

where N stands for the size of the window in samples.

Even though this technique reduces the sidelobe
significantly, achieving nearly 40dB of peak to sidelobe
ratio, the tradeoffs that it introduce are not always
bearable. Pulse compression’s output peak power is

o(t)=0.54-0.46 cos(
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reduced, deteriorating the signal to noise ratio associ-
ated and the 3dB width is expanded decreasing range
resolution.

2) Mismatched Filters: In the present work mis-
matched filter design was carried out by means of min-
imization of L,- norms of the sidelobes [2]. The signal
to noise ratio associated to the pulse compression’s
output when any mismatched filter is always lower
than the obtained when matched filter is employed
and is usually called mismatch loss. Furthermore, the
3dB mainlobe width of the pulse compression out-
put that employ mismatched filtering is slightly wider
than for the corresponding matched filter [2]. Filter
length is usually higher than transmitted pulse length
thus filter coefficients calculation and mismatched
filtering operation introduce a level of computational
complexity that is not inherent to the corresponding
matched filter operation.

IV. RANDOM FREQUENCY MODULATION

Random frequency modulated waveforms are gen-
erated from (2) using a modulating signal characterized
by stochastic process. In the present work, the modulat-
ing signal, is here represented by a Gaussian wide sense
random process with unit power and rectangular power
spectral density. Hence, the transmitted signal is also
represented by a stochastic process and therefore a bet-
ter way to evaluate performance of this sort of signal is
trough the analysis of the expected value of the output
of coherent receptor, y(¢) . When A(f) = A, and when
the transmitted signal and thermal noise are considered
independent processes, it is given as [9]

E[y(0)] =Ty AR (t-T;) (7)

int
where R (f) is the autocorrelation function of the
transmitted signal and 7, is the total integration time.
It can be seen that the transmitted signal’s autocorrela-
tion function plays an important row in radar systems
that use random signals, since the target detection is di-
rectly obtained from the maximum of this function.
If K,> B,, the modulation is said to be wide-
band and approximations lead to an autocorrelation
function given by

R.(1)=2Pe (8)
The instantaneous power of the pulse compres-
sion’s output peak is given by

PTy) = E[[5(T)f |2 442 P22

The same as the one obtained when linear frequency
modulation is employed along with matched filtering.
It can also be showed that the signal to noise ratio as-
sociated to the pulse compression’s output is the same
as the one obtained when linear frequency modula-
tion is employed along with matched filtering.

The 3dB width of the pulse compression’s out-
put from which it’s derived system’s range resolution
can be showed to be given by

0.869
B

N

)

Atyp =
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It can be noticed from (9) that the range resolu-
tion of system’s that employ random frequency mod-
ulated signals as transmit waveforms is slightly nar-
rower than the one obtained when linear frequency
modulated signals are chosen as transmit waveforms.

Since the transmitted signal is here characterized
by a wide sense stationary random process, each sam-
ple of the pulse compression output will be a random
variable. Therefore, even though the expected value
of the pulse compression output (7) does not predict
sidelobes, Axelsson [6] reported that this sidelobes are
related to the variance of each random variable and
is given by 7,B.N where T, is the pulse duration,
B, is the signal’s bandwidth and N is the number of
pulses coherently integrated. Thus, the radars design-
ers ought to increase the number of pulses integrated
in order to achieve less sidelobe levels.

V. SIMULATION

In this section, a numerical example is presented.
Two distinct 2MHz transmitted signal were generated:
(i) a linear frequency modulated signal; (ii) a random
frequency modulated signal. Pulse compression was
performed on both signals. For case (i), matched filter
with and without windowing and mismatched filter-
ing were performed. For case (ii) only matched filter-
ing was applied however it was considered two distinct
scenarios: only one pulse compression’s output and an
average of 1000 pulse compression’s output.

At first, a comparison of pulse compression’s out-
put using linear frequency modulated signal was real-
ized. This simulation is illustrated on Figure 1. It can
be seen that windowing technique causes an increase
of the 3dB width and a decrease of the peak value.
Eventhough PSLR increases, the achieved sidelobe
levels are higher than when mismatched filtering is
applied. Thus, it was concluded that mismatched
filtering has a better performance regarding sidelobe
levels when compared to simple matched filtering and
matched filtering along with windowing technique.
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Fig. 1. Comparison between distinct pulse compression
using linear frequency modulated

The next simulation consists of a comparison
between mismatched and matched filtering when lin-
ear frequency modulated are employed and matched
filtering when random frequency modulated are em-
ployed as transmitted waveforms. Since the transmit-
ted signal is represented by a stochastic process, a bet-
ter way to evaluate the performance of such signals is
trough the analysis of the expected value of the output
ofthe coherent receptor. This affirmative is confirmed
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in figure 2, where a single pulse is compressed. Note
that the sidelobe level of the pulse compression out-
put is too high, approximately -15dB.

Matched filtering of one pulse random frequency modulated signal
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Fig. 2. Pulse compression’s output of a single random
frequency modulated signal

The comparison between the three different pulse
compression methods above mentioned, considering an
average of 1000 pulse compression’s output for random
waveformes, is shown in figure 3 while figure 4 highlights
the main lobe and the sidelobes with higher intensity.
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Fig. 3. Power spectral density of transmitted signal
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T T T

T T T T
~ Linear Frequency Modulated - Matched Filter
—— Linear Frequency Modulated - Mismatched Filter
—— Noise Frequency Modulated

dB

Ab A .

r i I i i
3000 3020 3040 3080 3080 3100 3120 3140 3160

Fig. 4. Power spectral density of transmitted signal

CONCLUSION

In this paper, we have presented a comparison on
the performance of radar systems that employ linear
frequency modulated and random frequency modulat-
ed transmit signals. It was also taken into consideration
two distinct techniques of peak-to-side lobe ratio im-
provement when using linear frequency modulation.

It was taken into consideration a wideband ran-
domly frequency modulated signal, which features a
bell shaped autocorrelation function, more specifi-
cally a Gaussian distribution shape, very attractive
for radar systems. It was shown that aside from the
intuitive advantages that arise when random signals
are employed as radar transmit waveform, such as
low probability of interception, immunity to similar
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systems interference, intentional or not [10] and sup-
pression of range ambiguity, other performance relat-
ed advantages of such systems can be highlighted.

Mathematical analysis and simulations re-
sults showed that when the application requires low
sidelobe levels, random frequency modulation sys-
tems have better performance then classical linear fre-
quency modulation systems, despite of any improve-
ment technique applied. It was shown that not only
optimal peak signal to side lobe ratio can be achieved
through coherent integration, but also signal to noise
ratio remains unchanged when compared to classical
linear frequency modulation.

Furthermore, for applications that require the
higher resolution as possible for a given bandwidth,
random frequency modulation should also be em-
ployed. It was shown that random frequency modu-
lation matched filter’s output is narrower than de-
terministic linear frequency modulation response to
such detectors for a given signal’s bandwidth.

The two linear frequency modulation sidelobe
suppression techniques analyzed had significant
tradeoffs involving side- lobe levels, signal to noise
ratio and range resolution, not to mention the con-
siderable increase in signal processing complexity
when mismatched filters are applied. Therefore, the
performance of radar systems that employ linear fre-
quency modulation along with any of the analyzed
sidelobes suppression techniques will never overcome
random frequency modulation systems performance,
despite of the analysis perspective.
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CpaBHeHHe XapaKTEePUCTUK PaJAAPHON CHUCTEMbI TNPH
HCTOJIb30BAHUU ITIYMOBBIX CUTHAJIOB U CUTHAJIOB C JIMHEHHOM
9aCTOTHOI MOXYJSNUed ¢ TOYKH 3PEHHs MOAABJIeHHs 00-
KoBbIX JenecTkoB / b. ITommieo, JI. ITpanon, I'. benatpao,
X. Yukyera, b. Kocensa, IIx. Mopeiipa // [TpuknagHas
pamMo3IeKTPOHMKA: Hayd.-TeXH. xkypHai. — 2013. — Tom
12.—No 1. — C. 132—136.

CylecTByeT MHOTO METOMIOB YJIYUIIEHUS TOoAaBie-
HUSI OOKOBBIX JIETIECTKOB, yBEIWYEeHUSI KoadduimeHra
yCUJIEHUST OOpabOTKM M IIOBBIIICHUS pa3pelleHus IO
IaJIbHOCTU Ha BBIXOIE (PUIbTpa MpHUEMHHUKA. DTU METO-
IIbl OCHOBAHbBI Ha BEIOOPE (hOPMbBI 30HAMPYIOIIETO CUTHA-
JIa WIM XapaKTepUCTUK MpueMHOro ¢wibTpa. B manHoit
paboTe TpeACTaBIeHO CpPaBHEHUE MPOU3BOAUTEIHLHOCTU
PaIMoIOKAIIMOHHBIX CUCTEM CO CXXaTUEeM MMITYJbCOB, CO
CJIyJaiiHOII YaCTOTHOM MOMYJSLIMEN mepeaaBaeMbIX CUT-
HaJIOB, UCIOJIb3YEMOM B IIIyMOBBIX pajapax, 1 ¢ JUHEUHOM
YaCTOTHOM MOIYJISILIMEN CUTHAJIOB. B oTHOIIEHMM moce -
Hero MpoBeleH aHaIu3 METOAOB YMEHbIIEHUS OOKOBbIX
JIETIECTKOB CXKAaTbIX IO JaJIbHOCTU WMITYJIbCOB, 4 MUMEH-
HO, MCCJIeIOBAaHbl OKOHHBIE (DYHKIIMU U HEONITUMAIbHbIE
GUIBTPBI, UCTIONB3YIONIIME MUHUMU3auoo Lp-aopm. I1y-
TE€M MOJIEJIMPOBAHUS OLIEHEHbI YPOBEHb OOKOBBIX JIETIECT-
KOB, pa3pelleHre 10 JaJbHOCTU, KOI(PPUIIUEHT yCuIe-
HUSI 00pabOTKU ¥ OTHOIIEHUE CUTHAJI-IIIYM.

Karouesnie crosa: irymoBoii pagap, JIUM curnain, 6o-
KOBbBIE JICTIECTKU.

Tab6mn. 1. Un.4. bubnuorp.: 12 Ha3B.

VYIK 621.37

IlopiBHSAHHS XapAKTEPUCTHK PAJApHOi CHCTEMH TpU
BUKOPHCTAHHI IIYMOBMX CUTHAJIB i CHrHANiB 3 JiHiiHOIO
YACTOTHOI0 MOAYJISIIEI0 3 TOYKU 30PY 3arayLIEHHsS OiYHHUX
nemoctok / b. [Tomneo, JI. [panon, I'. benrpao, X. Un-
kyera, b. Kocensa, IIxx. Mopeiipa // [lpuknanHa pamio-
eJICKTPOHiKa: HayK.-TexH. XypHas. — 2013. — Tom 12. —
Ne 1. — C. 132-136.

IcHye GaraTo MeToiB MOJIMIIICHHS 3arTyIeHHS Oiu-
HUX TEJTII0CTOK, 30iIbIIEHHST KoedillieHTa mocuieHHs 00-
PpOOKM Ta ITiIBUILIEHHST PO3AUILHOI 3MaTHOCTI 3a JAJILHICTIO
Ha Buxogi ¢inbTpa npuitmava. Lli MeToau 3acHOBaHi Ha
BUOOPi (hOpMU 30HAYIOUOTO CUTHATTY a00 XapaKTepPUCTUK
npuiiMaibHOro Ginbrpa. B maniii poGoti npeacraBieHO
MOPIBHSIHHS TIPOAYKTUBHOCTI PaJiojIOKAlliiHUX CUCTEM
3i CTMCKYBaHHSIM iMMYJIbCiB, 3 BUITAJIKOBOI YaCTOTHOIO
MOJYJISILIIEIO TIepeAaHnX CUTHaJiB, BUKOPUCTOBYBAHOI B
LIYMOBUX pajapax i 3 JIiHIHHOI YaCTOTHOIO MOJAYJISILIIEI0
curHaiiB. [Ilogo ocTaHHBOTO TPOBEICHO aHajli3 MeTO-
NIiB 3MEHIIIEHHS OIYHUX TEJIFOCTOK CTUCIUX 3a IalbHic-
TIO IMIYJIBCIB, a caMe, JOCIiIKeHi BIKOHHI (DYyHKIIi i He-
ONTUMaIbHI (PiUIBTPU, 110 BUKOPUCTOBYIOTh MiHiMi3allito
Lp-vopwM. ListxoMm MozmeTioBaHHST OLIiHEHi piBeHb OiUHUX
MeJIIOCTOK, PO3iJbHA 3MaTHICTh 3a JaJIbHICTIO, Koedilli-
€HT MOCUJIEHHSI 0OPOOKM i BiTHOILLIEHHSI CUTHAJI-TITYM.

Karouosi crosa: mymosuii pagap, JIYM curnan, 6iuHi
MEJIIOCTKHU.

Tab6u. 1. 1. 4. biomiorp.: 12 HaiiMm.

Applied Radio Electronics, 2013, Vol. 12, No. 1



