Proceedings of the Fifth International Conference on Communication and Electronics Systems (ICCES 2020)

IEEE Conference Record # 48766; IEEE Xplore ISBN: 978-1-7281-5371-1

Slantlet Radar Waveform for Effective
Side-Lobe Suppression

Gnane Swarnadh Satapathi, Prakash karambally Shetty, Manjukiran Bagimane
Department of Electronics and Communication Engineering
AlJ Institute of Engineering and Technology
Mangalore, Karnataka 575006
Email: gnaneswarnadhsatapathi @ajiet.edu.in

Abstract—In this paper, a cognitive radar waveform is pro-
posed by using Slantlet filter coefficients. The construction of
slantlet waveform is introduced and compared to conventional
linear frequency modulated (LFM) with the same time duration
and bandwidth. The results reveal that the proposed slantlet
waveform has superior side-lobe suppression than the LFM
signal. As the waveform is a combination of Slantlet filter
coefficients, the amplitude and phase adjustment becomes flexible
in various environments. Subsequently it can be used in cognitive
radar.

Keywords—auto-correlation, peak side lobe ratio, pulse com-
pression radar, slantlet

[. INTRODUCTION

Adaptive waveform plays an important role in cognitive
radar for sensing the environment and decision making. Typi-
cally, the conventional radar waveform that is being used from
a long time suffers from severe side-lobes. Because of these
side-lobes, the ambiguity in range appears when the Doppler
effect arises. The condition goes worse when the two targets
are closely spaced.

Linear frequency modulation (LFM) waveform is tradition-
ally used pulse compression waveform to detect both range
and velocity [1]. But, the LFM suffers from significant side-
lobes, which in turn minimizes the range resolution of the
radar. Moreover, LFM has the frequency spread value and its
not idle for detecting target velocity [2]. The Costas waveform
[3] and stepped frequency modulated (SFM) [2] waveform
degrades both the range resolution and Doppler as they have
frequency spread term and high side-lobes. The phase coded
waveform like Golay code [4], Barker code [5], Frank code
[6] and P1, P2, Pz codes [7] produces low/ zero side-
lobes, but solemnly deteriorates as the Doppler effect occurs.
Further, Prouhet-Thue-Morse (PTM) sequences are suggested
to eliminate Doppler effect in a particular frequency limit
[8]. However, the length of PTM sequences are very large
and practically increases the complexity of the hardware.
Moreover, many optimizing techniques have been proposed
to reduce the side-lobe by reducing the amplitude of the main
lobe [9]-[11].

In recent years, compressed sensing techniques are em-
ployed in radar for enhancing the range, velocity and spatial
resolutions by suppressing the side-lobes [12]-[14]. But, more
amount of time consumed to get L' norm solution and some
times it might be unsolvable. A new waveform based on
wavelet packets has been proposed to improve the range and
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Doppler resolution [15], [16]. To further suppress the side-
lobes, traditional windowing technique is suggested in [17].
Morelet wavelet is suggested as adaptive waveform for MIMO
radars [18].These wavelet based radar waveforms have been
examined for wide variety of applications such as detection
of moving targets [19], synthetic aperture radar (SAR) [20],
adaptive radar [21] etc.

In this paper, we propose a new adaptive radar waveform
based on slantlet filter banks. The slantlet filters are improved
version of wavelet filters in terms of time localization and
having good number of zero moments of the basis. The
depiction of multi-resolution signals in both temporal and
frequency domains permit the radar waveform design in either
single or multiple sub-bands. The magnitude as well as phase
of single or multiple sub-bands can be adjusted so as to
improve the detection of the targets and this is the major need
in adaptive waveform design. Further, the bandwidth in each
sub-band is adjustable. The major focus in this paper is on
constructing the waveform and improvement in peak side-lobe
ratio value.

The anatomy of the paper is as follows. Section IT describes
about slantlet filter bank. The comparison of slantlet scaling
function with LFM of same time interval and bandwidth is
considered so as to convey the effective side-lobe suppression
is presented in section III. The design of slantlet radar wave-
form and comparing with LFM is incorporated in section IV.
Finally, the conclusion is discussed in section V.

II. SLANTLET FILTER BANK

The slantlet filter considered here is based on the secondary
structure of discrete wavelet transform (DWT) which covers
a user defined frequency range. The filters used here are
dissimilar at each scale. These filters can produce high pulse
compression rate with small side-lobe in its auto-correlation
operation. Figure 1 depicts the filter structure and the deriva-
tion of filter coefficients as follows.

Let, m be the scale of filter bank, then the filter bank
comprises of 2m channels and the length of the each filter is
2™ Let, am(n) and b, (n) are low pass filter and its adjacent
filter coefficient respectively. The left over 2m — 2 channles
have ¢;(n) filter coefficients with shifted time reverse for
p=1,2,3,....m-1. The filter coefficients of ¢,,(n) are sampled
by 2°FL,

Let amm(n), by (n) fand ¢, (n) be piece-wise linear over
the interval n € {0,1.2,...,27 — 1} and e e {2r,2¢ +
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Fig. 1. Four-scale slantlet filter-bank

1,...,2P*1 — 1}, In addition to it, ¢,,(n) and b,,(n) are
considered to have two zero moments. Further, the functions
ar(n), bg(n) and ci(n) are to be orthogonal to each other
if k& > m. The same is legitimate for the shifted versions of
em(n —2™), by,(n —2™) and their time reversed variants.

The filter ¢,,(n) has to be linear over the intervals n €
{0,1,2,...,2P—1}andn € {2P,2P+2,2P+2 ... 2Pt1_1}is
expressed by using four parameters which is given in Equation
1.

fo+ fin;

(n) = n=0,1,2,...,2? - 1
= e + faln = 27);

n=2°2° f1,... ,2PtL 1
(D
The values of fy, f1, fo and f3 are to be computed in order
to calculate the p scale orthogonal filter bank. Such that

The above conditions can be rewritten by using the param-
eters (fo, f1, f2 and f3) so as to realize in terms of multivariate
polynomial equations. By using the assistance of computer
algebra [22] the expression of ¢,,(n) is derived as

(n) = fo + fin; n=0,1,2,...,2° -1
m N} = fo+fa(n—2P); n=2p 2041, .. 2°tl 1
6]
where,
q=2"

hi =6/q/((¢> — 1)(4¢> — 1))
i1=2v3/(q(¢* - 1))
ho=—h1-(g—1)/2

io=((g+1) h1/3—qi1)(g—1)/(29)
fo = (ho +i0)/2

f2 = (ho —i0)/2

fi=(h1+i1)/2

fa = (h1—1i1)/2.

Similarly, by assuming the conditions of piecewise linear
form, orthogonality and multivariate polynomial equations, the
filter co-efficient of a,,(n) and b,,(n) are computed as

n=20,1,2...,2P -1
n=2P 2P +1,...,2°T1 1
(6)

_ go + g1n;
am(n) = {92 +g3(n —27);

ho + hin;

() — n=0,1,2,...,2° -1
= ha + ha(n — 2°);

n=2°2° +1,. . . ,2P*1 1

(7N

The orthogonality and moment conditions require the fol-
lowing

1)  am(n) and b,,(n) are of unit norm

2rtl_1 ortl_q
Z aZ,(n)=1 and Z b2(n)=1 (8)
n=0 n=0

2)  amp(n) and b, (n) are orthogonal to their time re-
versed shifted versions

271
1)  ¢p(n) is of unit norm Z o (1) (0 +27) = 0 )
ortl_q n=0
POCADES! @ 21
n=0 > b ()b (n +27) =0 (10)
2)  ¢pu(n) is orthogonal to its time reverse shifted ver- n=0
sions opHl_q
or 1 > am(n)bm(n) =0 (11
Y emem(@ —1-n)=0 (3 =0
n=0 9P _1
3)  cm(n) extirpates linear discrete time polynomials Z A, (1) by, (1 + 2Py =0 (12)
op+1_1 op+1_q n=0
Z em(n) = 0; Z nem(n) =0 (4 3)  am(n) and bm(n) expatriates as linear discrete time
0 0 polynomials
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orti_q
> am(n) =0 (13)
n=0
ortl_1
> nam(n) =0 (14)
n=0
ortl_q
> bm(n)=0 (15)
n=0
ortl_1
> nbm(n) =0 (16)
n=0
where,
q=2"
ur =1/V/4q
us = +/(2¢> +1)/3
go = u1(uz +1)/(2q)
g2 = u1(2q —u2 — 1)/(2q)
g1 =ul/q
g3 = —01
uz = /3/(q- (¢ —1))/q
h1 = us(uz2 — q)
hs = —u3 - (u2 + q)
hy = h3 - (uz +1 —2q)/2

ho = hl . (UQ+1)/2

The signs of the square roots in filter coefficients
(am(n)), bm(n)andc,,(n) can be reversed. Doing so, simply
negates or time reverses the sequence. A brief description
about slantlet filter is given in [23]. As the integer translates
of filter coefficients are orthogonal to each other, then

> in)i(n - 2k) = 6(k) where I=g,h,f  (I7)
The discrete auto-correlation of slantlet filter coefficients is
a delta function, which is perfect for radar signal. Since, the
delta function does not have any side-lobes, closely spaced
targets will not interfere each other. Therefore, slantlet filter
coefficients has the potential to generate high resolution radar
compressed signals.
III. COMPARISON OF LFM WITH SLANTLET SCALING-4
COEFFICIENTS

The linear frequency modulated (LFM) waveform is being
used as a conventional waveform from a long time. The
equation for LFM waveform is given as

z(t) = sin[(fe + Bt) + ¢] (18)

where, f., B. ¢ are carrier frequency, modulation rate
and phase angle respectively. The values of f, ¢ and S are
considered as OHz, 3sec, and 0.59 rad/sec, so that we can
compare the LFM with slantlet waveform. The parameters are
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Fig. 3. The Spectrum of a4(n) filter coefficient and LFM Signal

considered in such a way that both the waveforms have same
time span and 3dB bandwidth.

Figure 2 depicts the low rate LFM signal and a4(n) signal
with 3sec time duration. Whereas, the spectrum of a4(n) and
LFM of 3 sec time duration are shown in Figure 3. The auto-
correlations of both LFM and a4(n) waveforms are illustrated
in Figure 4. The LFM waveform has a narrower main-lobe
when compared to as(n). But, as(n) has almost zero side-
lobes in contrast with LFM. This criterion is very important
in ideal radar so as to enhance the radar range resolution and
also to classify between closely spaced targets.

Fig. 4. Autocorrelations of a4(n) and LFM Signal

The different spectrum of two different waveforms can also
provide some information about the auto-correlation. Due to
the time frequency duality nature, the rectangular waveform
has a sinc spectrum and vice-versa. Therefore, if the aim of
auto-correlation is rectangle like function, then the spectrum
should be sinc. Figure 4 portray that, a4(n) has sinc spectrum,
while LFM has decaying spectrum and vice versa in temporal
domain (See Figure 3).
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(a) Autocorrelation of a4(n)

(b) Autocorrelation of bs(n)

(¢) Sum of Autocorrelation of
a4(n) and by(n)

Fig. 5.
signal

Sum of Autocorrelation of a4(n) and bs(n) to get a compressed

(b) 6.

Fig. 6. a4(n) (blue) and by (n) (red) in time domain (6.a) and the frequency
domain (6.b)

IV. PROPOSED WAVEFORM BY USING SLANTLET FILTER
COEFFICIENTS

A. Sum of auto-correlation of Slantlet filter coefficients

The new radar waveform is designed by combining the
scaling functions of slantlet waveform. The slantlet filter
bank is considered as secondary structure of wavelet [23].
Moreover, slantlet is an exceptional case which depends on
Gram-Schmidt orthogonality. The slantlet filter coefficients are
orthogonal, piece-wise linear with two zero moments and has
octave band characteristic. Besides that slantlet filter bank
provides a scale decomposition factor of 2 and has a multi
resolution decomposition. Even though slanlet does not have
a tree structure, it can be implemented accurately similar to
iterated discrete wavelet filter bank [16].

Figure 5 portray auto-correlation of a4(n), bs(n) and sum
of both. The resultant compressed waveform has half the
duration of a4(n). The compressed auto-correlation can be
explained better with spectrum of a4(n) and by(n). It can be
clearly observed from Figure 6 that the spectrum of a4(n)
and by(n) are complimented to each other. So, the resultant
auto-correlation is compressed by duration of half.

If one filter coefficient if slantlet is embedded into a
pulsed waveform with pulse width of 1usec then the resultant
bandwidth will be 3M H z. Furthermore if eight slantlet filter
coefficients are embedded in the same lusec pulse width
then the bandwidth can raise up to 192 M Hz. All individual
eight slantlet filter coefficients are plotted in Figure 8. Their
individual auto-correlations and sum of all auto-correlation is
illustrated in Figure 9. It can also be observed that all the eight
auto-correlation values are not similar and resultant value is
approximately equal to delta function. In the next subsection,
slantlet radar waveform is discussed which attains high side-

Fig. 7.

Fig. 8. The waveforms of the individual Slantlet Filter coefficients

lobe suppression level. Further this new waveform can be used
in cognitive radar in future.

B. Comparison of Slantlet radar waveform with conventional
LFM

The proposed waveform is generated by concatenating the
slantlet filter coefficients, such that the auto-correlation of the
waveform has almost zero side-lobes. The slantlet waveform is
compared with LFM waveform with same bandwidth. Figure
10 depicts the time-frequency diagram of LFM and slanlet
waveforms. It can be clearly observed from Figure 10 that,
the frequency is varying linearly and discretely for LFM and
slantlet waveform respectively. Moreover, the frequency is
varying with At, time duration for slantlet waveform. The
frequency cannot be determined in At as the sub-bands of
each slantlet filter is placed in the time interval. In slantlet
filter, both the parameters phase and amplitude can be varied
on a specific filter coefficient.

TABLE 1. COMPARISON OF PSLR FOR DIFFERENT WAVEFORMS
SI No Waveform Peak side lobe ratio (in dB)
1 LFM 13.2
2 ‘Wavelet 20.6
3 Slantlet 21.15

The filter coefficients of slantlet filter banks are concate-
nated to produce a new radar waveform as shown in Figure
11. The auto-correlation of slantlet waveform and LFM is
carried out in continuous domain rather than discrete domain.
One can observe clearly that the auto-correlation of slantlet
waveform has almost no side-lgbes (see Figure 12). Where as
the auto-correlation of LFM l]ra"s./bne side-lobe on each side
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Fig. 9. Autocorrelation of the 8 Slantlet filter coefficients (Figure 9.a) and
Summation of the 8 autocorrelations (Figure 9.b)

(a) 10.a (b) 10.b

Fig. 10.  Spectrogram of LFM in Figure 10.a and slantlet in Figure 10.b
respectively

i
Fig. 11. Slantlet radar waveform

. — slantlet — LFM|

Fig. 12.
waveform

Comparison of auto-correlation between LFM and slantlet radar

of main lobe. The peak to side lobe ratio (PSLR) of slantlet
waveform is 21.15dB when compared to 13.2dB of the LFM.
Table I shows the comparison of PSLR of slantlet waveform
with earlier proposed techniques. Moreover the bandwidths of
each filter need not be constant. Both the filter length and
bandwidth can be varied by using the technique in [16]. So,
as per different environmental conditions and applications one
can vary the bandwidth and length of filter coefficient.

Therefore, from the above results, the slantlet waveform
can suppress the side-lobe more effectively when compared
to LFM. Moreover, the spectrum and length of each filter
coefficient can be changed which in turn are the characteristics
of adaptive radar waveform.

V. CONCLUSION

In this paper, a new radar waveform based on slantlet
filter bank is proposed. The auto correlation of the proposed
waveform is a delta function and each filter bank is or-
thogonal with other filter banks. Further, one can choose a
specific filter bandwidth in order to generate corresponding
radar waveform. Additionally, the proposed waveform can be
adapted to the environment by varying magnitude and phase
of a particular frequency band. Results show that there is a
significant suppression in side-lobe when compared to LFM
and wavelet waveforms. Due to above mentioned advantages,
slantlet waveform can be used in cognitive radar. Automatic
selection of filter banks according to the environment will be
studied in future,
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