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Abstract—This paper investigates the effect of five window
functions on the smoothing of the less computationally
complex instantaneous energy for the estimation of time
parameters of three radar signals in the presence of additive
white Gaussian noise (AWGN). The windows considered, all
of one variable parameter (N) are rectangular, Hamming,
Hanning, Bartlett and Blackman. Simulation results show
that the rectangular window that possesses widest main lobe
width performs best while Blackman window of narrowest
main lobe width performs poorest. In addition, 100%
percent probability of time parameters estimation is
achieved at signal-to-noise ratio (SNR) of 4dB for simple
modulated pulse signal, -1dB for staggered pulsed signal
and 5dB for linear frequency modulated signal in the worst
case window scenario.

Index Terms—instantaneous energy, main lobe width,

signal-to-noise ratio

. INTRODUCTION

Electronic intelligence (ELINT) system, a component
of electronic support (ES) is basically associated with the
intercepting and analysis of radar signals. Its main feature
is to determine the pulse (time) characteristics such as
pulse width (PW) and pulse repetition period (PRP), i.e.
inter-pulse analysis and also to determine the frequency
characteristics of received radar signal. These
characteristics are then used to classify it in order to
determine its electronic order of battle (EOB) [1]. Apart
from the classical use of PW and PRP to determine range
resolution and unambiguous range respectively [2], they
can also be used to estimate angle of target and can
undergo various variations to achieve specific functions
[1], [3]. Recent and advanced systems uses radar signals
of staggered PRP and pulse compression modulation to
eliminate blind speed in moving target indicating (MTI)
systems, protection against electronic counter measures
(ECM), achieve low probability of intercept (LPI) and
modern waveform design [4]-[6].

Due to low peak transmit power and the use of spread
spectrum waveform of pulse compression radar, it is
necessary to adopt signal processing techniques that can
cater for this. Time-frequency analysis is identified as key
and robust solution technique especially in recent times
[71-[9], but unfortunately of high computational
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complexity. The objective of this work is to use the
instantaneous energy (IE) of less computational
complexity to estimate time parameters of radar signal
together with the investigation of effect of various
window functions on the estimation. Energy analysis has
recently been used in various fields such as radar [10],
seismology [11] and wireless sensor networks [12] to
achieve specific functions.

Section II, 111 and 1V of this paper describes the signal
models, window functions characteristics used, and the IE
analysis method respectively. Results obtained are
presented and discussed in Section V.

Il.  RECEIVED SIGNAL MODEL

The received signal is modeled as follows:
y(&) = x(t) + n(t) 1)

where x(t) is the received radar signal sampled at
40MHz and its corresponding noise, n(t) is modeled as
additive white Gaussian noise (AWGN) with zero mean
and unity variance. The three signals used in this paper
are:

1) Linear FM - a type of pulse compression radar

signals,

2) Staggered pulse - a type of PRI variations radar
signals,

3) Simple modulated signal - the classical radar
signal.

Their signal parameters are shown in Table I.

The chirp ratio, a of the LFM is obtained from the
bandwidth (BW) and signal duration (T). SiP and StP
have the same modulation with the difference being the
latter having two PRPs, one short and the other long.

TABLE |.  AIRBORNE RADAR SIGNAL PARAMETERS

Signal Frequency |Time .

Type Parameters | Parameters Equations

Linear FM |fo=2MHz, |PW=2Ls, x(t)

Pulse f1=17MHz |[PRP=100ps | _ ( ( a_t) )

(LFM) =Acos(2m|fy + > t),
a = T, BW = f1 - ﬁ;

Staggered | fc=10MHz |PW=1}s, x(t) = Acos(2nf,t),

Modulated PRP=50Ls,

Pulse (StP) 20018

Simple fc=10MHz | PW=1}s, x(t) = Acos(2nf,t),

Modulated PRP=5015

Pulse (SiP)
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I1l.  SMOOTHING WINDOWS

Window functions are considered in this paper for the
purpose of smoothing the IE. They are used to eliminate
the out-of-points in the IE envelope for better estimation
of time parameters. Recently, this concept of smoothing
for better estimation was used in the field of radar for
direction finding [13] and time delay estimation [14].
Typical effect of smoothing at SNR of -2dB is illustrated
in Fig. 1. It can be seen that estimation will be better with
smoothing.
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Figure 1. Instantaneous energy with and without smoothing using
Hamming windows of 24 sample points for simple pulsed radar at SNR
of -2dB
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Figure 2.  Shapes of window functions.

Apart from smoothing, window functions are used in
the field of radar for the design of non-linear frequency
modulation (NLFM) signals [15] and pulse compression
radar processing [16]. The classical window functions
considered in this paper are rectangular, Hamming,
Hanning, Bartlett and Blackman. All of them have one
variable parameter, N and are of linear phase response,
making them suitable for smoothing. Their shapes are
shown in Fig. 2.
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Rectangular window has a higher side lobe than the
others but at the same time has a smaller main lobe width
[17]. Table 1l is a collection of the mathematical
representation for the window functions considered in
this work.

TABLE Il.  WINDOW FUNCTIONS MATHEMATICAL REPRESENTATIONS
I\:/Vin(:pw Time Domain Sequence
unction
h(n),0<n<N-1
Name (n) "
Rectangular 1
Hamming 0.54 —0.46 cos(2zn/ N —1)
Hanning 0.5-0.5c0s(2zn/ N —1)
Blackman 0.42 - 0.5cos(2zn/ N —1) +0.08 cos(4zn/ N —1)
Bartlett 1-2|(n—=(N-1)72)/N -1

The Hamming and the Hanning (also known as Von
hann) are basically the same window with the general
formula as;

a—(0—a)cos(2zn/ N -1) (2)

where o is a parameter having the value of 0.5 for
Hanning and 0.54 for Hamming. The slight increase
reduces the ripple ratio by 50% [18]. The additional
cosine term in the Blackman window function reduces
the ripple ratio, but at a cost of increase in the main lobe
width. Lastly the triangular window is implemented by
the Bartlett function.
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Inter-Pulse analysis by instantaneous energy flowchart

Figure 3.

IV. INTER-PULSE ANALYSIS BY |[E METHODOLOGY

Recent works [19]-[21] have reported different
methods for estimating time parameters of radar signals.

140



International Journal of Signal Processing Systems Vol. 4, No. 2, April 2016

The PRI transform based on complex-valued
autocorrelation was used to detect up to 2 or 3 single
pulse trains with a 30% PRI jitter from 100 pulses [19]
and a new estimator of time of arrival (TOA) and PW
based on solutions of linear equations obtained from three
convolution peaks was presented [20]. Most recently, a
combination of fast Fourier transform (FFT) and filters
were used for achieving 100% probability of PW and
TOA estimation at SNR of 4dB [21]. This work extends
the use of instantaneous energy (IE) to analyse and
estimate the PW and PRP of airborne radar signals. The
flowchart of Fig. 3 describes the methodology for
implementing the inter-pulse analysis. It presents
different steps undertook to estimate the time parameters
of the radar signals; PW and PRP. These steps are further
explained in the upcoming sub-sections.

A. Hilbert Transform

This transform is used to introduce a phase lag of 90<
For a signal x(n), its Hilbert transform is given by [22];

HEXM=F {ison DF K3} @)

As such;
H{cos(2~ fon)} = sin(2 fon)

. (4)
H{sin(2~ fon)} = — cos(2~ fon)

The Hilbert transform is used in this work to produce
the analytic form or the complex form of the signal in
order to eliminate the non-required negative frequencies
generated by Fourier transform. It provides two main
advantages [22];

1) Halves the total bandwidth, hence allowing
sampling at half the Nyquist rate without aliasing

2) Making sure that an approximate value of unity is
obtained when the instantaneous energy is
calculated irrespective of the amplitude value.

The mathematical representation for analytic signal is
given by:

x(n) = x(n) + j.H{x(n)} ©)

B. Instantaneous Energy

The instantaneous energy is used in this work to
determine the time characteristics of the incoming radar
signal so as to cut down processing burden as compared
to other methods such as time-frequency analysis.
Instantaneous energy (after Hilbert transform) at
instantaneous of time is given by the convolution of

X, (n) and xa*(n) . Thus,
E,(n) = x,(0)*x,"(n) 6)

where x;(n) is the conjugate of x,(n) . This

instantaneous energy is now smoothed through the use of
the finite impulse response (FIR) filter function as given
in (7) [23]:

E.(n) =D b()E(-N) Y]

k=0
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where E; denotes the smoothed instantaneous energy

and b denotes the ‘averaged’ filter coefficients obtained
from the type of window function selected.

V. RESULTS AND DISCUSSIONS

A question arises on selecting appropriate window
length (N) for the smoothing so as results from different
window can converge appropriately at a specific value.
As such a sub-analysis was carried out to examine the
effect of different windows on the PW estimation of
simple pulsed radar. Results obtained are present in Table
.

TABLE Ill. EFFECT OF WINDOW LENGTH ON PW ESTIMATION OF A
SIMPLE PULSED RADAR

LengthN |1 |2 |3 (4 |5 |6 |7 |8 |9 |10
Window
Rectangular 39 |40 (41 |42 |41 |42 |43 |44 |45 | 46
Hamming 39 {40 (39|40 |41 [40|41 (424342
Hanning 39 |40 (41 |40 |41 |42 |41 |42 |43 |42
Blackman 39 {40 (39|40 |41 |40 |41 |42 |41 |42
Bartlett 39 | 0 [39|40[41 |40 |41 (42 (43|42

The simple radar signal was generated at a PW of 1 s
(40 samples). It can be seen in Table 11l that at N=5, PW
estimation is 41 (1.025p6) and is constant irrespective of
the type of window selected. As such, window length of 5
(0.12518) was used for the whole setup. It is also
important to point out that a reasonable threshold of 50%
was chosen for the time characteristics estimation to cater
for the presence of LPI signals.

To verify the performance of this inter-pulse analysis,
Monte Carlo simulation is performed for each test signal
and set of windows by running the system for 100 loops
for SNR range from -4dB to 12dB and probability of
correct estimation (P¢.) were determined at the end of 100
loops. The SNR and P are given by;

SNR(dB) = 101log (%J ®)

v

E
P, (%) =| — | *100% 9)
ET
where P, and P, is the signal power (gain inclusive) and
noise power respectively, E; is no. of PW or PRP
correct estimates and E; is no. of total estimates (in our
case E; =100). Fig. 4 shows the PW and PRP estimation

performance for the LFM.
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Figure 4. Effect of various window functions on inter-pulse analysis of
LFM signal

It is seen that irrespective of the time parameter being
estimated, the rectangular window performs best having a
100 percent correct estimation at 3dB, followed by
Hanning, Hamming and Bartlett. Blackman has the worst
performance, requiring an additional SNR of 2dB to
achieve perfect estimation. This is the same case with StP
and SiP signals with the only difference being the SNR
required to obtain 100 percent correct estimation as
shown in Fig. 5 and Fig. 6.
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Figure 5. Effect of various window functions on inter-pulse analysis

on SiP signal
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Figure 6. Effect of various window functions on inter-pulse analysis
on StP signal
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It has been established in [17] that as the main lobe
width becomes narrower, the smoothing provided by the
window is reduced. This is the reason why rectangular
having the widest main lobe width performs best and
Bartlett having the narrowest main lobe width is the
poorest when smoothing is considered.

The StP signal performs best (100% P, at SNR=-1dB)
as shown in Fig. 6 due to its higher number of samples
for better processing followed by its counterpart signal of
the same modulation, the SiP signal (100% P, at
SNR=4dB) as shown in Fig 5. The LFM performs poorest
(100% P, at SNR=5dB) due to its more sophisticated
modulation and hence complexity compared to others.

VI.

The paper has examined the effect of window
functions on smoothing instantaneous energy to analyse
and estimate time parameters of airborne radar signals.
Results obtained shows 100 percent probability of correct
estimation for all the test signals considered at SNR of
5dB. It was confirmed that smoothing is directly
proportional to the main lobe width at constant window
size. Therefore the windows functions based on this
criteria in descending order of performance are
rectangular, Hanning, Hamming, Bartlett and Blackman.
Hence rectangular window is recommended for
smoothing instantaneous energy when inter-pulse
analysis is carried out. Modulation and number of
samples plays important role in estimation, accounting
for the different performance of estimation obtained from
the test signals considered. Thus, estimated parameters
can be used as input to a classifier network.

CONCLUSION

REFERENCES
(1
[2
(3]

R. G. Wiley, ELINT: The Interception and Analysis of Radar
Signals, Boston: Artech House, 2006.

M. . Skolnik, Introduction to Radar Systems, Singapore: Mc-
Graw Hill Book Co, 1981.

L. Weihong, Z. Yongshun, Z, Guo, and L. Hongbin, “A method
for angle estimation using pulse width of target echo,” in Proc.
International Conference on Wireless Communications and Signal
Processing, 2009, pp. 1-5.

M. 1. Skolnik, Radar Handbook, 3rd ed., New York: Mc-Graw
Hill, 2008.

P. Sedivy, “Radar PRF staggering and agility control maximizing
overall blind speed,” in Proc. Conference on Microwave
Technigques (COMITE), 2013, pp. 197-200.

G. Galati and G. Pavan, “Waveforms design for modern and
MIMO radar,” in Proc. IEEE EUROCON, 2013, pp. 508-513.

P. E Pace, Detecting and Classifying Low Probability of Intercept
Radar, Norwood, MA: Artech House, 2004.

J. Lunden and V. Koivunen, “Automatic radar waveform
recognition,” IEEE Journal of Selected Topics in Signal
Processing, vol. 1, no. 1, pp. 124-136, Jun. 2007.

L. Zhang, X. H. He, Y. Li, M. Xing, and Z. Bao, “Parameters
estimation of LFM signals based on STTFD,” in Proc. 9th
International Conference on Signal Processing, 2008, pp. 2351-
2355.

Z. Yu, C. Chen, and J. Weidong, “Radar signal automatic
classification based on PCA,” in Proc. WRI Global Congress on
Intelligent Systems, 2009, pp. 216-220.

C. Zhang and G. Zhong, “Influence of explosion parameters on
energy distribution of blast vibration signals with wavelet packet
analysis,” in Proc. The Second International Conference on
Mechanic Automation and Control Engineering (MACE), Jul.
2011, pp. 2234-2237.

(4]
(5]

(6]
(71
(8l

(9]

[10]

[11]



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

International Journal of Signal Processing Systems Vol. 4, No. 2, April 2016

M. Ramakrishnan and P.V. Ranjan, “Empirical analysis of energy
consumption in wireless sensor networks,” in Proc. International
Conference on Advances in Recent Technologies in
Communication and Computing, 2009, pp. 642-646.

W. Zhang, W. Liu, J. Wang, and S. Wu, “Joint transmission and
reception diversity smoothing for direction finding of coherent
targets in MIMO radar,” IEEE Journal of Selected Topics in
Signal Processing, vol. 8, no. 1, pp. 115-124, Feb. 2014.

L. Qu, Q. Sun, T. Yang, L. Zhang, and Y. Sun, “Time-Delay
estimation for ground penetrating radar using ESPRIT with
improved spatial smoothing technique,” IEEE Geoscience and
Remote Sensing Letters, vol. 11, no. 8, pp. 1315-1319, Aug. 2014.

L. Feng, R. Liting, W. Shunjun, Z. Qiansheng, and Z. Zhigiang,
“Design of modified spectrum filter based on mismatched window
for NLFM signal,” in Proc. 2nd Asian-Pacific Conference on
Synthetic Aperture Radar, 2009, pp. 274-277.

E. Escamilla-Hemandez and V. |[|. Ponomaryov, “Pulse
compression radar processing based on atomic function windows,”
in Proc. The Fifth International Kharkov Symposium on Physics
and Engineering of Microwaves, Millimeter, and Submillimeter
Waves, 2004, pp. 919-921.

J. G. Proakis and D. G Manolakis, Digital Signal Processing:
Principles, Algorithm and Applications, New Jersey: Prentice Hall,
1996.

A. Antoniou, Digital Signal Processing; Signal Systems and
Filters, 3" ed., Mc-Graw Hill, 2006.

K. Nishiguchi and M. Kobayashi, “Improved algorithm for
estimating pulse repetition intervals,” |IEEE Transactions on
Aerospace and Electronic Systems, vol. 36, no. 2, pp. 407-421,
Apr. 2000.

Y. T. Chan, B. H. Lee, R. Inkol, and F. Chan, “Estimation of pulse
parameters by convolution,” in Proc. Canadian Conference on
Electrical and Computer Engineering, 2006, pp. 17-20.

P. Wang and B. Tang, “Detection and estimation of non-
cooperative uniform pulse position modulated radar signals at low
SNR,” in Proc. International Conference on Communications,
Circuits and Systems (ICCCAS), 2013, pp. 214-217.

B. Boashash, Time Frequency Signal Analysis and Processing: A
Comprehensive Reference, Oxford: Elsevier, 2003

B. A. Shenoi, Introduction to Digital Signal Processing and Filter
Design, New Jersey: John Wiley, 2006

©2016 Int. J. Sig. Process. Syst.

143

Ashraf A. Adam received his B. Eng
Electrical Engineering from Bayero University,
Kano, Nigeria in 2011. He obtained his M.
Eng Electrical Engineering (Electronic and
Telecommunication) at Universiti Teknologi
Malaysia in 2014 where he was awarded the
best graduating student in recognition of his
excellent academic achievement. He s
currently an Assistant Lecturer at the
[ - department of electrical and electronics,
Federal University Technology, Minna, Nigeria. His research interests
include signal analysis, estimation and classification.

Prof. Engr. Babatunde A. Adegboye
received his B.Eng, M. Sc and PhD in
Electrical Engineering in 1991, 1997 and 2006
respectively at Ahmadu Bello University,
Zaria, Nigeria among his other notable
degrees. He has various publications in
various local and international conferences
and journals. He holds key positions in
various professional organizations such as
IEEE, NSE among others. He has been in the
academic line since 1992 and currently head of department of electrical
and electronics at the Federal University of Technology, Minna, Nigeria.
He has a vast research interests which include power generation,
transmission, distribution and reliability assessments among many
others.

Ademoh A. Isah received his B. Eng
Electrical and Computer Engineering from
Federal University of Technology, Minna,
Nigeria in 2010. His is currently embarking on
his M. Eng Telecommunication Engineering
(Wireless Communication) in the same
n University. He is currently a Graduate
A .',‘”.‘ Assistant Lecturer at the department of
|n “H g l( electrical and electronics, Federal University
I || W Technology, Minna, Nigeria. His research
interests include signal analysis, Telecommunication among others.






