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Abstract: 

A software package based on the Continuous Wavelet Transform (CWT) for 2-dimensional scattering feature extraction 
is presented for wide-band stepped-frequency radar. The package can analyse ~imulated data and measured data using 
two types of mother wavelets for the wavelet transform, namely the Morlet wavcl~t and the Quadratic Spline wavelet. 
The Geometrical Theory of Diffraction model is recommended for the simulat~d {/t;zftJ, in the wavelet analysis. It is an 
excellent model and strictly related to the physics of non-dispersive mechaT!ism. Thf! transformed signals at specific 
scales are converted into the range domain to obtain multi-resolution down mnge prt!files. They describe the isolated 
responses of the object to the far field incident wave coming from the radar zystem. Target signatures can then be 
extracted from the local modulus maxima of the significant wavelet transform based range profile. A new signal 
processing technique is applied the package to recognize the 2-D distribution of scattering centres using translation 
invariant features of the multi-resolution range profiles. 
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1. Introduction 

Radar is a technique for detecting and measuring the 
location and charac .• eristics of objects which reflect 
electromagnetic energy coming from an antenna system. 
The scattering mechanisms, which describe the 
behaviour of objects to the incident waves, can be 
separated into two major categories, namely dispersive 
and non-dispersive scattering mechanisms. For non
dispersive scatterers such as corners, edges, or specular 
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reflections. their local scattering features, which 
represent most energy concentration, are located in the 
early time portion of the backscattered data and can be 
extracted from the local maxima of the target response in 
the time domain [22,23,24]. Their appearance is 
commonly clear and sharp in the time domain but spread 
out in the frequency domain. On the other hands, the 
frequency dispersive scattering of some radar absorbing 
materials or frequency dispersive structures such as ducts 
or inlets [1,2,22,23,24] will have an impulse response 
that is spread in the time domain but clear and sharp in 
the frequency domain. It gives the information of global 
features rather than local features about the object. The 
global features of target signatures have an advantage for 

Australian Journal of Intelligent Information Processing Systems Winter 1998 



130 

simple identification due to their aspect independent 
characteristics. However, they are represented with poor 
resolution and are very sensitive to noise. On the other 
hand, the local features are represented with high 
resolution and a clear appearance in the signal transform 
domain. They also have some drawbacks, being strongly 
source and aspect dependent. 

The inverse scattering problem of identifying objects in 
the far field using backscattered data has been of interest 
only for non-dispersive scattering mechanisms which 
reflect most energy of the incident wave. It is well known 
that at sufficiently high frequencies, a target can be 
approximated as a set of points on the object, namely 
isolated nondispersive scattering centres [6,7]. The 
response of the object is assumed to be a sum of the 
individual responses of scattering centres. The practical 
solution for the scattering problem is to recognise these 
individual responses of scattering centers. The 
recognition techniques that have been developed so far by 
a number of papers have concentrated on the down range 
profile for feature extraction (2,3,4,7,8,9,12,13,17,20,21]. 
They have described that the range profile seems to be 
suitable and efficient for the solution of the scattering 
problem. The range profile is defined as the conversion 
of the backscattered data into the range domain by a 
transformation or a fitting model. It presents the 
scattering distribution of the object along the radial 
distance, and provides information about the strength, 
location, and number of individual scattering centres. 
The crucial information about the object can be estimated 
from the local maxima of the response in the range 
profile. Some salient features extracted from this 
information can then be used as feature vectors for 
automatic target recognition [ 12, 13, 17]. 

The need for an efficient and robust solution to solve the 
inverse scattering problem has led to the development of 
a number of approximate methods. Two general models 
to characterise discrete scattering centres, namely the 
parametric scattering model and the non-parametric 
scattering model, have been introduced in a number of 
works [2,3,4,5,7,8,9,12,13,17,18,19,20,21]. The non
parametric scattering model commonly calculates the 
inverse discrete Fourier transform (IDFT) of the 
backscattered data in the frequency domain. The 
scattering centres are then obtained from a peak finding 
algorithm in the IDFT based down range profile which is 
the impulse response of the object. However, the IDFT 
processing results in range resolution which is limited to 
approximately c/2BW (c and BW denote the velocity of 
wave propagation and bandwidth respectively) [4]. 
Furthermore, the IDFT-based processing produces 
unwanted peaks in the impulse response of the target for 
the case of low signal-to-noise ratio (SNR). Also when 
the pulse repetition frequency (PRF) of the radar system 
increases, it creates the problem of range ambiguity. A 
good candidate to overcome the problems of the lOFT
based processing is the continuous wavelet transform 
(CWT), which is a variable resolution analysis. It 

samples data signals with sliding windows, which change 
their sizes according to prefixed scaling rules. The CWT 
is a well-known effective tool for the analysis of local 
sharp discontinuities in a signal. Therefore, in the case of 
backscattered data reflected from isolated scattering 
centres on the object, it can be a suitable tool for the 
extraction of the response of the object to an incident high 
frequency wave. In this paper, the CWT is applied to the 
stepped frequency backscattered data to obtain multi
resolution range profiles. The peaks corresponding to 
isolated scattering centres are then detected from the 
range profiles by the local modulus maximum algorithm 
[10,11]. These responses are strongly dependent on the 
nature of the object; therefore they are good candidates 
for creating feature vectors for the automatic target 
recognition task in radar signal processing. 

The parametric scattering model, is developed by fitting a 
properly chosen model locally to the backscattered data. 
It is described by a sum of exponentially damped 
sinusoids with time independent complex frequencies and 
excitation amplitudes [5] . Some statistically based 
algorithms have been applied to a discretized frequency 
domain waveform for examples the ARMA (auto
regressive moving average) model, MUSIC (multiple
signal classification), GEESE (generalised eigenvalues 
utilising signal subspace eigenvectors), Prony's method, 
and the GTD (geometrical theory of diffraction) -based 
model. In particular, Prony's method and the GTD-based 
model have been developed to model and estimate 
scattering centres from the backscattered data in a number 
of works [3,4,6,7,8,9]. Prony's method was presented 
for both 1-D and 2-D scattering estimation by a number 
of authors [3,4,7,8]. The 2-D Prony technique models the 
2-D frequency domain data of stepped-frequency radar 
systems (multiple angles, multiple frequency data, e.g. 
SAR/ISAR) using damped exponentials [7]. The model 
parameters (poles and amplitude coefficients) are 
estimated using a backward linear prediction approach 
and singular value decomposition. The major backward 
of this technique is that the number of scattering centres 
corresponding to the model orders is assumed in advance 
for the scattering extraction. Prony's method is also 
strictly applicable only in the case where specular 
reflections alone are important or in the case where all 
scattering centres are known to be of the same type of 
object geometry [3]. Therefore it does not generally and 
accurately represent diffraction scattering behaviours for 
wide relative bandwidth. The GTD based model, which 
is closely related to the physics of electromagnetic 
scattering, is an improved model in comparison to the 
Prony's method. The parameters of the model, which are 
obtained by mathematical approaches of matrix 
calculation, for example the maximum likelihood 
estimation or matrix pencil method [9] applied to 
measured data in stepped frequency radar, provide a 
physical description of the location and geometry of each 
scattering centre. It is a more accurate mean of 
determining the target signatures, which are strictly 
related to the physics of non-dispersive electromagnetic 
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scattering mechanisms. However, even though the GTD 
model describes more accurately the target behaviour, it 
is restricted to 1-D scattering estimation because of the 
computation .load [9]. The mathematical expressions for 
2-D models based on the GTD model are highly complex. 

In this paper, we describe a software package based on 
the CWT that has been developed for accurate 2-D 
scattering estimation. We present theoretical and 
numerical analyses of the continuous wavelet transform 
applied to backscattered data in the frequency domain 
corresponding to various incident angles using this 
package. Two sets of backscattered data corresponding to 
two different incident angles are required for the feature 
extraction and the 2-D scattering estimation. The wavelet 
transformed signal at a specific scale transformed to the 
range domain to obtain the significant down range profile. 
Local features are determined by applying the local 
maximum algorithm to the down range profile. The 
salient target signatures are extracted in terms of locations 
(also distance between the leftmost and rightmost 
scattering centre on- the range profile), amplitudes and 
number of scattering centers corresponding to appropriate 
peaks in the significant down range profile. In particular, 
we detect 2-D positions of scattering centres using the 
translation invariant characteristic of the CWT by an 
efficient method, which spends much less time for the 
calculation in the comparison to some other approaches 
based on fitting a properly chosen model locally to the 
backscattered data [7,8] such as the 2-D Prony model. It 
is also more accurate since the model order is not 
assumed in advance for the analysis. The parameters 
extracted from the simulation are then grouped to Cfeate 
feature vectors for automatic target recognition in radar 
signal processing. 

2. The continuous wavelet transform 

The Wavelet Transform belongs to a general class of 
linear signal transformations that can be represented in 
the form of an inner product as follows [1,15] 

CWT (a,b) = < f, lJf a,b > -= J f(t) lJI*a,b dt (l) 

where a, b E R; f is the signal to be analysed and 
lJI E L2 (R) is the mother wavelet , lJI* a,b is the 
complex conjugate of the modified dilated-translated 
version of the mother wavelet lJI; a is the scale and b Is 
the translation factor, i.e. 

'I' a,b (t) = lJf a<t-b) = lai-P lJI[{t-b)la] (2) 

where lai-P is an energy normalisation factor. 

From eqn.l, it can be seen that the transform is a mapping 
from a one-dimensional signal f into a two-dimensional 
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signal CWT which indicates the joint time-scale analysis 
function of the wavelet transform. 

The energy of the modified mother wavelet is calculated 
by [1] as follows, 

.... 
11 'I' @,1;! !12 ;;; laJ-2P J llJI[(t-b)/a] 12 dt 

= laJl-2p 11"' u2 (3) 

Different values of p have been chosen in the literature: 
C.K.Chui (1992a), I.Daubechies (1992), Y.Meyer (1993), 
and G.Kaiser (1994) use p=112; . S.Mallat, Zhong (1992) 
, R.Carmina, W.Hwang, B.Torresani, and P.Tchamitchian 
(1995) use p=l. When dealing with orthonormal bases of 
wavelets, the choice p=O is sometimes convenient [1]. If 
the value of p is chosen to be 112, then the energy in the 
mother wavelet is not changed by scaling and translation, 
and eqn.2 can be rewritten as follows, 

11' a,b (t) = 'I' a<t-b) = (li.JQ) 'Jf[(t-b)/a] (4) 

and the CWT of a signal f (in the time domain) can be 
expressed as -CWT(a,b) = (11./a) I f(t) l/f*[(t-b)la] dt (5) 

Applying the Parseval identity for signals in the frequency 
domain, the CWT of a signal F can be calculated from 
eqn.5 as -CWT(a,b) = [( .Ja) I (27t)] I F(ro) ~(aro) 

exp(jbro) dro (6) 

where ~(ro) is the Fourier transform of the mother 
wavelet 'lf{t). 

The chosen wavelet function has to satisfy the 
admissibility condition -c = J <l~(m)j2 1 lml> dm < oo (7) 

ln p:ractice, ~ ( (J)) will always have sufficient decay so 
th3.t tll~ admissibility condition reduces to the requirement 
!Mt. 

~(0) = 7 "'(t) dt = 0 (8) 

The signal ca!l be reconstructed by the inverse wavelet 
transform as follows --f (t) = (ll C) I J CWT (a,b) 'If a,b(t) 

(1fa2) da db (9) 

From this formula, we can observe that any f(t) from 
~(R) can be expressed as a superposition of translated 
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(time) and dilated (scale) wavelets. 

The Wavelet transform can have excellent localisation 
properties, in particular a sharp time localization at high 
frequency or a high temporal resolution at lower scales, 
and a high frequency resolution at higher scales. The 
Wavelet transform is also a very redundant representation 
since it is a 2-D expansion of a 1-D function. 

We have considered some popular wavelets which have 
been used in many applications such as, Haar, 
Daubechies, Gabor, Chirp, Spline wavelets. Although 
Daubechies wavelets are mathematically elegant and 
useful tools in image processing, they are not suitable for 
scattering analysis in radar due to their unsmoothing 
property. Similarly, Haar wavelets are also not suitable 
because they do not satisfy the requirement for the time
frequency localisation written by [14, 15]. 

To derive the best suitable mother wavelets for the 
analysis, we have investigated various types of wavelet 
function, namely the Quadratic Spline (a derivative of a 
smoothing function}, the cubic Spline, the 4th-order 
Spline, the Chirp, the Mexican-Hat, and the Morlet 
wavelet (the most popular wavelet for sinusoidal 
excitation). It is important to remark here that the Cubic 
and 4-order Spline wavelets defined in this paper are 
referred to as the Quadratic and Cubic Spline in many 
papers [15,16,25], whereas the used Quadratic Spline is a 
Simple-Spline expressed mathematically in eqn.12. 
There are several ways to define B-Spline functions. 
Typically, the m-th order B-Spline Nm are defined 
recursively by convolution as follows, 

3m-2 

'l'm(t} = L qk Nm(2t-k} (10) 
k=O 

(11) 

From that, the 1 '1 order B-Spline N1(t) is the Haar scaling 
function. The B Spline wavelets have many useful 
properties, some of which are sumarized below [25], 

• Compact support: supp 'l'm(t) = [0,2m-1] 

• They are symmetric for even m and anti
symmetric for odd m around centre (2m-1), 
namely, 

{
'l'm(t) = 'l'm(2m- 1 - t), 
'l'm(t) = -'l'm(2m -1 - t), 

for even m 
for odd m 

• They have vanishing moments: 
+-J 'l'm(t) ti dt = 0, i=0,1, .... m-1 

• B-Spline wavelets are semi-orthogonal 

The Quadratic Spline with continuous derivatives can be 
written as [16] 

2(t + 1)2 -1 s; t < -1/2 
- 6t2 - 4t -1/2 s; t < 0 

N(t)" { 6t2 - 4t OS:t<lh (12) 
- 2(t-1)2 lhS:t<1 
0 otherwise 

For the mathematical expression of the Cubic and 4th
order Spline wavelets, see [15,25]. 

Morlet (Gabor) wavelets belong to a broader class of 
wavelets known as Chirps, which are given by the 
formula 

Chirp(t)= exp(- at2 ). exp(j( 0\, t + t.i )) (13) 

The Morlet (Gabor) wavelet is obtained with 1.. = 0 in 
equation (13) 

Morlet(t) = exp(- at2
). exp( j-0\, t) (14) 

The Mexican-Hat wavelet is expressed by, 

(15) 

. .. 
0.2 

..... 

-0.4 

-o.~ -3 -2 -1 

Figure 1: Quadratic Spline Mother Wavelet 

Figure 2: Morlet Mother Wavelet (a=0.5; 0\,=2) 

Winter 1998 Australian Journal of Intelligent /nfonnation Processing Systems 



3. CWT-based range profile analysis 

Stepped-frequency radar systems designed for high 
resolution profiles require samples closely spaced in 
frequency. The transmitted signal is a contiguous 
repeating sequence of waveform segments, each of time 
duration T stepped of in frequency in n steps over some 
repetitive period nT. The set of sampled echo amplitude 
and phase measureme1,1ts made relative to each 
transmitted pulse can be transformed by the wavelet 
analysis into the range profile for the scattering 
extraction. 

The geometrical theory of diffraction (GTD) based model 
is well known as an appropriate model for high bandwidth 
backscattered data applications [9]. It calculates the 
frequency response of scattenng centers that are modelled 
by the GTD approach. It is a function of the discrete 
power 'Yn which is a frequency-dependent parameter 
characterizing the geometcy of the object. Its values of 
{ 0; ± 1/2; ±I; ± 3/2; etc} denote the type of scattering 
centres. The value of 'Yn of a corner is -1; of a curve is -
1/2; of a point, curve surfaced specular or straight edge 
specular is 0; of a curved plate at broad side is 112; a flat 
plate at broadside, dihedral is l; etc. The GTD based 
model for backscattered data provides both better 
scatterer location estimates and more information about 
scattering mechanisms than the Prony model. It can be 
expressed as a sum of complex damped exponentials in 
stepped-frequency radar [9] as follows, 

N 

S(k)= L An (jk)"fll exp(-j 2z. r n k) (16) 
n=l 

where S(k) is an m-by-1 vector of scattering 
measurements corresponding to transmit-receive 
polarisation pairs ; An is a complex scalar reflection 
strength of the n-th scattering centre of the object; . r p. 

is the .location of n-th scattering center referred to phase 
reference (center) on the object, i is the unit vector in 
the z direction; z .r n denotes the range of the n-th 
scatterer with respect to a phase reference:;; k= (!)'c is the 
wave number speed (c is the speed of light). Let the total 
electric field referred to the· phase ceiiter on the target 
with the wave number k be 

N 
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N 

E(k,z):::::: E0 {exp(jkz)/z} L An (jk )"fll 
n=l 

exp(-j2kz.1 n> (19) 

where An is a weighting coefficient determined by the 
scattering process (strength of scattering centres), 'Yn is a 
real number corresponding to the geometry of the n-th 
scattering centre, (jk)'Yll are frequency dependent 
components, which describe the diffraction and reflection 
mechanisms (for further details, see [6,9,17]), and z is the 
distance from the radar to the target in the pointing 
direction. 
By approximation to the GTD-based model in eqn.l6 
after normalizing the field to a given polarization and 
normalizing the. term (jk )'YD to a central reference wave 
number kr in order to obtain the same unit for (jk)'YD for 
any value of 'Yn , the backscattered data corresponding to 
the wave number sample k is given by, 

N 

E(k)= L An (jk I kr) 'YD exp( -j 2k z. r n> (20) 
n=l 
N 

E(k)= L An (j k/ kr)yn exp( -j 2k ~n) (21) 
n=l 

where ~n is the projection of r n onto the z pointing 
direction from radar to target. 
Eqn.21 can then be rewritten as follows, 

N 

E(k)= L,1Anlexp(jcpn) kr-'YD k'Yll exp{j[n·Yn'2-2k~n]} (22) 
IF! 

where An = 1An I exp(j «Pn) (23) 

The signal E is a function of the wave number k with 
dimension of radian/length (rad/m). .The solution for the 
range domain is found by converting it into the range 
domain with dimension of length in meters. 
Let the CWT transform the signal E in the k-domain into 
the range-scale domain, then eqn.6 can be rewritten as 
follows, -CWT(a,b)=[(.JQ)/(2n)] I E(k)fl>(ak) exp(jbk) dk (24) 

where E and 4> are the signal and the mother wavelet 
in the k-domain respectively. 

Esum(r) = E 0 L exp( -jkz. r q) ( 17) The CWT of signal in eqn.22 is calculated by 
n=l 

The backscattered field measured by a linearly polarised 
receiving antenna of. the radar system based on the 
geometrical theory of diffraction can then be expressed as 

N 

E(k,z):::::: (E0 /z) L An (jk)'YD 
n=l 

exp(-jkz.rn-jkz(z+r.>> (18) 

- N CWT(a,b) = [(.J'Q)/(2n)] I L IAn I exp(jcjln) 
-- n=l 

kr -yn k "fll exp{j[7t'Yn'2-2k ~n]} cl» (ak) exp(jbk)dk 

N 

= [(.[t;)/(2n)] exp{j[7t"fnl2]} L IAnl exp(jcjln) 
n=l 
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-kr -yn J k )'ll cl> ( ak) exp {jk[b-2~n]} dk (25) 

By shifting whole transformed signal to the centre 
referred to the central wave number, eqn.25 can be 
rewritten as 

N 

CWT(a,~)=[( .J£i")/(27t)]exp{j[1t'Yn12]} L IAnlexpGclln) 
n=l -kr-)'ll J k )'ll cl> (ak) exp{jk [~- ~n]} dk (26) 

Eqn.26 is the inverse Fourier Transform of the function 
{ k )'ll cl> ( ak)} into the range-scale domain with the range 
ambiguity c/2of, where Of is the frequency step of the 
radar system. The results is a 2-D image in the range
scale domain. The processing of this approach is 
introduced by cutting the image along the scale axis into 
many slices to obtain multi-resolution range profiles. 
Local features can then be extracted from the significant 
range profile (a _slice of the scale-range image 
corresponding to a specific scale proportional to the 
number of frequency samples in the observation) by the 
local modulus maxima algorithm with an appropriate 
threshold level. They provide crucial information about 
the scattering centres for automatic target recognition. 

The CWT of a point or a straight edge specular ( Yn = 0 ) 
is calculated as follows, -CWT0(a,~)=[(.Jti)/(27t)] IA0 I expO cjl0 ) J exp{jk[~-~]} 

<I> (ak) dk = (li.J£1) IA0 1 expQcjl0 ) 'I' a(f-t/a) (27) 

where Et = ~- ~0• and 'I' a(Et I a) is the dilated version 
of the mother wavelet versus scale a. 
For the case of Morlet wavelet, eqn.27 can be rewritten as 
follows, 

CWT0(a,~) = (11./a) IA0 1 expQcjl0 ) exp(-cx((Etlal} 
expQk.,(Etla)) (28) 

Eqn.28 has a local maximum at Et= 0, or ~ = ~o- The 
location of scattering center in the multi-resolution range 
profiles is independent of values of scale a. 

The CWT of a flat plate at broadside ( Yn = 1 ) is 
calculated as follows, 

CWT1 (a.~)=[( .J{i)/(21t)]IA11expGcllt) kr-1 -exp[j7t/2] J kexp{jk[~-~11} <I> (ak) dk 

= 0/(kr./a )) lA 1l expG«P1) 'I'' aCE2/a) (29) 

where E2 = ~-~ 1 and 'I'' a(Eva) is the derivative of the 
dilated version of the mother wavelet vesus scale a. 

Similarly, for the case of Morlet wavelet, eqn.29 has a 
local maximum at E2 = ~- ~1 = 0, or ~ = ~1- The 
location of scattering centres in the multiresolution range 
profiles is independent of values of scale a. 

The CWT of a corner ( Yn = -1) is calculated as follows, 

CWT_1(a,~) = [(.JQ)/(27t)] IA_1I expG«P-1> kr -exp[ -j7t/2] J (1/k) exp{jk[~-~-1]} cl> (ak) dk 

e3 

=(-jkrf.J{i)IA_11expQcp_1) J 'l'a(Eya}dE3 (30) 

where E3 = ~- ~-1 

Similarly, for the case of Morlet wavelet, eqn.30 has a 
local maximum at E3 = ~ - ~-1 = 0, or ~ = S-1- The 
location of scattering centres in the multiresolution range 
profiles is independent of values of scale a. 

Very clearly, eqn.28, 29, and 30 have proved the 
translation invariant characteristic of the projection of 
scattering centers on the z direction from radar system to 
target in the multiresolution CWT -based down range 
profiles. It also means that at a certain incident angle, 
the locations of the projections of scattering centers on 
the z direction do not change in the multiresolution CWT
based range profiles corresponding to various values of 
scale a in the wavelet transform. This approach is also 
represented from the simulation results in Figures 8 and 9. 

4. 2-D Scattering Extraction using 
the Translation Invariant Feature of 
the Continuous Wavelet Transform 

Let scattering centers of an object be distributed in a 2-D 
scattering plane, which has coordinates (x and y axes) 
referred to the phase centre in Figure 3. The projection of 
scattering centres onto the pointing direction z from radar 
to the object is equivalent to rotation of axes by an angle 
corresponding to the incident angle e. The 
transformation of coordinates can be expressed by the 
matrix transform as follows, 

[
z] [ cos(B) 
v = - sin(O) 

sin(O)][x] 
cos(O) y 

Then backscattered field corresponding to the projection 
of scattering centers onto z axis can be expressed by, 

N 

E(k,9) = L An Gklkr))'ll exp(-j2k~n) 
n=l 

N 

= L An Gklkr))'ll exp(-j2k[xn cos(9) + Yn sin(9)]) (31) 
n=l 
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where x. and Yn are the coordinates of the n-th scattering 
center in the (x,y) coordinates of the scattering plane. 
Eqn.31 can be rewritten in polar coordinates as, 

N 

E(k,8) = L An (jklkrfil1 

n=l 

exp( -j2k[r. cos( q>.) cos(8) + r. sin( q>.) sin(8)]) 

N 

= L An(jk!kr)'fn exp{ -j2k[r. cos(8 - q>.)]) (32) 
n=l 

where <P. and r. are the angle and magnitude of the n-th 
scattering center in the polar coordinates of the scattering 
plane respectively. Obviously we get 

where 8 is incident angle and <Pn is toe ~n~Ie between r n 
and the horizontal axis in the 2-R c:oordinates. Then, the 
backscattered data corresponding to incidllnt angle_l (81) 
and incident angle_2 (82) can be -el!,pre~sed respectively as 
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n=l -kr-yn J kyn «<> (ak) exp{jk [~-~nil} dk (36) 

n=l -kr-yn J k'Yl1 «<> (ak) exp{jk [~- ~n21} dk (37) 

Using the translation invariant characteristic of the CWT 
applied to the backscattered data, which has been proved 
in eqn.28, 29, and 30, the projection distance 
corresponding to incident angle_l and incident angle_2 
of n-th scattering center, ~nl and ~n2 can be extracted 
completely from the CWT-based range profiles as 

(38) 

(39) 

Hence, the angle and magnitude of the n-th scattering 

EJ(k,81)=f An (jklkr)yn exp{-j2k ri!cos(8J-(j)n)) (34) center in the 2-D scattering plane can be calculated by 

n=l 

q>. = arctan{[~n1cos(82)- ~n2cos(8J)] I 

E2(k,82)=f An (j~r)yn exp(.j2lc rncos(O~=q>.)) (35) [~n2sin(8J)- ~nlsin(82)]} (40) 

rr-1 

Figure 3: 2-D scattering plane and incident wave 

The multiresolution CWT-based range profiles 
corresponding to the two incident angles above can be 
calculated by, 

(41) 

Two vectors r=[r1. r2 ..... rn-l, r.]T ,and q>=[q>1, q>z. ... , <Pn-l, q>.]T 
present the 2-D reconstructed scattering distribution of 
the target from the CWT-based range profiles. 

5. Demonstration of the Computer 
Package and Simulation Results 

5.1 Flowchart and User's Menu Window 

The computer code for the package was developed in the 
MATLAB environment with the main objective of being 
user-friendly. The menu-window consists of fourteen 
steps, which can be seen in Figure 5. The first five steps 
are used for the simulation of backscattered data based on 
the GTD model in a stepped frequency radar system. 
The amplitude vector can be a real or complex vector. 
The range vector corresponding to scattering centres, 
which are represented in the 2-D plane, is measured in 
metres. The geometrical-type vector is a dimensionless 
vector describing the geometry of the target observed 
from radar system. The package can also simulate data 
corresponding to flight angle 8 (Figure 3) viewed from 
the radar to the zero phase centre of the target. It is 
measured in radians. We remark here that to extract the 
location of scattering centres in the 2-D plane, the 
package needs two sets of backscattered data 
corresponding two different flight angles for the wavelet 
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Flight_Angle_l = 81 

Flight_Angle_2=e1+Ae 

MULTI SCALE 
REPRESENTATION 

Input Parameters 
based on the 
GTDModel 

Random Noise 
SNR (dB) 

RADAR 
PARAMETERS 

3-DIMENSIONAL 
...__ _ _ _ ""T""T ___ ___,Jt<==::::>t REPRESENTATION 

MUL TIRESOLUTION 
RANGE PROFILES 

LOCAL MAXIMA OF FOUR 
SPECIFIC RANGE PROFILES 

tc::==::::>t REPRESENTATIONS 
OF DATA AND TilE 
RANGE PROFILE 

REPRESENTATIONS 

SIGNIFICANT 
RANGE PROFILE THRESHOLDING 

FEATURE VECTOR EXTRACTION 

Amplitude Vector Position Vector 
Set 1, Set 2. 

Winter 1998 

Number of 
Scatterin,g Centres 

Leftrnost-Rightrnost 
Distance 

Figure 4: Flow-chart of the simulation. 
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backscattered data in the stepped frequency radar. It can 
be defined as R.. = c I {2 (df)}, where c is the speed of 
wave propagation. If the projection on the pointing 
direction of the actual size target exceeds the 
unambiguous range, or if the incident angle produces any 
overlap of scattering centres, aliasing will occur in the 
range profile and the scattering distribution cannot be 
solved. In such case, another attempt is needed for the 
scattering extraction. 

5.2. Numerical demonStration 

transform calculation. They can be created by setting the 
flight_angle_1 (91) and the difference of flight_angles 
(.:19, the modified flight_angle also), which is 
recommended to be a few degrees for a reliable analysis. 
The parameters of the radar system are defined by the 
starting frequency (Hertz), frequency step (Hertz), and 
number of frequency samples of the observation. The 
signal-to-noise ratio of the system is given by dB values. 
It should also be noticed here that in the case of the 
package being used for two sets of measured data, the 
parameters of the radar system should be specified for the 
calculation as well by following the instructions in step 6 
in Figure 5. To generate a 2-D scattering distributions, two 

., ••• ~~ backscattered data sets corresponding to two different 
! incident angles are always required for the wavelet 

Figure 5: User's Menu Window of the Package 

The data can be analysed .by the Morlet (Gabor), and the 
quadratic spline wavelets, which can be chosen in the step 
8 or 9from the menu window. Step 10 demonstrates the 
multiresolution of the CWT of data. The local maxima of 
all typical scale range profiles are extracted and 
represented on the same axis for coincident detection of 
the scattering centres. Feature vectors extracted from the 
transform are displayed on the MA TLAB window, and 
consist of the location vector of scattering centres in the 
complex plane, the magnitude vector, the · leftmost
rightmost distance, and the number of scattering centres. 

Unambiguous range. 

The range profile axis is limited by the unambiguous 
range, which depends on the frequency step df of the raw 

analysis. One is the data corresponding to incident 
angle_1 (91), the other one is corresponding to the 
modified incident angle_2 (92), which is different from 
the incident angle_l by a few degrees (the modified 
angle) depending on the resolution of the unambiguous 
range. In order to demonstrate the performance of the 
software, a computer simulation used two backscattered 
data with a signal to noise ratio (SNR) of 10 dB collected 
from a 256 step frequency signal. They were assumed to 
be reflected from a scaled aircraft model (Figure 3). We 
simulated two cases of different incident angles (91) to 
find out the similar scattering distribution of the simulated 
target. The starting frequency and frequency step are 
chosen to be 10 Ghz and 20 Mhz, respectively, therefore 
the bandwidth of the system stretches from 10 Ghz to 
15.12 Ghz. The aircraft model consists of one corner 
(geometry = -1 ), three curves (geometry = -112 ), two 
straight edge speculars (geometry = 0 ), one flat plate at 
broadside (geometry = 1) and two curved plates at 
broadside (geometry = 1/2 ) scattering centres. 

Table 1: Parameters based on the GTD model. 

Table 1 gives information about the aircraft model. Table 
2 gives numerically the reconstructed distribution of nine 
scattering centres corresponding to two different values of 
incident angle_1, 58 and 85 degrees. The modified angle 
is chosen to be 5 degrees for both cases in the simulation. 
They are also represented in Figure 13 and Figure 14, 
respectively. It can be seen in both cases that the 
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scattering distribution reconstructed from the CWT -based 
range profiles has small error in the comparison with the 
original distribution. This result also contributed for the 
aspect-independent scattering extraction of this approach. 

s Reconstructed 2-D Scattering Distribution 
c from the CWT -based Range Profiles 

9=(5 8/180)Radian 9=(85/180)Radian 
1 (-1.0070 '0.9587) ( -0.9681 • 1.0147) 
2 (-0.5071 '0.4730) (-0.6525. 0.5147) 
3 ( -0.5221 '-2.2922) ( -0.4383 -2.3088) 
4 (1.1842 ' -2.6995) (1.2362 • -2.6029) 
5 (0.4889 -1.1899) (0.6229 • -1.1912) 
6 (1.3222 -1.0863) (1.3030 '-1.0735) 
7 (0.8658 -0.5237) (0.6537 ' -0.4853) 
8 (1.8731 '-0.1126) (2.0164 • -0.1912) 
9 (1,3227 1.6532) (1.0875 ' 1.7206) 

Table 2: Reconstructed 2-D scattering distribution 
corresponding to tw~ different incident angles. 

~~~-- I 
10 11 12 13 ,. 16 18 

~roquoncynoHz 

Figure 6: Backscattered data and its CWT -based range 

profile corresponding to 58-degree angle ea.). 

Bacbc:.u.r.d-OU corr~IPOftCing to INCIOENT...ANGLi.J! 
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Figure 7: Backscattered data and its CWT-based range 

profile corresponding to 63-degree angle (6z). 

Figure 6 and Figure 7 present the backscattered data and 
the CWT -based range profiles corresponding to the 

incident and modified incident angles (58 and 63 
degrees). It can be seen that the scattering centers cannot 
be extracted directly from the raw backscattered data in 
the frequency domain. They are very sensitive to the 
noise level and the incident angle observed from the radar 
system. However, they appear very clearly in the range 
domain (Figure 11, Figure 12), which are derived from 
the continuous wavelet transform of the backscattered 
data. They are represented as sharp peaks in the range 
domain, showing the response of the scattering centers on 
the target to the far field incident wave coming from the 
radar system. Figure 8 represents the image of the CWT 
of the data in the transform domain 

Image cf the CWT of a.:Uc.ttered-Oatli 

-3 -2 -1 1 2 
Range in Metre INCIDENTflGLE_1 

Figure 8: Image of the CWT of backscattered data 
corresponding to 58 degree angle (91). 

Figure 9: Coincident local maxima of 4 typical scale 
range profiles corresponding to 58-degree angle. 

A coincident detection from various scales is successfully 
applied to locate exactly the projection of scattering 
centers on the radar pointing direction to the target 
(Figure 9, Figure 10). The solid lines, stars, circles, plus 
signs in Figure 9 and Figure 10 represent the local 
maxima of 4 multiresolution range profiles from top to 
bottom of Figure 11 and Figure 12 respectively. This 
result agrees with the theoretical analysis of the 
translation invariant feature of the multi-resolution range 
profiles in section 3 of this paper. We can see clearly the 
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coincident peaks in the range profiles corresponding to 
nine scattering centers at four typical scales. Figure 13 
and· Figure 14 represent results for the cases of two 
different incident angles. 

local Mlxlrn1 of Four Typlcll ScaJI RtpriHrtatlonl of Rang• Prof .. 

1.0 

1.6 • 

1.4 

Figure 10: Coincident local maxima of 4 typical scale 
range profiles corresponding to 63-degree angle. 

Figure 11: Multi-resolution range profiles (58degrees) 

J3JkMAUEJt±J 
.... -3 -2 _, 0 1 2 3 .. 

J=t~Li±J 
-4 -3 -2 _, 0 1 2 3 4 

J~~~~iMMAEi±-~ 
-4 -3 -2 -1 0 1 2 3 "' 

o.:f ~·~;;;;;;LAJ\iMJ\EE·~ 
~ -3 -2 _, 0 1 2 3 4 

Range in Metre 

Figure 12: Multi-resolution range profiles (63degrees) 
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Figure 13: Reconstructed 2-D scattering distribution 
compared to the original data (58 degrees) 

Figure 14: Reconstructed 2-D scattering distribution 
compared to the original data (85 degrees). 

6. Conclusions 

A software package based on the Continuous Wavelet 
Transform for 2-D scattering feature extraction in a 
stepped frequency radar has successfully been developed. 
We propose an efficient technique using the translation 
invariant characteristic of the multi-resolution range 
profiles for 2-D scattering estimation. The results show a 
good agreement between the 2-D reconstructed scattering 
distributions extracted from the CWT-based down range 
profiles, and the original distribution. The significant 
contributions of this paper are the new approach of the 
multi-resolution applied to radar scattering problems, and 
an efficient method to extract aspect-independent 
scattering features. In particular, the computational load 
of this wavelet transform based approach (about two 
times the 1-D range profile calculation) is much less than 
the well known 2-D Prony method, which have been 
proposed by some authors [3,4,7,8] for 2-D backscattered 
data. The technique also provides a robust method based 
on the CWT for 2-D scattering extraction in the 
centimeter wave radar. 
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