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ABSTRACT
Usually, in radar imaging, we suppose that the reflectors

respond the same way regardless of the angle from which
they are viewed and have the same properties within the
emitted frequency bandwidth. Nevertheless, new capacities
in SAR imaging (large bandwidth, large angular excursions)
make this assumption obsolete. The original application of
the multidimensional continuous wavelet transform method
in SAR imaging allows to highlight the frequency and an-
gular behavior of these reflectors. This paper discusses the
utility of the wavelet transform in SAR imaging for extract-
ing from real targets some essential features allowing to dis-
tinguish objects that belong to different classes.
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1. GENERAL DESCRIPTION OF THE PROBLEM

The radar imaging process [1, 2] consists in analyzing the
backscattering coefficientH(~k) collected by a moving radar
(see figure 1) and to form the spatial repartitionI(~r) of the
bright scatterers which reflect a part of the emitted radar sig-
nal [3, 4, 5]. The square modulus ofH(~k) is called the Radar
Cross Section (RCS) of the object for the wave vector~k and
is expressed in square meter. The wave vector~k is related
to the emitted frequencyf and to the directionθ of radar
illumination by relations :

∣∣∣~k
∣∣∣ =

2 f
c

θ = arg(~k)

wherec is the speed of light, and the extra-factor2 accounts
for the round trip delay (in time) of the signal.

If the object is illuminated using a broad-band signal
and/or for and a large angular extent, it is realistic to con-
sider that the amplitude of the reflectors show a dependence
on frequency and on aspect angle. Such amplitude variation
of scatterers has to be highlighted in order to see if this
variation is potentially interpretable in terms of target
characteristics.

Considering this amplitude variation, the spatial reparti-
tion of reflectorsI(~r) must depend on the wave vector~k and
must now be notedI(~r,~k).

The quantityI(~r,~k) is, in fact, the energy distribution of
the backscattering coefficientH(~k) in the hyperplan(~r,~k)
and will be seen, next, as ”extended images” relative to the
spatial repartitionI(~r).
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Figure 1: A reflector, viewed at two different azimuthal
angles of illumination in SAR-stripmap mode.
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2. CONSTRUCTION OF THE EXTENDED IMAGES
BY WAVELET TRANSFORM

Time-frequency analysis and the physical group theory al-
low to construct extended radar images. These images are
called hyperimages [6, 7, 8, 9, 10, 11] :

Ĩ(~r0,~k0) =
∣∣∣∣
∫

H(~k)Ψ∗
~r0,~k0

(~k)d~k

∣∣∣∣
2

(1)

whereΨ~r0,~k0
(~k) is a family of wavelets generated from the

mother waveletφ(k,θ) according to :

Ψ~r0,~k0
(~k) =

1
k0

e−2iπ~k.~r0 φ
(

k
k0

,θ −θ0

)
. (2)

This mother waveletφ(k,θ) is supposed to be localized
around(k,θ) = (1,0) and positioned spatially at~r =~0. For
example, one can use a two-dimensional separable gaussian
function :

φ(k,θ) = e
−( k−1

σk
)2 ·e−( θ

σθ
)2

where the two free parametersσk and σθ control
the spread in frequency and in angular domain and play
on interrelated resolutions in spatial domain~r = (x,y),
frequency and angle.

Interpretation of the distribution I(~r,~k)

Let us rewriteI(~r,~k) ≡ I(x,y; f ,θ). On one hand, for
each frequencyfo and each aspect angleθo, I(x,y; fo,θo)
represents a spatial repartition of reflectors which respond
at this frequency and this angle. On the other hand, for each
reflector located at~ro = (xo,yo), we can extract its energetic
featureI(xo,yo; f ,θ) as a function of frequencyf and aspect
angleθ . This is this aspect that we decided to point out in
order to see if this quantity can be interpretable in terms of
object characteristics.

To analyze this 4D structure, a visual display interface
called i4D [12] has been developed and allows to carry out
an interactive and dynamic analysis.

3. EXPERIMENTAL RESULTS OF SAR IMAGING
USING WAVELETS

The first study concerns a scene composed of a building and
a long metallic pipe as shown in figure 2(a) and figure 2(b).
SAR imaging using wavelet analysis is illustrated in the
figure 2(c) : the energy distribution in the space( f ,θ) of
reflectors belonging to the pipe and to the building (ridge
and roof) are highlighted.

We’ve observed that a non-negligible number of reflec-
tors belonging to the same object (either the pipe, or the
ridge, or the roof of the building) have a similar response
in frequency and aspect angle. Inversely, the response dif-
fers significatively from one structure to the other.
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(a)SAR image of a scene includ-
ing a metallic pipe and a buid-
ing. This image has been built
by RMA algorithm with data
collected by the airborne radar
RAMSES at the ONERA [13].

(b) Aerial photography of the
scene (provided by the French
National Geographic Institute).
The framed portion represents
the area of interest which is com-
posed of the pipe and the build-
ing.
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(c) SAR imaging using wavelets : image of the building
and the pipe (at the emitted frequency fo = 14.3 GHz
and angle illumination θo = 0.78 ◦) and energetic char-
acteristics in the frequency-aspect angle space( f ,θ) of
some reflectors belonging to different structures (metal-
lic pipe, ridge and roof of the building).

Figure 2:Highlighting the energetic characteristics of the
image points by using wavelets in SAR imaging.
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This physical phenomenon can be explained, in part
by the fact that these structures are characterized by their
own geometry, material and aspect in space. Besides, a
theoretical model of the energetic response of scatterers,
relying on the Geometry Theory of Diffraction is proposed
in the litterature [14],[15].

Then, this new kind of information can be use to
separate and classify the different objects of a scene in order
to make the SAR image more interpretable.

The idea that we’ve proposed is to compare the ener-
getic responses of reflectors using the correlation function
mentioned in the following algorithm : more the energetic
responses of two reflectors are similar, stronger is the
correlation of these ones.

Algorithm for object separation

Step 1 Select a point(xo,yo) on the image which could
belong to an object.

Step 2 Determine its distribution of energyRxo,yo( f ,θ)
by using the wavelet analysis. Next, this distribu-
tion will represent the reference distribution.

Step 3 Calculate the following 2D-correlation function,
introducing the reference distribution and
the distributions{Rxi ,x j ( f ,θ); (i, j) ∈ [1,Nx]× [1,Ny] }
of the other points of the image :

for i:=1 to Nx

for j:=1 to Ny

Co(i, j) :=
∫

Ro( f ,θ) Ri, j( f ,θ) d f dθ√
Eo

√
Ei, j

end

end

where(Nx,Ny) are the numbers of points of the image re-
spectively in range and cross-range andE is the energy as-
sociated to the responseR( f ,θ):

E =
∫
|R( f ,θ)|2d f dθ .

The figure 3 is the first illustration that combines the
wavelet analysis and the previous algorithm for object
separation. This illustration is composed of three graphics :

• On the first graphic (in the top left corner of the
figure 3), we select the point of the image whose the
energetic response will be taken as reference in the
calculation of the 2D correlation function. This point
is located on the intersection of the two red dotted line
and it is supposed to belong to the object we want to
separate from the rest of the image

• On the second graphic (in the bottom of the figure 3), we
show the energetic distribution (calculating by wavelet
analysis) of the point selected on the first graphic .

• Then, on the third one (in the top right corner of the
figure 3), we point out the 2D-correlation function on
the image space(x,y).

On the figure 3, a point belonging to the pipe has been
selected. So the energetic distribution of this point has
been took as reference in the calculation of the correlation
function.

Previously, we said we’ve observed that many reflectors
belonging to the pipe have a energetic distribution similar to
the reference distribution pointed out on the second graphic
of the figure 3. This observation is confirmed by the fact
that the correlation is strong (more than80 %) for most of
the points on the pipe. Concerning the rest of the image,
the majority of points have a distribution different from the
reference distribution : the level of correlation with the ref-
erence distribution is then low. The general result is that the
pipe is distinguished from the building.

Correlation in the image space
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Figure 3: Separation of the pipe from the building us-
ing the wavelet analysis combined with the correlation
method.

The second study concerns a pair of tanks with a
footbridge on top of it as shows the figure 4. Between the
two tanks, the footbridge extends as far as stairs on the left.
The framed cell represents the area that we deal with.

First, we compute the 2D-correlation function with a
reference energetic distribution corresponding to a point
in the top left corner of the the tank above as shows the
figure 5: the points in this part of the tank have a reparti-
tion of energy in the frequency-aspect angle space( f ,θ)
similar to the reference one. Moreover, some points in
the same left part of the second tank below have also a
distribution of energy very correlated with the reference one.
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Secondly, we’ve selected a point on the stairs to the left
of the tanks as we can see on the figure 6: the most of the
reflectors that compose the stairs respond the same way with
respect to the reference repartition of energy. Moreover,
some points on the footbridge and on his extension on the
left, have a high level of correlation with the reference
distribution.

Besides, we can notice that the reference distribution,
we see on the graphic in the bottom of the figure 6, means
that the selected point responds the same way within the
emitted frequency band but is viewed just within a very
restricted aspect angle sector by the radar antenna.

To sum up this second study, we can say by comparing
the two cases that the tank above can be distinguished from
the stairs to the left of it.

Figure 4: Aerial photography of the area of interest in-
cluding a pair of tanks and a footbridge on top with ex-
tension as far as stairs on the left.
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Figure 5: A point belonging to the tank above is chosen
as reference.

The final study concerns a depot center formed by a
central building and small lateral buildings (see figure 7).
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Figure 6:A point belonging to the stairs to the left of the
tanks is chosen as reference.

Here, we select respectively a point on the top edge of
the central building (see figure 8) and one point on a lateral
building (see figure 9).

Clearly, by computing again the correlation function,
the edge of the central building have physical characteristics
that make it distinguishable from the all lateral buildings.
Besides, these buildings have identical energetic features:
they belongs to the same class of objects.

Figure 7: Aerial photography of the scene including the
depot center.
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Correlation in the image space
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Figure 8:A point on the top edge of the central building
is chosen as reference.
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Figure 9:A point on a lateral building is chosen as refer-
ence.

4. CONCLUSIONS

The multidimensional wavelet transform analysis for the
SAR imaging can highlight some physical characteristics of
the reflectors that the classical SAR imaging can not do.

The goal was, here, to see if the energetic characteristics
can be interpretable in terms of object features.

The wavelet analysis combined with the study of
correlation of the energetic repartition of the reflectors show
that the separation of objets is possible.

By this process, the distinction of one object from
the others demands two conditions: (1) a majority of the
reflectors belonging to this object must have a similar
repartition of energy, defining theenergetic feature of
this object, (2) the other objects must not have a similar
energetic distribution to the object’s one.

Nethertheless, it can be interesting to group objects with
similar energetic features within classes. It can be the case of
objects with the same geometry, the same material or aspect.

To conclude, the wavelet analysis in SAR imaging with
the correlation study offers a real potential for a better
interpretation of the SAR images. This process can be very
useful for identification and recognition of targets.

Besides, the wavelet transform method proved its use-
fulness, with a different approach, in polarimetry, and in-
terferometry fields respectively by improving target identi-
fication, and providing better results on the quality of the
reconstructed target height by coherence optimization [16],
[17].
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