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ABSTRACT

Target decomposition methods for polarimetric Synthetic
Aperture Radar (PolSAR) data aim at explaining the scatter-
ing information. In this regard, several conventional model-
based methods use scattering power components to analyze
polarimetric SAR data. However, the typical hierarchical pro-
cess to enumerate power components uses various branching
conditions, leading to several limitations. This study uses the
3D Barakat degree of polarization (DoP) to obtain the scat-
tered wave polarization state. We employ the DoP to obtain
the even bounce, odd-bounce, and diffuse scattering power
components. Besides, we propose a measure of target scatter-
ing asymmetry, which is subsequently utilized to obtain the
helicity power. All the power components in our approach are
roll-invariant and non-negative, and the decomposition pre-
serves the total power. We utilized C-band full polarimetric
RADARSAT-2 data to show the effectiveness of the proposed
decomposition.

Index Terms— Full Polarimetry, Synthetic Aperture
Radar, Target Decomposition, Scattering-type Parameter,
Target Characterization

1. INTRODUCTION

Polarimetric SAR decomposition methods follow either
model-based or eigenvector approaches. On the one hand,
eigenvector approaches capture the set of coherent scattering
mechanisms. On the other hand, model-based decomposi-
tions presume a set of canonical scatterers within a SAR
resolution cell. With these assumptions, they try to fit the
coherency or covariance matrix concerning those canonical
scatterers.

In this aspect, Freeman and Durden [1] proposed a tar-
get reflection symmetry based three-component (F3D: sur-
face, double-bounce, and volume) model-based decomposi-
tion technique for incoherent targets. Nevertheless, the as-
sumption of reflection symmetry is often limited to natural

targets and seldom holds for human-made structures, includ-
ing urban areas. To account for such non-reflection symmet-
ric conditions, Yamaguchi et al. [2] introduced the helix scat-
tering model along with the surface, double-bounce and vol-
ume components in their four-component (Y4O) decomposi-
tion method.

The volume models considered in F3D and Y4O decom-
positions are limited to specific types of vegetation. In this
regard, a model-based decomposition introduced a general
canopy model [3] and the other proposed simple modifica-
tion that ensures that all covariance matrices in the decompo-
sition have non-negative eigenvalues corresponding to physi-
cal mechanisms [4]. In a later study, Bhattacharya et al. [5],
improved the G4U decomposition. A stochastic distance ap-
proach was introduced in [6] to modify the Y4O decompo-
sition. Recently, Ratha et al. [7] proposed a scattering fac-
torization framework for the physical interpretation of target
scattering from PolSAR data.

Dey et al. [8] proposed the three-component model-free
scattering power decomposition for full (MF3CF) and com-
pact (MF3CC) polarimetric SAR data. In their study, the au-
thors used 3D and 2D Barakat degree of polarization [9], and
the elements of the coherency (or covariance) matrix to ob-
tain target scattering-type parameters. These parameters were
then used to decompose the total scattered power into even-
bounce, odd-bounce, and diffused scattering power compo-
nents. Unlike the volume scattering power component in con-
ventional model-based decompositions, the scattered wave’s
depolarized part represents the diffused component. With
this formulation, all the scattering power components are roll-
invariant and non-negative. However, this three-component
model-free power decomposition does not explicitly consider
the contribution from asymmetric targets.

Hence, we introduce in this work an asymmetric (or helix)
scattering-type parameter and, subsequently, the helix scat-
tering power component that was earlier ignored. Similarly
to the three-component decomposition method, each power
component of this proposed decomposition technique is guar-
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anteed to be non-negative and roll-invariant.

2. METHODOLOGY

In full polarimetry (FP), the multi-looked Hermitian positive
semi-definite 3 × 3 coherency matrix T is obtained from the
averaged outer product of the target vector kP (derived us-
ing the Pauli basis matrix, ΨP ) with its conjugate (i.e., T =
〈kP ·k∗T

P 〉). In this study, we utilize the 4×4 real matrix rep-
resentation to describe the backscattering using the Kennaugh
matrix (K).

2.1. 3-component decomposition

For 3-component model-free decomposition, the scattering-
type parameter, θFP that is represented using the elements of
the T matrix in [8], can be equivalently expressed using the
elements of the K matrix as,

θFP = tan−1 4mFPK11K44

K2
44 − (1 + 4m2

FP)K2
11

∈ [−45°, 45°] (1)

whereK11 = (T11+T22+T33)/2 andK44 = (−T11+T22+
T33)/2. This parameter is, thus, roll-invariant and bounded.
Its extreme values represent dihedral (−45°) and trihedral
(45°) scatterers.

This target characterization parameter, θFP, is further uti-
lized to derive 3-component scattering power components us-
ing a geometrical factor: (1 ± sin 2θFP). With this, the three
decomposed scattering power components can be represented
as odd-bounce (Ps), even-bounce (Pd) and diffused (Pv) scat-
tering power components:

Ps = mFP K11 (1 + sin 2θFP), (2)
Pd = mFP K11 (1− sin 2θFP), and (3)
Pv = 2 (1−mFP)K11, (4)

where mFP represents the 3D Barakat degree of polarization
which infers the polarized part of the scattered electromag-
netic wave. Nonetheless, all these decomposed scattering
power components are roll-invariant and the total power
(2K11) is conserved after the decomposition.

2.2. 4-component decomposition

For the 4-component model-free decomposition, we first de-
rive the helix power component Pc (6) by modulating the total
polarized power (i.e., 2mFPK11) by the scattering asymmetry
parameter, τFP,

τFP = tan−1 |K14|
K11

∈ [0°, 45°]. (5)

We then obtain the residual power component (Pr (8)), which
is equal to the sum of the helix and the diffused power compo-
nents subtracted from the total scattered power (2K11). This

residual power component represents the fraction of the polar-
ized scattering power components. This polarized fractional
power is then redistributed among the odd (Ps (9)) and even
(Pd (10)) power components using the scattering-type param-
eter θFP by a geometrical factor (1± sin 2θFP):

Pc = 2mFPK11 sin 2τFP, (6)
Pv = 2(1−mFP)K11, (7)
Pr = 2K11 − (Pc + Pv) = 2mFPK11(1− sin 2τFP), (8)

Ps =
Pr

2
(1 + sin 2θFP), and (9)

Pd =
Pr

2
(1− sin 2θFP). (10)

Purely Asymmetric Scattering

Pure Diffuse Scattering

Fig. 1: Scenarios representation with four-scattering powers.

Let us now characterize mFP, θFP and the four scattering
powers for distinct scattering scenarios:

• For a pure diffused scattering-type, i.e., whenmFP = 0,
then Pv = 2K11 = Span, and Ps = Pd = Pc = 0.

• For polarized scattering types, i.e., when mFP = 1, two
cases arise:

1. if θFP = 45°, and τFP = 0°, then Ps = 2K11 =
Span, and Pd = Pv = Pc = 0.

2. if θFP = −45°, and:

(a) τFP = 0°, then Pd = 2K11 = Span, and
Ps = Pv = Pc = 0.

(b) τFP = 45°, then Pc = 2K11 = Span, and
Pd = Pv = Ps = 0. In this case, the scatter-
ing is purely asymmetric.

• For θFP = 0°, i.e., when either mFP = 0, or K44 = 0,
then,

1. if mFP = 0, and if τFP = 0°, then Ps = Pd =
Pc = 0, and Pv = 2K11 = Span

2. if K44 = 0, and if τFP = 0°, then Pc = 0 with
Ps = Pd, and Pv varies with mFP ∈ [0, 1]
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Fig. 1 illustrates these scattering scenarios. The following
section discusses the effectiveness of the 3-component and
4-component model-free decompositions over different land-
cover types, with C-band full polarimetric RADARSAT-2
data over San-Francisco, CA.

3. RESULTS AND DISCUSSION

The results are shown using a RADARSAT-2 (RS-2) full im-
age over San Francisco (SF), CA, USA. The image is multi-
looked with 1 pixel in range and 2 pixels in azimuth directions
to generate 10 × 10 m2 pixels. Fig. 2 shows the variation of
θFP over ocean (‘O’), urban (‘U’), oriented urban (‘OU’) and
vegetation (‘V’) areas. While the medians of O, U and V are
well separated, those of OU and U are close as they both de-
note urban areas. Nonetheless, the values ofmFP are low over
OU and as a result low θFP values appears over this area.

Fig. 2: Variation of θFP over Ocean, Urban, Oriented urban
and Vegetation regions. The dashed vertical line shows the
sample median values for each class.

The median values of θFP over O, U, OU and V are 40.81°,
−16.856°, −9.39° and 4.83°, respectively. The low values of
θFP over V might be due to the equal contribution from regular
and irregular parts of canopies.

3.1. 3-component decomposition

Utilizing θFP, we derive 3-component model-free scattering
powers and make a RGB composite for comparison with F3D,
as shown in Fig. 3. Fig. 4 shows the power components Ps, Pd

and Pv over O, U, OU and V. The dominant scattering powers
for O and U are enhanced by ≈5 % to 6 % wrt F3D.

We observe a significant change for OU. F3D shows high
amount of Pv , while MF3CF shows dominant Pv , but signif-
icant Pd component. This high Pd is due to the roll-invariant
properties of the decomposed power components. Nonethe-
less, over V, the polarized scattering power components are
increased in MF3CF due to the ground-trunk and ground-
foliage interaction the EM wave with vegetation canopy.

(a) F3D (b) MF3CF

Fig. 3: RGB composite of decomposed power components
from (a) F3D and (b) MF3CF techniques. Here: R: Pd, G: Pv

and B: Ps

Fig. 4: 3-component scattering power components over
ocean, urban, oriented urban and vegetation

3.2. 4-component decomposition

We extended MF3CF to 4-component model-free decompo-
sition (MF4CF) by considering the target asymmetry (τFP).
Fig. 5 shows the variation of τFP over O, U, OU and V.

It can be seen that τFP is very low over O (0.12°), while
over U (0.72°) and V (0.851°) it is marginally high due to the
complex interaction of the EM wave. Over OU, τFP is higher
(1.79°) than others due to the orientation effect.

Fig. 6 shows the RGB composites of MF4CF and AG4U.
Fig. 7 shows the power components over O, U, OU and V.
Similarly to MF3CF, the dominant scattering powers are en-
hanced over O and U. Besides, a significant change in Pd is
observed over OU. Also, the Pc component is increased due
to the orientation. As stated before, due to the scattering com-
plexity, a low Pc component is observed over U and V.

4. CONCLUSIONS

We presented model-free scattering power decomposition
approaches for full-polarimetric SAR data. We propose
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Fig. 5: Variation of τFP over Ocean, Urban, Oriented urban
and Vegetation regions.

(a) AG4U (b) MF4CF

Fig. 6: RGB composite of decomposed power components
from (a) AG4U and (b) MF4CF techniques. Here: R: Pd, G:
Pv and B: Ps

the 4-component scattering power decomposition technique
(MF4CF) by extending the 3-component technique (MF3CF)
using target asymmetry information. Like MF3CF, the over-
estimation of the volume power component is reduced in
MF4CF, while improving the polarized power components.
Furthermore, MF4CF produces non-negative power compo-
nents like MF3CF, which is often a significant drawback of
several model-based decompositions. Moreover, the results
also show the importance of the asymmetry power component
that plays a vital role in discriminating different human-made
targets. Thus, these proposed decomposition techniques have
good potential for land cover analysis using full polarimetric
SAR data.
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