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Abstract—The Indian RISAT-1 satellite is the first of its kind
which provides hybrid polarimetry (hybrid-pol) data for the
Earth observation purposes. The processing of RISAT-1 data can
be carried out using two different types of approaches. First, by
reconstructing 3×3 pseudo quad-polarimetry (quad-pol) infor-
mation from 2×2 hybrid-pol measurement. After reconstruction,
any well established full-polarimetric decomposition techniques
can be implemented. Second, by using decomposition techniques
which directly take 2×2 hybrid-pol measurement as an input.
These two approaches have some merits and demerits which are
highlighted in this paper. Finally for the application of land-cover
classification, these two types of hybrid-pol analysis approaches
are compared using pixel-based classification accuracy, where
each pixel is classified in one of the three basic scattering
mechanism category. For analysis, the actual hybrid-pol data
acquired using Indian RISAT-1, over Mumbai and Ahmedabad
city of India are investigated.

Index Terms—hybrid-pol, Stokes parameters, pseudo quad-pol
reconstruction, pixel-based classification.

I. INTRODUCTION

For past many years, the full-polarimetric systems have pro-
vided promising results in the area of land-cover classification.
However, nowadays researchers are seeking to some other new
configurations due to the reason that the full-polarimetric sys-
tem has the disadvantages of high transmitted power require-
ment, less swath-coverage and constricted range of acceptance
incident angle. To overcome these demerits, three different
compact polarimetry modes: π/4 [1], dual circular-pol [2] and
hybrid polarimetry (hybrid-pol) [3] are proposed. Among these
three compact polarimetry configurations, the hybrid-pol mode
always ensures the independency on the orientation of urban
area and avoids any occurrence of ambiguities or crosstalk due
to co-polarized and cross-polarized channel in the receiver. As
a result this configuration is established as an optimum one
among all compact polarimetry modes [3].

The Indian RADAR Imaging Satellite-1 (RISAT-1) [4]–
[6], launched by ISRO in April-2012, is the only satellite
available so far which uses hybrid-pol configuration for the
earth-observation purposes. This satellite operates from the
Sun synchronous orbit at the altitude of 536 km with 6 a.m. to
6 p.m. equatorial-crossing. Such orbital condition facilitates to
utilize the maximum availability of Solar power. However, for
the analysis of RISAT-1 hybrid-pol data, there are two different
approaches frequently reported in literature. The first approach
is to implement well established full-polarimetric techniques

over pseudo quad-pol data reconstructed from RISAT-1 hybrid-
pol data [1], [12], [13]. Whereas, the second approach is
to implement recently developed hybrid-pol decomposition
techniques, such as m−δ [3], m−α [7], m−χ [8], Euclidean
distance based [9] & three-component based [10], directly on
the RISAT-1 hybrid-pol data [11].

II. HYBRID-POL DATA ANALYSIS USING PSEUDO
QUAD-POL RECONSTRUCTION APPROACH

For the reconstruction of pseudo quad-pol data, few ap-
proaches are reported in literature [1], [12]. However, these
approaches suffer with some demerits related to the essen-
tially applicable iterative process. To overcome such demerits,
Espeseth et al. have proposed two new algorithms: DoP-based
and Eigenvalue-based in [13]. Among these two algorithms,
the Eigenvalue-based method is established better for the
analysis of L-band and C-band data [13]. This Eigenvalue-
based Espeseth method estimates |SHV |2 in terms of Stokes
parameters (S0, S1, S2 & S3), using following equation.
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These Stokes parameters can be directly calculated from the
2×2 covariance matrix (C2) using following relationship.
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where, 〈.〉 indicates the ensemble averaging. Using these
elements of hybrid-pol covariance matrix, along with the
estimated |SHV |2 value, the pseudo quad-pol information can
be reconstructed as [1], [12], [14],

[C3]pseudo

=

〈 2C11 − |SHV |2 0 −2ιC12 + |SHV |2

0 2 |SHV |2 0
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2
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〉 .
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After reconstruction of [C3]pseudo, any well established
full-polarimetric decomposition technique can be implemented
for the analysis. In this paper, we implemented YG4U full-
polarimetric method proposed by Singh et.al. in [15]. The
choice of YG4U is due to the fact that it can produce an
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optimum land-cover classification results for full-polarimetric
data.

The limitation of the analysis approach based on the pseudo
quad-pol reconstruction lies in the essentially imposed re-
flection symmetry condition. However, it has been clearly
described that the reflection symmetry condition is a valid
assumption for natural surfaces [1], [16].

III. HYBRID-POL DATA ANALYSIS USING STOKES
PARAMETER BASED METHODS

The analysis of hybrid-pol data can be started with the
Stokes parameters [3]. These stokes parameters are directly
related with the hybrid-pol covariance matrix elements, as
shown in (2). Hence, these Stokes parameters based methods,
such as m− δ and m−α, directly take hybrid-pol data under
consideration. These methods estimate the contribution of
single-bounce (Ps), double-bounce (Pd) and volume scattering
(Pv) mechanisms for every pixel, using following equations.

PsPd
Pv


m−δ

=


√
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2√

G0×m×(1−sin δ)
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The techniques m−δ and m−α use δ and α angles, respec-
tively, to separate odd- and even-bounce scattering. However, δ
is indeed a function of α, it also depends on one another factor
φ = arg(G1 ±G2) which is variant to the orientation caused
by surfaces with nonzero azimuth slopes [7], [10]. Hence,
if any linear component exists in the circular transmission
(as is the case for synthesized impure circularly polarized
wave), the actual sign of δ may alter. This can adversely
affect the classification accuracy of m − δ technique. Hence,
for synthesized hybrid-pol datasets, the technique m − α is
superior than m − δ. However, for original RISAT-1 hybrid-
pol datasets, the m − δ can also perform better. This has
been validated in this paper by comparing the decomposition
performance of m − δ & m − α techniques using RISAT-
1 dataset. Finally, the decomposition performance of these
two conventional methods are compared with the Espeseth
Eigenvalue-based reconstruction approach.

IV. RISAT-1 DATA ANALYSIS: RESULTS AND DISCUSSION

For analysis of different hybrid-pol techniques, we imple-
mented two different RISAT-1 datasets acquired over India’s
Mumbai city (Product Id. 162860611) and Ahmedabad city
(Product Id. 143607151), India. The detailed description of
datasets is added in Table I.

Table I: The detailed description of datasets used in this paper.

Location Mode
Incidence

angle
Acquisition

date
Single-look
resolution

Mumbai
cFRS-1

(RH+RV)
25.45 21-FEB-2014 4.19× 2.08 m

Ahmedabad
cFRS-1

(RH+RV)
21.84 22-JUL-2012 4.84× 2.39 m

Table II: Pixel based classification result of selected land-
covers (in %) based on the dominance of scattering mechanism
contributions (Ps, Pd or Pv) for RISAT-1 Mumbai data.

Landcovers

m− δ m− α Espeseth
Eigenvalue-based

S D V S D V S D V

Ocean_1 82.99 0.02 16.99 81.56 0.01 18.43 63.22 0.02 36.76

Ocean_2 86.84 0.01 13.15 85.68 0.01 14.31 70.35 0.01 29.64

Mahim_Bay 83.26 0.05 16.69 81.92 0.03 18.05 15.79 0.01 84.20

Urban_1 33.96 54.03 12.01 33.55 52.93 13.52 27.07 67.58 5.35

Urban_2 21.18 42.69 36.13 20.80 41.14 38.06 16.06 59.48 24.46

Mangrove 4.78 0.59 94.63 3.19 0.35 96.46 0.40 0.04 99.56

A. Analysis of RISAT-1 data acquired over Mumbai city

The decomposed RGB images using m − δ, m − α and
Espeseth Eigenvalue-based are shown in Fig. 1(a), (b) & (c),
respectively. For comparative analysis, the scattering mech-
anism contribution in percentage is added in Table II. From
inspection of Table II, the following observations can be made:

• For selected ocean regions (“Ocean_1” & “Ocean_2” in
Fig. 1(c)), the classification accuracies of m − δ and
m−α are 82.99% & 81.56%, respectively for “Ocean_1”,
whereas 82.75% & 81.53%, respectively for “Ocean_2”,
respectively. On the other hand, the classification ac-
curacy for these regions using Espeseth Egenvalue-
based reconstruction method are 63.22% and 70.35%
for “Ocean_1” & “Ocean_2”, respectively. Hence, for
ocean regions, the performance Stokes parameters based
methods are better than the Espeseth Eigenvalue-based
reconstruction method.

• The selected “Mahim_Bay” region contains water sur-
face, which should mainly contribute in single bounce
scattering. The Stokes parameters based m − δ and
m − α method correctly detect 83.26% and 81.92% of
single-bounce pixels, respectively. Whereas, the Espeseth
eigenvalue-based method based method is able to cor-
rectly detect only 15.79% of single-bounce pixels. Hence
for this region, the performance of Stokes parameter
based method is much better than the used reconstruction
approach.

• For selected urban regions (“Urban_1” & “Urban_2”
in Fig. 1(c)), the classification accuracies of m − δ
and m − α are 54.03% & 52.93%, respectively for
“Urban_1”, whereas 42.69% & 41.14%, respectively for
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(a) (b) (c)

Figure 1: A decomposed RGB Image of RISAT data (Product Id 162860611) acquired over Mumbai city, India. (a) Using
m− δ technique (b) Using m− α technique (c) Using Espeseth Eigenvalue-based reconstruction technique.

“Urban_2”, respectively. On the other hand, the classifica-
tion accuracy for these regions using Espeseth Egenvalue-
based reconstruction method are 67.58% and 59.48% for
“Urban_1” & “Urban_2”, respectively. Hence, for urban
regions, the Espeseth Eigenvalue-based reconstruction
approach is more suitable than the Stokes parameters
based m− δ and m− α methods.

• The mangrove region contains shrubs or small trees
around the coastal region that should contribute in volume
scattering. For selected mangrove in Fig. 1(c), all methods
indicate the dominance of volume scattering mechanism.
However, the classification accuracy indicate that the
Espeseth Eigenvalue-based reconstruction approach per-
forms better than the Stokes parameter based m− δ and
m− α method.

B. Analysis of RISAT-1 data acquired over Ahmedabad city

For further performance evaluation, another dataset of
RISAT-1, acquired over Ahmedabad city is used. The de-
tailed description about the dataset is included in Table I.
The decomposed RGB images using m − δ, m − α and
Espeseth Eigenvalue-based methodology is shown in Fig. 2(a),
(b) & (c), respectively. The classification result on the basis
of dominance of scattering mechanism contributions for the
selected rectangular land-covers (indicated on Fig. 2(c)) is
produced in Table III.

By observing the information of Table III, following obser-
vations can be made.

Table III: Pixel based classification result of selected land-
covers (in %) based on the dominance of scattering mechanism
contribution for RISAT-1 Ahmedabad data.

Landcovers

m− δ m− α Espeseth
Eigenvalue-based

S D V S D V S D V

River 64.78 0.38 34.84 62.62 0.31 37.06 46.20 0.33 53.47

Urban 26.25 32.23 41.52 24.02 30.36 45.62 26.96 35.80 37.23

Vegetation 6.63 0.81 92.56 5.14 0.49 94.37 3.74 0.05 96.21

• For the selected “River” region, the classification ac-
curacy of 64.78% obtained using m − δ and 62.62%
obtained using m − α are better than the classification
accuracy of 46.20% obtained using Espeseth Eigenvalue-
based reconstruction method.

• For the selected “Urban” area, Espeseth Eigenvalue-based
reconstruction method performs better than the Stokes
parameters based m− δ & m− α methods.

• For the selected “Vegetation” region, all of these methods
correctly detects majority of volume scattering pixels.
However, as per the classification accuracy concerns, the
performance of Espeseth Eigenvalue-based reconstruction
method is better than the Stokes parameters based m− δ
and m− α methods.
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(a) (b) (c)

Figure 2: A decomposed RGB Image of RISAT data (Product Id 143607151) acquired over Ahmedabad city, India. (a) Using
m− δ technique (b) Using m− α technique (c) Using Espeseth Eigenvalue-based reconstruction technique.

V. CONCLUSION

In this paper, the efficacy of RISAT-1 hybrid-pol data in
the application of land-cover classification using two differ-
ent analysis approaches has been investigated. The analysis
has been performed over two different datasets of RISAT-
1 acquired over Mumbai and Ahmedabad city of India.
From the results and discussion, it has been concluded that
for single-bounce dominating regions, the Stokes parameters
based methods, such as m− δ & m− α perform better than
the Espeseth Eigenvalue-based reconstruction approach. While
for other type of land-covers, where double-bounce or volume
scattering dominates, the performance of Espeseth Eigenvalue-
based method is better than the Stokes parameters based m−δ
& m−α methods. From the result analysis, we also observed
that the detection of double-bounce scattering in urban region
using existing hybrid-pol analysis approaches is the region
of concern where the classification efficiency is needed to be
improved.
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