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Abstract

Incoherent target decomposition techniques provide unique scattering information from polarimetric SAR
data either by fitting appropriate scattering models or by optimizing the “received” wave intensity through the
diagonalization of the coherency (or covariance) matrix. Hence, the information provided by the “scattered” wave
might be neglected. This scattered wave information can be well utilized to gain complete polarimetric information
for numerous applications. In this study, a new roll-invariant scattering-type parameter is introduced, which jointly
uses the degree of polarization as the “scattered” wave information and the elements of the covariance matrix
as the “received” wave information from both full-polarimetric (FP) and compact-polarimetric (CP) SAR data.
This scattering-type parameter, which is comparable to that of the Cloude o for FP SAR data and the ellipticity
parameter x for CP SAR data, can be well utilized to characterize various targets. Furthermore, this new scattering-
type parameter is adequately utilized to obtain a non-model based three-component scattering power decomposition
technique. The double-bounce and the odd-bounce scattering powers are obtained by modulating the total polarized
power by a proper geometrical factor easily derived using the new scattering-type parameter for both FP and CP SAR
data. Moreover, due to its natural and direct formulation, the decomposition scattering powers are non-negative and
roll-invariant while the total power is conserved. The proposed method is qualitatively and quantitatively assessed
utilizing the L-band ALOS-2 and C-band Radarsat-2 FP and the associated simulated CP SAR data.

Index Terms

Full polarimetry, Compact polarimetry, Target decomposition, scattering type parameter, Target characterization

I. INTRODUCTION

OLARIMETRIC DECOMPOSITIONS aim, among other applications, to characterize scattering mech-

anisms from a target. Broadly categorizing, target decomposition techniques are divided into two
distinct categories: (1) coherent, and (2) incoherent. Coherent decomposition techniques utilize information
from the 2 x 2 complex scattering matrix [S], whereas incoherent decompositions extract information from
the second-order statistics in terms of the coherency [T] or the covariance [C] 3 x 3 matrices.

Several methods have been developed to decompose the average covariance or coherency matrices.
In this regard, eigenvalue/eigenvector based decomposition methods provide a unique solution to the
scattering mechanisms [1], [2]. The interpretation of the scattering information is achieved by obtaining
a set of unique roll-invariant parameters. On the other hand, model-based decomposition methods utilize
the target geometric and electromagnetic scattering properties to extract scattering mechanisms from the
second-order statistics.

The pioneering work of Freeman and Durden [3] on the three-component scattering power decomposi-
tion (F3D) paved the way for model-based decomposition techniques. The scattering powers obtained from
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their method were based on the assumption of target reflection symmetry, i.e., (SuuSiy) = (SvvSyy) = 0.
The Freeman and Durden decomposition model is simple and easy to implement and has been utilized
for several applications as, for instance, unsupervised classification [4], [5].

However, the reflection symmetry assumption is seldom verified for most of the targets in a typical
scenario. Therefore, the condition of uncorrelated co-polarized and cross-polarized components does not
hold, i.e., (SunSiy) # 0, and (SyySjyy) # 0. In such a condition, the cross-polarized component, {|Spy|*),
might be predominant.

In this regard, Yamaguchi et al. proposed a four-component model-based decomposition technique [6],
which incorporates a helix as a fourth component. In these two decompositions, the primary scatterer
from vegetation canopy is modeled as a thin cylinder. However, such a description is often too simplistic
for most vegetation complex structural configuration.

Hence, Arii et al. [7] proposed an n™ power of cosine squared function to describe the complex
canopy structure of vegetation. Nonetheless, this study considered the canopy scattering as the dominant
mechanism. Similarly, Neumann et al. [8] proposed the retrieval of forest parameters using polarimetric
interferometric SAR data. This study combined the physical model-based decomposition with a random
volume over the ground inversion approach.

van Zyl et al. [9] proposed constraints to grant non-negative eigenvalues. Similarly, Cui et al. [10]
performed the complete decomposition of the coherency matrix into one volume component and two
single scattering components using a non-negative power constraint. Hence, this decomposition technique
was able to overcome the negative power problem.

The aforementioned model-based decompositions did not take into account the target orientation aspect
with the radar line of sight. Within a radar resolution cell, the targets can be randomly oriented about the
radar line of sight and, thus, have diverse polarimetric responses. Several studies attempted to compensate
this target orientation effect [11]-[13]. The central idea behind orientation compensation is to reduce
the contribution of the cross-polarized component. In other words, the target orientation compensation
minimizes the overestimation of the volume scattering power while increasing the double bounce scattering
power.

Among these methods, Lee et al. [12], the three-component model-based decomposition (An3D) by An
et al. [14], the four-component decomposition with the rotation of the coherency matrix by Yamaguchi et
al. [15] are notable. Later, Bhattacharya et al. [16] utilized the degree of polarization of the scattered wave
as an adaptive parameter to improve the scattering power components of the Yamaguchi four-component
decomposition.

An alternative approach for determining the orientation of target while improving the scattering powers
is Statistical Information Theory. In this regard, Bhattacharya et al. [17] optimized the Hellinger distance
between orthogonal and rotated urban targets to the radar line of sight to determine the orientation angle for
the modification of the Yamaguchi four-component decomposition powers. Subsequently, Eltoft et al. [18]
extended the model-based decomposition techniques by introducing higher-order distribution function and
radar texture models. An et al. [19] reconsidered the problem of negative scattering powers and the over-
estimation of the volume scattering component in Freeman-Durden decomposition. Here a methodology
is proposed to completely decompose an arbitrary coherency matrix into several polarimetric symmetry
components. Shuang et al. [20] combined a new condition with the Freeman-Durden decomposition to
distinguish human-made structure and nature media after orientation angle compensation.

Full polarimetric (FP) SAR data provides optimum performance in target characterization due to
the complete radar target information content. However, compact polarimetric SAR data offers more
information than a single or dual-polarized SAR data, while covering larger swath widths compared to
FP SAR systems.

In Compact Polarimetric (CP) radars, the relative phase between the two received polarizations is
retained, unlike the conventional dual-polarized SAR systems. In the 7/4 mode [21], the transmitted
polarization is a superposition of the linear horizontal (H) and vertical polarization (V) oriented at 45° to
the horizontal. The dual-circular compact polarimetry (DCP) mode proposed in [22] used right circular



polarization on transmit and right and left circular polarization on receive. Furthermore, Raney [23] pro-
posed a new hybrid-polarity architecture, consisting of circular transmit and orthogonal linear polarizations
receive. This new hybrid-pol architecture preserves all the information of the DCP mode since the Stokes
parameter of electromagnetic (EM) wave does not depend on the basis of the received polarization [24].

Raney et al. proposed the m-d [23] and m-x [25] decomposition methods for the hybrid-compact
polarimetric SAR data, where m indicates the degree of polarization of the scattered EM wave. The
performance of the m-J decomposition profoundly depends on the purity in the transmission polarization
of the EM wave. Hence, the phase difference parameter, ¢, provides better results only when the transmitted
wave is perfectly circular. On the contrary, the ellipticity, y, is robust towards the transmitting wave
polarization. While characterizing the scattering phenomenon from the lunar surface, Raney et al. [25]
pointed out the ability of the m-x decomposition to resolve certain even-odd bounce scattering ambiguity
over lunar crater walls. Moreover, the authors proposed a three-component (m-x-v’) decomposition, more
appropriate to discriminate different scattering mechanisms with a priori information of the transmitting
ellipticity () of the EM wave. This striking idea was exploited by Bhattacharya et al. [26] while proposing
the S-{2 decomposition, where €2 depends on m, the transmitting wave ellipticity (x;) and orientation ()
and the received wave ellipticity (x,) and orientation ().

Incoherent target decomposition techniques might not utilize complete polarimetric information present
in SAR data. In particular, such techniques for full polarimetric SAR data optimize the received wave
intensity through the diagonalization of the coherency (or covariance) matrix [2], [27], [28]. Hence, the
information provided by the scattered wave in terms of the degree of polarization might be ignored. This
scattered wave parameter can be well utilized to recover the polarimetric information omitted by the
received wave polarization [29].

In this study, we use the scattered wave information in terms of the degree of polarization (m) and the
received wave intensities from the coherency (or covariance) matrix to obtain a roll-invariant scattering-
type parameter for both FP and CP SAR data. The role of this parameter is comparable to the Cloude and
Pottier « [1] for FP, and the wave ellipticity () for CP SAR data. Furthermore, we propose a novel three-
component scattering power decomposition technique for both FP and CP SAR data by jointly utilizing
the scattering-type parameter and the degree of polarization.

Unlike traditional model-based decompositions, the proposed method does not utilize any particular
scattering models for the estimation of the scattering powers. Moreover, each power component is guar-
anteed to be non-negative, and the total power is conserved. The proposed “non-model” three-component
scattering power decomposition technique is applied to full and simulated hybrid-compact polarimetric L-
band ALOS-2 and C-band RS-2 SAR data over Mumbai and San Francisco, respectively. The effectiveness
of the proposed method is used for qualitative analysis of scattering mechanisms and quantitative analysis
of the scattering powers.

This work unfolds as follows. We derived a new target characterization parameter for full and compact
polarimetric SAR data in Section II, which is further utilized to obtain a unique three-component non-
model based scattering power decomposition for two datasets. In Section III, we compare the results
obtained from the proposed technique with other existing target characterization parameters and de-
composition techniques. Section III-A1l and section III-B1 compare the proposed target characterization
parameters with the ones existing in literature for FP and CP data. Accordingly, section III-A2 and
section III-B2 present and compare the proposed 3-component non-model based decomposed powers with
two decomposition techniques for FP and CP SAR data respectively. Finally, Section IV summarizes the
proposed methodology and concludes by highlighting its advantages and limitations for different SAR
data.

II. METHODOLOGY

A new roll-invariant scattering-type parameter is introduced, which utilizes the degree of polarization
(m) as a scattered wave information and the elements of the covariance matrix for FP and CP SAR



data as the received wave information. In this regard, an expression derived from [30] is utilized for
calculating the degree of polarization from pixels. This scattering-type parameter is then effectively used
to obtain a non-model based three-component scattering power decomposition. The double-bounce and
the odd-bounce powers are obtained by modulating the total polarized power by a precise geometrical
factor easily derived using the new scattering-type parameter for both FP and CP SAR data.

A. Full Polarimetry

In FP SAR, the 2 x 2 complex scattering matrix S encompasses complete polarimetric information about
backscattering from targets for each pixel. It is expressed in the backscatter alignment (BSA) convention
in the linear horizontal (H) and linear vertical (V) polarization basis as,

S = { gHH gHV } = k=V(S]) = lT]r(s\p) (1)
VH ©VV 2

where V(-) is the vectorization operator on the scattering matrix, ¥ is the corresponding basis matrix,
and Tr is the sum of the diagonal elements of the matrix. Each element of the matrix represents the
backscattering response of the target at a specific polarization. The diagonal elements of the matrix
represent the co-polarized scattering information, while the off-diagonal terms represent the cross-polarized
information. In the monostatic backscattering case, the reciprocity theorem constrains the scattering matrix
to be symmetric, i.e., Syy = Svn.

The multi-looked Hermitian positive semi-definite 3x3 coherency matrix T is obtained from the
averaged outer product of the target vector kp (derived using the Pauli basis matrix, ¥ p) with its conjugate.
Similarly, the 3 x3 covariance matrix C is obtained from the averaged outer product of the target vector
k; (derived using the Lexicographic basis matrix, W) with its conjugate.
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The state of polarization of an EM wave is characterized in terms of the degree of polarization (0 <
m < 1). The degree of polarization is defined as the ratio of the (average) intensity of the polarized
portion of the wave to that of the (average) total intensity of the wave. For a completely polarized EM
wave, m = 1 and for a completely unpolarized EM wave, m = 0. In between these two extreme cases,
the EM wave is said to be partially polarized, 0 < m < 1.

Barakat [30] provided an expression of m for the NV x N coherency matrix. This expression is used in

this study to obtain the degree of polarization mpp from the 3 x 3 coherency matrix T for FP SAR data
as,

27|T
mpp = 4|1 — |—|3, (2)
(Tr(T))
where |-| is the determinant of a matrix.
Without any loss of generality, let us assume,

T Ty + T:

tan ay = — 1 and tan Y = M, 3)

mgp - Span mgp - Span

where 111, 15, and T35 are the diagonal elements of the coherency matrix and,

Span = Ty + Thy + Tss. 4)



Therefore, by using a simple trigonometrical relationship, we get,
tan Opp = tan (o — 1)
mgp - Span - (11 — Ty — T33) )]
Thy - (Tag + Ts3) + mEp - Span’

and following this,
sin 20gp = tan Ogp (1 + cos 20gp) . (6)

It can be observed that fgp € [—7, 7] is a roll-invariant parameter which can be used to characterize

scattering type information from targets.
From (5), when mgp = 0 (i.e. when no polarization structure exists in the scattered EM wave) then

Orp = 0. Whereas, when mgp = 1, either Opp = —7 or Ogp = 7, depending on the scattering from a
dihedral or a trihedral target respectively. Otherwise, for all other cases, Ogp € (—%, %)

The degree of polarization, mgp, and the scattering type information, fgp is used to split the total
power (Span) into two components: double bounce (Pf¥) and surface (PFP) scattering powers using a
geometrical factor (1 + sin 20gp). The volume scattering power (PFF) is then obtained as the depolarized

fraction of the total power,

'S
PP — mFPTpan (1 — sin 20gp) , and %
P = Span - (1 — mgp) (8)
S
pre = T OPI () 4 i 24) )

(10)

In the case of scattering power decomposition, when mgp = 0, Pi¥ = P = 0, and P!* = Span.
This situation corresponds to the complete depolarized case. For pure even bounce scattering, mgp = 1
and Opp = —Z with P.* = PI¥ = 0, and P;" = Span. For pure odd bounce scattering, mpp = 1 and
Opp = 5 with P;* = P/* =0, and P.* = Span. It is noteworthy that each scattering power component is
non-negative, and the total power (Span) is conserved for any polarization state.

B. Compact Polarimetry

The hybrid compact polarimetric mode measures a projection of the 2 x 2 complex scattering matrix

S as,
Eeu | _ 1| Sun Suy 1
ECV \/§ SVH SVV +7
1 Suu £ iSuy
where the subscript C' can be either the left-hand circular (LHC) transmit with a + sign or the right-hand
circular (RHC) transmit with a — sign. The 2 x 2 covariance matrix C, is then obtained from the elements

of the scattering vector as,
Ecul?)  (EcnE¢y)
C, = | MFenl A=V | 12
o= et B 1

For CP-SAR data, the 4 x 1 Stokes vector S can be written in terms of the elements of the 2 x 2
covariance matrix C, as,

(1)

So Cii + Cx

= Si Ci1 — Cy

S — = 13
So Ci2 + Cyn ’ (13)

Sy +7 (Cra — C9)



where £ corresponds to left and right circular polarization respectively.

The first element of the Stokes vector Sj is a measure of the total average received power, and the
third element S5 is a measure of the average received power in circular polarization. The handedness of
this circular polarization can be inferred by the sign (£) of the S3 component.

The proportion of the power that is received by the radar in opposite-sense circular polarization to that
transmitted is (So + S3)/2. For example, OC = (Sy + S3)/2 = |Eg|? for left-circular (L) polarization on
transmit, where |FR|? is the intensity of the right-circular component. Such a change of polarity occurs
when an EM wave undergoes an odd number of reflections from a target.

Similarly, (Sp — S3)/2 is a measure of the power received by the radar in the same-sense circular
polarization as it was transmitted, which represents an even number of reflections from a target. For
example, SC = (Sy — S3)/2 = |EL|? for left-circular (L) polarization on transmit, where |Ep|? is the
intensity of the left-circular component.

Similarly to the FP case, we use the Barakat formulation to obtain the degree of polarization mcp from
the 2 x 2 covariance matrix C, for CP SAR data as,

4/C
mep = 41— % (14)
(Tr(Cs))

Similar to the FP case, without any loss of generality, let us assume,

ocC SC
tanag = ——— and tanyy = ———, (15)

mcp - So mcp + So
with,

Sp = SC + OC. (16)

Similarly, by using a simple trigonometrical relationship, we obtain,
tan Ocp = tan (g — 1)
~ mgp - Sy - (OC — SC) 17)
~ OC-SC+mg, - S2

and
sin 20cp = tan Ocp (1 + cos 20cp) . (18)

Here, Ocp € [—7, 7] characterizes scattering type information from targets which uses the same sense
(SC) and opposite sense (OC) scattered powers in its derivation.

It can be observed from equation (17) that when mcp = 0 (i.e. when no polarization structure exists in
the scattered EM wave) then fcp = 0. Whereas, when mcp = 1, either Ocp = —7 or Ocp = 7 depending on
the sense (i.e., right or left circular) of the received polarization with respect to the transmit polarization.
Otherwise, for all other cases, fcp € (—7, 7).

Analogously to the FP case, the degree of polarization, mcp, and the scattering type information, fcp
is used to split the total power (Span) into two components: double bounce (PSF) and surface (PSF)

scattering powers using a geometrical factor (1 + sin 20cp). Similarly, the volume scattering power (P<F)
is then obtained as the depolarized fraction of the total power:

.S,
PP = —mCP2 % (1—sin20cp), and (19)
PS* =Sy (1 —mcp) . (20)
P = m%s() (1 + sin 20cp) 1)

(22)



In the case of scattering power decomposition, when mcp = 0, PS¥ = PP = 0, and PP = S. This
corresponds to the complete depolarized case. For pure even bounce scattering, mcp = 1 and Ocp = —7
with P* = PSP = 0, and P{® = S,. For pure odd bounce scattering, mcp = 1 and 0cp = T with
PSP = PP = 0, and P? = S;. It can be observed that the total scattering power is conserved (Sp) for
any polarization states.

III. RESULTS

In the previous section, we have derived two roll-invariant parameters, namely fgp and fcp by jointly
utilizing the scattered and received wave information. These two parameters are obtained from different
formulations due to two different imaging modes (i.e., FP and CP). Nevertheless, their physical interpreta-
tion is comparable to some of the traditional parameters known in the literature, viz., Cloude and Pottier’s
« [31] for FP, and Raney et al.’s y [25] for CP SAR data. This section provides a comparison of fgp and
Ocp with @ = 45° — o and Y = —y respectively. The translations of a and x to @ and ’y, respectively, are
given only to compare the scattering nature of the targets within the same range.

We used two full polarimetric (FP) SAR images over Mumbai, India, and San Francisco (SF), USA,
shown in Fig. 1. The Mumbai scene is in L-band with a center incidence angle of 33°. The image is
multilooked with a factor of 3 in range direction, and 5 in the azimuth direction to generate 15 m? pixels.

The SF scene is a C-band RS-2 image acquired with near and far range incidence angles of 28.02° and
29.81°, respectively. The single look complex (SLC) image is multilooked with a factor of 2 in the range
direction, and 4 in the azimuth direction to generate a 20 m? ground pixel.

Additionally, we generated simulated hybrid-compact polarimetric (CP) data from both the FP data
with an ellipticity angle of —45° (right circular) and 0° orientation angle.

A. Full polarimetry

Figs. 2 and 3 show the images of fgp and & for the ALOS-2 L-band and RS-2 C-band SAR data. It
can be seen that the Ogp reveals more details over different land cover classes.

Fig. 4 shows transects that contain different land cover features over both FP images, and the values
of the proposed parameter fgp along with the available parameter &@ = 45° — « for comparison. Fig. 4a
shows Ogp over a transect in the ALOS-2 L-band Mumbai image, while Fig. 4b shows its values over a
transect in the Radarsat-2 C-band San-Francisco. In both cases, for every 10 values over the transects,
the averaged value is plotted to produce a smooth appearance.

Fig. 5 shows histograms of @gp, along with their notched boxplots (the notches are approximate
confidence intervals for the median at 95 %), over selected areas of both FP images, identified as “A”
(urban), “B” (sea), and “C” (forest) in Fig. 1. Figures 5a and 5b show the histograms and boxplots of Ogp
over these three regions for the two images.

1) Comparison of 0rp with @: Fig. 4a shows that both @ and fgp follow a similar trend over the transect.
Such a response indicates a comparable behavior at characterizing scattering types from different targets.

We highlight, however, notable differences in the boxes FM1, FM2, FM3, and FM4 over the Mumbai
transect. FM1 and FM3 belong to the ocean surface, FM2 belongs to the urban area, and FM4 belongs
to the vegetation area.

In FM1 and FM3, the degree of polarization (mgp) is in between 0.95 and 1, and both fgp and @ are
positive. In general, when the ocean surface is smooth, the co-polar signatures obtained from the ocean
surface show a low coefficient of variation associated with a high degree of polarization [32]. Alongside,
over the ocean surface, an odd bounce scattering mechanism dominates due to which both fgp and @
reach positive values. However, the value of @ is roughly between 27° to 29°, whereas the value of fgp
is around 35° to 37°.

Similar to mgp over FM1, the value of mgp over FM2 is also high. However, the values of @ and Ogp
lead to infer the presence of even bounce scattering from these urban areas. Besides, the value of Ogp is
around 1° to 2° higher than @. On the other hand, the value of mgp over FM4 is low, which might be due



(a) Pauli RGB, Mumbai (b) Pauli RGB, San Francisco

Fig. 1. Pauli RGB images of ALOS-2 L-band (left) acquisition over Mumbai, India and RS-2 C-band (right) acquisition over San Francisco,
USA.

to multiple interactions of the EM wave with distributed targets over moderately dense vegetation [33].
It can be noted that the value of mgp is around 0.4 to 0.6 for the vegetation area. This can be attributed
to the small fluctuation of gp in (—4.0°,3.0°) over this region as seen in Fig 4a.

For the C-band RS-2 image over San Francisco, the comparative plot between @ and 6gp in Fig. 4b
conveys the high discriminating power of fgp over a. Similar to ALOS2 FP data, Fig. 4b shows high
values of mgp over FSF1 and FSF3 in ocean surface. It is known that single bounce scattering dominates
over the ocean surface. This is confirmed by the high odd bounce scattering (=~ 45°) in both fgp and @.
However, Opp interprets a purer scattering type than a.

The FSF2 region constitutes an urban area that is oriented obliquely about the radar line of sight. This
orientation contributes a strong cross-polarization component [34], [35] which decreases the value of mgp
over this region. However, the values of fgp indicate the presence of dihedral scatterers in this region
better than a.

It may be noted that in Fig. 4b the pixels between 400 and 500 indicate high value of mgp, whereas
the value of @ and fgp are low. These low values might be due to comparable backscatter contributions
from both odd and even bounce scattering mechanisms.

Hence, it is noteworthy that for both the L-and C-band SAR images, the dynamic range of gp is helpful
for enhanced target characterization over «.. This improved ability might be due to the joint utilization of
scattering and received wave information in Ogp.
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Fig. 3. Images of existing (&) and proposed (frp and mgp) parameters for RS-2 FP SAR data over San Francisco.

2) Decomposed power components: We used the proposed target scattering-type parameter Ogp to
develop a new three-component scattering power decomposition technique. This decomposition is given
in Egs. (7), (8), and (9). Table I shows the double bounce (Pf), volume (P!?), and surface (P!?) scattering
power components for the (i) three-component scattering power decomposition (F3D), (ii) three-component
model-based decomposition (An3D), and (iii) the proposed technique obtained with the L-band ALOS-2
Mumbai image.

The dominant surface scattering power is apparent from the three decompositions over the ocean surface
(B). Here, the sample mean values of Pf P are —12dB and —11.89dB for F3D and An3D, respectively,
whereas the mean value is —11.48 dB for the proposed decomposition. This shows an increase of the
surface scattering power by 3% to 4 %.

In general, an ocean surface is moderately smooth. Hence, the fraction of the volume scattering
component should be minimal in the total scattering power. In this regard, the sample mean value of
Pf P obtained from the proposed method is —25.63 dB, whereas, for both F3D and An3D, the sample
mean value is =~—20.17 dB. Therefore, the proposed technique produces a significant and desired decrease
(~5.46 dB) in the value of the volume scattering component.
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Over the urban area (A), the sample mean value of PI¥ obtained from the proposed decomposition
technique is 0.27 dB and 0.59 dB higher than the P!® obtained from An3D and F3D, respectively. On the
other hand, the value of the volume scattering component, P* over the forest area (C), is 0.77 dB and
2.1dB lower than that of An3D and F3D, respectively. Also, Fig. 6 shows an increase in the double bounce
scattering power over the forest area (C). A similar result from a forest area is also reported in [19]. The
inclusion of the scattered wave information is useful to obtain the desired results from diverse targets.

Fig. 6 shows the results of applying the three decomposition techniques to the ALOS-2 image over
Mumbai. Figures 6a, 6b, and 6¢ show, respectively, the images produced by F3D, An3D, and the proposed
decomposition technique. Figures 6d, 6e, and 6f show the percentage of the power components over urban,
ocean, and forest areas, respectively, in order to promote a qualitative analysis of these results.
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TABLE I
AVERAGE DECOMPOSITION POWERS OVER DIFFERENT AREAS IN L-BAND ALOS-2 MUMBAI IMAGE (IN dB SCALE)

Method PP PP prP
F3D —-19.39 —-20.17 —12.00
Ocean area  An3D —19.38 —-20.17 —11.89
Proposed —22.02 —25.63 —11.48
F3D +2.46 —0.44 —2.29
Urban area  An3D +2.78 —2.82 —0.78
Proposed +3.05 —4.44 —0.58
F3D —18.18 —4.50 —15.10
Forest area  An3D —17.82 —5.83 —9.38

Proposed —10.94 —6.60 —10.30

(a) F3D (b) An3D (c) Proposed
100 100 100
80 80 - 80
60 - 60 - 60 -
=S X =S
40 40 | 40
20 + 20 20 +
0 - 0 - 0 -
F3D An3D Proposed F3D An3D Proposed F3D An3D Proposed
(d) Over urban area: A (e) Over ocean area: B (f) Over forest area: C
T G B

Fig. 6. Comparison of proposed non model based decomposition powers with Freeman (F3D) and Ann (An3D) decomposition powers over
different areas for full polarimetric L-band ALOS-2 SAR data over Mumbai, India.

The double bounce scattering power (in red) over the urban area (Fig. 6d) is of 54.1 % according to
F3D, 58.3 % according to An3D, and 62.1 % according to the proposed technique. In contrast, the volume
scattering component (in green) retrieved by F3D is 27.8 %, 16.1 % according to An3D, and 11.1 % with
the proposed technique.

A significant increase in the surface scattering power (in blue) over the ocean (Fig. 6e) can be noted
from F3D and An3D. The surface power for the proposed technique has increased by 13.9 % and 13.4 %
as compared to F3D and An3D, respectively.

Over the forest area, “C”, the volume scattering power P'" has decreased = 55 % from =~ 88 % for F3D
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and =~ 66 % for An3D. This difference in volume scattering power might be due to the over-estimation of
the model-based decomposition technique. Besides, an increase in double bounce power is also evident
from the plot, which might be due to the ability of L-band EM wave to penetrate the vegetation canopy
and interact with the trunks. A similar increase in double bounce power is also addressed in [19].

Table 11 shows the double bounce (P!?), volume (P!?), and surface (PFF) scattering power components
for the F3D, An3D, and the proposed technique for the C-band RS-2 San-Francisco image.

TABLE 11
AVERAGE DECOMPOSITION POWERS OVER DIFFERENT AREAS IN C-BAND RS-2 SAN FRANCISCO IMAGE (IN dB SCALE)

Method  P'F PiF PF
F3D —25.09 —-22.66 —7.54
Ocean area An3D —25.01 —24.00 -—-7.51
Proposed —32.29 —-33.81 —7.36

F3D —22.84 +4.98 —25.32

Rotated urban area An3D —6.29 +5.01 —14.43
Proposed  +2.78 —2.33 —1.71

F3D —-26.74 —6.63 —16.94

Forest area An3D —22.48 —7.79 —11.67

Proposed —12.62 —9.80 —10.96

Over the ocean surface (A), the dominant surface scattering power is apparent from the three de-
compositions. Here, the proposed technique shows marginally increased surface power by ~0.15dB and
~(0.18dB as compared to the An3D and F3D decompositions, respectively. However, a notable increase
in the double bounce scattering power over the rotated urban area (B) is observed. The double bounce
scattering power for the proposed technique is ~25.62dB higher than F3D and ~9.07 dB higher than
An3D. Although the degree of polarization over the rotated urban area ranges between 0.3 and 0.6, the
value of Ogp well characterizes it as even bounce scattering. This aspect can also be seen in Fig. 3.

Over the vegetation area (C), the sample mean of the volume scattering power, PvF P has decreased
by 3.17dB, and 2.01dB as compared to F3D and An3D, respectively. Besides, the surface and double
bounce scattering powers have increased over this area. A similar result can also be seen in the ALOS-2
Mumbai image.

Fig. 7 shows the decomposed scattering power images, along with the percentage of the scattering
power components. It can be noted that over the rotated urban area, both F3D and An3D show dominant
volume scattering power of 99.7% and 92.1 %, respectively. In contrast, the proposed technique shows
a dominant double-bounce scattering power of 60.1 % and a volume scattering power of 18.5 %. Hence,
over this area, the double-bounce scattering power has increased by approximately 52 % to 54 % with
respect to both F3D and An3D decomposition techniques.

Over the ocean area, an increase of surface scattering power by ~13 % is apparent from the plots. On
the other hand, as discussed earlier, the volume scattering power over the forest area has decreased by
~20 %, and jointly the surface and double bounce scattering powers have increased by ~20 %. Therefore,
the proposed technique ascertains its ability to extract useful information about coherent targets and
characterizes roll-invariant targets from fully polarimetric data.

B. Compact polarimetry

We simulated hybrid-compact polarimetric SAR data using the ALOS-2 L-band data over Mumbai and
the RS-2 C-band data over San Francisco. The 2x2 covariance matrix C, is obtained from the 3x3
covariance matrix of FP data as a function of the transmitting ellipticity x and orientation angle ). In
this study, the C, matrix is simulated with an assumption of right circular polarization on transmit i.e.,
X = —45° and ¥ = 0° [36]. This particular configuration is used to simulate the compact-pol data for a
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Fig. 7. Comparison of proposed non model based decomposition powers with Freeman (F3D) and Ann (An3D) decomposition powers over
different areas for full polarimetric C-band Radarsat-2 SAR data over San Francisco, USA.

perfect circular polarization on transmit. The overall variation in fcp, ¥ and mcp are shown in Fig 8 and
Fig 9 which covers entire stretch from odd bounce scattering to even bounce scattering phenomenon. We
then compared the target scattering type parameter, fcp, with the ellipticity parameter x over different
areas. This analysis is performed over the same transects used for the analysis of the FP images.

Similarly to fgp, the values of fcp and y varies between —45° to 45°. In this setting, values of y are
scaled such that both cp, and ¥ represent the same target within the given range. Therefore, in Figures 10a
and 10b, ¢ and f¢p indicate dihedral scattering at —45°, trihedral scattering at 45°, and volume scattering
at 0°.

1) Comparison of 0cp with : Fig. 10a shows the variation of fcp and ¥ over a transect in the ALOS-2
L-band image. Similar to FP, in both cases, for every 10 values over the transects, the averaged value
is plotted to produce a smooth appearance. Notable differences between Ocp and Y are apparent at two
sections of the transect: (1) section CM1, which is over the ocean surface, and (2) section CM2, which
is over a vegetation area. In section CM1, the value of ¥ varies within ~30° to 32° whereas, fcp varies
from ~38° to 42°. This variation is also apparent in Fig. 11a. Moreover, Fig. 10a shows that mcp attains
large values in CM1 section, a fact that corroborates that the scattered EM wave is majorly polarized.

Over CM2, the value of mcp is =0 to 0.2, indicating a low polarization structure over the area due
to random volume scattering. Hence, both y and fcp fluctuate around 0°. However, the values of y are
more erratic, between ~—35° to —40°, whereas fcp fluctuates around 0°. Therefore, similarly to fgp, the
dynamic range of fcp is better than y for target characterization.

Similar results can be observed for the C-band RS-2 compact polarimetric SAR data, as shown in
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Fig. 8. Visual interpretation for proposed and existing parameters for ALOS-2 CP SAR data.
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Fig. 9. Visual interpretation for proposed and existing parameters for RS-2 CP SAR data.

Fig 10b. In Fig 10b, sections CSF1 and CSF3 are over the ocean surface, and section CSF2 is an area of
dense vegetation. Over section CSF1 and CSF3 the value of Ocp is ~1° to 2° higher than . Therefore,
the performance of fcp is marginally better than  for this ocean area. Furthermore, fcp fluctuates around
0° over the dense vegetation, whereas, the variation of y is inconsistent. In this case also the variation in
terms of histogram can be seen in Fig. 11b.

2) Decomposed power components: Table III shows the results of the scattering power decompositions
for the L-band ALOS-2 SAR data using S-{2, m-y, and the proposed technique. Overall, it can be noticed
that the results of the proposed technique are marginally better than S-Q2 and m-y. The P power is
slightly better than S-Q2 and m-x over the ocean. However, a significant decrease of ~8.14dB can be
noticed in the PSP power for the proposed technique compared to S-2 over this region. In contrast, the
difference in double bounce power between m-y, and the proposed technique is 0.31 dB.

The value of PS¥ for both S-Q and m-y is ~2.95dB over the urban area. However, the value of PS*
for the proposed technique is ~3.14 dB. Therefore, the proposed technique discriminates better surface
and double bounce scattering than S-() and m-y.

The value of PSP is ~—7.72dB for S-Q and ~—7.50dB for both m-y and the proposed technique
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Fig. 11. Histograms and notched boxplots of Ocp over selected areas

over the forest area. It can be noted that €2 is a ratio between the polarized and the total received power,
and is a function of mcp and the transmit and receive wave properties. Due to these dependencies, the
volume power component might get reduced over forests.

Moreover, it can be noted that the volume power for both m-y, and the proposed technique are the
same for every target area in the scene. This is because both m-y and the proposed technique use the
depolarization fraction of the total power to compute the volume scattering power component. However,
the presence of little double bounce and surface scattering power in the forest area might be due to specific
structural effects and the ability of the L-band SAR wave to penetrate the forest canopy.

Similarly to the FP case, we considered three areas (A, B, and C) for comparison of the three
decomposition techniques, as shown in Fig. 12. It can be noticed from the scattering power components
that the dominant scattering mechanism for each area is comparable for S-2, m-y, and the proposed
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TABLE III
AVERAGE DECOMPOSITION POWERS OVER DIFFERENT AREAS IN SIMULATED HYBRID-COMPACT POLARIMETRIC L-BAND ALOS-2
MUMBAI IMAGE (IN dB SCALE)

Method PSP PSP per
S-Q —2221 —20.80 —15.90
Ocean area m-x —-30.04 —18.75 —15.90
Proposed —30.35 —18.75 —15.89
S-Q +2.95 —-1.97 —2.43
Urban area m-y +2.95 —0.36 —5.44
Proposed +3.14 —0.36 —17.06
S-Q —19.03 -7.72 —18.54
Forest area m-x —22.39 —7.50 —19.28

Proposed —20.84 —7.50 —20.30

(a) S-Q2 (b) m-x (c) Proposed
100 100 100
80 80 80
60 60 - 60
X X B
40 40 40 A
20 A 20 1 20 A
0 - 0 - 0 -
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(d) Over urban area: A (e) Over ocean area: B (f) Over forest area: C
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Fig. 12. Comparison of proposed non model based decomposition powers with S-Q and m-x decomposition powers over different areas
for compact polarimetric L-band ALOS-2 SAR data over Mumbai, India.

technique. Essentially, this similarity among the techniques indicates their equivalent ability to identify
dominant scatterers in the scene. However, the proposed technique provides marginally better results than
the other two over the urban and ocean areas for the CP SAR data.

Table IV presents a quantitative assessments of the three-component decomposition powers from S-
2, m-x, and the proposed technique using the C-band RS-2 compact polarimetric data. We used small
patches over the rotated urban (A), ocean (B), and forest areas (C) for comparison. The surface scattering
power over the ocean area is marginally better for the proposed technique than S-{2 and m-Y.
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TABLE IV
AVERAGE DECOMPOSITION POWERS OVER DIFFERENT AREAS IN SIMULATED HYBRID-COMPACT POLARIMETRIC C-BAND RS-2 SAN
FRANCISCO IMAGE (IN dB SCALE)

Method PSP PP PP
S-Q —2479 —-2524 —10.66
Ocean area m-x —32.51 —-2240 —10.66
Proposed —41.74 —2240 —10.63
S-Q —0.87 —2.80 —4.34
Rotated urban area m-x —0.88 —1.73 —6.52
Proposed -0.71 —1.73 —-7.21
S-Q —1795 -10.84 —16.86
Forest area m-x -20.78 —10.38 —17.19

Proposed —19.60 —10.38 —17.82

Besides, the double bounce power is significantly lower by ~16dB and ~9dB for the proposed
technique than S-€) and m-x, respectively. This suggests that the proposed technique quantifies better
the dominant scattering mechanism over the ocean surface.

Table IV shows a notable increase in double bounce scattering power over the rotated urban area by the
proposed technique. The double bounce scattering power obtained from the proposed technique is 0.16 dB
and 0.17 dB higher than S- and m-Y, respectively. However, minute P* power of —1.73dB from m-y
and the proposed technique is also seen over this area. The presence of this volume scattering power is
likely due to the cross-polarization component of the EM wave generated by oriented urban areas about
the radar line of sight [37], [38].

Over the forest area, the volume scattering power, PY from the proposed technique is higher than S-Q
while it is equal to that of m-yx. As discussed earlier, both m-y and the proposed technique take into
account the depolarized fraction of the total power as the volume scattering component; hence, the value
of this component is always identical for both techniques.

However, compared to S-€2, a 0.46 dB increase in the P power component for the proposed technique
can be noticed from the results given in Table IV. On the other hand, the P<F power is higher than the
PSP power over this area, which might be due to the interaction of the EM wave with the vegetation top
canopy layer.

Fig. 13 shows a comparative analysis of the decomposed power images. Moreover, this figure shows the
percentages of PCP. PUCP, and PSCP over the rotated urban, ocean, and forest areas. It can be noticed that
all the dominant power components are similar across all the targets. Over the rotated urban area, a 2%
increase in double-bounce scattering power is noted for the proposed technique. It should also be noted
that S-(2, m-x, and the proposed technique jointly use both scattered and received wave information. This
joint utilization of the wave information aids better target characterization while improving the scattering
powers.

IV. CONCLUSIONS

We presented a novel non-model based three-component scattering power decomposition technique. In
particular, this new approach combines both scattering and received wave parameters for obtaining the
decomposition scattering power components.

Conversely, the classical model-based decompositions are limited to the optimization of the received
covariance matrix, while the properties of the scattered wave were ignored. In this perspective, the use
of the degree of polarization of the scattered wave has duly enhanced the ability to identify coherent
structures within a resolution cell. This aspect is also evident from the plots of @ — fgp for FP data and
X — Ocp for CP data.
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Fig. 13. Comparison of proposed non model based decomposition powers with S-2 and m-x decomposition powers over different areas
for compact polarimetric C-band RS-2 SAR data over San Francisco, USA.

Results show that our proposed technique achieves better performance than the Freeman three-component
decomposition (F3D), An-Young three-component decomposition (An3D) for FP data, and S-(2, m-x
for CP data. Moreover, the proposed decomposition technique is intuitive and model-free. Hence, the
overestimation of the volume power component is reduced, and the polarized power component has
improved. Furthermore, the proposed technique produces non-negative power components, which is a
significant drawback of model-based decompositions, as reported in several studies.

Moreover, the results also show the improvement of decomposed scattering powers over diverse regions.
Specifically, as addressed earlier, the value of coherent power components has increased, which indicates
the enhanced ability to extract coherent scatterers from the scene. Notably, the enhancement of coherent
power estimation is evident in rotated urban areas for FP data due to the roll-invariant nature of the
scattering type parameter. Indeed both F3D and An3D overestimate the volume power component over
such areas.

The proposed technique clearly identifies the double bounce as the dominant power, which is also
significantly higher than the volume component. Thus this proposed decomposition technique has great
potential for both FP and CP SAR data.
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