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Polarimetric Decomposition With an Urban Area
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Abstract—The compact polarimetric (CP) synthetic aperture
radar (SAR) can alleviate the drawbacks of the fully polarimetric
(FP) SAR and provide more target information as compared to
the conventional single polarimetric and dual polarimetric mode.
However, the present decomposition methods for CP SAR have
the problem of overestimation of volume scattering (OVS) among
urban areas, especially the obliquely oriented buildings (OOBs).
The OVS can cause considerable OVS which leads to the misin-
terpretation of the scattering mechanism. In this article, a new
descriptor of OOBs for the CP SAR is introduced to reduce the
volume scattering in the urban areas. And a new model-based
decomposition method, which is applicable for both the π/4 mode
and the circular transmit and liner receive mode, is proposed based
on the descriptor. The Radarsat-2 FP SAR data are used to simulate
the CP SAR data to validate our algorithm. The proposed method
improves the double-bounce scattering component in different
types of urban areas by about 10%.

Index Terms—Circular transmit and liner receive (CTLR) mode
compact polarimetric (CP) synthetic aperture radar (SAR), over-
estimation of volume scattering, three-component decomposition,
π/4 mode CP SAR.

I. INTRODUCTION

FULLY polarimetric (FP) synthetic aperture radar (SAR)
is acknowledged as providing satisfactory performance in

SAR applications, due to the complete radar target information
content. However, FP SAR systems transmit and receive both
horizontal (H) and vertical (V) linear polarized waves which
will cause a high pulse repetition frequency and severe range
ambiguities and reduce the swath coverage relative to single
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and dual-polarization SAR imagery and has higher system re-
quirements [1].

Over recent years, compact polarimetric (CP) SAR has at-
tracted extensive attention from researchers. As an alternative
for the classic FP SAR, the CP SAR can alleviate the drawbacks
of the FP SAR, and can provide more target information than the
single-mode and dual-mode [2]. Depending on the polarization
state of its transmitting and receiving waves, there are three types
of CP SAR: the π/4 mode [3], the circular transmit and liner re-
ceive (CTLR) mode [4], and the dual circular polarization (DCP)
mode [5]. Theπ/4 mode is characterized by the transmission of a
45° linear polarization wave, and reception of the H-polarization
(H-pol) and V-polarization (V-pol) wave. The CTLR mode is
based on the transmission of a circular polarization wave and
reception of orthogonal H-pol and V-pol. The last mode is
DCP mode, where the transmission and reception wave are both
circularly polarized.

In order to extract information from the CP SAR data, two
types of methods were proposed [6]. The reconstruction methods
introduce the traditional algorithms for processing the FP SAR
data into CP SAR, which does not introduce more useful in-
formation and introduce errors [7]. Therefore, more researchers
focus on the second type of methods, which directly extract
information from the CP SAR data to describe the scattering
mechanisms of the target.

Compact polarization decomposition is a direct way of ob-
taining target scattering mechanisms, in contrast to the recon-
struction methods. It can effectively extract the basic scattering
mechanisms (surface scattering, double-bounce scattering, and
volume scattering) of different land covers. The information
obtained can be used in applications such as classification and
segmentation [8]. Currently, there are two different methods
in CP decomposition, including the wave-dichotomy-theorem-
based (WDT-based) methods [9] and model-based decomposi-
tion methods.

The WDT-based decomposition uses a series of parameters
from the four-element stokes vector (SV) [2]. The most relevant
parameter is m, which represents the degree of polarization
(DoP). Depending on the parameter m, the received SV can
be divided into two components, a fully depolarized wave and a
fully polarized wave [10]. The fully depolarized part is usually
considered as the volume scattering component. In order to
discriminate the dominant mechanism of the remaining parts,
Charbonneau et al. [11] proposed the well-knownm− δ decom-
position using the relative phase δ. Cloude et al. [12] presented
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them− αs decomposition method which is applied to the CTLR
model using the random volume over ground (RVoG) model. The
change ofαS from 0° to 90° indicates the change of the dominant
scattering mechanism from surface scattering to the volume
scattering and finally to the double-bounce scattering. Similar
to Cloude’s approach, Guo et al. [13] developed a polarimetric
decomposition algorithm and introduced it to the CP decom-
position of the π/4 mode. Because the SVs of the π/4 mode
and the CTLR mode are different, another method of equation
solution is proposed. The new method gained better results than
the traditional m− δ decomposition. Raney et al. [14] pointed
out that the ellipticity parameter χ is a robust choice. The sign of
χ is a clear indicator of the single and double-bounce scattering
mechanisms, even if the radiated electromagnetic field is not
perfectly circularly polarized. Them− χmethod was proposed,
and performed well in separating the surface and double-bounce
scattering mechanisms. Bhattacharya et al. [15] proposed the
S − Ω method, which takes into accounts both the transmitted
and received wave ellipticities and the orientation angles. Kumar
et al. [16] improved the S − Ω method by utilizing the degree
of dominance in the scattering mechanism via the circular po-
larization ratio. Hou et al. [17] proposed a general two-stage
model-based three-component HCP decomposition method by
involving Arii volume scattering model to obtain closer results
to the FP method.

The model-based decomposition for CP SAR, derived from
the traditional Freeman–Durden three-component model-based
decomposition for FP SAR, was first proposed by Guo
et al. [18]. Under the reflection symmetry assumption, the
solution process of the model is given, and the sign of
Re(〈SHHS∗

V V 〉) is used as the discriminant condition for
the predominance of the surface scattering or double-bounce
scattering mechanism. Then, Kumar et al. [19] introduced
the Yamaguchi volume scattering model and extended Guo’s
method. The improved model-based decomposition method
can achieve better performance in the real CTLR mode data
than before.

However, for all the above-mentioned model-based decom-
position methods, there is a problem of overestimation of vol-
ume scattering (OVS) in urban areas. This is due to the fact
that most decomposition methods attribute the depolarization
part purely to the volume scattering mechanism and ignore
the contributions of the double-bounce and surface scatterings
to the depolarization [20]. The obliquely oriented buildings
(OOBs) can cause considerable OVS. Due to the angle between
the radar azimuth direction and the vertical wall direction of
buildings, strong cross-polarization powers exist [21], making
it difficult to distinguish the urban areas and natural areas. To
deal with these issues. Wang et al. [20] concluded two ways,
one is to directly reduce the scattering component by using the
volume-scattering-related factor, and the other is to estimate the
volume scattering component based on a reconstruction method.
The first method is that the choice of parameters needs to be
based on the performance of the decomposition. And the second
method requires iteration for the calculation. Therefore, it is
necessary to alleviate the OVS problem with a simpler and more
effective way.

In this article, the following three parts are summarized to
demonstrate our work.

1) A new scattering descriptor of OOBs for the CP mode
is introduced to reduce the volumetric scattering in the
urban areas. This descriptor, applied to both the π/4 mode
and CTLR mode, performs well in the characterization for
urban areas, especially for the OOBs.

2) A model-based decomposition method based on this de-
scriptor is further proposed and this method is applicable
to both the π/4 mode and CTLR mode.

3) The proposed method can reduce the negative impact of
OVS and achieve satisfactory decomposition results. The
Radarsat-2 quad-pol data are used to simulate the CP SAR
data and to validate the proposed algorithm.

The rest of this article is organized as follows. Section II
introduces the new descriptor of OOBs and the proposed decom-
position method. Section III presents the decomposition results
with discussions, and Section IV concludes this article.

II. METHODOLOGY

A. Eigenvalue Analysis of the CP SAR Data

For the π/4 mode and the CTLR mode, the target vector can
be obtained as follows:

kπ
4
=

[
EHL

EV L

]
=

[
SHH SHV

SV H SV V

]
1√
2

[
1
±1

]

=
1√
2

[
SHH ± SHV

SV H ± SV V

]
(1)

kCTLR =

[
EHC

EV C

]
=

[
SHH SHV

SV H SV V

]
1√
2

[
1
±j

]

=
1√
2

[
SHH ± jSHV

SV H ± jSV V

]
(2)

where the@@ “+” sign is for +45° linear polarization and
the “−” sign is for −45° linear polarization in the π/4 mode.
Similarly, the “+” sign denotes left-hand circular polarization
and the “−” sign is for right-hand circular polarization in the
CTLR mode.

SV S = (S0, S1, S2, S3)
T is a widely applied measurement

for characterization of the polarization states, where the elements
denote the real power measurements. The 2×2 coherency matrix
of CP SAR, i.e., the second-order statistic of scattering vector,
can be described by SV with the following form:

J2 =
〈
kkH

〉
=

[
J11 J12
J∗
12 J22

]
=

1

2

[
S0 + S1 S2 − jS3

S2 + jS3 S0 − S1

]
(3)

where ∗ denotes conjugate. An important parameter m , which
represents DoP, can be calculated as follows:

m =

√
S2
1 + S2

2 + S2
3

S0
. (4)

Once we get covariance matrix, we can also calculate two
non-negative real eigenvalues [9] as follows:

λ1 =
1

2

(
S0 +

√
S2
1 + S2

2 + S2
3

)
(5)
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λ2 =
1

2

(
S0 −

√
S2
1 + S2

2 + S2
3

)
. (6)

Similar to FP SAR, polarimetric anisotropy (AP ) for CP SAR
is defined as the relative relationship between two eigenvalues.
AP is defined as follows:

AP =
λ1 − λ2

λ1 + λ2
(7)

when two eigenvalues are close, the AP tends to 0. When the
anisotropy tends to 1, it means that one of the eigenvalues is
close to 1 and the other is close to 0. We can obtain m based on
(5)–(7).

B. New CP Descriptor of Obliquely Oriented
Buildings (DOOB)

Quan et al. [22] proposed an urban area descriptor for FP data,
which successfully characterized the scattering of OOBs and
modified the cross-scattering model. Inspired by this approach,
we propose an eigenvalue-based descriptor based on the CP
eigenvalues as follows:

DOOB = DDP ·DRD · (1−DAP )

= (γ · S0) · IRV · (1−AP ) =
2γ2S2

0 (λ1 − λ2)

(λ1 + λ2)
2 (8)

The first part of the equation is DDP , which presents the
depolarization power by a cross-polarization related parameter
γ multiply the total power S0. The second part is DRD, we
introduce the radar vegetation index (RVI) to describe the ran-
domness part. The last part denotes polarimetric anisotropy.

For an OOB, the cross-polarization component, which is
usually linked to a depolarization component, accounts for a
large proportion. In [23], an eigenvalue-based parameter γ is
introduced to measure the cross-polarization component. Here,
we use it to denote the depolarization part

γ =
λ2

λ1
. (9)

1) When γ = 0 follows λ2 = 0, it can be derived that
S0

2 = S2
1 + S2

2 + S2
3 . According to (3), we know that

〈J11〉 〈J22〉 = |〈J12〉|2 , which is equal to |J |2 = 0. So,
the correlation is maximum and the receiving wave is
completely polarized.

2) When γ = 1 follows λ1 = λ2 , it can be derived thatS2
1 +

S2
2 + S2

3 = 0, i.e., S1 = S2 = S3 = 0. According to
(3), we know that 〈J12〉 = 0, which makes the coherency
matrix a diagonal matrix. So, the correlation is 0 and the
receiving wave is completely depolarized.

RVI [24] is widely used for measuring randomness in FP SAR.
Apart from the entropy, the RVI is another way of measuring
randomness in the scattering process. The RVI for CP SAR is
rewritten as follows:

IRV =
2γ · S0

λ1 + λ2
. (10)

The denominator represents the cross-polarization power,
which corresponds to the λ3 in FP SAR. For a deterministic tar-
get, the denominator is approximately 0 follows IRV = 0. For a
completely random target, λ1 ≈ λ2 ≈ γ · S0 follows IRV = 1.

The last part denotes polarimetric anisotropy (AP ). Here, we
introduce AP in order to increase the difference between natural
areas and urban areas to some extent. As shown before, AP

describes the relative relationship between eigenvalues. The AP

in natural area such as forest area is relatively higher than urban
area, which makes (1−AP ) a higher value for OOBs.

C. Improved Three-Components Decomposition Method

1) The decomposition method for the CTLR mode
Cloude et al. [12] presented the m− αs decomposition

method, which is based on the RVoG model. To further improve
the decomposition results, DOOB is used to reduce the volume
scattering component.

For the CTLR mode data, the RVoG model can be shown as
follows [12]:

S = Sv + Sp = 2mv

⎡
⎢⎢⎣
1
0
0
0

⎤
⎥⎥⎦+mp

⎡
⎢⎢⎣

1
sin 2α · cosϕ
± sin 2α · sinϕ

± cos 2α

⎤
⎥⎥⎦ (11)

where Sv is the SV of the random volume scattering mechanism
part and Sp is the SV of the rank-1 scattering mechanism part
including the surface scattering and double-bounce scattering
for the CTLR mode. mv and mp denote the coefficients of the
volume scattering component and the rank-1 scattering compo-
nent, respectively. α and ϕ are scattering parameters, which can
be estimated by the SV elements [12]

α =
1

2
tan−1

(√
S2
1 + S2

2

±S3

)
ϕ = arg (S1 ± iS2) . (12)

To simplify calculations,mp/2, a, b, c are used to replacemp,
sin2α cosϕ, ±sin2α sinϕ, ±cos2α. Then, four equations can
be established as shown in the following:⎧⎪⎪⎨

⎪⎪⎩
2mv +mp = S0

mpa = S1

mpb = S2

mpc = S3

. (13)

Where the constraint a2 + b2 + c2 = 1 can be obtained at
the same time.

Cloude et al. [12] used parameter m, i.e., the DoP to estimate
mv and mp. The complete depolarization part is assumed to
be the volume scattering part, i.e., mv = (1−m)S0, which
can result in the OVS in urban areas. Here, we decrease mv by
decreasing the value of a2 + b2 + c2 as shown in the following:⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

2mv +mp = S0 (14a)
mpa = S1 (14b)
mpb = S2 (14c)
mpc = S3 (14d)
a2 + b2 + c2 = 1−DOOB . (14e)
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Here, a, b, and c represent the intermediate variables for the
solution of the equation. The urban-area-related parameter
DOOB is used to change the model of the rank-1 scattering
mechanism, as shown in (11), so that the urban-area scattering
mechanism can be better described. Here, the DOOB is normal-
ized to 0-1; thus, ensuring that the right side of (14e) is not less
than 0. When the urban-area-related parameterDOOB increases,
the value ofa2 + b2 + c2 decreases, which leading to an increase
in mp. Based on (14a), mv decreases at the same time, which
effectively reduces the volume scattering component in urban
areas.

Here are details about solving the equation.

Algorithm 1: The Equation Solution of the CTLR Mode.
1: Begin
2: Based on (14b)–(14d), we can obtain a, b, c by mp.
3: Substitute a, b, c into (14e), and the expression of mp

is mp =
√

(S2
1 + S2

2 + S2
3)/1−DOOB .

4: Once we got mp, we can get mv by
mv = (S0 −mp)/2.

5: Both a, b and c can be represented by mp. Set DOOB

to zero, and α can be obtained.
6: Ps , Pd and Pv can be obtained based on mp , mv

and α.
7: End

According to the solution, the energy of the volume scattering
and the rank-1 scattering can be got. We will then allocate mp

to the surface scattering and the double scattering depending on
α in (12). The parameter α determines whether the dominant
scattering mechanism is surface scattering or double scattering.
Since a2 + b2 + c2 = 1 is no longer satisfied, we set DOOB

to zero to calculate α. Therefore, the α is the same as Cloude’s
method [12]. α = 0 corresponding to surface scattering and
α = 90◦ corresponding to double-bounce scattering. Therefore,
1± cos 2α is used to express the surface and double scattering
energies, respectively. The result of three-components decom-
position is ⎧⎨

⎩
Ps = 0.5mp(1 + cos 2α)
Pd = 0.5mp(1− cos 2α)
Pv = 2mv

. (15)

2) The decomposition method for the π/4 mode
Guo et al. [13] developed a polarimetric decomposition algo-

rithm and introduced it to the CP decomposition of theπ/4 mode.
We use an optimization strategy similar to the CTLR mode to
reduce the negative impact of the OVS.

For the π/4 mode data, the RVoG model can be shown as
follows [13]:

S = Sv + Sp = 2mv

⎡
⎢⎢⎣
1
0
0.5
0

⎤
⎥⎥⎦+mp

⎡
⎢⎢⎣

1
sin 2α · cosϕ
± sin 2α · sinϕ

± cos 2α

⎤
⎥⎥⎦ (16)

where Sv is the random volume scattering mechanism part and
Sp is the rank-1 scattering mechanism part including the surface

Algorithm 2: The Equation Solution of the π/4 Mode.
1: Begin
2: Based on (18b) and (18d), we can use mp to describe

a, c.
3: Through (18a), the relationship between mp and mv

can be shown as mv = (S0 −mp)/2.
4: Based on (18c), b can be deduced as

b = (2S2 − S0 −mp)/(2mp).
5: As shown above, both a, b and c can be represented by

mp. Substitute a, b, c into (18e), and mp can be
obtained.

6: Once we got mp, we can get mv by
mv = (S0 −mp)/2.

7: Use A, B, C to replace a, b, c and set DOOB to zero.
mp is recalculate, thus A, B, C, and α can be obtained.

8: Ps , Pd and Pv can be obtained based on mp , mv

and α.
9: End

scattering and double-bounce scattering for theπ/4 mode. Noted
that the models for the π/4 mode are formally different from
the models in the CTLR mode. Therefore, four equations have
different forms as follows:⎧⎪⎪⎨

⎪⎪⎩
2mv +mp = S0

mpa = S1

mv +mpb = S2

mpc = S3

. (17)

The same strategy is used to reduce the volume scattering
component for the π/4 mode with the following set of equations:⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

2mv +mp = S0 (18a)
mpa = S1 (18b)
mv +mpb = S2 (18c)
mpc = S3 (18d)
a2 + b2 + c2 = 1−DOOB . (18e)

To solve the equations, steps should be taken as shown in
Algorithm 2.

Similarly, parameter α will allocate mp to surface scattering
mechanism and double scattering mechanism. The α and ϕ can
be estimated by the SV elements [12]

α =
1

2
tan−1

(√
A2 + C2

±B

)
ϕ = arg (S1 ± iS3) (19)

where A , B, and C are the special values of a, b, and c in the
case when DOOB is equal to 0. When DOOB is zero, α is equal
to the original α obtained by Guo’s method [13].

Finally, the flowchart of the proposed method is shown in
Fig. 1. In order to prevent the negative power, we use 1−m2 to
limit the value of DOOB .

III. RESULTS AND DISCUSSION

In this article, the C-band Radarsat-2 FP SAR data are used to
simulate the CP SAR data and validate our proposed approach.
As shown in Table I, this data were obtained on April 9, 2008.
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Fig. 1. Flowchart of the proposed decomposition method.

TABLE I
ACQUISITION INFORMATION ABOUT THE POLSAR DATA

The study site is over San Francisco, USA, which includes
different terrain types, such as urban areas, forests, oceans, etc.
The National Land Cover Database 2008 (NLCD 2008) is used
to illustrate the ground truth, as shown in Fig. 2, where the shade
of red pixels indicates the density of the urban areas.

Refined Lee filter is used to decrease the speckle influence.
We obtained the 2×2 coherency matrices C2 of the CTLR mode
and the π/4 mode from the 3×3 coherency matrices of FP data.

Cloude’s m− αs decomposition method [12] is only appli-
cable to the CTLR mode, due to the specificity of the volume-
scattering SV. Guo improved the m− αs method and proposed
a new model-based decomposition method that is applicable to
the π/4 mode [13]. In this article, these two methods are used
for comparison.

Fig. 2. Ground reference from the National Land Cover Database 2008.

Fig. 3. Descriptor of the OOBs for (a) CTLR mode and (b) π/4 mode.

A. Descriptor of Obliquely Oriented Buildings

Fig. 3 illustrates theDOOB of different modes. Red and green
rectangular areas indicate an urban area and a natural area, re-
spectively. As shown in Fig. 3, most of the urban areas, including
the OOBs, are shown in deep red color, while the natural areas
are shown in a light blue or deep blue color. Thus, DOOB

has the function of discriminating the urban areas from natural
areas. Fig. 4 illustrates the feature histograms of the DOOB for
different modes. As shown in Fig. 4, the DOOB among urban
areas is relatively high than natural areas, for both the CTLR
mode and theπ/4 mode. However, theDOOB of the CTLR mode
obtain higher value among nature areas than the π/4 mode, as
shown in Fig. 4. Because of the different scattering vectors in
different modes, different λ are obtained from the eigenvalue
decomposition. This leads to a smaller AP value obtained for
the CTLR mode than for the π/4 mode, and a smaller DOOB

value is obtained.
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Fig. 4. Figure histograms of the DOOB for (a) CTLR mode and (b) the π/4
mode.

Fig. 5. Comparison of the proposed decomposition method with m-αs de-
composition method for the simulated CP SAR data of the CTLR mode over
San Francisco, USA. (a) m-αs. (b) Proposed. Red (double-bounce scattering),
green (volume scattering), and blue (surface scattering).

B. Decomposition Result for the CTLR Mode

In the following, the comparison of the proposed decom-
position method with the m− αs decomposition method for
the CTLR mode is shown in Fig. 5. The images of Fig. 5 are
color-coded with Pd as red, Pv as green, and Ps as blue. For

Fig. 6. Enlarged optical images of the selected patches. (a) Patch A.
(b) Patch B. (c) Patch C. (d) Patch D. (e) Patch E.

better presentation of the decomposition results, the decom-
posed energy is normalized to 0-1. Overall, the proposed de-
composition method gains better performance than the m− αs

decomposition method. For the classic m− αs decomposition,
the urban areas, especially with large orientation angles, are
colored by slight yellow and green. Meanwhile, the result of the
proposed method is shown in red in most of the urban areas.
The contribution of volume scattering among the urban areas is
successfully reduced by applying our method.

Five patches with different terrain types are selected to eval-
uate the performance of the decomposition. The patches of A,
B, and C show the OOBs with different orientation angles. The
patches D and E show the forests and oceans, respectively. Fig. 6
is the enlarged optical images of selected areas. The mean power
of each selected patch is illustrated in Fig. 7.

For the urban areas, the dominant scattering mechanism is
double-bounce scattering. Patch A shows a density urban area
with a small orientation angle. The percentages of double-
bounce scattering are 37.37% and 48.94% for the m− αs and
the proposed method as shown in Fig. 7(a) and (f). And the
percentages of volume scattering component are 26.99% and
5.74%, respectively. This result indicates that our method can
elevate the double-bounce scattering and reduce the volume
scattering effectively. However, the reduced volume scattering
component is also allocated to surface scattering component,
thus increasing the power of surface scattering. The reason is that
the proposed method divides the reduced volume scattering com-
ponent into the rank-1 scattering component, which is assigned
to the surface scattering component and the double-bounce
scattering component using the parameter α.

The terrain type of patch B is urban area with a large orien-
tation angle, which generates cross-scattering power and can be
confused with the nature area such as forests. It also contains
some water areas and roads which can lead to higher surface
scattering. As shown in Fig. 7(b), the percentages of Ps, Pd

and Pv obtained by the m− αs method are 39.19%, 36.75%
and 24.06%, respectively. The volume scattering component ob-
tained via the proposed method is reduced to 9.41% and some of
them are allocated to the double-bounce scattering power and the
surface scattering power, as illustrated in Fig. 7(g). Because the
allocation for surface scattering and double-bounce scattering
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Fig. 7. Mean power statistics and enlarged images of the decomposition results obtained via the m-αs decomposition and the proposed method. (a)–(e) m-αs

method for patches A–E. (f)–(j) Proposed method for patches A–E.

is the same as for the m− αs method, surface scattering power
still takes up a lot of weight.

Notably, the circularly polarized waves should not affected
by the orientation of the targets [4]. However, the problem of
OVS due to the orientation angle does exist during the study of
the CTLR mode. We considered that the process of simulation,
which introduces an additional linear polarization component
from the real FP data to the CP data, results in the problem of
building orientation.

For patch C, the density of buildings is relatively low and
the alignment is irregular in different directions. The double-
bounce scattering is the dominate part. According to Fig. 7(c)
and (h), Pd contributes 38.55% and 45.29% for the m− αs

and the proposed method, respectively. And the percentages of
volume scattering are 26.14% and 13.75%, which is another
proof of the effectiveness of our method.

Nature areas in patch D are mixed forests, and the domi-
nant scattering is volume scattering. The percentages of Pv are
51.47% and 39.52% as shown in Fig. 7(d). Because theDOOB of
the CTLR mode obtains a higher value among nature area than
that of the π/4 mode, some volume scattering components in
those areas are assigned to other scattering components, which
leads to the decrease of volume scattering power. However, the
volume scattering is still the dominant scattering mechanism for
the result of our proposed method, according to Fig. 7(i).

For the ocean area, the dominant scattering mechanism is sur-
face scattering. The percentages contribution of Ps are 93.08%
and 90.67% for the m− αs and the proposed method as shown

TABLE II
PERCENTAGES OF DOMINANT SCATTERING COMPONENTS(%)

in Fig. 7(e) and (j). The value of DOOB for the ocean area is
approximately 0, so the proposed method has minimal effect on
the results.

To evaluate the effectiveness of different decomposition meth-
ods, a pixel-by-pixel classification experiment is presented in
Table II. Based on the power of each scattering component,
the dominant scattering mechanism is selected for each pixel.
The percentage of pixels with different scattering mechanisms
is calculated for each selected area.

For patch A, the percentages of pixels which double-bounce
scattering dominants raise from 31.69% to 55.94%. And the per-
centages of volume-scattering-dominant pixels decrease from
51.21% to 2.62%. The statistics shows that the proposed method
has a big influence to urban areas with small orientation angles,
and increase the double-bounce scattering percentage to 55.94%.

For patch B, the percentages of pixels which double-bounce
scattering dominants raise from 23.02% to 38.68% by applying



10040 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

Fig. 8. Comparison of the proposed decomposition method with Guo’s de-
composition method for the simulated CP SAR data of the π/4 mode over San
Francisco, USA. (a) Guo’s. (b) Proposed. Red (double-bounce scattering), green
(volume scattering), and blue (surface scattering).

the proposed method. And the percentages of volume-scattering-
dominant pixels decrease from 56.97% to 22.32%. The proposed
method can also decrease a large proportion of the volume
scattering pixels and reduce the misjudge of urban areas with
large orientation angles.

As for patch C, the percentages of pixels which double-bounce
scattering dominants raise from 29.44% to 37.11%. And the per-
centages of volume-scattering-dominant pixels decrease from
54.5% to 38.93%. Because the patch C has a lower building
density than paths A and B, the number of volume-scattering-
dominant pixels is less than in patches A and B.

Although the double-bounce scattering pixels increase a large
proportion in urban areas, the natural areas are less affected by
the proposed method. For patch D, which volume scattering
dominants, the percentages of pixels for volume scattering is
76.4% and 72.81% for the proposed method and the m− αs, re-
spectively. And for patch E, which surface scattering dominants,
the percentages of pixels for surface scattering are 99.78% and
99.44%.

Overall, the proposed decomposition method of the CTLR
mode effectively improves the double-bounce scattering power
in urban areas (including areas with large orientation angles),
but the surface scattering power is greatly increased at the
same time. Considering that the roofs of the building and
roads in streets generate strong surface scattering component,
the result is acceptable. With the decrease of volume scat-
tering power, more pixels in urban areas are distinguished
from natural areas, improving the quality of the decomposition
results.

C. Decomposition Result for the π/4 Mode

The comparison of the proposed decomposition method with
Guo’s decomposition method for theπ/4 mode is shown in Fig. 8.

In general, the proposed decomposition method gains better
performance than Guo’s decomposition method. For Guo’s de-
composition method, most of the urban areas are colored by
slight yellow and green. At the same time, the result of the
proposed method shows red in most of the urban areas and
obtains a better result. The contribution of volume scattering
among the urban areas is successfully reduced by applying our
method, similarly to the CTLR mode.

The same five patches were selected to evaluate the perfor-
mance of the decomposition.

The terrain type of Patch A is a high-density urban area
with a small orientation angle. As shown in Fig. 9(a) and (f),
the percentages of double-bounce scattering are 33.62% and
36.85% for Guo’s method and the proposed method. And the
percentages of volume scattering component are 29.6% and
18.37%, respectively. For the π/4 mode, the proposed method
can also elevate the double-bounce scattering component and
reduce the volume scattering component effectively.

The terrain type of patch B is urban area with a large ori-
entation angle. A large proportion of cross-scattering power
generates and can be confused with nature area such as forests.
It also contains some water areas and roads which can lead to a
high surface scattering. As shown in Fig. 9(b), the percentages
of Ps, Pd, and Pv obtained by Guo’s method are 42.46%,
27.94%, and 29.6%, respectively. Similar to the results of [13],
the volume scattering power is higher than the π/4 mode. The
volume scattering component obtained via the proposed method
is reduced to 18.37%, and some of which are allocated to the
double-bounce scattering power, as illustrated in Fig. 9(g). There
exists the same problem as the decomposition results of the
CTLR mode, surface scattering power is elevated to 47.03%
by applying the proposed method, because of the parameter α
used to assign surface scattering component and double-bounce
scattering component.

For patch C, the density of buildings is relatively low and
the alignment is irregular in different directions. Double-bounce
scattering is the dominate part. According to Fig. 9(c) and (h),
Pd contributes 36.76% and 47.75% for Guo’s and the proposed
method, respectively. And the percentages of volume scattering
are 28.35% and 14.69%, which can also show the effectiveness
of the proposed method.

As for patch D, where the terrain types are mixed forests, and
the dominant scattering is volume scattering. The percentages
of Pv are 58.56% and 54.66% as shown in Fig. 9(d). Different
from the result of the CTLR mode, the value of DOOB for the
π/4 mode is relatively lower among nature areas, so the volume
scattering is almost unchanged for the result of our proposed
method, according to Fig. 9(i).

For the ocean area, the dominant scattering mechanism is
surface scattering. The percentages contribution of Ps are
90.58% and 90.62% for Guo’s and the proposed method as
shown in Fig. 9(e) and (j). The value of DOOB for the
ocean area is approximately 0, so the proposed method does
not change the scattering mechanism of natural areas for the
π/4 mode.

The same pixel-by-pixel classification experiment is done for
the π/4 mode, the results are listed in Table III. Based on the
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Fig. 9. Mean power statistics and enlarged images of the decomposition results obtained via Guo’s decomposition and the proposed method. (a)–(e) Guo’s method
for patches A–E. (f)–(j) Proposed method for patches A–E.

TABLE III
PERCENTAGES OF DOMINANT SCATTERING COMPONENTS(%)

power of each scattering component, the dominant scattering
mechanism is selected for each pixel. The percentage of pixels
with different scattering mechanisms is calculated for each
selected area.

For patch A, the percentages of pixels which double-bounce
scattering dominants raise from 31.49% to 68.28%. And the per-
centages of volume-scattering-dominant pixels decrease from
49.23% to 10.52%. The statistics shows that the proposed
method has a big influence to urban areas with small orienta-
tion angles, and remarkably increase the percentage of double-
bounce scattering pixels.

For patch B, the percentages of pixels which double-bounce
scattering dominants raise from 15.67% to 40.19%. And the per-
centages of volume-scattering-dominant pixels decrease from
72.58% to 39.23% by applying our method. The proposed
method can also decrease a large proportion of the volume
scattering pixels and reduce the misjudge of urban areas with
large orientation angles.

Fig. 10. Enlarged optical images of selected patches. (a) Patch A: Urban area.
(b) Patch B: Natural area.

As for patch C, the percentages of pixels which double-
bounce scattering dominants raise from 25.32% to 46.31% by
applying our method. And the percentages of volume-scattering-
dominant pixels decrease from 59.25% to 35.43%.

Although the double-bounce scattering pixels increase a large
proportion in urban areas, the natural areas are less affected by
the proposed method. For patch D, which volume scattering
dominants, the percentages of pixels for volume scattering are
85.58% and 81.41%, respectively. And for patch E, which sur-
face scattering dominants, the percentages of pixels for surface
scattering are 98.91% and 98.94%.

Overall, the proposed decomposition method of the π/4 mode
gained a better result than the CTLR mode. The double-bounce
scattering power is remarkably increased and the scattering
power of natural areas is little affected.



10042 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

Fig. 11. Decomposition result of the proposed decomposition method and Cloude’s decomposition method of the CTLR mode over Rennes, France. (a) DOOB

for the CTLR mode. (b) Cloude’s. (c) Proposed. Red (double-bounce scattering), green (volume scattering), and blue (surface scattering).

Fig. 12. Decomposition result of the proposed decomposition method and Guo’s decomposition method of the π/4 mode over Rennes, France. (a) DOOB for the
CTLR mode. (b) Guo’s. (c) Proposed. Red (double-bounce scattering), green (volume scattering), and blue (surface scattering).

D. Further Inspection on GF-3 Data

To further evaluate the effectiveness of the proposed decom-
position method, the C-band GF-3 FP data are used to simulate
CP data. The image size is 1780×1250 pixels, and the spatial
resolution is 8 m × 8 m. This data were obtained on January
3, 2017. The study site is over Rennes, France, which contains
dense urban areas and natural areas.

The decomposition results for the CTLR mode and the π/4
mode are shown in Figs. 11 and 12, respectively. Two areas are
denoted on the image to show the results of the different terrain
types. The enlarge optical images of the selected areas are shown
in Fig. 10.

As shown in Fig. 10(a), there are buildings of different ori-
entation angles. Both the CTLR mode and the π/4 mode obtain
high DOOB values, which are shown in deep red in Figs. 11(a)
and 12(a). The result of Cloude’s method is colored green and
light yellow in the red square area in Fig. 11(b). This area has
not only a part of natural areas such as grass and trees, but
also various buildings in different orientation angle. This results
in a relatively high level of all three scattering mechanisms
at the same time, which appear as bright yellow or white in
the pseudo-color image. With the improvement of the method
by DOOB , the OOBs are shown in red among urban areas in
Fig. 11(c). Similar results were obtained for the π/4 mode in
Fig. 12(b) and (c).

As for natural areas in Fig. 10(b), fields and vegetation domi-
nate. Both the CTLR mode and the π/4 mode obtain low DOOB

values, which are shown in deep blue in Figs. 11(a) and 12(a).
Because of the limited data we obtained, the optical images
shown in Fig. 10 were acquired in September 2018. Natural area

TABLE IV
SCATTERING POWER CONTRIBUTION OVER RENNES (%)

crops were abundant at the time of GF-3 data acquisition. So, the
volume scattering component and the double-bounce scattering
component are higher than expected, which makes the DOOB

not as low as expected in natural areas. Therefore, a portion
of the volume scattering component for this area is converted
into the double-bounced scattering component and the surface
scattering component. Overall, the proposed method does not
change the scattering mechanism of the original method in the
natural areas.

The scattering power contribution for the π/4 mode and the
CTLR mode are shown in Table IV to validate the proposed
method.

E. Compared With the Model-Based Methods for the
CTLR Mode

Three methods are chosen for comparison, Wang’s method
[20], the three-component scattering model (HTM) [19], and the
general two-stage model-based decomposition method (GTM)
[17]. These methods are only applicable to CTLR mode. Fig. 13
shows the pseudo-color-coded images of four methods.

The scattering power contribution for different methods is
shown in Table V to validate the proposed method.
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TABLE V
SCATTERING POWER CONTRIBUTION OVER SAN FRANCISCO (%)

Fig. 13. Comparison with the model-based methods for the CTLR mode. (a) Wang’s. (b) HTM. (c) GTM. (d) Proposed. Red (double-bounce scattering), green
(volume scattering), and blue (surface scattering).

Overall, the proposed method gained better performance in
reducing the volume scattering component in urban areas than
recent model-based decomposition methods. The reason is that
we focus more on directly reduce the volume scattering com-
ponent among the urban areas depend on the descriptor DOOB ,
the advantage of this idea is that it can greatly enhance double-
bounce scattering component among the urban areas, which can
help the process of classification. However, the disadvantage is
that the surface scattering component increases at the same time.

IV. CONCLUSION

In this article, a model-based decomposition method for CP
SAR is proposed. A new descriptor of OOBs is introduced based
on the eigenvalues of the CP SAR data. This descriptor can
effectively describe urban areas with different orientation angles
and distinguish the buildings from natural areas. The improved
model-based decomposition method based on this descriptor is
proposed to reduce the OVS problem. The proposed decomposi-
tion method can be applied in both the π/4 mode and the CTLR
mode, but the π/4 mode gains better performance. According
to the result obtain via the proposed method, volume scattering
component is reduced and double-bounce scattering component
is increased in different types of urban areas. With the growth of
the double-bounce scattering component, the surface scattering
component grows. However, it does not affect the determination
of the dominate scattering mechanism. For the natural areas

such as forests and oceans, the scattering mechanisms are little
affected.

In conclusion, the proposed decomposition method can over-
come the OVS problem, and reduce the ambiguity of the scat-
tering mechanism of the urban areas.
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