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Abstract: Polarimetric decomposition is an effective way to analyze the scattering mechanism of
targets in polarimetric synthetic aperture radar (PolSAR) images. However, the analysis of urban
areas is frequently a challenge. Most decomposition methods use a rotated dihedral derived via
rotation matrix to model the double-bounce scattering mechanism of buildings. However, according
to electromagnetic theory, the existing dihedral model is not accurate, especially when the orientation
angle of the dihedral is large. Therefore, the double-bounce scattering contribution in urban areas
with large orientation angles will be difficult to extract. To address this problem, based on physical
optics (PO) and geometric optics (GO), the interaction process of electromagnetic waves and the
rotational dihedral is analyzed, and then a modified rotational dihedral model (MRDM) is proposed
for the accurate representation of the rotational double-bounce scattering mechanism. Accordingly,
MRDM is introduced to a five-component decomposition method (MRDM-5SD) to analyze the
scattering components in an urban area. The validity of MRDM-5SD is demonstrated using several
data sets. The experimental results show that the power contributions of double-bounce scattering
in urban areas with large orientation angles increase by using MRDM-5SD. Therefore, MRDM can
provide support for feature extraction and target detection in urban areas.

Keywords: polarimetric SAR; a modified rotational dihedral model; five-component scattering
decomposition; urban area

1. Introduction

Polarimetric synthetic aperture radar (PolSAR) is an advanced imaging radar system.
It transmits the electromagnetic waves of different polarization states, providing more
information about the observed ground objects than the traditional SAR system [1–4].
Based on its abundant target information, PolSAR is widely used in target detection
and recognition. Nevertheless, it is usually necessary to extract the features of ground
objects before specific application [5–8]. Polarimetric decomposition is a common way to
interpret the scattering mechanism and extract features of ground objects [9]. The result of
polarimetric decomposition has a direct impact on the subsequent application. Therefore, it
is particularly critical to propose a polarimetric decomposition method that can extract the
features of ground objects effectively and accurately.

Model-based decomposition is widely utilized because each model has a specific
physical meaning [10–13]. It usually decomposes covariance matrices or coherency matrices
into the sum of several scattering models and takes the energy of each model as the output of
the algorithm. After years of development and improvement, polarimetric decomposition
has been evidenced to be an effective and fast feature extraction method for PolSAR data.

The earliest proposed model-based polarimetric decomposition method is Freeman–
Durden decomposition (FDD) [14]. Three power values corresponding to surface scattering,
double-bounce scattering and volume scattering are derived. However, the double-bounce
scattering model is only suitable for dihedrals with an orientation angle of 0◦. Therefore, in
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urban areas with large orientation angles, the energy of double-bounce scattering will be
low, which means the features of such areas cannot be extracted effectively.

In order to solve this problem, a new scattering model of dihedrals should be pro-
posed, that can describe the scattering mechanism of a dihedral with a different orientation
angle more comprehensively. Most scholars proposed the new dihedral model using a
rotation matrix related to the orientation angle. Their models were mostly derived from
the basic dihedral model proposed by Freeman and Durden [14]. Based on this idea, there
are two main approaches. One approach is to rotate the dihedral scattering model directly
using the rotation matrix. Related works have been performed by Singh et al. and general
four-component scattering power decomposition (G4U) is proposed by them [15]. Chen
et al. [16] propose a general decomposition framework, incorporating the orientation angle
compensation. Both methods can increase the double-bounce scattering components in
urban areas. However, it is also easy to overestimate other scattering components. Another
commonly used approach is to transform the measured coherency matrix. Yamaguchi et al.
propose the four-component decomposition (Y4O) [17,18] and introduce the orientation
angle on this basis. The orientation angle of each unit is estimated, and is determined to be
within ±45◦. After transforming the coherency matrix using a rotation matrix, a traditional
0◦-oriented dihedral model is used to derive the energy components. The decomposition
method (Y4R) can increase the double-bounce energy scattering percentage in some ur-
ban areas with orientation angles [19]. Based on the idea of a rotating coherency matrix,
optimized polarimetric decomposition methods such as six-component scattering decom-
position (6SD) [20] and seven-component scattering decomposition (7SD) [21] are proposed.
Although the numbers of the models increase, double-bounce scattering components in
some urban areas with large orientation angles are still not high enough to become effective
features. Himanshu et al. [22] use selective unitary rotations to optimize the coherency
matrix for decomposition and Yu et al. [23] propose an extended adaptive decomposition
based on the unitary rotation matrix. Those methods improve the double-bounce scattering
contributions in urban areas. However, in some urban areas with large orientation angles,
volume scattering is still dominant. Yin et al. [24] use an urban area descriptor to increase
the double-bounce scattering contribution. Nevertheless, the percentages of double-bounce
scattering in some urban areas are still close to those of volume scattering.

After improvement of decomposition methods by many researchers, it still remains
a problem to extract double-bounce scattering contributions in urban areas with large
orientation angles. Most decomposition methods still use the rotational dihedral derived
via rotation matrix to model the scattering mechanism of oriented buildings. According
to the analysis of electromagnetic theory, the model is not accurate when the orientation
angle is large and thus the scattering energy in urban areas with large orientation angles
can be decomposed into wrong components other than double-bounce scattering com-
ponents. Therefore, in order to improve the decomposition effect in urban areas, it is
necessary to propose an accurate dihedral scattering model that is suitable for arbitrary
orientation angles.

In this paper, a modified rotational dihedral model (MRDM) is proposed. The prop-
agation and scattering of electromagnetic waves are analyzed based on high-frequency
approximation techniques, namely geometric optics (GO) and physical optics (PO). The
scattering field and scattering matrix of dihedrals with orientation angles are derived for
polarimetric scattering mechanism analysis. Based on the accurate scattering field, MRDM
is proposed and introduced to a five-component decomposition method (MRDM-5SD),
in which a new matrix for orientation angle estimation is given and the theory of scatter-
ing similarity is applied for estimation. The range of the estimated orientation angle is
extended to ±90◦, which helps identify the observed areas in the decomposition method.
MRDM-5SD is verified using datasets of E-SAR, ALOS-2/PALSAR-2 and GF-3. Experimen-
tal results show that MRDM can effectively improve the double-bounce scattering energy
percentage for MRDM-5SD in urban areas with large orientation angle and the rationality
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of the remaining energy components can be ensured. Furthermore, the experiments of
building detection are given to demonstrate the superiority of the proposed method.

The organization of this paper is as follows. In Section 2, the scattering mechanism
of rotational dihedrals is analyzed and MRDM is presented. Additionally, the precision
of MRDM is analyzed. In Section 3, the principle and flowchart of MRDM-5SD are pre-
sented, including orientation angle estimation method, branch conditions and solutions.
Experimental results with data sets of different PolSAR sensors are given in Section 4, and
Section 5 concludes the paper.

2. Modified Rotational Dihedral Model

In order to improve the effect of the decomposition method in urban areas with large
orientation angles, an accurate rotational dihedral scattering model needs to be established
first. Scattering matrix S is the most commonly used model to characterize the scattering
mechanism of a PolSAR target. The scattering matrix with reciprocity theorem can be
defined by

Es =
e−jkr

r
S · Ei =

e−jkr

r

[
SHH SHV
SHV SVV

]
· Ei (1)

where e−jkr/r is the propagation effect of amplitude and phase, Ei =
[
Ei

H Ei
V
]T and

Es =
[
Es

H Es
V
]T are the Jones vector of incident field and scattering field, respectively, H

and V mean horizontal polarization and vertical polarization, T indicates the transposition of
vector, X of SXY stands for transmitting polarization and Y stands for the receiving polarization.

Assuming that the incident wave is unit intensity, the Jones vector of the incident
wave for horizontal polarization and vertical polarization can be defined as Ei

H =
[
1 0

]T

and Ei
V =

[
0 1

]T , respectively. In this case, the scattering matrix can be calculated by

e−jkr

r

[
SHH SHV
SHV SVV

]
=

[
Es

HH Es
HV

Es
HV Es

VV

]
(2)

where Es
HH, Es

HV and Es
VV are the polarized scattering fields of different polarization

channels. Therefore, accurate scattering fields of rotated dihedrals need to be calculated
first to obtain the scattering matrix.

2.1. Scattering Mechanism of Rotational Dihedral

Electromagnetic analysis and calculation are the most accurate way to derive the
scattering model. In this paper, a high-frequency approximation technique is chosen to
calculate the scattering field and analyze the scattering properties of dihedrals. This is an
electromagnetic calculation technique for high-frequency regions that is able to calculate
the scattering field of any target. In addition, analytic formulae of the scattering field can
be derived that are suitable for the establishment of a basic scattering model [25].

The most commonly used high-frequency approximation methods are PO and GO.
PO is able to calculate the far-field scattering while GO can derive the reflection field. By
combining these two methods, the scattering field of the dihedral structure can be obtained.

The dihedral scattering analysis model is shown in Figure 1, including a radar sys-
tem with the look angle of θ and a dihedral with the orientation angle of ϕ. According
to the analysis and calculation results of the high-frequency approximation method, a
double-bounce scattering field dominates the total scattering field when a dihedral exists.
Compared with double-bounce scattering, the intensity of surface scattering is very small
and can be neglected. Therefore, only two reflection paths are considered in the derivation
of a scattering model, namely reflection path 1 (represented by a green line) and reflection
path 2 (represented by a red line). Reflection path 1 indicates that the electromagnetic
wave is first incident upon the top surface of the dihedral and then reflected to the ground
surface. Finally, it is scattered by the ground and received using the radar. Reflection path
2 indicates the wave is first incident on the ground and then reflected to the top surface.



Remote Sens. 2023, 15, 101 4 of 26

Remote Sens. 2023, 15, 101 4 of 27 
 

 

combining these two methods, the scattering field of the dihedral structure can be ob-
tained. 

The dihedral scattering analysis model is shown in Figure 1, including a radar system 
with the look angle of θ  and a dihedral with the orientation angle of ϕ . According to 
the analysis and calculation results of the high-frequency approximation method, a dou-
ble-bounce scattering field dominates the total scattering field when a dihedral exists. 
Compared with double-bounce scattering, the intensity of surface scattering is very small 
and can be neglected. Therefore, only two reflection paths are considered in the derivation 
of a scattering model, namely reflection path 1 (represented by a green line) and reflection 
path 2 (represented by a red line). Reflection path 1 indicates that the electromagnetic 
wave is first incident upon the top surface of the dihedral and then reflected to the ground 
surface. Finally, it is scattered by the ground and received using the radar. Reflection path 
2 indicates the wave is first incident on the ground and then reflected to the top surface. 

 
Figure 1. Dihedral scattering analysis model. 

2.2. Derivation of MRDM 
The total parametric scattering field of the dihedral can be obtained by calculating 

the fields of the two reflection paths. The scattering fields of the HH, HV and VV polari-
zation channels are given as follows: 

 = +


= +
 = +

HH rP1_HH rP2_HH

HV rP1_HV rP2_HV

VV rP1_VV rP2_VV

s s s

s s s

s s s

E E E
E E E
E E E

 (3)

where     rP1_HH rP2_HH rP1_HV rP2_HV rP1_VV, , , ,s s s s sE E E E E  and rP2_VV
sE  are the scattering fields of each reflec-

tion path. The detailed expressions are 

( )
( ) ( )

2 2 2
2 21 1

rP1_HH 22 2 2

1 1 2 2
2 22 2 2

sin cos cos
2 cos cos sin

cos sin sin

cos sin cos
2 sin cos sin cos tan cos

cos sin sin

s V H
H

H V
V V

R R
E R

R R
R R B

ϕ θ ϕ
θ ϕ ϕ

θ θ ϕ

θ ϕ ϕ
ϕ ϕ θ θ θ ϕ

θ θ ϕ

 −
= − +

+
+

    + + ⋅ ⋅
+ 

 (4)

( )2 2 2
rP2_HH 2 1 1 22 2 2

2 sin cos sin sin cos
cos sin sin

s
H V H HE R R R R Bθ ϕ θ ϕ θ

θ θ ϕ
= − ⋅

+
 (5)

( ) ( )

( )

1 1 2 2
rP1_HV 22 2 2

2 2 2
2 21 1

2 22 2 2

cos sin cos
2 cos sin cos

cos sin sin

sin cos cos
2 sin cos sin cos tan cos

cos sin sin

H Vs
V

V H
H H

R R
E R

R R
R R B

θ ϕ ϕ
θ ϕ ϕ

θ θ ϕ

ϕ θ ϕ
ϕ ϕ θ θ θ ϕ

θ θ ϕ

 − +
= − −

+
−

    + + ⋅ ⋅
+ 

 (6)

( )2 2 2 2 2
rP2_HV 2 1 2 2 12 2 2

sin cos sin2 sin cos cos sin cos
cos sin sin

s
H H H H VE R R R R R Bθ θ ϕ ϕ θ ϕ θ ϕ

θ θ ϕ
 = − + + + ⋅ +

 (7)

Figure 1. Dihedral scattering analysis model.

2.2. Derivation of MRDM

The total parametric scattering field of the dihedral can be obtained by calculating the
fields of the two reflection paths. The scattering fields of the HH, HV and VV polarization
channels are given as follows: 

Es
HH = Es

rP1_HH + Es
rP2_HH

Es
HV = Es

rP1_HV + Es
rP2_HV

Es
VV = Es

rP1_VV + Es
rP2_VV

(3)

where Es
rP1_HH, Es

rP2_HH, Es
rP1_HV, Es

rP2_HV, Es
rP1_VV and Es

rP2_VV are the scattering fields of
each reflection path. The detailed expressions are

Es
rP1_HH =

[
2 RV1 sin2 ϕ−RH1 cos2 θ cos2 ϕ

cos2 θ+sin2 θ sin2 ϕ
RH2 cos θ

(
cos2 ϕ− sin2 ϕ

)
+

2 (RH1+RV1) cos θ sin ϕ cos ϕ

cos2 θ+sin2 θ sin2 ϕ
sin ϕ cos ϕ

(
sin2 θ + RV2 + RV2 cos2 θ

)]
· tan θ cos ϕ · B

(4)

Es
rP2_HH =

2
cos2 θ + sin2 θ sin2 ϕ

sin θ cos ϕ
(

RH2RV1 sin2 θ sin2 ϕ− RH1RH2 cos2 θ
)
· B (5)

Es
rP1_HV =

[
2−(RH1+RV1) cos θ sin ϕ cos ϕ

cos2 θ+sin2 θ sin2 ϕ
RV2 cos θ

(
sin2 ϕ− cos2 ϕ

)
−

2 RV1 sin2 ϕ−RH1 cos2 θ cos2 ϕ

cos2 θ+sin2 θ sin2 ϕ
sin ϕ cos ϕ

(
sin2 θ + RH2 + RH2 cos2 θ

)]
· tan θ cos ϕ · B

(6)

Es
rP2_HV = −2

sin θ cos θ sin ϕ

cos2 θ + sin2 θ sin2 ϕ

[
RH2

(
sin2 ϕ + cos2 θ cos2 ϕ

)
+ RH1RH2 sin2 θ cos2 ϕ + RH2RV1

]
· B (7)

Es
rP1_VV =

[
2 RH1 sin2 ϕ−RV1 cos2 θ cos2 ϕ

cos2 θ+sin2 θ sin2 ϕ
RV2 cos θ

(
sin2 ϕ− cos2 ϕ

)
−

2 (RH1+RV1) cos θ sin ϕ cos ϕ

cos2 θ+sin2 θ sin2 ϕ
sin ϕ cos ϕ

(
sin2 θ + RH2 + RH2 cos2 θ

)]
· tan θ cos ϕ · B

(8)

Es
rP2_VV =

2
cos2 θ + sin2 θ sin2 ϕ

sin θ cos ϕ
(

RV1RV2 cos2 θ − RH1RV2 sin2 θ sin2 ϕ
)
· B (9)

where θ is the look angle of the radar, ϕ is the orientation angle of the dihedral and B is the
phase integral term derived via the Gordon integral algorithm [26]. The detailed form of
B is

B = − h exp(jkR)
8πR sin θ sin ϕ · [exp(−jk sin θ sin ϕ(h tan θ sin ϕ− l))

· sin c
(
kh sin θ tan θ sin2 ϕ

)
− exp(−jkl sin θ sin ϕ)

] (10)

where k is the wave number and h and l are the height and length of the dihedral, respec-
tively. In view of the real look angle of the SAR system, only the parametric model when
the look angle is smaller than 45◦ is presented. The look angle of the proposed MRDM only
varies from 0◦ to 45◦. RH1 and RV1 are the Fresnel reflection coefficients of the top surface,
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RH2 and RV2 are those of the ground surface. The Fresnel reflection +coefficients can be
defined as [2,27]

RH =
cos θl−

√
εr−sin2 θl

cos θl+
√

εr−sin2 θl

RV =
εr cos θl−

√
εr−sin2 θl

εr cos θl+
√

εr−sin2 θl

(11)

where εr is the complex relative permittivity and θl is the local incidence angle.
The establishment of a useful dihedral scattering matrix for polarimetric decompo-

sition requires analysis of the scattering field correlation between different polarization
channels. However, the scattering fields given in (4)–(9) are too complex to directly derive
the polarimetric decomposition model. Therefore, appropriate assumptions need to be
made to simplify the model. Based on electromagnetic theory and the Fresnel reflection
coefficient calculation principle, it is assumed that RH1 = −RV1 and RH2 = −RV2.

Subsequently, the electromagnetic parametric model can be simplified as
Es

HH = −4RH1RH2 sin θ cos3 ϕ · B
Es

HV =
[
2RH1 tan θ sin ϕ cos2 ϕ

(
sin2 θ + RH2 + RH2 cos2 θ

)
−2RH2 sin θ cos θ sin ϕ(1− RH1)] · B

Es
VV = 4RH1RH2 sin θ cos3 ϕ · B

(12)

where θ still lies between 0◦ and 45◦.
After removing the common term, the scattering matrix of MRDM can be expressed as

Sd =

[
−RH1RH2 NRH1 + QRH2 + PRH1RH2

NRH1 + QRH2 + PRH1RH2 RH1RH2

]
(13)

where
N =

1
2

tan θ sin θ tan ϕ (14)

Q = −1
2

cos θ
sin ϕ

cos3 ϕ
(15)

P =
1
2

sin ϕ

(
1

cos θ cos ϕ
+

cos θ

cos ϕ
+

cos θ

cos3 ϕ

)
(16)

2.3. Precision Analysis of MRDM

In this section, the accuracy of MRDM is verified. A dihedral model with length of
5 m is established for calculation. The frequency of the incident wave is 1.3 GHz (L-Band).

As the model for polarimetric decomposition represents the relationship between
various polarization channels, the ratio of |SHH − SVV| to |SHV| is selected for comparison
and verification. We compare the ratio obtained via MRDM with that calculated via the
ray launching technique of Altair FEKO, which is an advanced commercial electromag-
netic calculation software [28]. The size of the dihedral is included in the phase integral
term B, which has no effect on the result of the ratio. In addition to the results of electro-
magnetic calculation, the traditional dihedral model obtained using the rotation matrix is
also compared.

MRDM is proposed with the assumption of RH1 = −RV1 and RH2 = −RV2. This
assumption introduces some error. However, by comparing the ratios calculated using
MRDM under various conditions with those obtained by FEKO, the error is shown to be
within acceptable range.

Firstly, the relationship between relative permittivity and the parametric model is
investigated. The complex relative permittivity is calculated by

εr = ε′r − j
σ

ωε0
(17)
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where ε′r is relative permittivity, σ is conductivity, ω is angular frequency and ε0 is the
permittivity of vacuum. The look angle of the radar is 33◦ and the orientation angle of
the dihedral is 10◦. The conductivity is fixed to 10−3 S/m and the relative permittivity of
the dihedral varies from 1 to 50 with an interval of 0.5. The comparison result is shown in
Figure 2. In addition, the ratio under different conductivities is also calculated. The relative
permittivity is fixed to 7 and the conductivity varies from 10−7 S/m to 107 S/m. The result
is shown in Figure 3.
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When the relative permittivity is small, the ratios of MRDM have some error compared
to the electromagnetic calculation results obtained via FEKO. As the relative permittivity
increases, the error decreases gradually. It is worth noting that the ratio of the dihedral
model obtained via rotation matrix is constant. It indicates an obvious error in comparison
to the electromagnetic calculation result. The results under different conductivities show
that there are some errors between MRDM and FEKO results when the conductivities are
small. When it becomes large, the error of MRDM is greatly reduced. However, compared
with the results obtained via rotation matrix, the precision of MRDM is obviously higher.

The effect of look angle on the accuracy of the model is investigated as well. The
orientation angle, relative permittivity and conductivity are set to 20◦, 7 and 10−3 S/m,
respectively. The look angle varies from 20◦ to 55◦ with an interval of 1◦. The comparison
graph is shown in Figure 4.
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The ratio of the model obtained via rotation matrix is still a constant, since there is no
look angle parameter in the model. Therefore, there is a generous error compared with
the electromagnetic calculation result. The result of MRDM is closer to that of electromag-
netic calculation in the overall trend, which better describes the scattering mechanism of
rotational dihedral structure.

Finally, the influence of orientation angle is analyzed. The look angle, relative per-
mittivity and conductivity are set to 33◦, 7 and 10−3 S/m. The orientation angle of the
dihedral varies from 1◦ to 45◦ with an interval of 1◦. The ratios of different models are
shown in Figure 5.
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Figure 5. Comparison of parametric scattering model with different orientation angles.

It can be seen that the error of MRDM is smaller than the model obtained via rotation
matrix. When the orientation angle is large, the error of model given by the rotation matrix
increases gradually. However, MRDM can still characterize the scattering property of
dihedrals accurately.

On the basis of these results, it can be concluded that MRDM can better describe
the polarized scattering mechanism of rotational dihedrals. Although the approximation
will introduce error, MRDM still has higher accuracy compared with the dihedral model
obtained via rotation matrix, especially it describes the impact of look angle and relative
permittivity more accurately.
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2.4. The Coherency Matrix of MRDM

In order to apply MRDM to the decomposition method, the model needs to be trans-
formed to the form of coherency matrix T first. According to (13), the coherency matrix of
MRDM is

Td =

0 0 0
0 2|RH1RH2|2 −RH1RH2M∗

0 −R∗H1R∗H2M 2|NRH1 + QRH2 + PRH1RH2|2

 (18)

where
M = NRH1 + QRH2 + PRH1RH2 (19)

In order to set up the decomposition equation, the model is transformed into

Td = fd

0 0 0
0 2 −(α∗ + P)
0 −(α + P) 2|α + P|2

 (20)

where
fd = |RH1RH2|2 (21)

α =
R∗H2

|RH2|2
N +

R∗H1

|RH1|2
Q (22)

It can be seen from the coherency matrix that the main energy comes from T22, T23, T32
and T33. This is caused by the assumptions when we try to simplify the scattering model.
However, when the orientation angle of the urban area is small, the energy of the dihedral
induced by T11, T12, T21 and T22 is still considerable. Therefore, the modified rotational
dihedral model is more suitable for decomposition in urban areas with certain orientation
angles. For the urban areas with very small orientation angle, it is possible to cause the
overestimation of other scattering components except dihedral components. In this case,
the current image region is classified based on the estimated orientation angle. For a region
with small orientation angle, the traditional 0◦-oriented dihedral scattering model is used
for polarimetric decomposition. For a region with large orientation angle, MRDM is used.

3. Five-component Scattering Decomposition

In this section, MRDM is applied to PolSAR images by introducing it to a five-component
scattering decomposition method (MRDM-5SD). The process of MRDM-5SD is mainly
divided into orientation angle estimation and solutions of scattering contributions.

3.1. Orientation Angle Estimation

Orientation angle estimation is a necessary prerequisite step of the proposed decom-
position method. In previous studies [19,29], some estimation methods of orientation angle
have been proposed. However, the range of the angle is limited within ±45◦. Based on the
theory of scattering similarity [30], a new orientation angle estimation method is proposed.
The range of the estimated angle is extended to ±90◦, which is conductive to the distinction
between the urban and vegetation areas in the proposed decomposition method.

First, an orientation angle estimation matrix derived from MRDM is given as follows:

Pϕ =

[
− cos3 ϕ cos θ sin ϕ

(
1 + cos2 ϕ

)
cos θ sin ϕ

(
1 + cos2 ϕ

)
cos3 ϕ

]
(23)

According to the theory of scattering similarity, the polarimetric similarity between
measured data and the orientation angle estimation matrix can be calculated using [30].

r(ϕ) =
kH

ϕ 〈T〉kϕ

Trace
(

kϕ · kH
ϕ

)
· Trace(〈T〉)

(24)
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where the superscript H means conjugate transpose, T is the coherency matrix, and kϕ

is the Pauli vector of Pϕ, Trace(·) denotes the trace operation of the matrix and 〈·〉 is the
ensemble average in an imaging window.

The estimated orientation angle is obtained by cycling through the angle within the
range of ±90◦ and calculating the similarity coefficients. When the similarity coefficient
reaches maximum, output the angle as estimated orientation angle:

ϕestimated = argmaxr(ϕ)
ϕ

, ϕ ∈ (−90◦, 90◦) (25)

3.2. Five-component Scattering Decomposition (MRDM-5SD)

Based on the orientation angle estimation and MRDM, MRDM-5SD is proposed.
According to the scattering mechanism analysis of oriented buildings and other observed
areas, five scattering components are included in the decomposition method, namely
surface scattering, modified rotational dihedral scattering (derived via MRDM), volume
scattering, ±45◦ oriented dipole scattering and compound dipole scattering. The latter
two dipole scattering components come from the 6SD decomposition method [20].

According to estimated orientation angle, two cases for polarimetric decomposition
can be listed as follows:

case 1 : 〈T〉 = fsTS + fdTD1 + fvTV + fodTOD + fcdTCD

= fs

 1 β∗ 0
β |β|2 0
0 0 0

+ fd


∣∣α1
∣∣2 α1 0

α1
∗ 1 0

0 0 0

+
fv
4

 2 0 0
0 1 0
0 0 1

+ max

 fod
2

 1 0 ±1
0 0 0
±1 0 1

+
fcd
2

 1 0 ±j
0 0 0
±j 0 1

 (26)

case2 : 〈T〉 = fsTS + fdTD2 + fvTV + fodTOD + fcdTCD

= fs

 1 β∗ 0
β |β|2 0
0 0 0

+ fd

 0 0 0
0 2 −

(
α2
∗ + P

)
0 −

(
α2 + P

)
2
∣∣α2 + P

∣∣2
+

fv
4

 2 0 0
0 1 0
0 0 1

+ max

 fod
2

 1 0 ±1
0 0 0
±1 0 1

+
fcd
2

 1 0 ±j
0 0 0
±j 0 1

 (27)

Case 1 is mainly for flat ground surfaces, water surfaces and urban areas with small
orientation angles. It is important to note that only the higher energy of the two dipole
scattering components is kept, which ensures that the remaining scattering components
produce as little negative energy as possible. Case 2 is for urban areas with large orientation
angles or random scattering areas such as vegetation, in which MRDM is used. fs, fd, fv, fod
and fcd are scattering coefficients corresponding to surface scattering, double-bounce scat-
tering, volume scattering, ±45◦ oriented dipole scattering and compound dipole scattering,
respectively. TS, TD1 or TD2, TV , TOD and TCD are the scattering models corresponding to
them; α1, α2 and β are unknowns that need to be determined.

Based on the two cases, the contribution of each scattering component can be
calculated using 

Ps = fs
(
1 + |β|2

)
Pd = fd

(
1 + |α1|2

)
or Pd = 2 fd

(
1 + |α2 + P|2

)
Pv = fv
Pod = fod
Pcd = fcd

(28)

where Ps, Pd, Pv, Pod and Pcd are the contribution of surface scattering, double-bounce
scattering, volume scattering, ±45◦ oriented dipole scattering and compound dipole
scattering, respectively.

3.3. Branch Conditions and Flowchart of MRDM-5SD

In order to determine which case to use, the variance ϕvar and the mean value ϕmean
of the orientation angles in an imaging window are used for scattering mechanism discrim-
ination. According to Figure 5, when the orientation angle is small, the dihedral model
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obtained via rotation matrix shows higher accuracy. In the remaining cases, MRDM has
higher accuracy. Therefore, the cases are chosen according to the following conditions:

ϕvar < VarB and |ϕmean| < 5◦ → Case 1
(Small oriented urban area, Flat ground, Water surface)

ϕvar ≥ VarB or |ϕmean| > 5◦ → Case 2
(Highly oriented urban area, Random scattering)

(29)

where VarB is a threshold value. When |ϕmean| is smaller than 5◦, the current area is
considered to be a flat area or small oriented urban area. Otherwise, it is considered to be
highly oriented urban area. VarB is used to determine the vegetation area, which is chosen
according to the degree of orientation angle dispersion in random scattering areas.

When case 1 is chosen, a more detailed scattering mechanism needs to be discriminated.
There are three equations with four unknowns, which means that one of the unknowns
needs to be fixed to acquire the solution. According to [31], when 〈T11〉 − 〈T22〉 > 0,
surface scattering is the dominant scattering mechanism. In this case, we can assume
α1 = 0. Otherwise, double-bounce scattering is dominant and β is fixed to zero. Under the
assumption, the equation of case 1 can be solved.

For case 2, the number of equations is equal to the unknowns, so no assumptions need
to be made. First, the dihedral scattering coefficient fd is solved. It is worth mentioning that
a cubic equation needs to be solved to obtain fd. The equation may have one, two or three
solutions. When the equation has multiple solutions, it is necessary to determine which
solution to choose according to the scattering mechanism of the current region. When
the variance of the orientation angle is less than the threshold VarB, the change in the
orientation angle in this area is not drastic, which means that it can be an urban area. In
this case, the largest solution is taken as fd. Otherwise, random scattering is considered to
be the dominant scattering mechanism of this region, so the smallest solution is taken.

By using the branch conditions, all the equations can be solved and the contribution
of each scattering component can be obtained. The flow chart of MRDM-5SD is illustrated
in Figure 6.

3.4. Solutions of MRDM-5SD

In this section, the detailed solutions for MRDM-5SD are given. The contribution of
the two dipole scattering components can be directly calculated via

fod = 2|real(〈T13〉)|
fcd = 2|imag(〈T13〉)|

(30)

Only the larger contribution of the two-dipole scattering remains, and the other
contribution is fixed to zero. Then the coherency matrix can be updated using

〈T11〉 = 〈T11〉 −max( fod/2, fcd/2)
〈T33〉 = 〈T33〉 −max( fod/2, fcd/2)

(31)

For case 1, the solution has been given by Freeman-Durden [14] and Singh. [20], which
can be summarized as

〈T11〉 − 〈T22〉 > 0 :
α = 0
fv = 4〈T33〉
fs = 〈T11〉 − fv/2 or
β = 〈T21〉/ fs
fd = 〈T22〉 − fv/4− fs|β|2

〈T11〉 − 〈T22〉 ≤ 0 :
β = 0
fv = 4〈T33〉
fd = 〈T22〉 − fv/4
α = 〈T21〉/ fd
fs = 〈T11〉 − fv/2− fd|α|2

(32)
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Then the contribution of each scattering component can be calculated using (28). For
case 2, five equations can be formed:

fs +
fv
2 = 〈T11〉

β fs = 〈T21〉
fs|β|2 + 2 fd +

fv
4 = 〈T22〉

− fd(α2 + P) = 〈T32〉
fv
4 + 2 fd|α + P|2 = 〈T33〉

(33)

After eliminating the remaining unknowns, a cubic equation of fd can be given as

a f 3
d + b f 2

d + c fd + d = 0 (34)

where

a = 4〈T11〉 − 8〈T33〉
b = 2|〈T21〉|2 + 16|〈T32〉|2 + 2〈T11〉〈T33〉 − 2〈T11〉〈T22〉+ 4〈T22〉〈T33〉 − 4〈T33〉2

c = 16|〈T32〉|2〈T33〉 − 8|〈T32〉|2〈T22〉 − 4|〈T32〉|2〈T11〉
d = −16|〈T32〉|4

(35)

Once fd is solved, other coefficients can be calculated via
fv = 4

(
〈T33〉 − 2|〈T32〉|2

fd

)
fs = 〈T11〉 − fv/2
β = 〈T21〉/ fs
α2 + P = −〈T32〉/ fd

(36)

Finally, the contribution can also be calculated via (28).

4. Experimental Results and Discussion

In this section, three fully polarimetric data sets are used to verify the proposed five-
component decomposition method, which are listed in Table 1. Data sets acquired by both
airborne and spaceborne sensors of different bands are used. The spatial window size for
calculation of coherency matrix is 3× 3 in all experiments. The existing decomposition
methods Y4O, Y4R, G4U, 6SD and 7SD are compared with MRDM-5SD. The scattering
mechanism contributions in several patches decomposed using these methods are presented
and analyzed.

Table 1. List of fully polarimetric data sets.

(37) Carrier Band Resolution
(Azimuth × Range) Area Ground Objects Acquisition Data

ALOS-2/
PALSAR-2 Spaceborne L 3.20 m × 2.86 m San Francisco, USA Water, hills, urban area 2015/3/24

GF-3 Spaceborne C 8 m × 8 m Harbin, China Water, farmland, urban area 2017/7/23

E-SAR Airborne L 3 m × 2.2 m Oberpfaffenhofen,
Germany

Vegetation, grass land,
urban area, airport 2022/8/26

4.1. Validation by Spaceborne ALOS-2/PALSAR-2 Datasets

Data sets from spaceborne ALOS-2/PALSAR-2 over the city of San Francisco, CA, USA
were used to verify the proposed method, and include water body, hills and urban areas
with various orientation angles. The optical image from Google Earth is shown in Figure 7.
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in Figure 9. Y4R introduces the rotation matrix, and thus the contributions of double-
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ume scattering is still dominant in urban areas with large orientation angles. A similar 
phenomenon can also be observed in the result of G4U. Compared with other methods, 
the double-bounce scattering contributions in urban areas with moderate orientation an-
gle are improved obviously in the results of 6SD and 7SD. Nevertheless, in urban areas 
with large orientation angles, the results are still not satisfying. MRDM-5SD is able to fur-
ther improve the decomposition results, increasing the percentages of double-bounce 
scattering in most urban areas. 

To further confirm the validity of the proposed decomposition method, the detailed 
scattering contributions of Patch A1-A7 were calculated. The enlarged view of Y4R, 7SD 
and MRDM-5SD is shown in Figure 10 and scattering contributions of all methods are 
listed in Table 2, where , , , , ,s d v h od cdP P P P P P  and mdP  are the scattering contributions of 

surface scattering, double-bounce scattering, volume scattering, helix scattering, ± 45  
oriented dipole scattering, compound dipole scattering and mixed dipole scattering. 

Figure 7. Optical image of the observed area from Google Earth.

The orientation angle estimation result is shown in Figure 8, which is an essential
step in the proposed method. Seven regions of interest (ROIs) are selected to analyze the
estimated orientation angles. Patch A1 and A6 are orthogonal urban area and water area,
whose orientation angles tend to 0◦. Patch A2 and A3 are moderately oriented urban areas
and the orientation angles are around 20◦. Patch A4 and A5 are highly oriented urban areas.
However, due to the different rotation directions, the angles are positive and negative,
respectively. Patch A7 is hilly terrain and the estimated orientation angles are disordered.
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The decomposition results of Y4O, Y4R, G4U, 6SD, 7SD and MRDM-5SD are shown in
Figure 9. Y4R introduces the rotation matrix, and thus the contributions of double-bounce
scattering are improved in some urban areas compared with Y4O. However, volume
scattering is still dominant in urban areas with large orientation angles. A similar phe-
nomenon can also be observed in the result of G4U. Compared with other methods, the
double-bounce scattering contributions in urban areas with moderate orientation angle are
improved obviously in the results of 6SD and 7SD. Nevertheless, in urban areas with large
orientation angles, the results are still not satisfying. MRDM-5SD is able to further improve
the decomposition results, increasing the percentages of double-bounce scattering in most
urban areas.
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Figure 9. Decomposition results of ALOS-2/PALSAR-2 data sets over San Francisco (RGB component:
red: double-bounce scattering, green: volume scattering, blue: surface scattering). (a) Y4O, (b) Y4R,
(c) G4U, (d) 6SD, (e) 7SD, (f) MRDM-5SD.

To further confirm the validity of the proposed decomposition method, the detailed
scattering contributions of Patch A1-A7 were calculated. The enlarged view of Y4R, 7SD
and MRDM-5SD is shown in Figure 10 and scattering contributions of all methods are listed
in Table 2, where Ps, Pd, Pv, Ph, Pod, Pcd and Pmd are the scattering contributions of surface
scattering, double-bounce scattering, volume scattering, helix scattering, ±45◦ oriented
dipole scattering, compound dipole scattering and mixed dipole scattering.
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Figure 10. Enlarged view of Patch A1 (orthogonal urban area), Patch A2, A3 (urban areas with mod-
erate orientation angles), Patch A4, A5 (urban areas with large orientation angles), Patch A6 (water 
body), Patch A7 (hilly terrain) by Y4R, 7SD and MRDM-5SD (RGB component: red: double-bounce 
scattering, green: volume scattering, blue: surface scattering). 

Patch A1 is an area of orthogonal urban area, which is decomposed via the 0 -ori-
ented dihedral scattering model in MRDM-5SD. According to the RGB result of decom-
position and the contribution percentages in Table 2, double-bounce scattering is domi-
nant in all decomposition schemes. The area exhibits powerful purple, which is a combi-
nation of double-bounce scattering and surface scattering. The detailed percentages of 
double-bounce scattering are 53.2%, 56.6%, 57.4%, 59.3%, 56.7% and 57.4% for Y4O, Y4R, 
G4U, 6SD, 7SD and MRDM-5SD, respectively.  

Figure 10. Enlarged view of Patch A1 (orthogonal urban area), Patch A2, A3 (urban areas with
moderate orientation angles), Patch A4, A5 (urban areas with large orientation angles), Patch A6
(water body), Patch A7 (hilly terrain) by Y4R, 7SD and MRDM-5SD (RGB component: red: double-
bounce scattering, green: volume scattering, blue: surface scattering).
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Table 2. Scattering contributions (%) of Patch A1-A7 for ALOS-2/PALSAR-2 data sets.

ROIs Methods Ps Pd Pv Ph Pod Pcd Pmd

Patch A1

Y4O 30.6 53.2 12.5 3.7 - - -
Y4R 32.2 56.6 8.7 2.5 - - -
G4U 28.5 57.4 13.9 0.3 - - -
6SD 29.8 59.3 4.2 2.4 2.1 2.3 -
7SD 29.8 56.7 4.7 1.7 1.4 1.2 4.5

MRDM-5SD 32.5 57.4 6.2 - 2.0 1.9 -

Patch A2

Y4O 21.5 28.2 42.4 7.9 - - -
Y4R 27.5 52.0 16.3 4.2 - - -
G4U 23.0 53.1 23.5 0.4 - - -
6SD 24.5 57.0 7.7 3.3 3.7 3.8 -
7SD 21.7 44.1 9.5 1.4 3.7 2.4 17.2

MRDM-5SD 19.0 65.1 3.5 - 7.5 4.9 -

Patch A3

Y4O 22.1 17.3 49.8 10.8 - - -
Y4R 27.4 29.5 34.5 8.6 - - -
G4U 21.0 32.5 45.8 0.7 - - -
6SD 24.3 37.8 16.3 6.1 7.9 7.6 -
7SD 19.9 32.0 18.6 4.8 6.3 5.8 12.6

MRDM-5SD 22.3 50.4 10.7 - 8.6 8.0 -

Patch A4

Y4O 21.0 10.0 57.2 11.8 - - -
Y4R 20.0 13.4 55.7 10.9 - - -
G4U 17.0 15.1 67.7 0.2 - - -
6SD 18.4 22.4 18.3 7.0 16.0 17.9 -
7SD 19.5 27.0 12.2 6.0 12.7 11.0 11.6

MRDM-5SD 24.0 42.8 13.2 - 9.2 10.8 -

Patch A5

Y4O 34.3 22.9 35.0 7.8 - - -
Y4R 37.5 31.2 25.1 6.2 - - -
G4U 32.5 33.3 33.7 0.5 - - -
6SD 34.7 37.3 12.8 4.4 5.5 5.3 -
7SD 32.8 33.6 14.4 3.4 4.1 3.7 8.0

MRDM-5SD 33.9 45.6 8.8 - 6.3 5.4 -

Patch A6

Y4O 78.2 7.8 8.2 5.8 - - -
Y4R 78.7 8.1 7.7 5.5 - - -
G4U 76.1 8.2 9.3 6.4 - - -
6SD 65.8 7.3 9.1 5.8 6.0 6.0 -
7SD 82.1 4.4 13.1 0.1 0.1 0.1 0.1

MRDM-5SD 82.9 8.8 7.1 - 0.6 0.6 -

Patch A7

Y4O 24.0 6.6 58.5 10.9 - - -
Y4R 25.5 10.2 53.7 10.6 - - -
G4U 19.6 13.5 66.0 0.9 - - -
6SD 23.1 18.1 31.7 6.9 10.2 10.0 -
7SD 20.2 15.9 34.2 5.9 9.0 8.8 6.0

MRDM-5SD 26.7 22.5 32.0 - 9.5 9.3 -

Patch A1 is an area of orthogonal urban area, which is decomposed via the 0◦-oriented
dihedral scattering model in MRDM-5SD. According to the RGB result of decomposition
and the contribution percentages in Table 2, double-bounce scattering is dominant in
all decomposition schemes. The area exhibits powerful purple, which is a combination
of double-bounce scattering and surface scattering. The detailed percentages of double-
bounce scattering are 53.2%, 56.6%, 57.4%, 59.3%, 56.7% and 57.4% for Y4O, Y4R, G4U, 6SD,
7SD and MRDM-5SD, respectively.

For urban areas with moderate orientation angles (Patch A2 and A3), double-bounce
scattering is still dominant. However, the proportion decreases significantly, especially in
Patch A3. The scattering contribution percentages of dihedrals in MRDM-5SD are 65.1%
and 50.4% for Patch A2 and A3, respectively. Obviously, the contribution of dihedral
scattering is improved significantly compared with other methods, which can be seen from
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the enlarged view as well. The red color in the result of MRDM-5SD is more pronounced
than in the other decomposition results.

Patch A4 and A5 are urban areas with large orientation angles. There has been a
significant decline in the dihedral contribution in most decomposition methods. Volume
scattering dominates in decomposition methods such as Y4R and G4U, failing to extract
accurate features and exhibiting green. The percentages of double-bounce scattering
over Patch A4 are 10.0%, 13.4%, 15.1%, 22.4%, 27.0% and 42.8% in Y4O, Y4R, G4U, 6SD,
7SD and MRDM-5SD, respectively. The contribution of double-bounce scattering can be
improved effectively in MRDM-5SD and that of volume scattering can be reduced to some
extent. Additionally, there are rooftops and highways in this area, so the percentage of
surface scattering is high as well. In Patch A5, the percentage of double-bounce scattering
in MRDM-5SD is 45.6%, which is obviously higher than those of other decomposition
methods. The volume scattering contribution declines to 8.8%, verifying the effectiveness
of MRDM-5SD in urban areas with large orientation angles.

The surface of water body area (Patch A6) is relatively flat, so surface scattering
contribution is dominant. The area exhibits blue, which is dark since the scattering power is
relatively weak compared with other areas. The detailed percentages of surface scattering
are 78.2%, 78.7%, 76.1%, 65.8%, 82.1% and 82.9% for Y4O, Y4R, G4U, 6SD, 7SD and MRDM-
5SD, respectively. The effectiveness of the decomposition in areas with flat surface is
improved as well by using MRDM-5SD. Patch A7 is an area of hilly terrain with vegetation,
where volume scattering contribution is dominant. The percentage of the volume scattering
in MRDM-5SD is 32.0%. Additionally, due to the slope of the terrain, the proportion of
surface scattering is also considerable. All the data and the enlarged view confirm that
MRDM-5SD is also effective in random scattering areas such as forests.

4.2. Validation by Spaceborne GF-3 Datasets

Another data set obtained using GF-3 over the city of Harbin, China was used to
further verify MRDM-5SD. GF-3 is a spaceborne polarimetric SAR system, operating at
C-band. The optical image of the observed area from Google Earth is shown in Figure 11,
which includes urban areas, river and farmland. Five ROIs were selected to analyze the
effectiveness of decomposition methods in detail. Patch B1 and B2 are orthogonal and
moderately oriented urban areas, respectively. Patch B3 is highly oriented urban area with
dense buildings. Patch B4 is water body and Patch B5 is farmland. The decomposition
results of Y4O, Y4R, G4U, 6SD, 7SD and MRDM-5SD are shown in Figure 12. For detailed
analysis, the scattering contributions of Patch B1-B5 are listed in Table 3.
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Y4O, Y4R, G4U, 6SD and 7SD cannot extract enough double-bounce scattering contribu-
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Figure 12. Decomposition results of GF-3 data sets over Harbin, China (RGB component: red: double-
bounce scattering, green: volume scattering, blue: surface scattering). (a) Y4O, (b) Y4R, (c) G4U,
(d) 6SD, (e) 7SD, (f) MRDM-5SD.

Patch B1 is orthogonal urban area, where double-bounce scattering is dominant and
all the regions of the decomposition methods appear red. The percentage of double-bounce
scattering in this region for MRDM-5SD is 61.2%, which is similar to those of 6SD and
7SD. Compared with the Y4O, Y4R and G4U, the proportion of double-bounce scattering
was improved. Patch B2 is an urban area with moderate orientation angle. The detailed
percentages of double-bounce scattering are 22.3%, 42.6%, 43.9%, 45.8%, 40.4% and 67.2%
for Y4O, Y4R, G4U, 6SD, 7SD and MRDM-5SD, respectively. It can be seen that MRDM-5SD
greatly improves the proportion of double-bounce scattering.

Patch B3 is a highly oriented urban area with dense buildings. An enlarged view of
the optical image and the decomposition method results of each method are shown in
Figure 13. The area exhibits green in decomposition except MRDM-5SD. It is obvious that
Y4O, Y4R, G4U, 6SD and 7SD cannot extract enough double-bounce scattering contribution,
accounting for only 7.0%, 10.5%, 11.0%, 12.8% and 13.6%, respectively. The results of
these decompositions are not accurate enough to become effective features in Patch B3.
MRDM-5SD can effectively extract the double-bounce scattering component of this region,
accounting for 60.6%. This experiment again evidences the effectiveness of MRDM-5SD in
urban areas with large orientation angles.
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Table 3. Scattering contributions (%) of Patch B1-B5 for GF-3 data sets.

ROIs Methods Ps Pd Pv Ph Pod Pcd Pmd

Patch B1

Y4O 25.4 52.8 17.1 4.7 - - -

Y4R 26.2 57.0 13.4 3.4 - - -

G4U 22.9 58.2 18.8 0.1

6SD 22.3 62.5 6.7 3.1 2.7 2.7 -

7SD 22.1 60.6 6.4 2.6 2.2 2.0 4.1

MRDM-5SD 22.9 61.2 10.6 - 2.7 2.6 -

Patch B2

Y4O 8.9 22.3 55.3 13.5 - - -

Y4R 10.7 42.6 38.7 8.0 - - -

G4U 8.6 43.9 47.4 0.1 - - -

6SD 10.4 45.8 9.7 8.5 16.1 9.5 -

7SD 10.1 40.4 3.9 6.1 11.3 5.6 22.6

MRDM-5SD 9.0 67.2 7.5 - 10.3 6.0 -

Patch B3

Y4O 6.6 7.0 76.2 10.2 - - -

Y4R 6.7 10.5 73.4 9.4 - - -

G4U 5.3 11.0 83.6 0.1 - - -

6SD 5.5 12.8 22.6 7.5 27.7 23.9 -

7SD 5.3 13.6 6.8 5.2 23.4 20.6 25.1

MRDM-5SD 8.4 60.6 13.8 - 8.5 8.7 -

Patch B4

Y4O 36.3 11.9 39.8 12.0 - - -

Y4R 37.8 15.1 36.4 10.7 - - -

G4U 30.9 17.8 47.6 3.7 - - -

6SD 26.3 23.8 21.0 6.9 11.4 10.6 -

7SD 21.6 27.9 22.6 4.8 10.1 8.9 4.1

MRDM-5SD 34.2 26.7 23.1 - 8.3 7.7 -

Patch B5

Y4O 14.1 1.2 71.2 13.5 - - -

Y4R 13.4 2.6 70.9 13.1 - - -

G4U 9.8 4.0 86.1 2.1 - - -

6SD 12.2 7.6 35.3 9.1 17.7 18.1 -

7SD 10.6 9.3 30.9 8.1 16.4 16.7 8.0

MRDM-5SD 18.4 16.9 37.8 - 13.2 13.7 -

The contributions of scattering components in Patch B4 and B5 also verify the effective-
ness of MRDM-5SD in regions except urban areas. In water body areas (Patch B4), surface
scattering is dominant, which accords with the basic scattering law of electromagnetic
wavee. The percentage of surface scattering in MRDM-5SD reaches 34.2%, which is higher
than 26.3% in 6SD and 21.6% in 7SD. In Patch B5 (farmland), volume scattering is dominant
and the area exhibits green. However, since the farmland is flat, surface scattering energy
is also considerable. Therefore, the farmland exhibits blue-green.
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tiveness of MRDM-5SD in regions except urban areas. In water body areas (Patch B4), 
surface scattering is dominant, which accords with the basic scattering law of electromag-
netic wavee. The percentage of surface scattering in MRDM-5SD reaches 34.2%, which is 
higher than 26.3% in 6SD and 21.6% in 7SD. In Patch B5 (farmland), volume scattering is 
dominant and the area exhibits green. However, since the farmland is flat, surface scatter-
ing energy is also considerable. Therefore, the farmland exhibits blue-green. 

4.3. Validation by Airborne E-SAR Datasets 
To further evaluate the adequacy of MRDM-5SD, airborne E-SAR L-Band data sets 

were used to analyze the decomposition performance. The observed scene is Ober-
pfaffenhofen, Germany, including areas of buildings, vegetation, airport and flatlands. 
The optical image is shown in Figure 14 and the decomposition results of Y4O, Y4R, G4U, 
6SD, 7SD and MRDM-5SD are shown in Figure 15. 

Figure 13. Enlarged view of Patch B3 (a) optical image, (b) Y4O, (c) Y4R, (d) G4U, (e) 6SD, (f) 7SD,
(g) MRDM-5SD (RGB component: red: double-bounce scattering, green: volume scattering, blue: sur-
face scattering).

4.3. Validation by Airborne E-SAR Datasets

To further evaluate the adequacy of MRDM-5SD, airborne E-SAR L-Band data sets
were used to analyze the decomposition performance. The observed scene is Oberpfaffen-
hofen, Germany, including areas of buildings, vegetation, airport and flatlands. The optical
image is shown in Figure 14 and the decomposition results of Y4O, Y4R, G4U, 6SD, 7SD
and MRDM-5SD are shown in Figure 15.
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Figure 15. Decomposition results of E-SAR data sets over Oberpfaffenhofen, Germany (RGB com-
ponent: red: double-bounce scattering, green: volume scattering, blue: surface scattering). (a) Y4O,
(b) Y4R, (c) G4U, (d) 6SD, (e) 7SD, (f) MRDM-5SD.

There is a large area of buildings to the right of the observed area, which exhibits
intense red. The upper left is a lush vegetated area with strong volume scattering. Below
are flat grounds such as airport runway, which should exhibit blue for surface scattering.
However, the area is actually dark since the energy of surface scattering is weak.

In order to analyze the scattering of typical regions, five ROIs are selected. The
detailed percentages of scattering contributions are listed in Table 4. Patch C1 is urban
area perpendicular to the incident direction of radar, where double-bounce scattering is
predominantly observed. The percentage of double-bounce scattering in MRDM-5SD is
close to those of 6SD and 7SD. Patch C4 is a flat region with grassland, so surface scattering
is dominant. The detailed surface scattering contributions of Y4O, Y4R, G4U, 6SD, 7SD and
MRDM-5SD are 80.7%, 80.5%, 80.3%, 71.7%, 86.6% and 86.5%, respectively. Patch C5 is a
vegetation area and volume scattering should be predominant. The percentage of volume
scattering in MRDM-5SD is 48.2%, which is higher than the 36.8% of 6SD and 32.9% of 7SD.
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Table 4. Scattering contributions (%) of Patch C1-C5 for E-SAR data sets.

ROIs Methods Ps Pd Pv Ph Pod Pcd Pmd

Patch C1

Y4O 33.0 54.2 11.1 1.7 - - -
Y4R 33.2 54.6 10.6 1.6 - - -
G4U 31.1 54.6 13.9 0.4 - - -
6SD 32.9 56.9 5.8 1.5 1.6 1.3 -
7SD 34.0 56.0 4.9 1.3 0.8 1.2 1.8

MRDM-5SD 31.3 56.0 10.4 - 1.3 1.0 -

Patch C2

Y4O 24.1 21.9 48.4 5.6 - - -
Y4R 27.2 28.0 39.4 5.4 - - -
G4U 21.8 29.2 48.4 0.6 - - -
6SD 20.8 38.4 17.7 2.1 8.9 12.1 -
7SD 20.8 36.7 19.4 2.0 2.0 19.7 5.4

MRDM-5SD 26.2 47.8 17.1 - 5.2 3.7 -

Patch C3

Y4O 57.6 5.8 31.1 5.5 - - -
Y4R 65.4 12.3 18.6 3.7 - - -
G4U 66.0 9.9 24.0 0.1 - - -
6SD 50.2 23.8 20.5 1.5 2.5 1.5 -
7SD 34.9 9.3 48.0 2.2 1.5 1.7 2.4

MRDM-5SD 52.7 32.0 11.5 - 3.1 0.7 -

Patch C4

Y4O 80.7 7.6 5.9 5.8 - - -
Y4R 80.5 7.8 5.9 5.8 - - -
G4U 80.3 7.9 6.0 5.8 - - -
6SD 71.7 7.3 5.3 5.2 5.3 5.2 -
7SD 86.6 8.2 4.2 0.2 0.3 0.3 0.2

MRDM-5SD 86.5 8.7 3.5 - 0.6 0.7 -

Patch C5

Y4O 21.0 26.8 49.7 2.5 - - -
Y4R 21.2 26.9 49.3 2.6 - - -
G4U 18.3 27.8 53.5 0.4 - - -
6SD 24.8 30.0 36.8 2.6 3.1 2.7 -
7SD 27.5 28.7 32.9 2.4 2.9 2.9 2.7

MRDM-5SD 25.3 22.3 48.2 - 2.2 2.0 -

Patch C2 and C3 are buildings with large orientation angles. The enlarged view is
shown in Figure 16, in which only the decomposition results of 6SD, 7SD and MRDM-5SD
are presented.
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The double-bounce scattering contributions by Y4O, Y4R and G4U are weak, so the
results are not satisfactory. Patch C2 is an L-shaped building area with large orientation
angles. Both 6SD and 7SD can extract strong double-bounce scattering contributions,
making the whole region exhibit red. However, MRDM-5SD can significantly increase the
double-bounce scattering component. The percentage of double-bounce scattering in this
area from MRDM-5SD is 47.8%, which is even higher than those of 6SD and 7SD. Moreover,
the volume scattering component is reduced with use of MRDM-5SD as well. Patch C3 is
another building with large orientation angle. The contribution of double-bounce scattering
from 6SD reaches 23.8% and that of volume scattering reaches 20.5%. However, due to
the large roof of the building, strong surface scattering is also generated, so the whole
area exhibits blue-green. The double-bounce scattering contribution from 7SD is weak.
MRDM-5SD improves the double-bounce scattering percentage to 32.0% and reduces the
percentage of volume scattering to 11.5%, making the area exhibit red.

As can be seen from the above experimental results, MRDM-5SD can achieve better
decomposition results compared with other existing decomposition methods. Especially in
urban areas with large orientation angles, the contribution of double-bounce scattering can
be greatly improved.

4.4. Building Detection for ALOS-2/PALSAR-2 Datasets

The superiority of MRDM-5SD is further confirmed at the application level. Since
MRDM-5SD modifies the double-bounce scattering model, the reliability of the decomposi-
tion method is verified via building detection experiments.

The ALOS-2/PALSAR-2 datasets were used for detection and an area of 2000× 2700 pixels
was selected. The ground objects in this scene include water, vegetation and urban build-
ings. The traditional support vector machine (SVM) was used for building detection and
the scattering contributions extracted using each polarimetric decomposition method are
input. We chose 400 pixels each from water areas, vegetation areas and urban building
areas as training samples. The ground truth is shown in Figure 17a, which is based on the
Y4R decomposition result. Building areas are marked in red. The detection results of Y4R,
G4U, 6SD, 7SD and MRDD-5SD decomposition are shown in Figure 17b–f, respectively.
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Figure 17. Building detection results of ALOS-2/PALSAR-2 dataset. (a) Ground truth image, (b) Y4R,
(c) G4U, (d) 6SD, (e) 7SD, (f) MRDD-5SD.
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It can be seen from the figure that MRDD-5SD has better effects of building detection,
especially in urban areas with large orientation angles. More buildings are detected in
Figure 17f and the miss rate is reduced. In order to compare the detection results in detail,
the precision rate, false alarm rate and miss rate were calculated and are shown in Table 5.

Table 5. Comparison of detection results from different decomposition methods.

Decomposition Methods Precision Rate (%) False Alarm Rate (%) Miss Rate (%)

Y4R 87.50 4.83 6.00
G4U 85.03 6.00 5.35
6SD 85.14 5.96 5.14
7SD 85.54 5.63 7.40

MRDD-5SD 92.33 2.87 3.88

According to the evaluation index, the best detection result is observed when MRDD-
5SD decomposition is used. The precision rate is 92.33%, which is higher than any other
methods. The false alarm rate and miss rate are also reduced compared with detection
experiments using other decomposition methods. It can be concluded that MRDD-5SD
performs better in urban areas. In areas of buildings with large orientation angles, MRDD-
5SD can effectively increase the proportion of double-bounce scattering and thus reduce
the miss rate of buildings in such areas.

5. Conclusions

In this paper, a modified rotational dihedral model (MRDM) is proposed. Based
on electromagnetic analysis and calculation, the scattering of a rotational dihedral was
analyzed using high-frequency approximation methods. In this case, MRDM is proposed
to describe the scattering mechanism of rotational dihedrals accurately. MRDM was further
introduced to a five-component decomposition method (MRDM-5SD). The decomposition
method was validated using spaceborne L-band ALOS-2/PALSAR-2, spaceborne C-band
GF-3, and airborne L-band E-SAR datasets. The experiments show that MRDM-5SD can
effectively improve the double-bounce scattering contribution in urban areas, especially
those with large orientation angles. The percentage of double-bounce scattering in highly
oriented urban area can be greatly improved compared with advanced existing decomposi-
tion methods. The superiority of the proposed method was further verified via building
detection experiments. Therefore, MRDM-5SD based on MRDM can extract effective fea-
tures of urban areas and other regions, which can provide support for the application of
PolSAR data.
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