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SUMMARY  This paper attempts to use the polarimetric correlation co-
efficient for extraction of the polarimetric features of the urban areas and
the natural distributed areas from Polarimetric Synthetic Aperture Radar
(POLSAR) data. There is a possibility that the polarimetric correlation co-
efficient can reveal various scattering mechanisms of terrains based on the
reflection symmetry property. In order to verify the capability of polari-
metric correlation coefficient, we examined the behavior of this coefficient
of the urban areas and the natural distributed areas with respect to the sev-
eral polarimetric scattering models in the linear and circular polarization
bases, and the difference of the polarimetric scattering characteristics be-
tween these two areas was derived. It was confirmed that the polarimetric
correlation coefficient is useful to extract the polarimetric features from the
actual L-band and X-band POLSAR data.

key words: radar polarimetry, polarimetric correlation coefficient, urban
areas, natural distributed areas, reflection symmetry

1. Introduction

It is well known that the polarimetric information is use-
ful for classification and segmentation in many terrains.
Various analyses to Polarimetric Synthetic Aperture Radar
(POLSAR) image have been carried out [1]-[3], [5],[7],
[91,[10],[12]. The main purpose is to extract the polari-
metric features from POLSAR data including both the am-
plitude and the phase. Among the various analyses, Polari-
metric Entropy-Alpha (H-a) method [2] is the most pop-
ular technique to estimate the statistical polarimetric data.
This technique assigns the statistical polarimetric data to
eight zones in the H-a plane. Since the preset zone bound-
aries in the H-a plane often become unsuitable to the ex-
perimental data, there is a possibility that the urban areas
are mixed with the natural distributed areas. The three-
component scattering model [3] based on the reflection sym-
metry ((S yuS 30 = (SavSyy) = 0, (-) and the superscript
* denote ensemble average and complex conjugate, respec-
tively.) provided the excellent decomposition results of for-
est areas. Since the polarimetric scattering characteristics
of the urban areas do not often satisfy the reflection sym-
metry (S zuS 3, # 0, (SavSyy) # 0), this decomposition
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technique cannot be applied to the urban areas. In addi-
tion, the polarimetric backscatter from the urban areas sig-
nificantly changes with the orientation, shape and distribu-
tions of buildings, houses and street patterns. These effects
influence other techniques using single polarimetric SAR
data such as Neural network, Fuzzy, Maximum-likelihood
approach, etc. [4], [S].

In this paper, the polarimetric correlation coefficient
is examined to extract polarimetric features in the natural
distributed areas and the urban areas in order to overcome
above-mentioned problems. For extraction of the polarimet-
ric features, it is expected to deal with statistics of POLSAR
data such as averaged covariance, coherency and Mueller
matrices. Since the elements of these matrices are related
to the polarimetric correlation coefficient, it is important
to analyze this coefficient concerning various specific ar-
eas. It is known that the polarimetric correlation coeffi-
cient is useful for estimating the surface roughness [6] and
that the like-polarized correlation coefficient in the circular
polarization basis indicates a dependence on the roughness
state (by using the POLSAR data that observed the agricul-
tural area). The same coeflicient was shown to serve a dis-
crimination of tree types experimentally [7]. On the other
hand, this paper investigates the behavior of polarimetric
correlation coefficient with respect to several physical po-
larimetric scattering models. This attempt gives us a theo-
retical interpretation of polarimetric correlation coefficient
to the experimental data and can be used to design and de-
velop robust classification algorithm of the POLSAR data.
The physical scattering models for the natural distributed
areas are based on the three-component scattering models
(surface/double-bounce/volume scatterings) [3]. For the ur-
ban areas, two physical scattering models (odd(single and
triple)-bounce/even(double)-bounce scatterings) are consid-
ered based on the high frequency technique [8]-[10]. The
difference of physical scattering model in the natural dis-
tributed areas and the urban areas is related to the reflection
symmetry. Moreover, in order to distinguish between the
natural distributed areas and the urban areas, the variation
of polarimetric correlation coefficient is examined not only
in the linear polarization basis (HV) but also in the circular
polarization basis (RL).

In Sect.2, the relationship between the polarimetric
statistical data and polarimetric correlation coefficient is de-
scribed. In Sect. 3, the polarimetric scattering characteris-
tics of the natural distributed areas and the urban areas are
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briefly summarized. In Sect. 4, the polarimetric correlation
coefficients are analyzed in the linear and circular polariza-
tion bases. Finally, the experimental results are given by
using X-band and L-band of POLSAR data acquired by Pi-
SAR [15]. It is confirmed that the polarimetric correlation
coefficient is useful for feature extraction in the natural dis-
tributed areas and the urban areas.

2. Polarimetric Statistical Data and Polarimetric Cor-
relation Coefficient

If the polarimetric measurement is conducted in the linear
(HYV) basis by the polarimetric synthetic aperture radar, the
set of polarimetric scattering coefficients at each pixel of
SAR image provides the scattering matrix

[S (HV)] =[ g s ] (M)

where the subscripts H and V refer to the horizontal and
the vertical polarizations, respectively. For the reciprocal
backscattering case, S gy is identical with S yy. In order to
interpret scattering property in some specific areas, it is nec-
essary to deal with the second order statistics of scattering
matrix. The covariance matrix [1], [3] is suited to evaluate
the statistical data. The covariance matrix [C;(HV)] for the
ith pixel of POLSAR image is defined as

T
ui=[SHH V2Suv  Swy ] , 2)
(Ci (HV)] = u;”
SuaSyy  V2SuuSyy,  SuuSiy
=| V2SuvSyy  2SmvSyy  V2SwvSyy |
SvwSyy  V2SwSiy  SwiSyy

3

where u and T are a target vector and transpose, respec-
tively. The ensemble average covariance matrix [{(C(HV))]
is obtained by averaging n neighboring pixels.

n

1
KCHV) =~ > [C(HY)] “)

i=1

[(C(HV))] can be normalized by oyy and be written as [12]

[(C (HV))]
g V2neg  y+g
=ovw| V2n \eg 2e V2ge |, )
YN VIVe 1
SuuS:
avy = (SvwSiy), gzw’
(SwSyy)
(SuvSiy)
€= ———,
(SvvSyy)

y=Cor(HH,VV), n=Cor(HH,HV),
and { = Cor (HV,VV) 6)
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where Cor(XY, AB) is a polarimetric correlation coefficient
between XY and AB channels and is defined by [6]

(SxrS35)

\/<SXYS}y> (S45835) |

Therefore, the polarimetric correlation coefficient is con-
nected to each component of the covariance matrix directly,
and plays an important role as representing the polarimetric
features.

Cor(XY,AB) =

)

3. Scattering Characteristics of the Natural Dis-
tributed Areas and the Urban Areas

The various terrains (on the earth surface) are roughly di-
vided into two categories. One is the natural distributed ar-
eas such as forests, moors, vegetable fields and the seas. The
other is the urban areas which consist of man-made targets
such as houses and buildings. The polarimetric scattering
characteristics in these two areas are investigated in some
literatures [3], [8]-[10]. The objective of the literatures is to
build the scattering models for analytical evaluation of elec-
tromagnetic returns (the forward problem) and to retrieve
the electromagnetic properties of targets from the radar sig-
nal (the inverse problem). These trials are very important
to improve the analysis technique of remote sensing. For
example, Durden and Freeman [3] suggested a decomposi-
tion technique based on the covariance matrix and the phys-
ical scattering model (surface/double-bounce/volume scat-
terings). Their approach is very useful for understanding
of polarimetric scattering mechanisms in the natural dis-
tributed areas. Franceschetti, Iodice and Riccio [8] provided
the canonical problems in the electromagnetic backscatter-
ing from the buildings. These results give us the knowledge
of a polarimetric relationship between the radar responses
and the urban structures. According to the literatures [3],
[8],[10], the polarimetric scattering characteristics of the
natural distributed areas and the urban areas are described
as follows.

3.1 Natural Distributed Areas

An approach of Durden and Freeman’s decomposition [3]
serves for understanding of scattering mechanism in the nat-
ural distributed areas. Their decomposition divides the mea-
sured covariance matrix into three scattering mechanisms,
i.e., surface, volume and double-bounce scatterings. These
three mechanisms (as shown in Fig. 1(a)) are the dominant
elements in the backscattering from forest areas and are as-
sumed to satisfy the reflection symmetry as

(SuuSpy) ={SavSyy) =0. (8)

The reflection symmetry is essentially related to a scatter-
ing from a random surface and a random layer media in
space, and is very important characteristic for the natural
distributed areas. The surface scattering component is mod-
eled by the scattering from a first-order Bragg surface. The
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Fig.1  The scattering model for each area.

double-bounce scattering component is formed by the scat-
tering from a dihedral corner reflector which accounts for
a ground-trunk interaction. The scattering matrixes and
the second-order scattering statistics of surface and double-
bounce scattering mechanisms are given by

e Surface scattering:

[S surface (HV)] = [ 'g (1) ] ,Re(8) > 0 (92)
(I8 ) = (18%) (IS W) = 1. (S uSiv) = B,
(ISuvP) =0, (9b)
and

(SunSyy) = (SuvSyy) =0,

e Double-bounce scattering:

[S doubte (HV)] = [ o0 } Re(a) < 0 (10a)
(1S unl’) = (laf’), (ISwl?) = 1,
(SuuSyy) = @, <|SHV|2> =0, (10b)

and
SunSyy) = SuvSyy) =0,

where B8 and « are a ratio of HH backscatter to V'V backscat-
ter (S yy/Svy) of surface and double-bounce mechanisms,
respectively [3]. It is clear that the reflection symmetry is
derived from Eqs. (9b), (10b). In the case of volume scatter-
ing, this mechanism is caused by the canopy which consists
of many dipoles (such as leaves, twigs and branches) ran-
domly oriented in azimuth direction. The scattering matrix
of a dipole is written by [13]

cos’f  sinfcos
. .9
sinfcos @ sin“ 6

S dipote (HV)| = [ .an

where 6 is an orientation angle in a plane orthogonal to radar

line of sight. The distribution of dipole orientation angle can
be determined by a probability density function P(). Based
on the probability density function P(6), the expected value
(F) of any function f(6) can be derived by [3]

2n
(F) = f dof (©) P(6). (12)
0

Therefore, by using Eq. (12), the theoretical second order
scattering statistics of volume scattering are given by
e Volume scattering:

(ISmnl) = (S wP) = 1 (SunSin) = (S ) = 3. (13

and
(SuuSyy) ={SuvSyy) =0,

where we assume that P(6) is uniform. The volume scatter-
ing can be also related to the reflection symmetry.

3.2 Urban Areas

The urban areas are composed of many man-made tar-
gets such as houses and buildings. The radar cross sec-
tion of man-made targets is calculated by coherently com-
bining the reflected waves which are typically caused by
single-, double- and triple-bounce scatterings as illustrated
in Fig. 1(b) [8]-[10]. The scattering waves from the urban
areas can be treated deterministically [11], because the man-
made targets do not vary randomly in space. The single-
bounce scattering is relevant to bare soil (rough ground),
building roofs and vertical walls. The double-bounce scat-
tering is caused by dihedral structures formed by vertical
walls and the ground. The triple-bounce scattering is gen-
erated by trihedral structures formed by wall-ground-wall.
The three scattering mechanisms can be classified into an
odd- and an even-bounce scattering types. The single- and
triple-bounce scattering mechanisms are considered as same
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scattering matrix (odd-bounce scattering type). The double-
bounce scattering corresponds to an even-bounce scattering
type. The scattering matrix and the second order scattering
statistics with respect to each scattering type in urban areas
can be written by

¢ Odd-bounce scattering:

(S s (HV)] = l g ] Re(s) > 0 (14)
<|SHH|2> = <|ﬁ'|2> (Iva|2> =1,
(SunSyv) =B, (ISuvP) =0, (14b)

and

(SuuSiy) ={SuvSyy) =0,

o Even-bounce scattering:

[S cuen (HV)] = [ e ]

P

Re(a’) <0 { Z;ggzzgz (15a)
(Sanf) = (jo' ). (1sw) =1,

SunSiw)y=a, (ISuvl’) = o, (15b)

and
SuaSyy) =ap", (SuvSyy) =p,

where @’ and B’ are a ratio of HH backscatter to VV
backscatter of each type, and p is a ratio of HV backscat-
ter to VV backscatter of even-bounce scattering type. In
the case of odd-bounce scattering type, this mechanism typ-
ically represents the specular reflection and does not provide
the cross-polarized response. The trihedral corner reflector
which is dominant source in this type has polarimetric char-
acteristic which suppresses the cross-polarized response in
wide angle area [14], and can be used for a calibration in
like-polarized channel between HH and VV. On the other
hand, we assume that the generation of a cross-polarized re-
sponse is restricted to the even-bounce scattering type and
depends on angle ¢ (¢ is a street orientation angle as shown
in Fig. 2), because the cross-polarized response appears ex-
cept for the area where a road direction is parallel to the
azimuth direction in the urban areas [8], [9]. Since the scat-
tering waves from the urban areas occur deterministically,
the polarimetric scattering quantity does not need a statis-
tical processing for target orientation. Therefore, there is a
possibility that the urban areas do not show the reflection
symmetry

SunSyy)=p #0,(SuvSyy) =p #0, (16)

and the polarimetric scattering characteristics of urban areas
is very different from that of the natural distributed areas.
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Fig.2  The definition of orientation angle of street pattern.

4. Polarimetric Correlation Coefficient

By using the above-mentioned polarimetric scattering char-
acteristics of the natural distributed areas and the urban ar-
eas, we examine the behavior of polarimetric correlation co-
efficient in the linear and circular polarization bases. The
scattering matrix in the circular polarization basis (RL) can
be transformed from that in the linear polarization basis
(HV) by following equations as

Srr = Saw—Svv — j2Suv) /2
Sie=Svw—Sun—j25uv)/2 (17)
Sre =Sk =~jSan+Svv)/2

where the subscripts R and L are the right and the left circu-
lar polarizations, respectively.

4.1 Linear Polarization Basis

The key point to extract the polarimetric characteristics from
the natural distributed areas and the urban areas is the fol-
lowing properties as

SuuSyy) =SuavSyy) =0
for natural distributed areas
(SuuS jy) # 0, (SuvSyy) # 0 for urban areas.

Since various terrains in the natural distributed areas indi-
cate a property of the reflection symmetry, the polarimet-
ric correlation coefficient between like- and cross-polarized
channels is close to zero. On the other hand, in the ur-
ban areas, one of the dominant scattering mechanisms is
even-bounce scattering type whose matrix is expressed in
Eq. (15). So, the even-bounce scattering type does not show
the reflection symmetry. Therefore, it is expected that the
magnitude of polarimetric correlation coefficient between
the like- and cross-polarized channels in the urban areas is
higher than that in the natural distributed areas. However,
when a road direction is parallel to the azimuth direction, the
difference between two areas does not appear significantly
due to the dependence of the cross-polarized response with
respect to a street orientation angle.
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4.2 Circular Polarization Basis

In circular polarization basis, there are two polarimetric cor-
relation coefficients being considered for feature extraction.
One is the coefficient between the like-polarized channels
(RR and LL). The other is the coefficient between like-
and cross-channels (RR and RL or RL and LL). We choose
the former coefficient, because the like-polarized channels
exhibit the clear difference of scattering characteristics be-
tween the natural distributed areas and the urban areas.

In the natural distributed areas except for sea areas, a
volume scattering becomes a dominant mechanism in higher
microwave frequencies above C-band. In order to evaluate
the theoretical polarimetric correlation coefficient between
RR and LL of volume scattering, it is necessary to calculate
the quantity (SggS7,) from Egs.(11), (12) and (17). The
scattering matrix of a dipole in circular polarization basis is

[Sdipnle (RL)] = %

cos? @ — sin? 6 — j2sinfcos 6 —j
—j sin® 6 — cos? @ — j2sinfcos @]’
(18)

The second order scattering statistic between RR and LL
channels in volume scattering becomes
e Volume scattering:

(SrrS7p) =0, (19)

where it is assumed that an orientation distribution of dipole
is uniform. This effect expresses the polarimetric correlation
coefficient between RR and LL is close to zero in the natural
distributed areas. On the other hand, the odd- and even-
bounce scattering types become the main scattering contri-
butions in urban areas. A cross-correlation ({(SzrS7,)) of
these two mechanisms can be transformed as follows:

e Odd-bounce scattering:

(SrrS7) = —(SrrSgr) = —(SrLLS1L)
=~ (|pf-p-p 1) 20)
¢ Even-bounce scattering:

(SrrS1) = (@ = 1-j2p)(=a”™ + 1 + j2p") /4,
(SrrS ey = (@ =1 = 2p) (@™ =1 + j2p") /4, (21)

and

Table 1  The behavior of polarimetric correlation coefficient.
Urban areas
Natural distributed areas
p#0 $=0
|Cor(HH,HV),, Low High Low
Cor(HV,V'V)| Reflection symmetry Non reflection symmetry
Low High
|Cor(RR.LL)}
Volume scattering Odd/even-bounce scatterings
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($1183)y=(=a" +1= 2p)(=a™ + 1 + j2p") /4.

We assume that the cross-polarized component p of the
even-bounce scattering type is equal to zero, because the
cross-polarized response is very small from the like polar-
ized responses. Thus, (SgrS7},) of even-bounce scattering
type can be simplified as

(SrrS7r) ~ —(SrrRSke) = —{S1LS1L)
- (|a'|2 o -+ 1) /4, (22)

These results mean the magnitude of polarimetric correla-
tion coefficient between RR and LL in the urban areas is
close to one as follows,

(SrrS7,)

\/<SRRS;}R> <S 1S *LL>

~ (SweSis) =1 @3

V(S rrSi.) (SaS1.)

Then, it is predicted that the magnitude of polarimetric cor-
relation coefficient between RR and LL in the urban areas is
higher than that in the natural distributed areas. However,
the coefficient in the urban areas decreases with increasing
the street orientation angle ¢.

Therefore, it is possible that the above-mentioned in-
diCCS, ie. COF(SHH, SHV), Cor(SHV, SV\/) and C()r(SRR,
S 1), distinguish between the urban areas and the natural
distributed areas. Some useful results of polarimetric corre-
lation coeflicient are summarized in Table 1.

Cor(RR,LL) =

5. Experimental Results

In August 2003, an area around Kobari in Niigata, Japan
was observed by NICT/JAXA’s airborne polarimetric SAR
system, known as Pi-SAR [15]. This data was chosen
for examination of the polarimetric correlation coefficients
(COI‘(SHH, SHv), COF(SH\/, va) and Cor(SRR, SLL))- The
aerial photograph of the Kobari area is shown in Fig. 3. Fig-
ure 4 shows the observation results for X-band (3.14 cm)
and L-band (23.6cm). This image is assigned to the R GB
colors with respect to each polarization state (HH: red, HV:
green, VV: blue). The image size is 5 km by 5 km. The res-
olution (azimuth and slant range directions) is 1.5 m for the
X-band and 3 m for the L-band. In the Kobari area, there
are five categories, i.e., the sea areas, the pine woods ar-
eas, the vegetable field areas, rice paddy fields areas and
urban areas. These five categories are used for evaluation of
the polarimetric correlation coefficients. The each evaluated
area of X-band is composed of 100 by 100 pixels blocked
in Fig. 4(b) except for vegetable field area (40 by 40 pixels).
The area of L-band is half size of X-band due to the dif-
ference of pixel size (1.25 m for X-band, 2.5 m for L-band).
In advance data analysis, the filter to average the covariance
matrix is applied to each band data in 15 by 15 window for
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X-band and 11 by 11 window for L-band.

The images of the three coeflicients are shown in Fig. 5.
The magnitude of averaged coeflicient in each evaluated ar-
eas is listed in Tables 2(a), (b). The urban areas appear simi-
larly at X-band and L-band and show high correlation. How-
ever, the area indexed by urban 2 in Fig. 4(b) where a road
direction is parallel to the azimuth direction shows low cor-
relation in the linear polarization basis. We considered that
the scattering mechanisms of the urban areas are the odd-
and the even-bounce scattering types and do not satisty the
reflection symmetry except for the area as urban 2. These
results support our consideration.

The natural distributed areas show low correlation in
the linear and the circular polarization bases due to a prop-
erty of the reflection symmetry and the volume scattering.

Fig.3  The acrial photograph of the Kobari area in Niigata city.

flight

illumination

»

Cor(HV.VV) Cor(HV.VV)

Coefficient Coefficient

0 I

Cor(RR,LL)
(a) L-band (b) X-band

Fig.5  The images ot three polarimetric correlation coeficients.
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Table2 The magnitude of averaged coefficient in five evaluated areas.
(a) L-band

L-band Urban areas Rice paddy areas | Pine woods areas Sea areas Vegetable

1 2 1 2 1 2 1 2 field area
|Cor(HH,HV)| | 0.54 0.22 0.42 0.37 0.17 0.17 0.64 0.50 0.27
|Cor(HV, VV)| 0.40 0.22 0.20 0.32 0.22 0.17 0.64 0.52 0.24
|Cor(RR,LL)| 0.67 0.90 0.67 0.94 0.16 0.16 0.66 0.62 0.31

(b) X-band

X-band Urban areas Rice paddy areas | Pine woods areas Sea areas Vegetable

1 2 1 2 1 2 1 2 field arca
|Cor(HH,HV)| 0.58 0.19 0.12 0.12 0.15 0.14 0.18 0.24 0.13
|Cor(HV, V)| 0.33 0.19 0.11 0.12 0.13 0.13 0.13 0.14 0.12
|Cor(RR,LL|) 0.63 0.83 0.22 0.27 0.12 0.22 0.86 0.87 0.15

However, Cor(S gg, S 1) in the sea area is higher than that in
the land distributed areas, because the dominant scattering
mechanism of the sea area is the surface scattering, and is
different from the volume scattering. In addition, the differ-
ence between X-band and L-band appears in the sea area in
the linear polarization basis and the neighborhood of the rice
1 area in the circular polarization basis. In the sea area, the
scattering mechanism becomes deterministic due to a long
wave length of L-band. In rice paddy field area, the double-
bounce scattering between a stem of rice and the ground be-
comes the main scattering mechanism due to a deep penetra-
tion capability of L-band, and is interpreted as the cardinal
effect of the urban areas.

Therefore, polarimetric features of X-band give us use-
ful information for a detection of the urban areas in the nat-
ural distributed areas. However, there are two weaknesses to
use X-band data. First, in the linear polarization basis, the
polarimetric correlation coefficient between like- and cross-
polarized channels cannot be used, when a direction of street
pattern is parallel to the azimuth direction. Second is that an
increase of angle ¢ of street pattern toward the radar de-
crease the polarimetric correlation coefficient between RR
and LL. However, it is expected that a combination of the
coefficients of the linear and the circular polarization bases
compensate for weakness of each coefficient. Moreover, the
L-band data showed the complicated scattering mechanisms
in comparison with X-band case, and provided a possibil-
ity of detailed classification for the natural areas using the
polarimetric correlation coefficient.

6. Conclusion

In this paper, we examined the polarimetric correlation co-
efficients between the linear and the circular polarization
bases for feature extraction from multi-frequency POLSAR
data. Based on the several polarimetric scattering models,
it was found that the coefficient between like- and cross-
polarized channels in the linear polarization basis and the
coefficient between like-polarized channels in the circular
polarization basis become useful index for the discrimina-

tion between the urban areas and the natural distributed ar-
eas. The experimental results of the X-band showed the use-
fulness of these coefficients to actual POLSAR data. More-
over, it is possible that the polarimetric correlation coeffi-
cient of the L-band improves the detail classification of the
natural areas.
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