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SUMMARY  Microwave imaging techniques, particularly for synthetic
aperture radar (SAR), produce high-resolution terrain surface images re-
gardless of the weather conditions. Focusing on a feature of complex SAR
images, coherent change detection (CCD) approaches have been developed
in recent decades that can detect invisible changes in the same regions by
applying phase interferometry to pairs of complex SAR images. On the
other hand, various techniques of polarimetric SAR (PolSAR) image anal-
ysis have been developed, since fully polarimetric data often include valu-
able information that cannot be obtained from single polarimetric obser-
vations. According to this background, various coherent change detection
methods based on fully polarimetric data have been proposed. However,
the detection accuracies of these methods often degrade in low signal-to-
noise ratio (SNR) situations due to the lower signal levels of cross-polarized
components compared with those of co-polarized ones. To overcome the
problem mentioned above, this paper proposes a novel CCD method by in-
troducing the Pauli decomposition and the weighting of component with
their respective SNR. The experimental data obtained in anechoic chamber
show that the proposed method significantly enhances the performance of
the receiver operation characteristic (ROC) compared with that obtained by
a conventional approach.

key words: synthetic aperture radar (SAR), fully polarimetric analysis,
coherent change detection (CCD), pauli decomposition

1. Introduction

Synthetic aperture radar (SAR) is one of the most useful
tools for microwave remote sensing system as it can esti-
mate the structure of terrain surface regardless lighting or
weather conditions [1], [2]. As a notable feature of SAR
image, we can obtain a complex-valued image, the phase in-
formation of which can include information on the height or
structural features of targets. In focusing on this feature of
SAR images, coherent change detection (CCD) techniques
have been widely developed to detect slight surface changes
using a phase rotation of the SAR image [3], [4]. The con-
cept of CCD is simply based on a local spatial correlation
between sequential complex SAR images obtained through
observation of the same region at different times. There
are various extensions of the original CCD method, such as
more accurate change detection using the phase of the co-
herence function [5], or the height change estimation based
on phase interferometry of the coherence function [6].

On the other hand, a polarimetric SAR(PoISAR) sys-
tem has been actively investigated [7], [8], that utilizes a full
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combination of vertical and horizontal polarizations. Actu-
ally, there are various PolSAR techniques focusing on iden-
tification on terrain surface, such as the vegetation, forest or
urban areas by decomposing the scattering matrix obtained
by the fully polarimetric data. In recent years, the methods
have attracted great attention since the PolSAR technique is
useful for monitoring of natural disaster damage from such
dangers as earthquakes, landslides or tsunami, by exploiting
the high sensitivity of polarimetric data to changes of terrain
surface [7]. For example, the literature [9] optimizes the
coherence functions among full PolISAR images with a sin-
gle observation to extract the target structures. Furthermore,
the interferometry approaches using PolSAR images known
an PolInSAR has been developed such as in [10], where
the phase difference among PolSAR images is well elimi-
nated by optimizing the coefficients for coherence functions
of each PolSAR images.

Several CCD methods extended to fully polarimetric
data have been developed, such as using a maximum likeli-
hood estimation [11], or the log likelihood change statistic
(LLCS) [12], where a probability density function of sur-
face change is used as a priori information. As another ap-
proach of fully polarimetric oriented CCD without a pri-
ori information, canonical correlation based analysis has
been proposed [13]. However, the detection accuracy of this
method significantly degrades in cases where the SNR level
for each PolSAR image is considerably different, because
this method assesses each PolSAR image without discrim-
inating the SNR level in calculating canonical correlation
coeflicients.

To obtain more accurate CCD performance using fully
polarimetric data, this paper proposes a novel CCD in-
dex based on the Pauli decomposition of fully polarimetric
SAR images and synthesizing the coherence function with
SNR based weighting. The significant weighting of opti-
mal component of the Pauli scattering vector that represent
the changes improves the performance of the change de-
tection. The experimental results, obtained in an anechoic
chamber assuming a 1/100 scaled-down model of X-band
radar, show that the proposed index significantly exceeds
the ROC (Receiver Operating Characteristics) performance
compared with that obtained with other single or fully po-
larimetric data synthesis methods.

This paper is organized as follows. In Sect. 2, the sys-
tem model is introduced. Section 3 presents the conven-
tional CCD method employing a fully polarimetric SAR im-
age. Section 4 describes the principles and methods of the
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proposed method exploiting the fully polarimetric SAR im-
age based on a Pauli decomposition. Finally, the experimen-
tal results described in Section 5 demonstrate that the pro-
posed method enhances ROC performance, compared with
the conventional method, even in noisy situations.

2. System Model

Figure 1 shows the observation geometry. The target is as-
sumed to have a rough surface around the z = 0 plane, and
the propagation speed of the microwaves is a known con-
stant. Monostatic radar is used to correct a set of scans
along the line z = zp, y = 0 with transmitting and receiv-
ing antenna, located at (x, 0, zo). The oftf-nadir angle is de-
noted by 6. Each antenna receives the complex-valued re-
flection signal S (x; f) at each frequency f, where the signal
is swept through a finite frequency range. The target surface
can be changed between the first and second observations.
The two linear polarizations are assumed to be vertical (de-
noted by V) and horizontal (denoted by H) with respect to
the transmitting and receiving antennas. Then, fully polari-
metric data characterized by VV,VH, HV, and HH are ob-
tained (where HV denotes the vertical polarization in trans-
mitted wave and horizontal polarization in received wave).
The polarimetric SAR complex image, focused on the z = 0
plane at the p th observation, is defined as st (x,y), where
a and b denote H or V, and p denotes 1 or 2. s;’,” (x,y) is
obtained as a discretized SAR image. A scattering vector
X, is defined as

T
X, oy =[ sy, sV @y, sV e | D)
(p=12).

The normal coherence function y (x, y) between the complex

SAR images s‘l’b (x,y) and sgb (x,y) is defined as [3]

y(y) =
([ st -xy-p s @ - x -pravay
Qxy)

’ ’ 2 J / ’ ’ 2 ; /’
Jff |stllb(x—x,y —y)|dxdnyf |sgb(x—x,y —y)|dxdy
Q(x.y) Q(x.y)

2)

Target surface
(x, 3 2)
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Fig.1  Observation geometry.
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where * denotes a complex conjugate and Q(x, y) denotes
the size of the correlation. Obviously, 0 < |y (x,y)| < 1
holds. The region (x, y) is regarded as the “changed” region,
if [y (x,y)| < vyo is satisfied, where vy is the threshold for
the change detection. Otherwise, the regions are classified
as being in the “unchanged” region.

3. Conventional Method

There are several CCD methods that can be extended to fully
polarimetric data for more accurate change detection. As
one of the most efficient methods, this section briefly intro-
duces the method [13] that is based on a canonical correla-
tion among the fully polarimetric SAR images. The canon-
ical correlation is mostly used for analyzing correlative re-
lationships among more than three variables. According to
this, the literature [13] introduces the change detection index
Yeonv @S the maximum eigenvalue of the canonical correla-
tion matrix, as S;,S,,85,S;5. Here, Si;, S» and S;, are
defined as

Sw =X (x, ) X, (e, )T, 3)

where u,v = 1, 2 denotes the number of observations. Each
eigenvalue of the canonical correlation matrix S| S,,S5)S}7
provides a correlation coefficient between the two observa-
tions.

Although the effectiveness of this method has been ver-
ified in literature [13], it is predicted that this method suffers
from accuracy degradation in regard to change detection,
when the SNR level of each PolSAR image is considerably
different. This is because each PolSAR image is equiva-
lently assessed by calculating a canonical correlation.

4. Proposed Method

As a solution for the problem described in the previous sec-
tion, this paper introduces a novel CCD index using Pauli
decomposition and the synthesis of each PolSAR image
weighted by its SNR level. Pauli decomposition has been
proven effective for identifying the structure of a terrain sur-
face, such as artificial buildings, cultivated field or forest
areas [14]. The scattering matrix obtained from a fully po-
larimetric observation can be decomposed by the following
Pauli matrices

[sg’”(x,y) sy (x,y)
}, “)

— O

= ki ()|
sl‘fH(x,y) sgv(x,y) = ALY

—

1 0 0
+kpo (x,y)[ o -1 |t kp3 (x,y)[ 1

(=)

where k,; (x,y) (i = 1,2,3) denotes a complex-valued co-
efficient. The Pauli scattering vector k, (x,y) is calculated
as
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kp1 (x,y) ng (x,y) + sZV (x,y)
1
ky (x,y)= V2| kpo (x.y) |= 5 SHH (x,y) = s¥Y (x, )
kp3 (x,y) 2slI;1V (x,y)

®)

In Eq. (5), the first, second and third rows of the Pauli vec-
tor k, (x,y) are regarded as the surface, double and volume
scattering components, respectively. To consider the SNR
imbalance of each Pauli components, a weighted Pauli scat-
tering vector f, (x, y) is defined as

(p=12), (6)

where w, (x, y) denotes the weighting matrix as

fp(x, Y =w,(x,y k,(x,y)

diag (SNR,, 1 (x, ), SNR,5(x, ), SNR,3(x. )

wy(x,y) =

s

3
Z SNR, i(x,y)

i=1
@)

where the subscript i denotes the row number of k,. Using
S, (x,y), the proposed method introduces a novel index as

7pro(x, !/) =
[ s 0™ ot - -y

Q(xy) .
Jff ||f1<x'—x,y'—y>||2dx’dy’J [ Iptw - -olfares
Qxy) Q(xy)
(8

)

Here, SNR, ;(x, y) is the local SNR around the correlation
area Q(x, y) for each Pauli component, and is defined as

SNR,/(x,y) = Elikp, ] )
P Elln,[)’

where E[|k,;[*] denotes the space average of |k,;|* in the
correlation area Q(x, y) introduced in Eq. (2). In addition,
n,; denotes i th Pauli component at the image area focused
by the received signals not including a reflection echo from
a target (e.g. a propagation signal in co-axial cable). The
proposed index considers the SNR balance in calculating the
coherence function.

The actual procedure of the proposed method is sum-
marized as follows.

Step 1)
Pauli scattering vectors k; (x,y) and k; (x,y) are ob-
tained by decomposing the fully polarimetric SAR
data.

Step 2)
w; (x,y) and w; (x, y) are calculated using Eq. (7) with
the Pauli scattering vector and each SNR.

Step 3)
Ypro(%, ) is calculated using Eq. (8).

Step 4)
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Fig.2  Flowchart of the proposed method.

If ¥pro (x,y) < 0, then the region (x,y) is regarded
as the “changed” region, where 7 is the threshold for
change detection. Otherwise, the region is classified as
the “unchanged” region.

Figure 2 shows the flowchart of the proposed method.
5. Performance Evaluation with Experimental Data

This section presents a performance evaluation for the ex-
periment. Here, we assume a 1/100 scale model for the
observation geometry and spatial resolution, except at the
center frequency, where the X-band radar system is as-
sumed. Figure 3 shows the experimental geometry. The ra-
dio wave absorbers are embedded under a planar expanded
polystyrene floor. To simulate the terrain surface, two clay
targets shown in Fig. 4 are used. The width, depth and thick-
ness of each clay target are 4.0 x 10> mm, 5.0 x 10> mm and
1.0 x 10> mm, respectively. To model the surface changes
between twice observations, the tracks of a small tire are
added to the right half of the target surface (x > 0), where
the tracks are etched into the surface to a depth of 2 mm.
Since these surface changes are quite small, the left and right
photos in Fig. 4 offers apparently same view. The antenna
scans at —8.0 X 10°mm < x < 8.0 x 10’ mm, y = O mm,
70 = 1.0 X 10> mm. The minimum and maximum frequen-
cies are fmin = 26 GHz and fin.x = 40 GHz. A vector net-
work analyzer sweeps this frequency range with a 0.01 GHz
interval. The off-nadir angle is 50.0 degree. The theoretical
range and azimuth resolutions are 10.7 mm and 12.5 mm,
respectively. Here, each correlation size Q(x, i) of the con-
ventional coherence index based on canonical correlation
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antenna

Fig.3  Experimental geometry.

Changed area

Fig.4  Clay target (left: 1st observation, right:2nd observation).

defined by Eq. (2) and the proposed coherence defined by
Eq. (8) is set to be three times larger than the spatial resolu-
tion of the SAR image. HH, HV and V'V polarization data
are acquired for each observation.

The left and right hand sides of Fig.5 show the first
and second observed SAR images in each polarization or
Pauli decomposition image, respectively. The average SNRs
defined in Eq. (9) for HH, HV and V'V polarized SAR im-
ages are 24dB, 7dB and 23 dB, respectively. (a), (b) and
(c) of Fig. 5 indicate that the intensity of s (x, y) is signifi-
cantly less than that of s7 (x,y) and sV (x, y). In addition,
it is confirmed from (d), (e) and (f) of Figure 5 that only
the 1st component of the Pauli decomposition, mainly con-
tributing surface scattering, is emphasized. This indicates
that the antenna mainly receives the scattering echo from
the target surface. Figure 6 illustrates the distribution of the
norm of coherence functions of the canonical correlation
based conventional method |yc0nv (x, y)l and the proposed
method |ypm (x,y) |, respectively. While the norm of the co-
herent function of both methods falls below 1, the proposed
method emphasizes the changed region by lowering the co-
herent function compared with that obtained by the conven-
tional method.

To evaluate the accuracy of the change detection quan-
titatively, the receiver operating characteristic (ROC) is eval-
uated for each detection index. Here, the ROC denotes the
relationship between the change detection probability and
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Fig.5 Intensity of SAR images (left: 1st observation right: 2nd observa-
tion).

the false alarm rate, which is calculated by changing the de-
tection threshold. The detection probability is denoted by
Pp, that the coherence value at changed area is below the
threshold yy. The false-alarm rate is denoted by Pga, that
the coherence value at unchanged area is below the thresh-
old yy. Figure 7 shows the ROC for each synthesizing ap-
proach. |yHH|, |7HV| and |yvv| denote the norm of the co-
herence functions calculated with single HH, HV and VV
polarized SAR images, respectively. |'ys|, |yD| and |yv| cor-
respond to the norms of coherence functions calculated with
each component of the Pauli vector as k1, k> and k3, re-
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Fig.7 ROC for each detection index.

spectively. Here, the ROC of single HV denoted as |yHV| is
exactly same as that of |7V|, because both components in-

cluding only the HV component. |yconvl and |ypm| denote the
canonical correlation based on the conventional method and
the proposed method as in Eq. (8), respectively. This figure
indicates that the proposed method, when compared with
conventional method, enhances the ROC evaluation. This
result is mainly because the proposed method emphasizes
the scattering characteristics of the target by introducing the
Pauli scattering vector, and reduces the effect of components
that are sensitive to noise by weighting based on the SNR
level. Furthermore, since the conventional method in [13]
equivalently assesses the HH, VV and HV in calculating the
canonical correlation, the ROC of the conventional method
degrades compared with that obtained by HH, VV or the
proposed method which include higher SNR components.
However, some part of the ROC of the proposed method is
inferior to that of |75|, namely, only using surface scattering.
This is because the proposed index is slightly dependent on
the double and volume scattering components, even though
the surface scattering strongly dominates in this target case.

Next, to investigate the validity of introducing the Pauli
scattering vectors and weighting based on SNR, we inves-
tigate the ROC as shown in Fig. 8. In this figure, the red
dashed line corresponds to the coherence function index us-
ing the Pauli decomposed components in Eq.(8) without
the SNR weighting. The black solid line denotes the in-
dex where the scattering vector X, is used instead of k), in
Eq. (8). Here, X, is defined as

X, Gy = [ s (), VIS (o), sYY oy |
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Note that, the norm of Eq. (10) is equal to that of Eq. (5).
The black dashed line denotes the ROC when using X, in-
stead of k,, but not using the SNR weighting. Figure 8 shows
that the SNR weighting brings us more beneficial effect in
ROC evaluation for both vectors X;] and k,. Furthermore,
the proposed index is more effective than using X/, with a
SNR weighting. This is because the proposed index based
on Pauli decomposition considerably reduces the effect of
unnecessary component for change detection. Actually, in
this case, the first Pauli component, namely, surface scatter-
ing component is dominant. Thus, for the change detection,
other components, such as double scattering or volume scat-
tering are not needed for consideration. The proposed index
can emphasize the SAR images generated by most dominant
scattering component, and achieves more higher change de-
tection performance compared with the simple synthesizing
index as in Eq. (10), each component of which is not decom-
posed to actual scattering component.

6. Conclusions

This paper introduces a new change detection method for
extracting fully polarimetric information to the maximum
extent. As an essential solution for the conventional index-
based canonical correlation, the proposed method employs
Pauli decomposition and weighting based on the SNR for
each SAR image. Experimental data gathered in an ane-
choic chamber have verified that the proposed method sig-
nificantly enhances the ROC (receiver operating character-
istic) compared to the conventional index or other possible
combination indexes.
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