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ABSTRACT: 
 
Polarimetric calibration is one of the preprocessing steps in the quantitative processing of Polarimetric synthetic aperture radar 
(PolSAR) data, and its accuracy will affect subsequent applications. At present, the polarimetric calibration method based on 
distributed targets is widely used, and this kind of method needs to extract distributed targets that satisfy certain scattering 
characteristics as the calibration reference ground object samples before calibrating. Therefore, the extraction accuracy of distributed 
targets has a great influence on the accuracy of polarimetric calibration methods based on such targets. Therefore, this paper 
proposes a new distribution target extraction method, which is based on the idea of KS hypothesis testing, and uses the homogeneity 
of the pixels in the window to determine whether it is a distribution target. To verify the effectiveness of the method, the X-band 
airborne PolSAR images are used as the data of the polarimetric calibration experiment. Experiments show that, compared with other 
extraction methods, our method can not only ensure the extraction accuracy of distributed targets, but also further improve the 
accuracy of polarimetric calibration. 
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1. INTRODUCTION 

Polarimetric synthetic aperture radar (PolSAR) records the 
backscattering characteristics of ground objects by transmitting 
and receiving electromagnetic waves of different polarization 
states. PolSAR uses the acquired multi-channel amplitude and 
phase information to extract target parameters, which greatly 
enhances the ability of earth observation (Lee and Pottier, 2009). 
Based on this, the application range and scenarios of PolSAR 
have expanded rapidly, and it has been widely used in many 
fields such as disaster monitoring (Niu et al., 2021; Park and 
Lee, 2019), land object classification (Imani, 2021), and 
vegetation biomass inversion (Mandal et al., 2019; Sajjad et al., 
2019). 
 
In 1950, Sinclair(Sinclair, 1950) proposed the use of a second-
order complex matrix to describe the polarization scattering 
characteristics of the target intuitively and comprehensively. 
However, due to the errors caused by the transceiver antenna, 
the propagation environment and noise, measurements via the 
Sinclair matrix were distorted to a certain extent. Polarimetric 
calibration is an indispensable preprocessing step in the 
quantitative processing of PolSAR data, and its calibration 
accuracy will directly affect the effects of many subsequent 
applications (Zebker et al., 1987). For example, it leads to the 
deviation of disaster monitoring results, which affects the 
judgment of disaster severity, etc. Polarimetric calibration 
restores the distorted measurement Sinclair matrix as much as 
possible by solving the error model and parameters, thereby 
obtaining the real scattering matrix information of the target, 
and ensuring the accuracy and repeatability of PolSAR 
measurement data in application (Freeman, 1992; Jäger et al., 
2019). Usually, the polarimetric calibration can be further 
divided into two types: point target calibration method (Touzi et 
al., 2013; Whitt et al., 1991) and distributed target calibration 

method (Ainsworth et al., 2006; Klein, 1992; Quegan, 1994; 
Van Zyl, 1990) according to the type of calibration body.   
 
Point target calibration methods, such as the Whitt method 
(Whitt et al., 1991), rely entirely on corner reflectors (CRs), 
using artificially deployed active and passive CRs as the basis 
for calibration. The point target calibration method is accurate 
and objective, but its accuracy is limited by the distance 
between the point targets, so in practical applications, it should 
be selected under the premise of judging its applicability. 
Distributed target calibration methods, such as the Quegan 
method (Quegan, 1994), use some natural distributed features 
with known scattering characteristics to provide calibration 
references for crosstalk and cross-pol channel imbalance 
calibration, and then use other known CRs to correct the 
imbalance of the co-pol channel. These algorithms usually 
provide stable antenna reciprocity, target scattering reciprocity 
and other polarization feature constraints for polarimetric 
calibration based on some typical distributed natural features 
such as forests, deserts, bare soil, and farmland. Therefore, to 
obtain a better polarimetric calibration effect, it is necessary to 
accurately extract the ground objects that meet the conditions 
from the image as the polarimetric calibration reference samples 
before calibrating.  
 
The current reference ground feature extraction methods widely 
used in polarimetric calibration usually only use polarization 
features such as total scattering power Span or polarization 
correlation coefficient (PCC) for extraction (Ainsworth et al., 
2006; Kimura et al., 2004), and the results are less accurate. In 
addition, most of them only use empirical thresholds for 
extraction, resulting in a limited scope of application of the 
algorithm. Therefore, if based on the inaccurate extraction 
results, it is inappropriate to use the calibration method 
proposed for the scattering characteristics of the distributed 
target, which will further lead to the unreliability of the 
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calibration results. Therefore, ensuring the extraction accuracy 
of distributed targets and obtaining high-quality reference 
objects is one of the urgent problems to be solved in the current 
distributed target polarimetric calibration method.  
 
It is worth noting that the extraction of distributed targets is also 
widely used in synthetic aperture radar interferometry (InSAR). 
The extraction process is based mainly on the characteristics of 
the distributed targets whereby most of the targets belong to 
surface objects, and the selected homogeneous points are used 
to determine the distributed targets. Based on the assumption 
that the neighboring pixels close to the reference pixel are more 
likely to be homogeneous pixels (Wang et al., 2016), 
researchers have carried out a series of related studies (Chi et al., 
2021). In 2011, Ferretti et al. (2011) applied the Kolmogorov-
Smirnov (KS) test to the extraction of homogeneous points. 
 
To solve the problem of low extraction accuracy of distributed 
objects in images obtained from the polarization feature level by 
Span et al., this paper proposes a distributed object extraction 
method combined with hypothesis testing based on the 
advantages of spatial statistical information. The method utilizes 
the homogeneous point set obtained by the hypothesis testing 
method, and adopts the adaptive threshold algorithm to 
automatically extract the distributed reference samples. In 
addition, based on the distribution target extraction results, we 
use the Quegan method to solve the calibration parameters, and 
finally achieve the calibration of the image. In this paper, the 
airborne X-band PolSAR is used as the experimental data, and 
the method in this paper is compared with the traditional 
extraction methods from the perspectives of qualitative and 
quantitative. At present, polarimetric calibration is an important 
prerequisite for polarization information processing, and its 
innovation and research have important theoretical significance 
and practical value. 
 

2. MODEL FOR CALIBRATION ERROR 

The PolSAR antenna emits electromagnetic waves, irradiates 
the ground imaging target after being transmitted by the 
atmosphere, and returns the electromagnetic waves which 
contain the scattering characteristics of the target to the 
receiving antenna after undergoing reflection from the target. In 
this process, due to the influence of channel crosstalk, channel 
imbalance, and Faraday rotation, the actual measurement and 
the real scattering matrices of the target do not conform to an 
equal relationship. Therefore, it is necessary to establish an 
error model to characterize the relationship between them. The 
general formula is as follows (Freeman, 1992; Touzi and 
Shimada, 2009): 
 
   jM Ae RFSFT Nϕ= +     (1) 
 
where M is the observed polarization scattering matrix and S is 
the real polarization scattering matrix in the ideal state. A is the 
gain factor for the absolute amplitude of the radar system, and φ 
is the overall phase offset of the system. R and T are parameters 
of the polarization distortion matrix corresponding to reception 
and transmission, respectively. F is the Faraday rotation effect 
caused by the electromagnetic waves passing through the 
ionosphere, and the transmitting and receiving process will both 
be affected, therefore, the F rotation matrix needs to be acted on 
twice; F only affects the polarization determination of 
spaceborne SAR, especially for L, P, and other long wave SAR 
data. The airborne SAR data used in the experimental part of 

this paper are not affected by the Faraday rotation effect, 
therefore, the Faraday rotation effect in the following formula is 
ignored. N is the additive noise matrix of the system. 
 
For distributed targets only, the Sinclair matrix cannot be used 
to give an accurate description. Thus, in the polarimetric 
calibration method of distributed targets, the polarization 
covariance matrix C is normally used to describe the distributed 
targets. Ignoring the noise factor, the covariance matrix C can 
be obtained by  

 

            
H

C M M=
 

      (2) 

 
where < > represents the spatial average of the matrix, H 
represents the conjugate transpose. Most of the classical 
distributed target calibration methods are based on the target’s 
polarization covariance matrix to solve the crosstalk and 
channel imbalance parameters in turn, and finally complete the 
data correction for polarization. 
 

3. METHOD 

 
3.1 Calibration methods 

Two polarimetric calibration methods are used in this study, one 
is the Quegan method based on distributed targets, the other is 
the Whitt method that relies entirely on the solution of the CRs. 
The Quegan method does not require the CRs to solve the 
crosstalk and cross-pol channel imbalance, and only needs at 
least one calibration body to solve the co-pol channel imbalance. 
Furthermore, the Quegan method does not need iteration, and 
the expression is easy to implement, thus this method is widely 
used in airborne PolSAR calibration. Consequently, this study 
will exploit the proposed distributed target extraction method to 
further improve the accuracy of the distributed target 
polarimetric calibration on the basis of this method. 

 

 
Figure 1. Flow chart of the Quegan method. 
 
The Whitt method, which is based on three different types of 
artificial CRs, calculates the polarization distortion matrices R 
and T of transmission and reception, respectively. In practice, a 
large number of CRs need to be placed on the ground to ensure 
the accuracy of the method, thus it may not be suitable for 
application over large areas. However, due to its objectivity and 
accuracy, the Whitt method can be used as one of the important 
means to evaluate the accuracy of polarimetric images. 
Therefore, this method is used to further verify the effectiveness 
of the improvement in qualitative and quantitative measurement. 
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Figure 2. Flow chart of the Whitt method. 
 
3.2 Improved distribution target extraction method 

Only using polarization features such as total power Span to 
extract the results of distributed targets has low accuracy, which 
will affect the accuracy of subsequent polarimetric calibration 
methods based on such targets. The homogeneity point 
selection method, according to the statistical principle, 
compares the similarity between the central pixel and other 
pixels in the window, and obtains the number of homogenous 
points in the window of the central pixel. This method can 
obtain a large number of homogeneous points in natural 
distributed features such as farmland and bare soil, but a small 
number of homogeneous points in urban areas and other areas, 
and the results of this method can be used to further improve 
the extraction accuracy of distributed objects in images. 
Therefore, this paper proposes a distributed target extraction 
method, which combines polarization features and spatial 
statistical features, which can not only ensure that saturated 
pixels and low-power pixels are eliminated at the polarization 
feature level, and obtain preliminary extraction results. The 
accuracy of extracting distribution targets is further improved 
by using spatial statistical information through hypothesis 
testing methods. The distributed target extraction method 
proposed in this paper is mainly combined with KS test (A 
distributed target extraction method Combined with KS, KS-
DTEM). The principle is as follows: 
 
The KS test (Ferretti et al., 2011) first calculates the difference 
in the maximum distance between two probability cumulative 
distribution functions, and then judges whether the empirical 
samples are similar. Assuming that the cumulative distribution 
functions of the intensity information of the reference pixel and 
its neighboring pixel in the time dimension are ˆ ( )refF x  and 

ˆ ( )neigF x  , respectively, the null hypothesis H0 and the alternative 
hypothesis H1 are:  
 
 0

ˆ ˆ: ( )= ( )ref neigH F x F x     1
ˆ ˆ: ( ) ( )ref neigH F x F x≠    (3) 

 
The statistic D(x) for the maximum distance between the 
intensity values of the two samples may then be calculated. The 
expression for calculation is:  
 
  ˆ ˆ( ) max | ( ) ( ) |ref neigx

D x F x F x= −     (4) 

 
After taking the obtained D as the supremum of the KS test, the 
rejection domain of the different significance levels a can be 
expressed as follows:  
 

            2
aD c

N
>      (5) 

 
where ca is the a quantile of the KS test distribution, and the 
number of samples N for the polarization channels of the 
polarization SAR image is 4. If D is within the rejection domain, 
the null hypothesis is rejected, and the pixels of the two samples 
are considered to be significantly different, and the similarity is 
low; otherwise, H0 is accepted, and the two samples are 
considered not to be significantly different, and can be 
determined as homogeneous points. The KS test is widely used, 
given that the rejection region of it can be directly calculated 
without making assumptions about the sample distribution 
function. However, the low power of the KS test and its 
insensitivity to the tail of the empirical distribution make the 
results more prone to failure to reject H0, leading to a possible 
increase in Type II errors. 
 
In this paper, the KS test is used to first obtain a set of 
homogeneous points, and the result is normalized, then OTSU 
is used to obtain its threshold. Finally retain the homogeneous 
point pixels larger than the threshold value, and eliminate the 
heterogeneous point pixels smaller than the threshold value. 
 

4. EXPERIMENT 

4.1 Experimental data and corner reflectors 

We use a high-resolution airborne PolSAR image to verify the 
effectiveness of the algorithm. The multi-frequency airborne 
PolSAR system developed by Chinese Academy of Sciences 
(IECAS) made its first test flight in 2013. In this part of the 
experiment, a multi-look X-band image was produced in 
Zunhua, Hebei, China on September 26, 2013, with an image 
size of 5461×5461. Figure 3 shows the location of the 
experimental area and the Pauli RGB image of the scene. The 
red boxes of G1 and G2 are respectively a group of corner 
reflectors (CRs) arranged along the distance, including a 
trihedral angle CR, a 0-degree dihedral angle CR and a 45-
degree dihedral angle CR. The specific distribution is shown in 
the corresponding partial enlarged image. The G1 group is used 
to obtain the calibration parameters, and the G2 group is used to 
verify the accuracy in the experiment part. 
 

 
Figure 3. Study area and location of CRs. 
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4.2 Comparison of distribution target extraction methods  

In order to verify the effectiveness of the method proposed in 
this paper, it is compared with the three commonly used 
distribution target extraction methods. Figure 4 shows the 
results of different distribution target extraction methods. The 
mask result is also a binary image. The white part is 1, 
indicating the extracted target, which is used for subsequent 
calibration calculations; while the black part is 0, indicating the 
pixel that need to be masked out. Figure 4 (a) is the result of 
using Span (Ainsworth et al., 2006) as the extraction index. 
This method first calculates the mean SpanT of each column, 
and then removes the column where the Span is greater than 4 
times SpanT and less than 0.02 times SpanT. Figure 4 (b) shows 
the extraction method based on the PCC (Ainsworth et al., 2006; 
Kimura et al., 2004), which retains the part with the PCC less 
than 0.5. Figure 4 (c) is a graph of the extraction results based 
on Helix (Chang et al., 2021), which uses OTSU to 
automatically calculate the threshold. 

 
Figure 4. Results of different distribution target extraction 
methods, (a) Span, (b) PCC, (c) Helix, (d) KS-DTEM. 
 
It can be seen from Figure 4 that the two traditional methods 
based on polarization characteristics, Span and PCC, can extract 
large-area distribution target areas such as farmland and bare 
land. However, many distribution targets were also extracted in 
residential areas and other areas, and the accuracy of the results 
was low. Figure 4 (c) shows that the Helix-based extraction 
method removes more pixels, and extracts relatively more 
objects only in the bare land, while few objects are extracted in 
towns, farmland, forests, etc., and the distinguishing effect is 
not obvious. Figure 4 (d) is the result of the KS-DTEM method 
proposed in this paper. Compared with other methods, the 
method in this paper clearly distinguishes different objects. 
While effectively extracting the distribution target in the image, 
it can eliminate as many pixels as possible in residential areas 
and other areas that do not meet the characteristics of the 
distribution target. The KS-DTEM method combines spatial 
statistical information to obtain the homogeneous point set 
through KS, and the OTSU algorithm automatically obtains the 
distribution target extraction results, which improves the 
distribution target extraction accuracy and ensures the stability 
of the subsequent calibration method. 

4.3 Polarimetric calibration effect verification 

To further verify the effectiveness of the proposed method, the 
Quegan method is used to calibrate the original PolSAR images 
based on the distributed target extraction results of different 
methods. In the process of polarimetric calibration, the trihedral 
CR in G1 is used to obtain the imbalance of the co-pol channel 
k, and then the accuracy of the calibrated image is verified by 
G2. Figure 5 shows the polarization response plots of the 
trihedral CRs in G1 and G2. 
 
Figure 5 verifies the calibration effect through the polarization 
response diagram. The calibration based on the four distribution 
target extraction methods in G1 can correct the distortion of the 
original uncalibrated image to a certain extent. Their 
polarization response maps are significantly improved 
compared to the uncalibrated ones, indicating that these 
methods can achieve more accurate calibration results. However, 
there is a trough in the middle of the co-polar corresponding 
graph in G2, which indicates that there is still a certain 
unresolved channel imbalance error in the image of the 
calibration result. This may be because the channel imbalance 
error varies along the range direction of the SAR image, and the 
experiment in this paper only uses one trihedral CR in G1 to 
calibrate the image. There may be some residual error in G2, 
which is far from the range in which G1 is located. 
 
In order to quantitatively evaluate the accuracy of the 
calibration results of different methods, this paper uses the 
Whitt method to calculate the residual errors of the images after 
calibration based on the Quegan method. At the same time, to 
further ensure uniformity and objectivity, the CR in G2 is also 
used in the Whitt method to calculate the crosstalk errors and 
channel imbalance errors of the calibrated image, where the unit 
of crosstalk u, v, w, z is dB. Ideally, the crosstalk errors should 
be negative infinity; the amplitude imbalance of the cross-pol 
channels α should be as close to 1 as possible, and the 
corresponding phase imbalance should be as close to 0 as 
possible. 
 

 
Figure 5. Co-pol and cross-pol response diagrams of trihedral 
CRs in the two groups of corner reflectors G1 and G2 
 
The quantitative analysis of Table 1 and 2 shows that the errors 
of uncalibrated images are the largest, indicating the necessity 
of polarimetric calibration. Span, PCC and Helix methodS can 
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all reduce the crosstalk error in uncalibrated images to a certain 
extent, and Helix method can obtain the smallest amplitude 
imbalance of cross-pol channel α, which is 1.20; Span can 
obtain the smallest phase imbalance of the cross-pol channel α 
is -0.01. However, these three methods are not optimal in other 
indicators, and the KS-DTEM method proposed in this paper 
not only obtains the smallest error in the four crosstalk 
indicators, which are -38.21 dB, -37.65 dB, -40.38 dB, -35.48 
dB; and the result of the cross-pol channel imbalance α is better  
 

 u 
(dB) 

w 
(dB) 

z 
(dB) 

v 
(dB) 

Uncalibrated -30.25 -29.32 -31.80 -26.80 

Span -32.97 -34.38 -35.39 -31.97 

PCC -33.31 -34.23 -35.69 -31.85 

Helix -32.72 -32.25 -34.33 -30.63 

KS-DTEM -38.21 -37.65 -40.38 -35.48 
Table 1. Crosstalk accuracy for different extraction methods 
 

 |α| ∠α 

Uncalibrated 1.52 -0.24 

Span 1.32 -0.01 

PCC 1.31 -0.03 

Helix 1.20 0.03 

KS-DTEM 1.28 -0.02 
Table 2. Cross-pol channel imbalance accuracy for different 
extraction methods  
 
and stable. Therefore, in general, different distribution target 
extraction methods have a certain impact on the accuracy of the 
calibration results, and compared with other methods, the KS-
DTEM method proposed in this paper can not only obtain the 
clearest extraction results, but also obtain the best calibration 
result, which improves the accuracy of distributed target 
extraction and calibration, and proves the effectiveness and 
advancement of the proposed method in polarimetric calibration. 
 

5. CONCLUSION 

In this paper, a KS-DTEM method is proposed to extract 
distribution targets, which combined with spatial statistical 
information. The method uses KS to obtain the extraction result 
of homogenous points, normalizes the result, and compares it 
with the threshold value automatically calculated by OTSU to 
determine whether the current pixel is extracted as a distribution 
target for subsequent calibration calculation. In order to verify 
the effectiveness of the proposed method, this paper uses X-
band PolSAR images in Zunhua, Hebei to conduct experiments. 
In the experiment, the Quegan method is used to calculate the 
crosstalk and cross-pol channel imbalance calibration 
parameters, and then the G1 group of CRs are used to obtain co-
pol channel imbalance calibration parameters. In addition, the 
accuracy of each method is verified from the qualitative and 
quantitative point of view by using the drawn polarization 
response images and the residual errors of the G2 group CRs 
obtained by Whitt method. The experimental results show that 
compared with the original uncalibrated image, each method 
can effectively calibrate the PolSAR image, but the proposed 
method can obtain the optimal value among the four crosstalk 
indicators, and can obtain stable results in the imbalanced 

indicators of the co-pol channel. Therefore, in general, the 
method proposed in this paper has the smallest residual error 
and the best calibration effect, which further proves that the KS-
DTEM method can ensure the accuracy of extracting distributed 
targets and improve the accuracy of polarimetric calibration. 
However, the method proposed in this paper still has certain 
limitations, for example, the calculation of the KS test takes a 
long time, so the follow-up experiments still need to improve it. 
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