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Abstract: For airborne synthetic aperture radar (SAR) polarimetric calibration (PolCAL) 

based on distributed targets, it is important to ensure the removal of both the polarimetric 

distortion and terrain slope effect. This paper proposes a new technique for PolCAL in 

mountainous areas, without the use of corner reflectors (CRs). The technique based on  

dual-band data fusion consists of two steps. First, the polarization orientation angle shift 

(POAS), as a priori asymmetry information, is derived from X-band interferometry and 

applied to P-band fully-polarimetric data. Second, the crosstalk and cross-polarization 

(cross-pol) channel imbalance are iteratively determined using the POAS after dual-band 

data fusion. The performance and feasibility of the technique was evaluated by CRs. It was 

demonstrated that the proposed technique is capable of deriving the distortion parameters 

and performs better than the methods presented in Quegan and Ainsworth et al. The  

signal-to-noise ratio (SNR) and pedestal height have been investigated in polarimetric 

signatures. The proposed technique is useful for PolCAL in mountainous areas and for 

monitoring systems without CRs in long-term operation.  
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1. Introduction 

Fully-polarimetric SAR data are useful for understanding the polarization reflection properties of 

observed objects in many applications, such as geographical condition monitoring and environmental 

change study. In order to further utilize fully-polarimetric data, polarimetric calibration (PolCAL), which 

focuses on the removal of the radar antenna system distortion effect, is a fundamental pre-processing 

step [1]. PolCAL has two different applications in both the short and long term. The short-term 

application is to estimate the system distortion parameters for converting un-calibrated data to calibrated 

data. The long-term application is to monitor the radar antenna system distortion and to prevent 

undesirable effects. In either case, it is necessary to rely on distributed targets or point targets in the 

calibration site. Distributed targets in the calibration site should meet scattering reciprocity and reflection 

symmetry assumptions [2–5], such as the Amazon rainforest over flat terrain [6–9]. In addition, 

calibration can also be achieved by deploying one or more corner reflectors (CRs) as point  

targets [10–14] in the calibration site. For extensive and long-term SAR data acquisition, both 

spaceborne SAR and airborne SAR systems, such as PALSAR and Pi-SAR [15–19], should undertake 

PolCAL constantly. 

The Chinese Academy of Surveying and Mapping Synthetic Aperture Radar (CASMSAR) system, 

which is China’s first airborne SAR mapping system, was developed in 2009 [20,21]. The system is 

normally operated with dual-band high-resolution SAR sensors, single-pass cross-track interferometry 

in the X-band and concurrent fully-polarimetric (quad-polarization) measurement in the P-band  

(Figure 1a), and its main parameters are shown in Table 1. CASMSAR has operated more than 200 

flights in China since 2009. Most of the flights were conducted in mountainous areas of western China, 

where deploying CRs is difficult due to the rugged terrain [22–25]. In such terrain, relying on distributed 

targets becomes a practical choice for PolCAL. However, terrain slopes and aspects in mountainous 

areas can result in distributed target reflection asymmetry. The asymmetry is usually caused by terrain 

slopes and aspects in airborne SAR acquisition and by terrain slopes and aspects and Faraday rotation in 

spaceborne SAR acquisition [26–28]. Recently, several new PolCAL methods based on distributed 

targets have been proposed to solve the asymmetry problem. Ainsworth et al. [29] used an a posteriori 

calibration method to preserve the orientation angle of asymmetric targets. Kimura et al. [30] proposed 

a method to remove the Faraday rotation effect for calibration by the use of a priori information about 

the polarization orientation angles of built-up areas in the calibration site. 

A new technique for PolCAL using a priori asymmetry information of distributed targets from the 

dual-band data fusion is proposed and evaluated in this paper. The rest of the paper is organized as 

follows. In Section 2, the calibration model based on distributed targets is determined by adding the 

polarization orientation angle shift (POAS). The method used to derive the a priori POAS is introduced 

in Section 3. The method used to estimate the distortion parameters is also presented. In Section 4, the 

proposed PolCAL scheme and some practical details are presented. In Section 5, the performance of the 

proposed PolCAL technique is analyzed and validated by comparison with results from deployed CRs 

(see Figure 1b), and the experimental results with four datasets are presented. Finally, Section 6 gives 

the conclusions. 
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(a) (b) 

Figure 1. (a) Antennas mounted under the aircraft body; (b) Corner reflector deployed in the 

calibration site. 

Table 1. The main parameters of the CASMSAR system. 

 Frequency Polarization Baseline Ground Resolution Incidence Angle 

X 9.6 GHz HH 2.198 m 0.5/1.0/2.5/5.0 m 37°–63° 

P 600 MHz HH, HV, VH, VV N/A 1.0/2.5/5.0 m 33°–53° 

2. Polarimetric Distortion Affected by Reflection Asymmetry 

True measurements of backscatter are distorted by polarimetric transformation errors (crosstalk and 

channel imbalance) on reception and transmission, in addition to additive system noise. The relationship 

between the observed scattering matrix O and the true scattering matrix S can be expressed by the 

following equation: 

O RST N    (1) 

where R is the received distortion matrix, T is the transmitted distortion matrix and N is the system noise 

matrix. According to [29], the matrices in Equation (1) are all 2 × 2 complex matrices. Without the 

consideration of the noise contribution, Equation (1) is equivalent to: 

HH HV HH HV HH HV HH HV

VH VV VH VV VH VV VH VV

=
       
       
       

O O r r Z Z t t

O O r r Z Z t t
 (2) 

where Z is equal to scattering matrix S of (1) without rotation and subscripts H and V refer to the 

horizontal and vertical polarization states. If true measurements of backscattering are affected by terrain 

slopes and aspects, the measured scattering matrix after rotation is: 

HH HV HH HV

VH VV VH VV

cos sin cos sin

sin cos sin cos

Z Z S S

Z Z S S

   
   

      
            

 (3) 

where Z denotes scattering matrix S after rotation by θ and θ is the POAS. Combining Equation (2) and 

Equation (3), one obtains: 
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Quegan and Ainsworth converted these scattering matrices (O, S) to vector format [29], According  

to [29], one can rewrite (4) as: 
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(5) 

Equation (5) can be written in the form: 

O YMPS  (6) 

where u, v, w, and z are the four crosstalk components, the values of k and α characterize the co-pol and 

cross-pol channel imbalance, Y is the absolute calibration factor, M is the antenna distortion matrix, and 

P is the polarization orientation angle distortion matrix. The corresponding definitions in terms of the 

received and transmitted matrix are as follows:Y = tVVrVV, k = rHH/rVV, α = rVVtHH/rHHtVV, u = rVH/rHH,  

v = tVH/tVV, w = rHV/rVV, z = tHV/tHH. 

3. Polarimetric Calibration Using the POAS 

3.1. Deriving an a priori POAS 

θ is geometrically related to the topographical slopes and the radar look angle [31]. A schematic diagram 

about θ is given in Figure 2. For a horizontal surface, its surface normal N
^

 is in the incidence plane (y
^

, z
^

), 

and the orientation angle is not shifted. However, for a tilt ground surface, its surface normal is out of the 

incidence plane. θ is the angle that rotates the incidence plane about the line of sight for return to the surface 

normal. According to [31], θ due to the topographical slope effect can be expressed as: 

tan
tan

tan cos sin


  


 

 (7) 

where tan ω is the azimuth slope, tan γ is the slope in the ground range direction and ϕ is the radar look 

angle. This equation shows that the orientation angle shift is mainly induced by the azimuth slope and is 



Remote Sens. 2015, 7 4788 

 

also a function of the range slope and the radar look angle. For an estimation of θ, three parameters are 

required. Due to the concurrent X-band operation in CASMSAR, θ can be calculated by the use of a 

digital elevation model (DEM) derived from X-band SAR interferometry. 









N̂
ẑ

ŷ

x̂

  

Figure 2. Schematic diagram of inducing θ in the geometry. 

3.2. Derivation of the Calibration Model 

For the a posteriori calibration model, Ainsworth made the first attempt to construct it for preserving 

orientation angle information. To construct the a priori model, combining [29] and [31], the covariance 

matrix can be obtained from the observed scattering matrix O conjugate multiplication. The covariance 

matrix can be expressed as: 

( ) ( ) ( )H H HC OO YMPS SPMY YXFKP E PKFXY    (8)

With X = [1 v w vw; z 1 wz w; u uv 1 v; uz u z 1], F = diag (α, 1, α, 1), K = diag (k2, k, k, 1). 

To construct non-linear equations for expressing the calibration problem, a new equation can be 

obtained by inverting Equation (8) and dropping the absolute calibration factor Y due to the absolute 

radiometric calibration being irrelevant to PolCAL. It can be expressed as: 

1 1 1 1( ) (( ) ) ( ) (( ) )    H HE PM C MP PKFX C XFKP  (9)

where superscript H represents the transpose and conjugate, X is the crosstalk matrix and E is the true 

covariance matrix. F and K are the matrices of the cross-pol and the co-pol channel imbalance, 

respectively. Most of the well-known PolCAL methods depending on the a priori information of 

distributed targets pose two kinds of assumptions: 

(1) Reciprocity SHV = SVH, which is the distributed targets’ constant physical property for a  

monostatic system. 
(2) Reflection symmetry 〈Sij×Sji〉= 0, which implies that the true co-pol and cross-pol returns are 

uncorrelated, unless the target’s orientation angle is changed. 

Based on the above-mentioned assumptions, the assumed cases can be converted to the corresponding 

components of the true covariance matrix. The assumed true covariance matrix is: 
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where superscript * is the conjugate symbol, G shows that HV and VH are identical and the eight 

elements of zeroes of the covariance matrix E imply the reflection symmetry. 

3.3. The Crosstalk and Cross-Pol Channel Imbalance Estimation 

By inserting Equation (10) into Equation (9), it is then possible to derive eight equations from the 

eight zero elements of the covariance matrix E. Due to the covariance matrix E being a Hermitian 

conjugate matrix, we can only select four elements to construct non-linear equations. If expanding all of 

the terms, 256 items will be expressed in every equation, such as: 
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(11)

where row and col represent the row and column number in matrix E, respectively. D is the numerator 

of the equation, and Δ is the denominator. The four corresponding denominators in the four equations 

are as follows: 
2
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. (12) 

In Equations (11) and (12), the cross-pol and the co-pol channel imbalance (k, α) only exist in the 

denominators. In addition, the items about the crosstalk parameters (u, v, w, z) of the denominators are 

the same and are second order. Therefore, we assume that the value of the numerators are zero, DHVHH 

= 0, DVHHH = 0, DHVVV = 0, and DVHVV = 0. The four crosstalk parameters can be estimated from the four 

nonlinear equations (DHVHH = 0, DVHHH = 0, DHVVV = 0, and DVHVV = 0) with respect to u, v, w, and z. 

For the process similar to Equation (11), the reciprocity elements of Equation (10) can be written as:  

HVHV VHVH HVHV HVHV HVHV VHVH VHVH VHVH=  = = /  = = / .E E E D E D     (13) 

Following Equation (13), the ratio of EHVHV and EVHVH can be expressed as: 

HVHV HVHVHVHV HVHV HVHV
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 (14) 

DHVHV and DVHVH can be calculated by the use of the estimated crosstalk parameters. Finally, the cross-

pol channel imbalance can be derived using the following equation: 

VHVH HVHV VHHVexp( arg )= ( )D D i Da    (15) 
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3.4. The Co-Pol Channel Imbalance Estimation 

Once the crosstalk and the cross-pol channel imbalance are removed, the next thing to consider is 

how the co-pol channel imbalance is determined. Most methods need an in-scene trihedral CR to 

estimate the co-pol channel imbalance. However, in a number of recent studies, some novel methods 

have been proposed to determine the co-pol channel imbalance without the use of a CR. These methods 

usually rely on some special distributed targets to impose the additional information. For example, one 

method uses a combination of dense rainforest and rough surfaces to determine the co-pol channel 

imbalance [6]. Another method selects only bare soil to impose the zero helix component of bare soil to 

construct the co-pol channel imbalance equation [32]. Although these methods can achieve a co-pol 

channel imbalance estimation, we do not discuss these methods in depth here, because these are not the 

focus of this paper. In this paper, the co-pol channel imbalance is estimated and updated from a trihedral 

CR in the calibration site. In mountainous areas without CRs, we treat the latest result of the co-pol 

channel imbalance estimation from the CRs as a constant to complete the calibration. 

3.5. The Relation among the Proposed Method, Quegan Method and Ainsworth Method  

Since the proposed method used the same definitions (Y, u, v, w, z, k, ) as the Quegan method and 

the Ainsworth method, the basic models of the three methods are semblable. However, the main 

difference among the three methods focuses on reflection symmetry information and specific estimation. 

Quegan directly follows reflection symmetry for all distributed targets. Moreover, the estimation 

process is non-iterative in the Quegan method. The crosstalk parameters are estimated by: 

VVVV VHHH VVHH VHVV

HHHH VHVV VHHH HHVV

HHHH HVVV HVHH HHVV

VVVV HVHH VVHH HVVV

)

( )

(

( )
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u
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The co-pol channel imbalance is estimated by:  

22
1 2 1 2 2

VHHV

2

arg( ) ar

( 1 ( 1) 4 ) 2

g( )

      

 

    

C
 (17) 

where Γ=CHHHHCVVVV－|CHVVV|2, Π=CHVVH－zCHHVH－wCVVVH, α1=(CVHVH－uCHHVH－vCVVVH)/Π 

and α2=Π*/(CHVHV－ zCHHHV－wCVVHV). Given the above, the Quegan method is unable to use 

asymmetric targets. The estimated parameters are inaccurate due to the unstable observed value from 

covariance matrix and a non-iterative process. 

Ainsworth proposed an a posteriori method to preserve the orientation angle of asymmetric targets. 

The definition about  in the paper [29] is the square root of the proposed method and the Quegan 

method. For the convenience of comparison, we apply the aforementioned definition in here. In an 

iterative estimation process, the co-pol channel imbalance is first estimated by: 

VHVH HVHV VHHVexp( arg( )) = C C i Ca   (18)  

Then, the crosstalk parameters are derived by:  
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HVHH VHHH HVVV V
T

HVV, , ,( )    D A D A D B D B . After using the described method, the orientation 

angle information is preserved, even in asymmetric targets. The estimated parameters are accurate in the 

case of low crosstalk due to an iterative process. However, in the case of high crosstalk, the crosstalk 

value is underestimated and is mistaken as a part of the cross-pol channel imbalance due to the removal 

of the cross-pol channel imbalance in advance. Moreover, the estimated u and v are improperly 

approximately equal to z and w, respectively. These weaknesses have been described in [33,34]. 

 The proposed method used the a priori orientation angle information of asymmetric targets for 

calibration. An iterative estimation process is proposed in the subsequent section. The order of the 

solution is consistent with the direction of the real distortion.  

4. The Proposed PolCAL Scheme 

Whether in a calibration site or not, once the un-calibrated data are acquired, the proposed technique 

is implemented in several steps. Firstly, the POAS of the P-band is derived through dual-band 

registration. Secondly, the crosstalk and cross-pol channel imbalance are calculated iteratively by 

assuming the reflection symmetry and reciprocity of the distributed targets. Finally, the co-pol channel 

imbalance is removed using the latest estimation from the CRs in the calibration site. The detailed 

process flow of the scheme is shown in Figure 3. 

4.1. Process of Deriving the POAS 

To derive an accurate POAS for P-band data, it is necessary to undertake several steps in advance. A 

detailed flowchart of the method is shown in the dashed box in the right part of Figure 2. The process of 

deriving the POAS is carried out as follows. 

Step (1) A DEM is generated from the X-band data using single-pass dual-antenna interferometry. 

Step (2) The POAS is calculated by Equation (7). The azimuth slope and the range slope are derived 

from the DEM. The incidence angle can be acquired from the metadata. 

Step (3) The P-band HH-polarization amplitude image is used as the reference image for the image 

registration. Correspondingly, the X-band single HH-polarization amplitude image from the master SLC 

interferometric synthetic aperture radar (InSAR) data is treated as the target image. The two sets of 

corresponding control points are manually selected and matched. The transformation parameters 

between the two images are estimated using a two-order polynomial model. 

Step (4) Because the DEM and X-band master image have the same coordinates, the POAS data are 

transformed and re-sampled using the calculated registration parameters between the P-band image and 

the X-band image. 
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Figure 3. Process flow of the proposed polarimetric calibration (PolCAL) technique. POAS, 

polarization orientation angle shift (POAS); CR, corner reflector. 

4.2. Solving the Crosstalk and Cross-Pol Channel Imbalance 

To reduce the complexity of the solution, without introducing any serious errors, Equation (11) is 

simplified to 80 items by dropping all of the second-order and higher terms. After linearization with 

respect to u, v, w and z, the four parameters can be estimated from solving the linear equations  

(DHVHH = 0, DVHHH = 0, DHVVV = 0, DVHVV = 0). Using the crosstalk parameters that are estimated, DHVHV 

and DVHVH are obtained, and the cross-pol channel imbalance can be subsequently determined by DHVHV 

and DVHVH. It should be noted that DHVHV and DVHVH are calculated by the use of the estimated crosstalk 

parameters, without ignoring the second-order and higher terms. 

In order to improve the numerical stability, the crosstalk and cross-pol channel imbalance are 

corrected iteratively. The calculation process is terminated when the crosstalk and channel imbalance 

converge. We set ||crosstalknew − crosstalkold|| ≤ 10−10 or 100 iterations as the convergence conditions. 

5. Experiments 

The CASMSAR system has undertaken more than 200 flights in China since 2009 and has carried 

out a series of missions. The missions have included system calibration, topographic mapping in the 

Qinling Mountain Area and in the Hengduan Mountain Area and the Yushu earthquake disaster 

emergency response. In this study, a calibration experiment for a mountainous site with CRs was 
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executed to validate the proposed technique. The effectiveness of the proposed technique was tested 

using CASMSAR data with an array of trihedral CRs. We treated the distortion parameters obtained by 

the trihedral CRs as the ground validation. We then used the proposed technique to estimate these 

parameters and compared them with the ground validation and the results of the Quegan method [4] and 

the Ainsworth method [29]. The CASMSAR test data were acquired in Xichang, Sichuan Province, 

China, in the Hengduan Mountain Area, on 25 October 2010. 

5.1. Result and Evaluation of Deriving the POAS 

There are two HH-polarization amplitude images shown in Figure 4a. As the reference image, the  

P-band image is shown in the right part of Figure 4a. The X-band image is treated as the target image 

and is shown in the left part of Figure 4a. In Figure 4a, seven trihedral CRs are deployed in the middle 

of the image along the range. We selected these trihedral CRs as a part of the ground control points 

(GCPs) for matching, and they are numbered as GCP 1 to 7. In addition, we also manually selected the 

other three feature points as GCP 8 to 10. After the 10 pairs were manually selected, the transformation 

model and the registration errors were computed to evaluate the registration accuracy. The registration 

errors consist of the error in the x- and y-directions, the root-mean-square error (RMSE) and the total 

RMSE. These errors are listed in Table 2. Table 2 shows that this registration process has a good accuracy 

and can be used to derive the POAS. As a result of using the same transformation model, the DEM from 

the X-band interferometry is used for the registration of the P-band image and to generate the POAS for 

the P-band. Finally, the results are shown in Figure 4b,c. 

(a) (b) (c) 

Figure 4. (a) Manual matching, with the left amplitude image acquired in the X-band  

HH-polarization, and the right amplitude acquired in the P-band HH-polarization;  

(b) Overlapped image of the X-band single-pass interferometric DEM image and the P-band 

HH amplitude image; (c) The POAS derived from the X-band interferometric DEM. The 

near range is at the top of image. 
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Table 2. Evaluation measurements of the GCPs from Figure 3a in pixels. 

GCPs #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 

Error in x 0.0033 −0.0203 0.0316 −0.0159 −0.0033 −0.0047 0.0028 0.0000 −0.0001 −0.0000 

Error in y 0.0041 −0.0255 0.0397 −0.0200 −0.0041 −0.0059 0.0035 0.0000 −0.0001 −0.0000 

RMSE 0.0052 0.0325 0.0507 0.0255 0.0053 0.0076 0.0045 0.0000 0.0001 0.0000 

Total RMSE: 0.021011 pixels; Unit: Pixel. 

5.2. Result and Evaluation of the Crosstalk and Cross-Pol Channel Imbalance Estimation 

Figure 5 shows that the results of the proposed method present a better performance than the Quegan 

method [4] and the Ainsworth method [29]. Using the proposed method, the estimated value of all of the 

points is close to the ground validation, except for CR 2. For both the crosstalk and the cross-pol channel 

imbalance, the worst result appears in CR 2. On the other hand, using the CR method, the estimated 

amplitude of the cross-pol channel imbalance in CR 2 is far from the other six points. In the RGB images 

of Table 3, we can see that the surroundings of CR 2 are complicated and the focus is unclear. 

Additionally, the biggest POAS is displayed in CR 2 due to being affected by a severe slope from  

Table 3. We assume that CR 2 was wrongly deployed, so that CR 2 is excluded from the ground 

validation. After excluding CR 2, the difference between the estimated average amplitude value of the 

crosstalk and the ground validation is only 1.6 dB. In addition, the amplitude difference of the cross-pol 

channel imbalance is 0.018, and the phase difference is 0.089 in radians. In Figure 5, the highest accuracy 

of the Quegan method is displayed in CR 4. The main reason for this is that this CR is deployed in a flat 

area, and most pixels of this azimuth are little affected by the terrain. In Table 3, the smallest slope and 

POAS are located in CR 2. However, the total accuracy of the Quegan method is low. In addition to the 

terrain effect, the observed value averaging and the calibration target selection may also have impacted 

the accuracy, but these issues are not the main focus of this paper. We can see that the Ainsworth method 

obtains very poor results. The major reason for this is that the order of the solution is the reverse of the 

direction of the real distortion. Moreover, using the Ainsworth method, the estimated u is approximately 

equal to z. Likewise, v is approximately equal to w. These weaknesses are shown in Figure 5c–f. 
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(c) (d) 

(e) (f) 

Figure 5. Comparison of the four methods. (a–b) The amplitude and phase of α;  

(c–f) The amplitude of u, v, w, and z. 

Table 3. Position information of the CRs (GCPs #1–7) in Figure 4a. 

CR # #1 #2 #3 #4 #5 #6 #7 

Pauli RGB 

   

Land cover Bare soil 
Bare soil/ 

Cropland 

Bare soil/ 

Cropland 

Bare soil/ 

Cropland 

Grass/ 

Bare soil/ 

Cropland/ 

Bare soil 

Bare soil/ 

Buildings 

Slope in range 0.7797 4.8756 1.0164 3.0743 −18.8959 −4.2253 −22.3820 

Slope in azimuth −16.3805 −24.8712 −13.7515 −1.5374 −10.0782 −6.7942 16.3032 

Incidence 26.6873 30.0453 32.9338 36.2631 40.6462 43.4772 46.9358 

POAS −33.9289 −47.3621 −24.8353 −2.7980 −11.0384 −9.1259 16.1233 

Unit: Degree. 
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To evaluate the calibration results, the polarimetric signatures are visually displayed in Figure 6 and 
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decomposition and polarimetric signatures from several typical distributed targets, we could evaluate 

the results of the proposed technique in an upper bound of the noise floor. 

  Un-Calibrated CR Method Proposed Technique 
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  Un-Calibrated CR Method Proposed Technique 

CR 6 

Co-pol 

signature  

 (s) (t) (u) 

Cross-pol 

signature  

  (v) (w) (x) 

Figure 6. Polarimetric signatures of the four CRs in several cases. (a–c) The Co-pol signature 

of CR 2; (d–f) The Cross-pol signature of CR 2; (g–i) The Co-pol signature of CR 3; (j–l) The 

Cross-pol signature of CR 3; (m–o) The Co-pol signature of CR 5; (p–r) The Cross-pol 

signature of CR 5; (s–u) The Co-pol signature of CR 6; (v–x) The Cross-pol signature of CR 

6. From left to right, the signatures represent the results of un-calibrated, CR method and the 

proposed technique, respectively. 

We selected four different CRs (CR 2, 3, 5, 6) as representative samples. In the preceding discussion, 

the deployment of CR 2 was questioned, so we selected it as a sample in this section. From Figure 5,  

CR 3 provides the worst results in all of the parameters for the crosstalk and cross-pol channel imbalance. 

CR 5 presents the best cross-pol channel imbalance and the worst crosstalk. CR 6 presents the best 

crosstalk and a good cross-pol channel imbalance. Column 1 of Figure 6 shows the original un-calibrated 

polarimetric signature of the four trihedral CRs. It is clear that all of the signatures show noticeable 

distortions in Column 1. Column 2 of Figure 6 shows the measured polarimetric signatures of the four 

CRs after the CR method calibration. In Figure 6a–f, the polarimetric signatures again show that the 

deployment of CR 2 has serious problems, and CR 2 should be excluded from the ground validation. 

However, all of the other points are perfectly corrected and are close to the ideal polarimetric signature. 

We can see that the CR method has the best performance, and its results are close to the ground 

validation. When the signatures in Column 3 of Figure 6 are compared with the corresponding original 

un-calibrated signatures of the trihedral CRs, we can see that these signatures show a significant 

improvement, and they are closer to the ideal polarimetric signatures, but are not as good as the results 

from the CR method calibration. Comparing these to the polarization signatures after CR method 

calibration, it is clear that both results are in good agreement. From Figure 5, we can see that the signature 

of CR 3 shows the worst result in Figure 6, on account of the bad parameters. The error in CR 3 represents 

the largest residual error of the proposed calibration technique. Even though the largest difference 

between the estimated crosstalk value and the ground validation in CR 5 is 4 dB, the polarimetric 

signatures still show good accuracy. The reason for this is that the cross-pol channel imbalance is 

accurately estimated and plays a dominant role in the distortion. In Figure 6s–z, the best crosstalk result 

is estimated in CR 6, but the polarimetric signatures show worse results than in CR 5. This phenomenon 

occurs due to the estimated cross-pol channel imbalance in CR 6 being worse than in CR 6. 
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Figure 7. (a–f) RGB images by Pauli decomposition. (g–k) Col-pol signatures of the five 

typical distributed targets.  

Five different land cover types (water surface, trees, bare soil, grass, urban area) are selected as typical 

distributed targets from the RGB image through Pauli decomposition after calibration in Column 1 and 

Column 2 of Figure 7. To avoid terrain effects, these objects are located in a flat area. According to [35], 

we can get a rough estimate of noise power from a Bragg scatterer, such as a water surface or a dry lake 

bed. Due to weak return and the nonzero signal in the HV measurements from actual targets, this estimate 

is not equal to noise, but is regarded as an upper bound to the noise floor. Using water surface in Figure 

7b, the estimated signal-to-noise ratio (SNR) is 18.705 dB and considered as a high level. Column 3 of 

Figure 7 shows the co-pol signature of the five typical targets due to the available pedestal. The higher 

SNR means the lower pedestal height of the col-pol response from the Bragg scatterer. In Figure 7g, the 

nearly zero pedestal height of the col-pol signature shows that this proposed technique does not introduce 
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low SNR, and this SNR should be acceptable. If there is a high SNR, the pedestal implies the randomness 

of scatterers. In Figure 7h–k, the col-pol signatures of the other targets have different pedestal heights 

that are consistent with the randomness of these targets. This proposed technique does not damage the 

relationship between pedestal height and randomness. 

6. Discussion 

In the above sections, we presented a PolCAL technique for airborne polarimetric P-band SAR data 

in rugged areas that makes use of concurrent X-band interferometric data (DEM). The deployed corner 

reflectors were used to validate the proposed method and to compare with other methods. In this section, 

we discuss the technique in several following points: different penetration capability influence, the  

co-pol channel imbalance estimation and the portability of the technique. 

For the different penetration capabilities from X-band and P-band, we need to solve two problems: 

how to complete registration and how to extract the POAS in vegetated areas. In order to complete 

registration between X-band and P-band images, we could select only the artificial targets, such as 

buildings and roads [36]. From Figure 8b,c, CR 5 is not affected by the different bands, and the roads 

are displayed by similar bright lines. In the areas without artificial targets, the registration would become 

more difficult. In Figure 8, the main difference of the two-band HH-polarization images are displayed 

in an area with trees due to the different penetration capability. However, we only need to select one 

image as the calibration site, rather than all images for calibration. Additionally, the only image should 

be selected based on more feature points in this image. According to the above, we could usually avoid 

the differences between X-band and P-band in vegetated areas and complete registration. However, for 

the POAS extraction in vegetated areas, the proposed method would not acquire accurate asymmetry 

information using different bands. Because of the disadvantage, our future work will focus on the 

development of the PolCAL technique to obtain and process asymmetry information in vegetated areas. 

 
(a) (b) (c) 

Figure 8. (a) Optical image from Google Earth. (b) X-band HH-polarization amplitude 

image. (c) P-band HH-polarization amplitude image. CR 5 is displayed inside the red circle; 

bright points indicate the CR. 

Most methods relying on distributed targets solved only the crosstalk and x-pol channel imbalance, 

such as the Quegan method [4] and the Ainsworth method [29]. For the co-pol channel imbalance 

estimation, several methods without CR have been proposed [6,32]. However, these methods usually 

obtained worse accuracy than using the CR method and were limited in some special distributed targets. 

Due to the inaccuracy and limitation, we do not recommend these methods and take advantage of the 
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latest result of the co-pol channel imbalance estimation from the CRs. In other words, the crosstalk and 

the x-pol channel imbalance would also be updated automatically without CRs, but the old co-pol 

channel imbalance would be kept until the available CRs return. Besides, the calibration parameters are 

usually varied from near range to far range. To control the entire image, the crosstalk and x-pol channel 

imbalance are estimated by the distributed targets from near range to far range. However, the co-pol 

channel imbalance is estimated by the CR. More accurate estimation needs more CRs. A single dihedral 

corner meets the minimum requirements. 

The portability of the proposed technique focuses on how other source DEM should be conducted so 

as to extract the POAS of the corresponding polarimetric data. POAS is mainly induced by the azimuth 

slope and is also a function of the range slope and the radar look angle. Using the other DEM, the azimuth 

slope and the range slope could be firstly estimated when the radar sight direction and flight direction 

are known. Then, the radar look angle needs to be changed and kept consistent with the observed 

polarimetric data. By following the mentioned steps, the other DEM could be used to estimate the POAS 

of the corresponding polarimetric data. However, the different resolution might introduce some errors, 

especially in the fusion of low-resolution DEM and high-resolution polarimetric image [37]. In addition, 

the shadow effect should be considered among data acquired in rugged areas. Multi-direction 

acquisitions and multi-source data fusion might be able to eliminate the shadow effect and acquire 

complete coverage of DEM in rugged and mountainous areas. 

7. Conclusions 

In this paper, we have proposed a new technique to provide PolCAL and monitoring for the CASMSAR 

system in mountainous areas, without the use of CRs. The other multi-band airborne SAR systems with 

fully-polarimetric interferometry, which are similar to the CASMSAR system, could also apply this 

technique. The DEM generated from interferometry in the X-band can provide a priori asymmetry 

information (the POAS) for the fully-polarimetric P-band data. The synchronicity and the manual 

registration is capable of ensuring a high accuracy in the dual-band fusion. Using the POAS, the calibration 

model relying on distributed targets is determined and segmented into two parts for solving. The crosstalk 

and cross-pol channel imbalance are iteratively determined, and the proposed method was found to be 

closer to the results from using CRs than the results of the Quegan [4] and Ainsworth [29] methods. The 

displayed polarimetric signatures from several CRs show that the proposed technique could be similar to 

using the CR method. Additionally, this proposed technique maintained high SNR and did not damage the 

randomness of several typical distributed targets. Our future work will focus on the development of the 

PolCAL technique to obtain and process asymmetry information in vegetated areas. 
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