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Abstract-Compact polarimetric SAR is 

currently drawing more attention owing 

to its advantage in earth observations. In 

this paper, based on scattering vector in 

hybrid mode and X-Bragg scattering 

model, a new method is presented for 

evaluating ship detection performance. 

By using this method, three polarization 

features, including circular polarization 

ratio, relative phase and roundness, were 

analyzed selectively. Experiments 

performed using hybrid mode emulated 

from C-band RADARSAT-2 full 

polarimetric SAR data validate the 

feasibility of the method in analyzing 

the ship detection performance.  

  Index Terms-Compact polarimetric 

SAR, scattering model, ship detection, 

polarization features 

I INTRODUCTION 

Ship surveillance is of great 

significance to ocean security and marine 

management
 [1]

. The synthetic aperture 

radar (SAR), which can work day and 

night with high resolution, even under 

cloudy conditions, has been given greatly 

concern for ship detection over the past 

30 years. 
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With the improvement of radar 

system and ship detection algorithms, the  

SAR data acquisition mode has been 

extended from single and dual 

polarimetric SAR to full polarimetric (FP) 

SAR
[ 2 ]

. Contrast with single and dual 

polarimetric SAR, FP SAR can provide 

more target information and allows 

complete backscattering characterization 

of scatterers
[ 3 ]

. However, the narrow 

swath width of FP SAR can’t meet the 

application demands (e.g. the maximum 

swath of radarsat-2 is just 50 km), which 

limits its development. 

To solve the problem in FP SAR, 

compact polarimetric(CP) SAR appears 

with wide swath coverage and less 

energy budget
[4-6]

, which has been widely 

studied, and a lot of promising results 

have been obtained
 [5-7]

. According to the 

polarization state, three CP SAR modes 

have been proposed, including π/4
[ 8 ]

, 

dual circular polarization
[9]

, and hybrid 

polarization (HP)
[10]

. Among which, the 

HP mode is simpler, more stable and less 

sensitive to noise than the other two 

modes. Furthermore, the HP mode 

achieves a better performance in 

self-calibration and engineering
[ 11 ]

. So 

far, the RISA-1 in India, the ALOS-2 in 

Japan, even the future Canadian 

RADARSAT Constellation Mission 

(RCM) all supports the HP mode, which 

is most suitable for marine applications. 
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Extracting effective polarization 

features from Stokes Vector can 

essentially reflect the physical difference 

between ships and sea clutter
 [6]

. The 

feasibility of feature extraction was 

verified by researchers in a series of 

study. For example, [12] indicated the 

effectiveness of the degree of 

polarization (DoP) in ship detection. 

Then, this work was further studied by 

Touzi, who defined an excursion of the 

DoP to enhance a significant ship-sea 

contrast
 [ 13 ]

. In contrasting with single 

polarimetric parameter, Yin investigated 

the capability of m-α and m-χ 

decompositions for ship detection
 [ 14 ]

. 

Three features extracted from CP SAR 

were proved to have a good performance 

in ship detection
 [15]

. What’s more, Paes 

showed a more detailed analysis of the 

detection capability and sensitivity
 [16]

 of 

δ together with
xyCm  ,, , and entropy

H .  

In summary, the existing polarization 

parameters from polarization 

decomposition are used directly without 

considering the influence of sea surface 

roughness, which weakens the detection 

capability of the polarization parameters 

to some extent. In this paper, a new 

method for analyzing the polarization 

parameters is presented by introducing 

the sea surface roughness disturbance
 [17]

. 

In this case, the polarization parameters 

can be evaluated in both theory and 

experiments for ship detection. 

Section II gives the formula derivation 

of the presented target scattering model, 

and the surface roughness of sea is 

introduced. In section III, the presented 

target scattering model is applied to 

analyze the polarization difference of 

circular polarization ratio, roundness and 

relative phase between ships and sea to 

prove its availability. Finally, in section 

IV, the conclusion is given.  

II NEW METHOD for FEATURE 

ANALYSIS 

In hybrid mode, the radar antenna 

transmits a circular signal and 

simultaneously receives two orthogonal 

linear-polarization signals. Consider that 

radar transmits a right circular signal, the 

scattering vector is
 [18]
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As we know, the coherency matrix T is a 

3×3 matrix
 [15]

 as follows 
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Where  THVVVHHVVHHp SSSSSk 2
2

1



, A0, 

B, B0, C, D, E, F, G, H are Huynen 

parameters
 [19]

. 

The matrix T3 can be expressed by 

SHH, SHV, SVV, which is extremely 

complicated. In this case, a new idea is 

proposed by using the elements of the 

scattering vector. We do the operation as  
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Then a new matrix Y is defined 

consequently as 
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The matrix Y can be described by the 

coherency matrix T 
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By using Huynen parameters
 [ 19 ]

 the 

matrix Y is 
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In [19], the stokes vector of the scattered 

wave in hybrid mode is written as  
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Hence, Y can be derived from Equations 

(5), (6) and (7) as 
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As a result, the stokes vector can be 

derived as 
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Based on the theory mentioned 

above, the coherency matrix T and stokes 

vector are used to represent the 

constructed matrix Y. For better 

description of the matrix Y, X-Bragg 

scattering model is introduced below.  

X-Bragg scattering model is first 

introduced by Hajnsek
[17]

 in order to 

solve the case of nonzero cross-polarized 

backscattering and depolarization. By 

assuming a roughness disturbance 

induced random surface slope β, the 

X-Bragg scattering is modeled as a 

reflection depolarizer
 [17] 

as shown in 

(10). 
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β is assumed to follow a uniform 

distribution in the interval [−β1,β1] ，and
 

β1 < π/2 is the distribution width. 

Combined with equations (9) and 

(10), the stokes vector can be described 

by X-Bragg scattering matrix as 
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With the analysis of scattering 

difference of ships and sea, equation (11) 

can evaluate the performance of the 

polarization features in ship detection. 

III SHIP DETECTION 

PERFORMANCE ANALYSIS 

According to the target scattering 

model of ships in section II, the 

polarization parameters: circular 

polarization ratio, roundness and relative 

phase, which have good performance in 

ship detection
 [ 20 ]

, are analyzed for 

example to extract new parameter. For 

lack of compact polarimetric SAR data, 

full polarimetric RADARSAT-2 SAR 

data are chosen to reconstruct the 

compact polarimetric SAR data 

transmitted by right-circular polarization 

and received by horizontal and vertical 

polarization. Note that the formulas are 
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A. Circular Polarization Ratio 

The circular polarization ratio(CPR) 

is derived from equation (11) and (12) as 
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In equation (13), the value of the CPR is 

positive, which is only related to the 

dielectric constant and the incidence 

angle, and is independent of the rotation 

angle. Therefore, this parameter is stable 

and can be used in ship detection.  

   

Figure 1 Value of circular polarization ratio about the ships and sea surface 

Figure 1 is a part of SAR image, 

which shows the value of CPR about 

ships and sea. We can see the value of 

the ship is basically between 0 and 1, 

while the value of the sea surface is 

greater than 1. Hence, the ships and sea 

surface can be separated by the 

threshold 1. However, the value of CPR 

in the figure range from 0.4 to 2.5, 

which means the span is too small to 

select the threshold properly.  

B. Roundness  

Roundness can be derived from 

equation (11) and (12) as 
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In equation (14), the value of   and 

2sin  is consistent whether it is 

positive or negative. On the right side of 

the equation (14), the denominator is 

positive, so the positive and negative 

properties of   depends on the 

numerator. Assuming that the  phase 
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numerator is derived as 

)cos(2)Re(22 31 VVHHVVHH SSCC 

   (15) 

According to equation (15), the 

denominator on the right side is positive, 

as a result, the value of C1-2C2 is 

decided by the phase angle
-HH VV

. We 

know that the initial value of the phase 

angle is π 2，and with each additional 

scattering, the phase angle increases  . 

Therefore, the phase angles are 3π 2  

and 5π 2  for single scattering and even 

scattering respectively. Consequently, 

for single scattering, the value of 

)cos( VVHH   is positive, while for even 

scattering, the value is negative. 

   

Figure 2 Value of roundness about the ships and sea surface 

The scattering of sea surface is 

mostly surface scattering, and the ship is 

mostly even scattering, so the value of 

sea surface should be positive and the 

ship should be negative. As is shown in 

figure 2, the ships and sea surface can be 

separated by the threshold 0. Notice that 

the value of roundness is related to the 

rotation angle, which is not stable in 

high sea conditions.  

C. Relative Phase 

Relative phase is derived from 

equation (11) and (12) as 

)cot(
)2(sin
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In equation (16), for single scattering, 

the phase angle is 23π , so the value of 

)cot( VVHH  is positive, which means 

the value of   is negative. While for 

even scattering, the value of   is 

positive. Due to different scattering 

characteristics, the ships in SAR image 

is mainly even scattering, while the sea 

surface is mainly surface scattering of 

ships and sea surface. Therefore, the 

value of the ships should be positive and 

the sea surface should be negative. An 

example is shown in figure 3, the 

threshold 0 can be used to separate the 

ships and sea surface. 



   
Figure 3 Value of relative phase about the ships and sea surface 

Note that the value of   is related 

to the angle  in equation (16), the 

surface roughness increases with the 

increasing sea conditions. Therefore, the 

value of   is unstable influenced by

 , which is difficult to distinguish 

ships and the sea surface, especially in 

high sea conditions. 

Figure 4 and 5 are experiments 

results, (a) is the amplitude of RV 

polarization, (b), (c) and (d) are results 

of threshold segmentation (the threshold 

are 1, 0 and 0). The areas with white are 

ships while dark and grey are sea surface. 

It indicates that the three features are all 

good discriminators for observing ships 

from sea surface. According to the 

scattering intensity, ships in figure 5 are 

bigger than ships in figure 4. Combined 

with AIS, false alarms circled by red box 

are apparently owing to the high sea 

condition in figure 5. All in all, 

roundness and relative phase are all 

unstable in high sea conditions, while 

for CPR, the proper threshold is hard to 

choose in ship detection. The total 

number of detected ships is 166, and the 

false alarm rate of CPR, roundness, and 

relative phase are 0.06, 0.078 and 0.083 

respectively. 

 

(a)                 (b)                    (c)                   (d) 

Figure 4 Results of threshold segmentation. (a) RV image (b) CPR (c) Roundness (d) relative 

phase  



 

Figure 5 Results of threshold segmentation. (a) RV image (b) CPR (c) Roundness (d) relative 

phase  

IV CONCLUSION 

In this paper, a new method of 

analyzing polarization parameter is 

derived by introducing the surface 

roughness of the sea. Three compact 

polarimetric parameters in hybrid mode 

are analyzed. The circular polarization 

ratio, roundness and relative phase can 

all be used to separate ships from sea 

surface. The circular polarization ratio is 

stable, but the span value is too small to 

select proper threshold for ship detection. 

Roundness and relative phase are not 

stable owing to their relation with 

rotation angle  , which increases the 

difficulty of ship detection, especially in 

high sea conditions. The false alarm rate 

of CPR, roundness, and relative phase 

are 0.06, 0.078 and 0.083 by detecting 

166 ships. 
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