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Abstract: Geosynchronous synthetic aperture radar (GEOSAR) is a powerful and wide-covered 
remote sensing system. The main characteristic of GEOSAR is the long synthetic aperture time and 
the wide-covered scene, which is suitable for ship detection and tracking. In this paper, the ship 
detection with constant false alarm rate (CFAR) is executed by using GEOSAR image sequences of 
sub-apertures based on the statistical characteristics of sub-aperture sea clutter, then the ship 
centroid estimation method of each image sequence is proposed by the ship amplitude weighting of 
the detection results, i.e., the coordinates of detected ship locations. Amplitude weighting reduces 
the fluctuations of the ship centroid, which is useful for ship motion parameters estimation and 
refocusing. Finally, the ship motion parameters are iteratively estimated by the detection results 
between the all of adjacent sub-aperture SAR image sequences. The simulated results validate the 
effectiveness of the proposed procedure.  

1. Introduction 
The scattering powers of ship and sea clutter are quite different in the SAR images. Generally, the 

targets like ships show stronger power than the sea clutter, therefore, the ships are shown as “bright” 
targets [1]. However, because of the long integration time of geosynchronous synthetic aperture radar 
(GEOSAR) system, the moving ships will be defocused seriously if the full aperture echoes are used. 
Therefore, it is difficult for the ship targets parameter estimation and ship targets image refocusing. 
The typical ship detection method includes the ship wake detection [2], polarimetric features 
detection method [3], multi-layer resolution detection method [4], and contrast algorithm [5]. Among 
those methods, the statistical-model based constant false alarm rate (CFAR) methods, such as [6-7], 
is widely used in ship detection of SAR images. The K-distribution ship detection method in local 
window is proposed in [8], Novak proposed the double-parameter CFAR method for ship detection 
[9]. The performance of these methods is validated by the low-orbit SAR satellite systems. 

Though the CFAR method is investigated thoroughly, the refocusing method of ship targets should 
be further researched after the detection procedure, which is useful for ship size estimation and 
recognition. Before ship target refocused, the motion parameters should be estimated. Several 
methods are given based on the low-orbit satellite system and/or the airborne SAR systems with short 
integration time. These methods are based on the approximation that the ship scattering signal in the 
same range cell is linear frequency modulation (LFM). And then the signal components of LFM are 
analyzed based on the “Clean” method, such as the adaptive chirp let decomposition [10], fractional 
Fourier transform [11], Radon-Wigner transformation [12], and smoothing Pseudo-Wigner-Ville 
distribution [13]. As is mentioned above, these methods are suitable for the short time observation of 
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the SAR systems. Therefore, for the long synthetic aperture time of GEOSAR, new methods should 
be developed for ship targets refocusing.  

In the paper, we propose a ship motion parameter estimation method combining with ship targets 
refocusing of GEOSAR based on sub-aperture image sequences. Firstly, the sub-aperture images are 
obtained and primary focused by dividing the whole GEOSAR echoes into several fragments. 
Secondly, the conventional CFAR method is used to detect the ship targets in every sub-aperture 
images. Thirdly, the ship centroid estimation method is proposed with amplitude-weighting. Fourthly, 
ship track can be obtained by the ship centroid fitting, and then the velocity in range and azimuth 
direction can be obtained simultaneously, so does the moving direction. Finally, the ship targets can 
be refocused iteratively with the estimated motion parameters. 

The paper is arranged as follows: Section 2 gives the proposed processing scheme in detail. The 
processing results with simulated data are used to validate the effectiveness of the proposed method 
in section 3. Section 4 summarizes the whole paper. 

2. Ship motion parameter estimation and refocusing with GEOSAR image sequences 
In this section, we will give the detailed processing chain the proposed method for ship motion 

parameter estimation and ship targets refocusing. 

2.1 GEOSAR sub-aperture image sequences focusing 
The full aperture radar echoes are divided into sub-apertures firstly. Generally, the coherent time 

of sea clutter are less than 2 seconds, and the ship posture variation can be ignored, which is helpful 
for target focusing. Therefore, in order to obtain the primary sub-aperture focused SAR images with 
moderate signal to noise ratio (SNR), the sub-aperture time is determined as 2 seconds. 

2.2 CFAR ship detection with GEOSAR sub-aperture image sequences 
Generally, the sea clutter with short integration time is modeled as K-distribution. However, for 

the GEOSAR system with long synthetic aperture time, the sea clutter cannot be focused well. 
Furthermore, with sub-aperture SAR imaging processing, the azimuth resolution will be sharply 
decreased. Therefore, the statistical characteristics should be investigated with the GEOSAR 
sub-aperture images. The histogram of the simulated sea clutter and the K-distribution fitting curve 
are shown in Figure 1. The simulation parameters are given in Table 1. 

 
(a) Histogram of Sub-aperture Sea clutter    (b) K-distribution fitting of sub-aperture sea clutter 

Figure 1. GEOSAR sub-aperture images’ statistical characteristics of sea clutter. 
We can see that the sea clutter of sub-aperture is well fitted by the K-distribution. Therefore, we 

can first detect the ships with CFAR method. Generally, the detection model is formulated as: 
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  Ship target                             (1) 

   Sea clutter                             (2) 

Where  is the CFAR detection threshold, and it can be determined by the dichotomy? However, 
it should be noted that  should be adaptively determined for different sub-aperture radar images. If 

is constant for all the sub-aperture images, the false alarms and missing alarms will be increased 
because the K-distribution parameters of GEOSAR sub-aperture images are different. Therefore, the 
estimation accuracy of ship velocity will be deteriorated. 

2.3 Ship centroid estimation with amplitude weighting 
Because the ship images are defocused, the ship centroid cannot be accurately estimated. 

Therefore, the amplitude-weighting method for ship centroid estimation is proposed in this paper. If 
the ship scattering power is uniformly distributed, the ship centroid is located at the geometric 
centroid of the detection results. However, the scattering power of the ship is different because of the 
ship geometry and ship attitudes. Therefore, the amplitude-weighting method is proposed to estimate 
the centroid with the CFAR ship detection results (i.e., the corresponding pixels) as follows: 

                                   (3) 

                            (4) 

Where  and  are the coordinates of the detected results,  is the corresponding scattering 
power of the CFAR detected pixels. 

2.4 Ship track formation and motion parameter estimation 
For every sub-aperture SAR image with short integration time, the CFAR detected result can be 

obtained like the low-orbit satellite system. After the short time SAR image detection, we can link all 
the centroid of the detected results for the long synthetic aperture time. Even though the azimuth 
displacement will be occurred because of the range velocity, the linked results represent the moving 
direction and moving distance on the SAR images. 

2.5 Ship target refocusing with motion parameters compensation 
By using the fitting track of the detected results, the moving velocity of the ships can be estimated 

in both range and azimuth direction. Because of the ship motion, the relative positions of ship target 
and radar platform are changed with time, and then the instantaneous slant range can be expressed as: 

                      (5) 

Where  is the reference slant range,  is the range velocity,  is the azimuth velocity, and 
 is the azimuth time. Through the fitted trajectory curve, the range and azimuth velocity can be 

simultaneously estimated, then the Doppler chirp rate can be modified and the matched filter is 
formulated as below: 

                     (6) 
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By using the phase compensation, the ship targets can be refocused. 
It should be noted that all the above steps can be executed iteratively for better focusing results. 

3. Simulation results investigation and discussion 
In this section, we use the simulated GEOSAR data and ship targets to investigate the performance 

of the proposed method. The used parameters are listed in Table 1. 
Table 1. Parameters for GEOSAR simulation 

Radar frequency 5.4GHz Pulse repeated frequency 100Hz 

Bandwidth 120MHz Full synthetic aperture time 30s 

Pulse duration time 10  Radar look angle  

Platform height 36000km Sub-aperture synthetic time 2s 

Platform velocity 2480m/s   

The full aperture synthetic aperture GEOSAR image and ship target are shown in Figure 2.  

 
Figure 2. GEOSAR image of sea clutter and ship target 

From Figure 2, we can see that the ship target is defocused seriously, and it is difficult for us to 
estimate the motion parameters from the single image. Therefore, we use the sub-aperture radar 
sequences to estimate the motion parameters. From Table 1, we know that the GEOSAR echoes can 
be divided into 15 sub-aperture SAR images. With CFAR detection, we can obtain the ship locations 
(i.e., pixel coordinates) in every sub-aperture GEOSAR image. Herein, we give the #1, #7, #15 
sub-aperture images and the detection results in Figure 3. 
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(a) Sub-aperture image of #1                (b) sub-aperture image of #7 

 
(c) Sub-aperture image of #15               (d) Ship detection result of #7 

 
(e) Ship detection result of #7                 (f) ship detection result of #15 

Figure 3. (a) (b) (c) (d) (e) (f) Sub-aperture GEOSAR images and ship detection results 
From Figure 3, we can see that the ship targets in sub-aperture images are still defocused. And the 

detection results are distributed in several neighboring pixels, which is not convenient for ship motion 
parameters estimation. Therefore, we use the ship centroid for parameter estimation. In the previous 
section, we point out that the amplitude-weighting method can be considered for the non-uniform 
scattering power distribution. Figure 4 shows us the centroid location with/without 
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amplitude-weighting of #1, #7 and #15 sub-aperture GEOSAR images. We can see that the centroid 
location with amplitude-weighting is closer to the geometric center than that without 
amplitude-weighting, which is facilitated for motion parameters estimation. 

The centroids of all sub-aperture images with/without amplitude weighting are shown in Figure 5. 
Based on the centroid locations, the detected results can be linked together, and then the moving 
direction can be obtained from the fitted trajectory. 

 
(a) Ship centroid of #1 

 
     (b) Ship centroid of #7                    (c) ship centroid of #15 

Figure 4. (a) (b) (c) Sub-aperture ship centroid estimation with/without amplitude weighting 
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Figure 5. Sub-aperture centroid fitting results 

From Figure 5, the variance of centroid with amplitude-weighting is smaller than that without 
amplitude-weighting, which means that the moving direction is more accurately fitted. From the 
fitting curve and the parameters in Table 1, the ship velocity can be obtained as Table 2 shows us. 

Table 2. Velocity estimation with/without amplitude weighting 

 Range 
velocity 

Azimuth 
velocity 

Estimated ship 
velocity 

Actual ship 
velocity 

Estimation 
error 

amplitude 
weighting 4.3333m/s 3.4333m/s 5.5286m/s 5.1444m/s 7.468% 

no amplitude 
weighting 4.4000m/s 3.8000m/s 5.8138m/s 5.1444m/s 11.514% 

Table 2 shows us that we can obtain more accurate velocity estimation results with 
amplitude-weighting. With the estimated velocity, we can refocus the ship images, including 
full-aperture and sub-aperture SAR images which are shown in Figure 6 iteratively. 
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(c) sub aperture image of #15 

Figure 6. (a) (b) (c) Full aperture and sub-aperture radar images with two iterations 
Comparing Figure 6, Figures 2 and 3, we can see that ship images in both full aperture image and 

sub-aperture image are focused well. The focused results validate that the motion parameters 
estimation method and phase compensation method are effective with GEOSAR image sequences.  

4. Conclusion 
Unlike the low-orbit satellite system, GEOSAR system has much longer synthetic aperture time. 

Therefore, the ship detection method is quite different from the low-orbit satellite system. In this 
paper, an amplitude weighting method for ship centroid and motion parameters estimation with 
GEOSAR image sequences is proposed, followed by the phase compensation method for ship target 
refocusing. The simulated results validate the effectiveness of the proposed processing flowchart. 
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