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Abstract: Ground moving target focusing and tracking using airborne data is a subject of increasing 

interest. Single antenna processing allows focusing[1] and azimuthal velocity estimation [2][3] under 

the assumption that the signal-to-clutter ratio (SCR) is high enough (for instance, 14dB in [3]), which 

is mostly not the case in an urban context. Moreover, these methods are insufficient to geolocalize the 

moving targets. Acquisition of SAR data over a circular path eliminate this drawback, because objects 

may be seen at a 360° angle and during a longer time than in the case of linear path. A technique to 

track moving targets in SAR images with only one sensor and using a circular path has been presented 

in [4]. In this paper, we perform a physical and geometrical analysis of this method and present 

accuracy evaluations. Finally some new results are presented on real data acquired around the city of 

Nîmes (X band). 

 

1. Introdution 

 
Ground moving target focusing and tracking using airborne data is a subject of increasing 

interest. Because of target movements, a defocusing effect and delocalization in the azimuth 

direction may appear. Standard single antenna processing allows focusing [1] and velocity 

estimation [2][3] by taking advantage of these effects, but the SCR has to be high enough (14 

dB in [3]), and in most cases in urban context, the SCR is lower than 14dB. Moreover, these 

methods are insufficient to geolocalize the moving targets. Acquisitions of SAR data over a 

circular path eliminate this drawback, because objects may be seen at a 360° angle. Moreover, 

the continuity of the SAR-plateform movement may enhance moving target tracking. In a 

previous paper, having SAR images acquired along a circular trajectory in spotlight mode, we 

have presented an inversion method to retrieve the target position and velocity from the 

apparent coordinates of the moving targets in these SAR images and the estimated azimuthal 

velocity [4]. In this paper, we perform a physical and geometrical analysis of this method and 

present accuracy evaluation. In part one, we present the estimation of the covariance 

measurement matrix. Then, we estimate the covariance matrix of the output parameters given 

measurement accuracies, then we show some examples of the estimated position accuracy of 

synthetic target trajectories, and finally we show results obtained on real data around the city 

of Nimes. 

 

2. Inversion method 
 

In a previous paper [4], we have presented an inversion method to retrieve the target 

trajectory from the apparent coordinates of the moving targets in a set of SAR images 

acquired along a circular trajectory in spotlight mode. This method consisted in inverting a 

    equation system,   being the number of images used to solve the problem, and each 

image gives 3 equations as follows: 
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   and    are the projection of the target velocity  ⃗  (with magnitude  ) in the azimuth and 

range direction, and    the radial acceleration.    is the SAR plateform velocity and   is the 

distance between the moving target   and the sensor  .   is the defocusing parameter, and    

is the apparent squint angle of the moving target   (the real squint angle of a still target  ). 

Two different hypotheses are used: first, we consider that targets have a constant acceleration 

during    , where    is the time interval between two images. Secondly, we consider that 

the target velocity and acceleration are collinear, so we look for targets moving along a 

straight line during calculation time. 

For each image three measurements are needed: the two coordinates of the apparent position 

of the target and the defocusing parameter alpha. The focusing parameter alpha is retrieved 

form the measurements by fitting a parabola to the phase history of the target. [4]. Then, the 

target is refocused thanks to this parameter and the apparent position of the target is estimated 

(see Fig 1). 

 
Fig. 1 : general overview of the measurement method 

 

3. Estimation of the measurements accuracy 
 

In order to estimate the accuracy of our inversion regarding the measurement accuracy, we 

use two different models. The first one is to consider targets as point-like scatterers, which is 

the ideal case, the second one considers extended targets. 

3.1 Measurement accuracy: the point-like scatterers model: 

With this target model, we consider that targets have no physical surfaces. So the target signal 

power only depends on the radar cross section (RCS) of the target:  

 
               

 



The clutter power depends on the backscattering coefficient of the surface and on the 

resolution. The backscattering coefficient (  ) are given by Ulaby [6]. The clutter power is 

given by:  
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Consequently, the signal to clutter ratio (   ) which is given by     
       

        
  increases 

with the azimuth resolution. Ye et al. [7] give us the phase measurement accuracy in the case 

of a poinlike isotropic scatterer:  
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The estimation of the phase history of the target with a parabola (see Fig. 1) is to solve the 

following system:  

                  [         ]
 ( 1) 

Where (      ) are the parabola coefficients and    represent the phase samples,         

being the number of sample used to compute the azimuthal spectrum of the moving target. By 

inverting the system ( 1), we obtain the defocusing measurement accuracy (noted   ): 
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  [4], we can show that the azimuth velocity and radial acceleration  measurement 

accuracy (given by the defocusing measurement accuracy   ) depends on the     of the 

target:  
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The delocalization of a moving target in azimuth induces a phase slope. The inversion of the 

system ( 1) gives us the measurement accuracy of this slope, noted   : 
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The shift theorem for Fourier transform gives us:  
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For example, we consider a moving target  (               ) in urban context (   

            given by [6]).With the point-like scatterers approach, we obtain subpixellic 

measurement accuracy (           ), thanks to the moving target signal analysis. 

3.2 Measurement accuracy extended targets model: 

The second approach is to consider extended targets, that is, targets with a physical surface. 

This approach is closer to real cases. In this case we are limited by the azimuth resolution and 

by the radiometric properties of the moving targets. Indeed, the azimuth resolution     is 

linked to the integration time      by:  

        
  

       
 

 



Extended moving targets can be modeled by a finite number of bright spots, and the 

distribution of these spots is random, and depends both on the target and view angle. 

Therefore, when     increases,      increases and the probability that the distribution changes 

during the integration time will increase. So in this case, the target position estimation 

accuracy is in the range of the target dimension (that is to say metric errors in the case of 

targets in urban context). 

 

4. Estimation of the covariance matrix of the output parameters 
 

All the measurement accuracies lead us to a covariance matrix, noted   . In our methodology, 

an optimal moving target trajectory reconstruction calls for a minimisation of the system error 

function. This function is given by:  

 (   )  ∑   (   )

   

   

 

Where    are the equations used for our system solving (see [4]), and   the number of images 

used.   represents the output parameters and   the measurements. By non-linear least squares 

inversion, we obtain an expression of the covariance matrix of the output parameters: 

   ( ̃)    ( )     ( ) 

Where   ( )  is a combination of Jacobian, Hessian and other partial derivatives matrix 

calculated for the solution of the system, noted   . Therefore,    ( ̃) depends on the 

measurement accuracies and thus on moving target models. Fig. 2 shows an example of the 

estimated position accuracy (given by    ( ̃)) of a target trajectory with constant velocity, 

for a perfect synthetic aircraft circular trajectory and different configurations. The   axis 

represents the number of images         used to invert the problem, the   axis represents the 

total angle used – that is          , with   the integration angle of a single image. We 

generate independent data, in order to study the impact of          and of the image 

resolution.  

   
                                      a.                                                                          b. 

Fig. 2: RMS differences for a trajectory with constant velocity (10m/s toward North-East direction). a.: case of 

targets as point-like scatterers. b.: case of extended anisotropic scaterrers. 

Therefore, for a given total angle (  axis), the fewer images we have, the better resolution we 

get, because of the increase of  . Obviously the results improved with the total angle, and we 

obtain better results with the point-like approach (the average error is about      ) than with 

the extended anisotropic approach (the average error is about     ).  These results also show 



that for a given angle, a small set of images with a good resolution gives better results than a 

large set of images with a lower resolution in the case of point-like scatterers. The opposite is 

reported in the case of extended targets: a large set of images, even with a lower resolution, 

gives us better results than a small set with a good resolution. We can suppose that in real 

cases, because each backscatterer can be consider as a bright point over a small integration 

angle, we will observe a combination of these two behaviours.  

 

5. Experimental results analysis 
 

Images are acquired with the SETHI sensor from ONERA which is described in [4]. The data 

are X-band data with decimetric slant range resolution, and we examine a moving target 

which is supposed to be a train: we see several horizontal lines like as if it were due to train 

wagons (see Fig. 3). The curvature of the horizontal lines is due to range migration, which 

appears on images with high azimuth resolution. 

The simplest way to refocus the moving target is to compute the azimuthal spectrum of the 

moving target and to fit a parabola to its phase behavior. Because of the extended anisotropic 

behavior of the moving targets, their phase histories are in most cases a complex sum of 

parabola.  To choose the best phase correction, we select a patch containing the moving target 

(see Fig. 3) and we maximize in the image domain a sharpness ratio [1][5] applied to the 

patch. The ratio is given by: 
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Where  (   ) represents the complex image in the patch before phase correction and 

    (   ) represents the complex image in the patch after correction. In most cases in urban 

context, we obtain two main peaks: one corresponding to the clutter focusing and one for the 

moving target focusing. If the SAR images are well focused for still targets, the amplitude of 

the sharpness peak corresponding to the clutter focusing is equal to 1, and the amplitude of 

the moving target peak is different from 1. A simple test on the value of the peak leads us to 

the selection of the right phase correction (see Fig. 3). This method was tested on the Nimes 

dataset. A result is presented in Fig3. The target is      long . This length corresponds to the 

length of a TER (Train Express Regional), and such a train often travels in Nimes.  

Then we apply our inversion algorithm to obtain the real trajectory of the train.  We took an 

angle between the two farthest images equal to     (10 images). The measured velocity of the 

moving target is almost constant and equal to        (       ). The result of the trajectory 

computation is shown in the green circle. All these characteristics are consistent with a train 

arrival in the Nimes station (red circle). A work on a set of real known trajectories will enable 

us to confirm this good result. 

 



Fig. 3: an example of a signature of a moving target on a SAR image at the city of Nîmes (zoom). The azimuth 

direction is horizontal so the defocusing effect appears as horizontal lines. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Fig. 4: trajectory reconstruction for a real unknown trajectory. Red circle is the train station of the city of Nîmes 

(Nîmes arena is in the yellow circle) 

5. Conclusion   

 
In this paper, we presented a performance analysis of a method for tracking moving targets 

using airborne SAR images acquired on a circular trajectory. This method is divided into two 

main steps: an autofocus algorithm and a tracking algorithm. Two different moving target 

hypotheses were presented and the results on measurements accuracy and estimated position 

accuracy have shown the potentiality of the method and the impact of several parameters 

(difference of heading angles, number of measurements) on the trajectory reconstruction 

accuracy. The new result on real data confirms these theoretical considerations. A work on a 

set of real known trajectories will enable us to definitively quantify the performance of the 

method on real cases. 
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