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Abstract

:

Ground-based synthetic aperture radar (GBSAR) is widely used in mountains, mines, and other areas because it can get the sub-millimeter deformation information of monitoring scenes. This technology plays a vital role in safeguarding production operations, providing accurate disaster projections, and facilitating timely early warning dissemination. However, the moving target’s defocus/displaced signal will mask the image of GBSAR, which affects the accuracy of deformation inversion. Hence, the detection of moving targets in GBSAR imagery is essential. An algorithm for moving target detection based on refocusing is proposed in this paper to address this problem. The algorithm establishes a two-dimensional parameter search space for squint angle and relative speed. Based on the parameter searching, the improved Range Doppler (RD) algorithm is used for refocusing. The optimal 2D parameters are searched via an algorithm combining the entropy minimization principle and the enlightend search. The presence of a moving target in the observation area is determined based on whether there is an optimal parameter to minimize the entropy value of the refocused image. This approach enables the detection of moving targets in GBSAR imagery. The proposed method is verified by the synthetic data.
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1. Introduction


Ground-based synthetic aperture radar (GBSAR) is a contemporary remote sensing technology that has been developed in recent years [1]. Because of the long revisit interval, narrow imaging width, and short duration for a single observation period, the region or target of interest cannot be persistently observed by traditional remote sensing satellites [2]. GBSAR can continuously monitor the deformation of an area for a long period of time. Furthermore, it enables real-time data analysis with exceptional monitoring accuracy at the sub-millimeter level [3,4,5,6]. The whole GBSAR deformation monitoring process can be highly automated. It can be used as an operational monitoring tool, even during emergencies. It is worth noting that the instrumentation can be installed outside the target area; this is an advantage, especially when dangerous deformation phenomena have to be monitored [7].



The GBSAR interferometry technique is mainly used in mining landslides, bridge span displacements, or embankments [7,8]. The GBSAR is based on a coherent radar system, which measures not only the amplitude but also the phase of the received radar signal [7]. The interferometric phase information of the image can be exploited, by using the interferometric techniques, to obtain deformation information and topography of the measured scene. The accuracy of deformation retrieval relies on the high coherence of the GBSAR image. However, the moving target’s defocus/displaced signal will mask the image of GBSAR, which can cause decoherence. Therefore, the detection of moving targets in GBSAR imagery is crucial to enhancing the accuracy of deformation inversion.



Since the existing FMCW GBSAR systems are mainly single-channel systems [9], this paper provides a brief introduction of the moving target detection method suitable for single-channel systems. The research of Freeman [10] has achieved the detection of moving targets in single-antenna SAR. Nevertheless, the detection capability is limited to targets located in the high-band range of the pulse-repetition frequency (PRF). The Wigner-Ville distribution (WVD) is applied to detect moving targets in [11]. However, the problem of the proposed algorithm demonstrates that WVD is not a linear transformation; the undesired cross terms will appear when multiple signals exist in the scene. To address this issue, scholars have proposed various improved algorithms with the objective of suppressing cross terms in the WVD [12,13,14,15]. There is the extended WVD and the WVD-HT method, which combines the Hough transform and the Wigner-Ville distribution. In reference [16], SAR echo was used to generate sub-aperture image sequences. And combined with the eigen-decomposition of the covariance matrix, the study achieved effective separation between clutter and moving targets. This method has a good processing result in the simulation, but the algorithm has a large amount of calculation.



The above detection methods usually require the system to have a high PRF, and additional cross terms are introduced due to the target motion during the detection process. Considering the low PRF of GBSAR and the slow speed of radar motion, further study is required to advance the moving target detection method employed in GBSAR systems. To solve the above problems, the moving target can be detected by focusing with motion phase compensation [17,18,19,20,21]. Barbarossa [17] has presented an approach to estimating phase errors caused by the target’s motion. And the phase errors are used to judge the existence of the moving target in the scene. In the previous studies [22], we successfully achieved refocusing imaging of moving targets in the GBSAR based on relative speed. And there is currently no research in the GBSAR system on using relative speed refocusing for moving target detection. In [18,19,20,21], the moving targets on the airborne platform can be detected by refocusing techniques. However, these methods use traversal to search for the optimal parameters, which makes target detection time-consuming. So how to improve the detection efficiency of moving targets in GBSAR is also worthy of attention.



Therefore, in this paper, we propose a moving target detection algorithm based on refocusing. The two-dimensional parameter search space is established for squint angle and relative speed. Based on the parameter searching, the improved Range Doppler (RD) algorithm is used for refocusing. And the minimum entropy value is used as the criterion for moving target detection. For each group of parameters, the corresponding phase compensation and refocusing are performed. The entropy of the refocused image under each set of parameters is computed, and the presence of a moving target in the observation area is determined based on whether there is an optimal parameter to minimize the entropy value of the refocused image. And the introduction of enlightend search is used to enhance detection efficiency.



The main contributions are:




	
A moving target detection algorithm based on refocusing is proposed to address the problem of moving target detection in GBSAR imagery;



	
A two-dimensional enlightend search is introduced to improve detection efficiency and reduce time consumption;



	
The efficiency of the proposed method is evaluated through extensive experiments.








The rest of the paper is organized as follows. In Section 2, the relative speed is used to simplify the FMCW-GBSAR moving target signal model. The details of the proposed method for moving target detection by refocusing are described in Section 3. Based on the establishment of two-dimensional parameter search space, this method uses the improved Range Doppler (RD) algorithm to refocus the moving target. The presence of moving targets in the observation area is determined through the application of the minimum entropy principle as the detection principle. Section 4 is the experiment. Section 5 is the conclusion.




2. Moving Target Signal Model Simplified by Relative Speed


The geometry of GBSAR with a moving target when azimuth time   t = 0   is shown in Figure 1. Assume that the radar moves straight along the y-axis at a speed of    v s   . The Y-axis is the azimuth direction, and that perpendicular to the y-axis is the range direction. The radar is at the origin of the coordinates, which is expressed as    (  0 ,    v s  t  )   . In this paper, all movements are under the assumption of constant speeds and linear motion, with no acceleration considered [23].    v a    and    v r    denote the azimuth and range velocities of the moving target, respectively. Before introducing the relative speed, the initial position of the moving target is at  P    (   x 0  ,    y 0   )   , its velocity is    (   v r  ,    v a   )   . So the coordinates of the moving target can be expressed as    (   x 0  +  v r  t ,    y 0  +  v a  t  )   . Then, the instantaneous slant range is [24]:


  R ( t ) =      (   x 0  +  v r  t  )   2  +    (   y 0  +  (   v a  −  v s   )  t  )   2     



(1)







Through the introduction of the relative speed transformation relationship, the moving target can be treated as a stationary target if the platform is assumed to move with the difference velocity    v s ′    of the initial platform velocity    v s    and the target velocity    (   v r  ,  v a   )    [25]. At this time, the coordinates of the platform are changed from    (  0 ,  v s  t  )    to    (  0 ,  v s ′  t  )   . The moving target  P  rotates  θ  to   P ′  , and its coordinates are changed from    (   x 0  +  v r  t ,  y 0  +  v a  t  )    to    (   x 0 ′  ,   y ′  0   )   .



Equations (2) and (3) represent the transformation of relative speed. The    v s ′    is defined as relative speed. The  θ  is defined as the rotation angle; it represents the direction of     v ′  s   . The     v ′  s    and  θ  can be calculated as:


    v ′  s  =      (   v s  −  v a   )   2  +    (   v r   )   2     



(2)






  θ = arctan  (     |   v r   |     |   v s  −  v a   |     )   



(3)







Apply (2) and (3) to (1); the range equation can be rewritten as:


   {      x ′  0  =  x 0  cos θ −  y 0  sin θ       y ′  0  =  x 0  sin θ +  y 0  cos θ      



(4)






  R  ( t )  =      (   x 0 ′   )   2  +    (   y 0 ′  −  v s ′  t  )   2     



(5)







Next, the signal model is simplified by the relative speed. Figure 2 shows the imaging geometry of the moving target based on relative speed.   P ′   denotes the position of a moving target following the relative speed transformation.    O ′   P ′    denotes the range between the radar and the target at an arbitrary time.    R 0    represents the range between the radar and the target at   t = 0  , which determines the radar’s effective detection scope for the moving target in the scene. The selection of    R 0    can be set according to the monitoring requirements of the observation area. And   θ ′   is the squint angle at   t = 0  .



From Figure 2, we can obtain    R 0  =      (   x 0 ′   )   2  +    (   y 0 ′   )   2      and    θ ′  = arctan    y 0 ′     x 0 ′     . According to the law of cosines, we can obtain the expression of the range equation [26]:


  R  ( t )  =      (   v s ′  t  )   2  +  R 0 2  − 2  R 0   v s ′  t sin  θ ′     



(6)







Equation (6) represents the focusing equation. The moving target can be refocused by searching the radar velocity    v s ′    and the squint angle   θ ′   and applying corresponding phase compensation to the moving target signal based on these parameters [27]. For different point targets in the scene, the matched values of    v s ′    and   θ ′   are different. Hence, the algorithm searches target by target in the 2D parameter space to get the matched parameters for refocusing.



The “stop-go-stop” approximation is not applicable in the GBSAR system because it uses the FMCW signal, which requires continuous signal transmitting and receiving [28,29,30]. So replace    t r    +    t a    into Equation (6) to get (7). The    t a    and    t r    are the azimuth and range time, respectively.


  R  (   t r  ,  t a   )  =      (   v s ′   t a  +  v s ′   t r   )   2  +  R 0 2  − 2  R 0   (   v s ′   t a  +  v s ′   t r   )  sin  θ ′     



(7)







By substituting the rewritten range Equation (7) into the received signal after Dechirp [24], we obtain the GBSAR moving target signal simplified by relative speed:


    S ′  (   t r  ,  t a   )    = exp  {  − j   4 π  λ   (   R 0  +      (   v s ′   )   2    cos  2   θ ′    2  R 0     t a 2   )   }        ⋅ exp  {  − j   4 π  λ       (   v s ′   )   2   t a  −  R 0   (   v s ′   )  sin  θ ′     R a   (   t a   )     t r   }        ⋅ exp  {  − j   4 π  c   K r   [   R a   (   t a   )  +      (   v s ′   )   2   t a  −  R 0   v s ′  sin  θ ′     R a   (   t a   )     t r  −  R  r e f    ]   (   t r  −   2  R  r e f    c   )   }     



(8)




where  λ  is the wavelength,  c  is the speed of light,    K r    represents the range FM rate, and    R  r e f     is the reference range.




3. Detection Algorithm Based on Refocusing


3.1. Moving Target Detection Algorithm Flow


According to Equation (8) deduced in Section 2, the equivalent signal model is only related to the parameters    v s ′    and   θ ′  . Since the actual motion parameters of the target within the scene are unknown, the value of    (   v s ′  ,  θ ′   )    can be determined by a two-dimensional parameter search. Different from the conventional traversal search, the enlightend search is introduced in this paper to reduce time consumption.



The flowchart of our proposed detection method is presented in Figure 3, which consists of three steps. (1) The 2D parameter search space    (   v s ′  ,  θ ′   )    is first established. The optimal 2D parameters are searched using the enlightend search. (2) In each parameter search loop, the modified Range Doppler (RD) algorithm is used to refocus the input data by the motion phase compensation. (3) Following the phase compensation under different groups of    (   v s ′  ,  θ ′   )   , the entropy value of each refocused image is calculated. By determining if the minimum entropy of the refocused image converges towards a set of    (   v s ′  ,  θ ′   )   , the presence of the moving target within the scene can be judged.



It is worth mentioning that atmospheric turbulence is one of the causes of quality degradation in long-range imaging. In order to eliminate the adverse effect of atmospheric turbulence, scholars have conducted a lot of experiments and demonstrations on this issue [31,32,33,34,35]. According to reference [31], when the radar illuminating range is above 10 km, atmospheric turbulence will seriously degrade the image quality. The radar beam phase distortion induced by turbulence will affect the long-range imaging performance and degrade the resolution.



In this paper, moving target detection is achieved by refocusing in the GBSAR imagery. The GBSAR usually uses close-range imaging for the observation scene, with the radar’s illumination range not exceeding 3 km. Different from the long-range imaging in reference [31], atmospheric turbulence will not degrade the quality of GBSAR images. Therefore, the impact of turbulence on the performance of the detection algorithm proposed in this paper can be neglected.




3.2. Enlightend Search Based on 2D Parameter Space


As analyzed in Section 2, the simplified signal model is only related to    v s ′    and   θ ′  . Hence, when using the RD algorithm for refocusing, it is essential to determine the values of    v s ′    and   θ ′  . In this paper, the optimal 2D parameters are searched using the enlightend search. Compared with the method of searching parameters by traversal, the advantage of enlightend search is that the constructed enlightend function can be used to select the search scope. By reducing the number of invalid searches in the search space, the efficiency of the parameter search is improved.



We used a strategy similar to the enlightend search presented in [36]. Its searching process diagram is shown in Figure 4. A two-dimensional parameter search space is established first    (   v s ′  ,  θ ′   )    by designing “cross”. The “cross” can be designed by determining the initial node and the search step. The efficiency of the search process is impacted by the position of the initial node. The initial node is usually set according to the speed and position of the platform at   t = 0  .



During the search process, each ‘‘cross’’ has nine interval nodes, and    (   x j  ,  y j   )      (  j = 1 , … , 9  )    is the coordinate of the  k  th node.    (   x j  ,  y j   )    represent     v ^  s    and   θ ^  , respectively. The 2D entropy of each node is calculated. If the node with minimum entropy is found at the boundary of the “cross” (1, 5, 6, and 9), the search step preserves, and a new “cross” is reconstructed based on the node for further breadth searching. If the node with minimum entropy is situated in the interior of the “cross” (2, 3, 4, 7, and 8), the search step halves, and a new “cross” is also reconstructed centered on the node for further depth searching. Until the step size is reduced to a threshold such as 0.001, the central node within the final “cross” is identified as the node corresponding to the optimal parameters. By judging if the minimum entropy of the refocused image converges towards the optimal parameters, it can be determined whether a moving target is present in the scene.



Next, I will analyze the process of “cross” reconstruction in two cases. The first case can be observed in Figure 4. In the first “cross,” the node with the minimum entropy is found at the boundary node 6. It means that the target node corresponding to the optimal parameter should be below node 6 or between node 6 and node 7. In this case, in order to acquire the target node, it should remain the same size and establish a new cross centered on the node below node 6 for breadth search. The other case can be seen in Figure 5. It shows the reconstruction process from “cross” 5 to “cross” 6. When the node with minimum entropy is located at the internal node 7, it indicates that the target node with the optimal parameter has been included in the interior of “cross” 5. Therefore, the new “cross” can be reconstructed in half of the original step size around the current node 7. And the pseudocode of the enlightend search algorithm is listed in Appendix A.



It is worth mentioning that the selection of the initial step size greatly impacts the efficiency of the search. If the step size is too large, due to the requirement for a precision level of up to 0.001 in the step size, it would require constant updates of the current node, resulting in an increase in the number of search iterations and the overall search volume. Conversely, if the step size is too small, it may lead to incomplete search results. Only suboptimal values can be found through the search, thereby reducing the accuracy of the search. Therefore, both selecting a step size that is too large or too small will result in a decrease in the accuracy and efficiency of the search. Based on the above analysis, it is necessary to select the appropriate step size when using enlightend search to get the optimal    (   v s ′  ,  θ ′   )   .




3.3. Moving Target Refocusing


According to the characteristics of the GBSAR system and the moving target motion, the RD algorithm is modified to achieve moving target refocusing, and the detailed formulas are deduced in this part.



Based on the stationary phase principle, the Equation (8) in the Doppler domain is:


     S ′   (   t r  ,  f a   )    = exp  {  − j   4 π  λ   R 0  β  (   f a   )   }        ⋅ exp  {  − j   4 π  K r   c   [     R 0    β  (   f a   )    −  R  r e f    ]   (   t r  −   2  R  r e f    c   )   }        ⋅ exp  {  − j   2 π λ  K r 2   R 0     c 2       β 2   (   f a   )  − 1    β 3   (   f a   )       (   t r  −   2  R  r e f    c   )   2   }        ⋅ exp  {  j 2 π   f ′   d c    t r   }  ⋅ exp  {  j   2 π sin  θ ′   R 0   f a 3    λ cos  θ ′     (   f  a M  2  −  f a 2   )    3 / 2      }     



(9)




where  λ  is the wavelength,  c  is the speed of light,    K r    represents the range FM rate, and    R  r e f     is the reference range. The    t a    and    t r    are the azimuth and range time, respectively.    R 0    represents the range between the radar and the target. And   θ ′   is the squint angle.



It should be noted here that the higher order phase is omitted in this paper when using the stationary phase principle. In Equation (9)    f  a M   = −   2  v s ′   λ   , and the Doppler centroid is     f ′   d c   =   2  v s ′  sin  θ ′   λ   . The correction function is constructed to correct the Doppler shift:


   H  d f s   = exp  [  − j 2 π  f  d c  ′   t r   ]   



(10)







The Range Cell Migration Correction (RCMC) factor   β  (   f a   )    in Equation (9) is expressed as:


  β  (   f a   )  =   1 −    (    λ  f a    2  v s ′  cos  θ ′     )   2     



(11)







Using the approximation similar to [37],      R 0    β  (   f a   )      can be represented as:


     R 0    β  (   f a   )    ≈  R 0  +  1 2   R 0     λ 2   f a 2    4    (   v s ′   )   2    cos  2   θ ′     



(12)







The corresponding RCMC function based on relative speed is as follows:


     H  r c m c     = exp  {  j   4 π  K r   c   1 2   R 0     λ 2   f a 2       (  2  v s ′  cos  θ ′   )   2     (   t r  −   2  R  r e f    c   )   }        ⋅ exp  {  j   2 π λ  K r 2   R 0     c 2       β 2   (   f a   )  − 1    β 3   (   f a   )       (   t r  −   2  R  r e f    c   )   2   }        ⋅ exp  {  − j   2 π sin  θ ′   R 0   f a 3    λ cos  θ ′     (   f  a M  2  −  f a 2   )    3 / 2      }     



(13)







According to Equation (13), the range migration correction of Equation (9) can be completed. After using azimuth inverse FFT and range FFT, we obtain:


     S ′   (   f r  ,  t a   )    = sin c  {  π  T p   [   f r  +   2  K r   c   (   R 0  −  R  r e f    )   ]   }        ⋅ exp  {  − j   4 π  R  r e f    c   f r   }  ⋅ exp  {  − j   4 π  λ   (   R 0  +      (   v s ′   )   2    cos  2   θ ′    2  R 0     t a 2   )   }     



(14)







The quadratic phase term of    t a    in (14) is the phase history, which controls azimuth focusing. The reason is this phase will cause the main lobe of the target signal to broaden to both sides, leading to defocusing of the image in the azimuth direction. Hence, in order to get the well refocused image, the quadratic phase must be compensated. The compensation term is given as (15):


   H  r e f   = exp  (  j   4 π  λ   (       (    v ′  s   )   2    cos  2   θ ′    2  R 0     t a 2   )   )   



(15)







After applying Fourier transform along the azimuth direction, we can get the refocused image of the moving target. In this paper, the minimum entropy principle is used as the criterion for moving target detection. By determining if the minimum entropy of the refocused image converges towards a set of optimal    (    v ′  s  ,  θ ′   )   , the presence of the moving target in the observation scene can be judged.




3.4. Moving Target Detection Criterion


The entropy value can be used as a quantitative measure to evaluate the accuracy of target refocusing. When analyzing the refocused image quality of the moving target, it is observed that images with good focusing exhibit lower entropy values. In the process of establishing the two-dimensional parameter space to search for    (    v ′  s  ,  θ ′   )   , we can only get the trend of coarse refocusing of the image. If there is a defocused moving target in the scene, the entropy of the refocused image can be minimized and converge to a set of optimal    (    v ′  s  ,  θ ′   )   . Therefore, in the process of using enlightend search to iterate the optimal parameters, we calculate the entropy for each set of parameters on the respective images and use the minimum entropy principle as the criterion for target detection.



Here we assume that a set of two-dimensional parameters in the search are denoted by    (    v ^  s  ,  θ ^   )   . The image after refocusing using the algorithm in this paper can be deduced as Equation (14), in this section (14) can be recorded as    S ′   (    v ^  s  ,  θ ^   )   . The proximity of    (    v ^  s  ,  θ ^   )    to the actual value of the moving target directly correlates with the detection efficiency. Hence, the relationship curve between the entropy value and the corresponding    S ′   (    v ^  s  ,  θ ^   )    must be established after their acquisition. The closer the    (    v ^  s  ,  θ ^   )    is to the actual value, the smaller the calculated entropy is.



The definition of image entropy is:


  E  (    v ^  s  ,  θ ^   )  = −   ∑  m , n     p  m , n   ln  p  m , n   , m = 1 , ⋅ ⋅ ⋅  N a  ; n = 1 , ⋅ ⋅ ⋅  N r     



(16)




where    p  m , n     is the density of the image intensity, i.e.,


   p  m , n   =      |   S ′   (  m , n ;   v ^  s  ,  θ ^   )   |   2      ∑  m = 1    N a       ∑  n = 1    N r        |   S ′   (  m , n ;   v ^  s  ,  θ ^   )   |   2         



(17)






   E t  =   ∑  m = 1    N a       ∑  n = 1    N r        |   S ′   (  m , n ;   v ^  s  ,  θ ^   )   |   2       



(18)







   E t    can be defined as the total energy of the image. According to the Parseval theorem, it is clear that    E t    is constant, where    N a  ×  N r    is the size of the azimuth and range direction of    S ′   (  m , n ;   v ^  s  ,  θ ^   )   .



The optimal parameters of    (    v ′  s  ,  θ ′   )    determined by enlightend search can achieve accurate refocusing of the moving target. At this time, the entropy value of the image reaches its minimum and tends to converge. The search result for    (    v ′  s  ,  θ ′   )    can be expressed as:


   (    v ′  s  ,  θ ′   )  = arg min E  (    v ^  s  ,  θ ^   )   



(19)









4. Data Processing and Discussion


In the following section, the experiments on simulated and synthetic data for the GBSAR system are introduced.



4.1. Simulated Data


Here, we conducted multiple simulation experiments on moving targets to verify the efficacy of the algorithm proposed in the third section. The specific parameters of the GBSAR system are reported in Table 1.



The center frequency of the GBSAR system is 17 GHz. The speed of the platform is 0.03 m/s. Here, we use 3000 m as the maximum illuminating range. The motion parameters and the positions of the targets are shown in Table 2. Five moving targets are simulated and the stationary point target S1 is used for reference.



When    t  a z i   = 0  , moving target T1 has the 2D velocity with    v r  =   2 m/s and    v a  =   5 m/s. And it is located at (2300, 100). The positions of T2 and T3 are (2400 m, 0 m) and (2500 m, 500 m), respectively. The velocities of them are    v r  =   0 m/s and    v a  =   10 m/s. The moving targets T4 and T5 are located at (2600, 0) and (2800, 600), respectively, and the velocities of them are    v r  =   10 m/s and    v a  =   0 m/s. The coordinates of S1 in the scene are (2200 m, 0). As can be seen from Figure 6, after GBSAR imaging, S1 is well focused. Due to the influence of velocity, the moving targets are defocused and displaced.



Next, T1 is selected as the example for detection, while its detection process is analyzed and evaluated. In this experiment,    (    v ′  s  ,  θ ′   )    was searched by traversal and 2D enlightend search, respectively.



First, we use the traversal method to search the parameters of T1. To search the optimal parameter of     v ′  s   , we conduct a cyclic search ranging from −6 m/s to 6 m/s with a step size of 0.1 m/s. Similarly, for parameter   θ ′  , we perform a cyclic search from −6° to 6° with a step size of 0.1°. The refocusing results for different parameters during the search process are shown in Figure 7. Subfigures (a–i) are the images under different sets of    (    v ′  s  ,  θ ′   )   . The entropy of the image under different parameters is calculated, and the optimal parameters    (    v ′  s  ,  θ ′   )    that achieve refocusing of the moving target are confirmed by the minimum entropy principle.



Figure 8 shows the entropy curves of T1 refocused images under different 2D parameters. The parameters corresponding to the minimum entropy value in the figure closely approximate the actual motion parameters of target T1. Figure 9 and Figure 10 show the angle and velocity profiles of the entropy curve, respectively.



Figure 9 is the result of the angle profile. This profile can reflect the relationship between the image’s entropy and its angle during the parameter search process. It can be seen that when the angle is 0.4°, the entropy of the refocused image reaches its minimum value. Figure 10 is the result of the velocity profile. This profile demonstrates the relationship between the image entropy and the velocity during the parameter search process. This figure clearly illustrates that the minimum value of the entropy for the refocused image is achieved at a velocity of −5.3 m/s. It can be observed from Figure 9 and Figure 10 that when the parameters     v ′  s    = −5.3 m/s and   θ ′   = 0.4° are used to refocus T1, the refocusing image reaches the minimum entropy value of 2.76.



Next, the enlightend search is used to search the parameters of T1. According to the platform velocity of this simulation, we set the initial node at (0, 0.03). The 2D parameter space is established for searching with 2 m/s and 0.1 ° as the step sizes of the velocity dimension and angle dimension, respectively. It is worth mentioning that the search strategies of the traversal method and the 2D enlightend search are different. The traversal method always maintains a fixed step size to indiscriminately search for     v ′  s    and   θ ′  . For the enlightend search, the node with a minimum entropy is always located at the interior of the “cross.” In order to search in depth, the search step size will be halved as the number of iterations increases. Therefore, the search step size is not the reference for comparing the convergence time between the two methods. In this study, the computational efficiency of the two methods is judged through the comparison of the time spent searching for similar optimal values in the range of allowable error.



The process of parameter searching for T1 is shown in Figure 11a. The different nodes in the search “cross” are represented by red “*”. The relationship between the number of searches and the refocused image entropy is shown in Figure 11b. The circles represent the minimum entropy value after each iteration. It is evident that the greater the number of searches, the smaller the entropy. Furthermore, only the parameters of the first three searches in the parameter space have the greatest impact on the image entropy, while the other parameters have little effect on entropy, which leads to the convergence of the entropy. Because in the first three iterations, the optimal parameters are searched in breadth by using the larger search step size. The breadth search is to determine the approximate range of the optimal parameters in the 2D parameter space. Then, according to the range, the parameter values are searched accurately by halving the step size.



When the two-dimensional parameter is     v ′  s    = −5.47 m/s and   θ ′   = 0.513°, the entropy value of the refocusing image reaches its minimum. The minimum entropy value is 2.65.



The theoretical value and the search results under each iteration of T1 are shown in Table 3. The refocusing results of moving target T1 under nine iterations are shown in Figure 12. Due to the utilization of a larger search step size in the first three iterations, there is a deviation between the results of the first three iterations and the theoretical optimal parameter values. When the first three sets of parameters are used to refocus the moving target, the point target still remains in the defocused state. Therefore, it can be observed from the entropy curve that the entropy of the moving target image has a significant variation during the first three iterations. With the increase in the number of iterations, the search step is gradually halved, and then the optimal parameters are searched in depth. This process makes the searched results match closely with the theoretical values, thereby leading to small variations observed on the entropy curve.



Table 4 reports the final searching results and computing time of two different methods. As shown in the table, it takes 8150 s for the traditional traversal search to get the optimal value, and the computational efficiency of this method is much lower than that of enlightend search. The accuracy of the optimal value obtained by traversal is slightly higher than enlightend search.



The enlightend search only takes 21.6 s to converge to the optimal value. In order to enhance the search efficiency, the maximum driving speed within the scene can be used as a priori information during the search process. The parameter is searched in depth directly by establishing the original “cross,” including the node corresponding to the optimal value. Similar to references [36,38], this study selected 0.001 as the threshold of the enlightend search. With a reduction in the search step from the initial step 1 to 0.001, the enlightend search only needs     log  2   (  1 / 0.001  )  ≈ 10   iterations via the priori information. Therefore, the introduction of the enlightend search greatly reduces the computational workload and can achieve fast detection of moving targets in GBSAR imagery.



By using the identical method to detect the other moving targets, we can get the refocusing results in Figure 13.




4.2. Synthetic Data


Here, a synthetic data experiment is conducted by combining real data acquired in mine with simulated moving target echo. The NCUT-RiskRadar GBSAR system is used to collect the real data. Figure 14 is the GBSAR system researched by NCUT. The system parameters employed in the experiment are consistent with the values presented in Table 1. We simulate four moving targets A1, A2, A3 and A4, and their parameters are shown in Table 5.



Figure 15 shows the conventional image of the synthetic data. It can be seen that the stationary mining area is well focused and is located in the middle. The moving targets are defocused and marked on both sides of the scene through the red box.



Table 6 shows the searching results and computing time of four moving targets with two different methods. As can be seen from the table, the introduction of enlightend search improves the efficiency of moving target detection in the GBSAR system.



Next, let us take the targets on the right side as an example for analysis. The entropy value curve of A3 by traversal search is shown in Figure 16. When     v ′  s    = −2.97 m/s and   θ ′   = 0° are selected as the refocusing parameters, the refocused image entropy of A3 reaches its minimum.



The process of using enlightend search to find the optimal parameter for A3 is shown in Figure 17a. The different nodes in the search “cross” are represented by red “*”. The relationship between the number of iterations and the 2D entropy is shown in Figure 17b. The circles represent the minimum entropy value after each iteration. A clear trend can be observed, where the entropy value decreases as the number of iterations increases. And the minimum entropy finally converges to     v ′  s    = −3.01 m/s,   θ ′   = 0.03°.



The relationship between the image entropy value of A4 and the 2D parameters based on traversal search is depicted in Figure 18. The figure clearly demonstrates that when     v ′  s    = −1.97 m/s and   θ ′   = 0.05° are used for refocusing, the refocused image entropy of A4 reaches the minimum.



The entropy value curve of A4 by 2D enlightend search is shown in Figure 19. And the minimum entropy finally converges to     v ′  s    = −1.97 m/s,   θ ′   = 0.078°.



After using the proposed algorithm to process the synthetic data, it can be seen that the entropy values of the A3 and A4 refocused images can be minimized and converged when the two-dimensional parameters are equal to (−3.01 m/s, 0.03°) and (−1.97 m/s, 0.078°), respectively. These two sets of optimal parameters indicate the presence of the two moving targets in the scene. Therefore, the effectiveness of the proposed method in data containing real scenes is confirmed.





5. Conclusions


In this paper, a moving target detection algorithm based on refocusing is proposed. The algorithm establishes a two-dimensional parameter search space for squint angle and relative speed. Based on the parameter searching, the improved Range Doppler (RD) algorithm is used for refocusing.



The optimal 2D parameters are searched via an algorithm combining the entropy minimization principle and the enlightend search. For each group of parameters, the corresponding phase compensation and refocusing are performed. The entropy of the refocused image under each set of parameters is computed. The presence of a moving target in the observation area is determined based on whether there is an optimal parameter to minimize the entropy value of the refocused image. The introduction of enlightend search is used to enhance detection efficiency. And the proposed method is verified by the synthetic data.
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Appendix A


The proposed of 2D enlightend search method.






	Algorithm A1: Solving (19) by enlightend search based on 2D parameter space search.



	Input: The SAR Echo of    S ′   (    v ^  s  ,  θ ^   )   

	
Initialization: The initial “cross” center    (   x  1 O   ,  y  1 O    )   , the initial step of velocity   Δ  x 1   , the initial step of angle   Δ  y 1   , the iteration threshold  γ , and the iteration index   i = 1  



	
Repeat:



	
Calculate the coordinate of “1,2 4,5”, “3”, and “6,7,8,9” by    {       x  i j   =  [   x  i O   − 2 Δ  x i  ,  x  i O   − Δ  x i  ,  x  i O   + Δ  x i  ,  x  i O   + 2 Δ  x i   ]         y  i j   =  [   y  i O   ,  y  i O   ,  y  i O   ,  y  i O    ]        , j = 1 , 2 , 4 , 5  



   x  i j   =  x  i O    ;   y  i j   =  y  i O    ;  j = 3  



   {       x  i j   =  [   x  i O   ,  x  i O   ,  x  i O   ,  x  i O    ]         y  i j   =  [   y  i O   − 2 Δ  y i  ,  y  i O   − Δ  y i  ,  y  i O   + Δ  y i  ,  y  i O   + 2 Δ  y i   ]        , j = 6 , 7 , 8 , 9  





where    x  i j   =  [   x  i 1   ,  x  i 2   ,  x  i 4   ,  x  i 5    ]    or    x  i j   =  [   x  i 6   ,  x  i 7   ,  x  i 8   ,  x  i 9    ]   , and    y  i j   =  [   y  i 1   ,  y  i 2   ,  y  i 4   ,  y  i 5    ]    or    y  i j   =  [   y  i 6   ,  y  i 7   ,  y  i 8   ,  y  i 9    ]   .    x  i j     represent the coordinate at the j-th node of the i-th iteration.

	4.

	
According to (16), calculate the image Entropy    E j   :



                         E j  = E  (   x  i j   ,  y  i j    )   






where    E j  =  [   E 1  ,  E 2  , ⋯ ,  E 9   ]   , represents the image entropy at nine nodes.

	5.

	
Update the coordinate of “cross” center, the step of   Δ  x i    and   Δ  y i    by



If   min  (   E j   )  =  E j  , j = 1 , 5  



                 {      Δ  x  i + 1   = Δ  x i        Δ  y  i + 1   = Δ  y i         ;    {       x   (  i + 1  )  O   =  x  i j   − Δ  x i         y   (  i + 1  )  O   =  y  i j          ,  j = 1  ;   {       x   (  i + 1  )  O   =  x  i j   + Δ  x i         y   (  i + 1  )  O   =  y  i j          ,  j = 5  



 Else if   min  (   E j   )  =  E j  , j = 6 , 9  



                 {      Δ  x  i + 1   = Δ  x i        Δ  y  i + 1   = Δ  y i         ;    {       x   (  i + 1  )  O   =  x  i j          y   (  i + 1  )  O   =  y  i j   − Δ  y i         ,  j = 6  ;   {       x   (  i + 1  )  O   =  x  i j          y   (  i + 1  )  O   =  y  i j   + Δ  y i         ,  j = 9  



Else



   {      Δ  x  i + 1   =   Δ  x i   / 2        Δ  y  i + 1   =   Δ  y i   / 2         ;   {       x   (  i + 1  )  O   =  x  i j          y   (  i + 1  )  O   =  y  i j          




	6.

	
Update the iteration index,   i = i + 1  .




	7.

	
If   max  (  Δ  x  i + 1   , Δ  y  i + 1    )  ≤ γ  , Iteration stop; Else repeat step 3–6;






Output: The estimated velocity and angle,     v ′  s  =  x   (  i + 1  )  O    ;   θ ′  =  y   (  i + 1  )  O    .
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Figure 1. Geometry of GBSAR with moving target. 






Figure 1. Geometry of GBSAR with moving target.



[image: Remotesensing 15 05588 g001]







[image: Remotesensing 15 05588 g002] 





Figure 2. The imaging geometry of moving target in GBSAR system. 
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Figure 3. Flowchart of the proposed detection algorithm. 






Figure 3. Flowchart of the proposed detection algorithm.



[image: Remotesensing 15 05588 g003]







[image: Remotesensing 15 05588 g004] 





Figure 4. The diagram of 2D enlightend search. 
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Figure 5. The reconstruction process from “cross” 5 to 6. 
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Figure 6. The conventional imaging results. Range is horizontal, and azimuth is vertical. 
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Figure 7. Partial refocusing results of traversal search. 
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Figure 8. The entropy curves of T1 refocused images under different 2D parameters. (a) The entropy curves of T1 refocused images (b) The contour of entropy value of T1. 
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Figure 9. The angle profile of the entropy curve. 
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Figure 10. The velocity profile of the entropy curve. 
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Figure 11. Entropy value curve of A3 by 2D enlightend search. (a) The process of parameter search for T1 (b) Entropy value curve with number of searches. 
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Figure 12. The refocusing results of T1 under nine iterations of enlightend search (a–i). 






Figure 12. The refocusing results of T1 under nine iterations of enlightend search (a–i).



[image: Remotesensing 15 05588 g012]







[image: Remotesensing 15 05588 g013] 





Figure 13. Refocused result of the other moving targets. (a) T2 (b) T3 (c) T4 (d) T5. 
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Figure 14. The NCUT-RiskRadar GBSAR system. 
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Figure 15. The conventional image of the synthetic data. 
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Figure 16. Entropy value curve of A3 by traversal search. (a) The entropy curves of A3 refocused images (b) The contour of entropy value of A3 (c) The angle profile of the entropy curve (d) The velocity profile of the entropy curve. 
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Figure 17. Entropy value curve of A3 by 2D enlightend search. (a) The process of parameter search for A3 (b) Entropy value curve with number of searches. 
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Figure 18. Entropy value curve of A4 by traversal search. (a) The entropy curves of A4 refocused images (b) The contour of entropy value of A4 (c) The angle profile of the entropy curve (d) The velocity profile of the entropy curve. 
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Figure 19. Entropy value curve of A4 by 2D enlightend search. (a) The process of parameter search for A4 (b) Entropy value curve with number of searches. 
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Table 1. The experiment parameters of simulation.
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	Parameter
	Value





	Center frequency
	17 GHz



	Signal bandwidth
	400 MHz



	Radar speed
	0.03 m/s



	Pulse duration
	0.002 s



	Near range
	500 m



	Far range
	3000 m



	Rail length
	0.8 m



	PRF
	800 Hz










 





Table 2. The simulation parameters of target.






Table 2. The simulation parameters of target.





	Target
	Position [m]
	Vr [m/s]
	Va [m/s]





	S1
	(2200, 0)
	0
	0



	T1
	(2300, 100)
	2
	5



	T2
	(2400, 0)
	0
	10



	T3
	(2500, 500)
	0
	10



	T4
	(2600, 0)
	10
	0



	T5
	(2800, 600)
	10
	0










 





Table 3. The search results under each iteration.






Table 3. The search results under each iteration.





	Theoretical optimal values
	(−5.36 m/s, 0.426°)
	fifth iteration result
	(−5.22 m/s, 0.475°)



	first iteration result
	(−3.97 m/s, 0°)
	sixth iteration result
	(−5.22 m/s, 0.487°)



	second iteration result
	(−5.97 m/s, 0.2°)
	seven iteration result
	(−5.22 m/s, 0.512°)



	third iteration result
	(−5.97 m/s, 0.5°)
	eighth iteration result
	(−5.47 m/s, 0.512°)



	fourth iteration result
	(−5.97 m/s, 0.475°)
	ninth iteration result
	(−5.47 m/s, 0.513°)










 





Table 4. Performance comparison of different parameter search methods.






Table 4. Performance comparison of different parameter search methods.





	Method
	Searching Result
	Time
	Velocity Error
	Angular Error





	traversal method
	(−5.3 m/s, 0.4°)
	8150 s
	0.06 m/s
	0.026°



	2D enlightend search
	(−5.47 m/s, 0.513°)
	21.6 s
	0.11 m/s
	0.087°










 





Table 5. Target parameters of synthetic data.






Table 5. Target parameters of synthetic data.





	Target
	Position [m]
	Vr [m/s]
	Va [m/s]





	A1
	(1650, 0)
	0
	3



	A2
	(1750, −50)
	0
	2



	A3
	(1900, 0)
	0
	3



	A4
	(2000, 50)
	0
	2










 





Table 6. Performance comparison of different methods in synthetic data.






Table 6. Performance comparison of different methods in synthetic data.





	
Target

	
Method

	
Searching Result

	
Time






	
A1

	
traversal method

	
(−2.94 m/s, 0.01°)

	
6418 s




	
2D enlightend search

	
(−2.93 m/s, 0.04°)

	
18.2 s




	
A2

	
traversal method

	
(−1.97 m/s, −0.03°)

	
5759 s




	
2D enlightend search

	
(−2.09 m/s, −0.036°)

	
16.1 s




	
A3

	
traversal method

	
(−2.97 m/s, 0°)

	
6405 s




	
2D enlightend search

	
(−3.01 m/s, 0.03°)

	
17.5 s




	
A4

	
traversal search

	
(−1.97 m/s, 0.05°)

	
5896 s




	
2D enlightend search

	
(−1.97 m/s, 0.078°)

	
16.8 s
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