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Abstract

:

The ground moving-target indication (GMTI) technique can detect civil and military moving targets, which means that this technique has received much attention. Strong clutter background suppression is one of the critical problems in this application. However, the detection performance in heterogeneous environment can be degraded due to the inaccurate estimation of the clutter covariance matrix (CCM). In this paper, we propose a robust GMTI method using a spaceborne dual-platform synthetic aperture radar (SAR) system, which can obtain highly accurate CCM in nonuniform clutter. Firstly, the accurate CCM is estimated based on the SAR image obtained by the former platform. Then, space–time adaptive processing (STAP) is carried out using the obtained the CCM. Finally, the detection threshold is set according to the estimated CCM and detection is executed accurately. Compared with the traditional CCM estimation method in STAP using the clutter nearby the cell under test, this method directly estimates the CCM using the clutter of the cell under test, which can avoid CCM estimation mistakes in heterogeneous clutter environment. The clutter can be whitened and depressed more effectively. Additionally, with the accurate threshold acquired from the CCM, the detection probability can be effectively improved under a certain false-alarm criterion. Based on simulation data, GMTI experiments in a heterogeneous environment such as clutter with strong pollution, junction zone of hot and cold clutter, and clutter with nonuniform power are carried out; the results show that the moving targets can be effectively detected with the proposed method.
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1. Introduction


Ground moving-target indication (GMTI) is of great significance in both civil and military fields. Due to its promising prospect in target indication, GMTI has gradually become an important task in radar systems, which has drawn increasing attention from many countries [1,2,3,4].



GMTI techniques are often used by a moving platform to detect the target of interest in the background. The echoes of the moving target are covered by a strong background clutter. Therefore, clutter suppression is a critical and challenging problem in GMTI data processing [5,6]. Commonly, clutter suppression can be performed by a displaced-phase-center antenna (DPCA) [1,7], along-track interferometry (ATI) [8,9,10], and space–time adaptive processing (STAP) [11,12]. STAP takes advantage of the space–time differences between clutter and ground moving target (GMT) echoes to realize clutter suppression, which is regarded as the optimum processing method and obtains the best performance. STAP needs to obtain the clutter covariance matrix (CCM) of the cell under test (CUT). However, CCM cannot be directly estimated by the CUT echoes because they are polluted by GMT echoes. Instead, CCM is estimated by the training samples nearby the CUT. This method requires that the training samples are independent and identically distributed (IID) with the CUT, which leads to STAP performance degradation in clutter suppression. Time–space adaptive processing (STAP) is a space–time filter design method aiming at the space–time coupling of ground clutter, which can greatly reduce the minimum detectable velocity (MDV) of the target and improve GMTI performance [7,8]. Brennan deduced the space–time two-dimensional adaptive optimal processor structure, namely the optimal STAP, according to the maximum likelihood ratio theory. The research results showed that STAP could effectively compensate the platform motion effect of airborne radar and obtain ideal clutter suppression capability. The core problem of optimal STAP is to accurately estimate the CCM of the cell under test (CUT). However, in the actual working environment, a complex ground scene clutter with alternating hot and cold clutter, strong interference targets as well as other factors often lead to uneven clutter distribution. At this time, the pollution of nonuniform samples and the reduction of available uniform samples make the clutter covariance matrix (CCM) estimated by the maximum likelihood method mismatch with the clutter statistical characteristics of the the cell under test (CUT), which leads to the serious deterioration of the STAP performance.



In view of the above problems, domestic and foreign scholars have put forward corresponding solutions from different perspectives. According to the low-rank characteristics of clutter, the reduced-rank STAP algorithm estimates the clutter subspace based on the feature space classification analysis method, which alleviates the performance loss caused by insufficient samples in a heterogeneous environment [13,14,15]. Based on this idea, two methods were proposed: the direct data domain least-squares (D3-LS) STAP method [16] and the maximum likelihood estimation detector (MLED) method [17,18,19]. Unfortunately, the benefits of these methods are generated by reducing the degree of freedom (DOF) in the system, which leads to performance degradation. Recently, many new methods have also been proposed. A CRM STAP method for BiSAR-GMTI nonstationary clutter suppression was proposed in [20]. In [21], a new intrinsic cyclic characteristic of CCM was found. After that, the knowledge-assisted STAP algorithm provides an alternative solution to reduce the required samples using prior knowledge [22]. In order to obtain accurate clutter information for the CCM estimation, an auxiliary channel selection method based on prior knowledge was proposed. The auxiliary channel was selected along the clutter ridge of the first-order sea clutter, and its distribution could be determined by the system parameters and used as prior knowledge. Unfortunately, it is not easy to acquire accurate knowledge. Recently, the correlation of matrix information geometry method for radar signal processing has become a focus and been proved [23,24]. These methods make use of the nonlinear geometry of the matrix manifold and show advantages in terms of signal processing. In [25], a manifold-based clutter suppression method with limited samples was proposed. Ref. [26] mentions a new SAR-GMTIm algorithm in the framework of compressed sensing (CS), which is able to obtain high-resolution SAR images with a high focus response and precise localization. In [27,28], a novel MTI scheme, which consists of DPCA detection, clustering and ATI discrimination, is also noted to reduce the probability of false alarms and improve the detection performance. However, although these methods suppress clutter in several ways, such as reducing the number of samples, reducing dimensionality, and selecting uniform samples, they have not fundamentally solved the problem.



In this paper, we propose a robust GMTI method using a spaceborne dual-platform synthetic aperture radar system. The former platform and the latter platform have the same subastral point tracks, which guarantee consistent scattering between the echoes from the former platform and the echoes from the latter platform. Therefore, the accurate CCM can be directly estimated from the echoes of the GMT zone based on the SAR image obtained by the former platform. Based on this fact, a new GMTI processing method is presented. Firstly, due to the errors in observation geometry between the two SAR images, there is a certain offset and distortion between the images, so it is necessary to register the images of the former and latter platforms. Following image registration, the next step is to calculate the CCM. In this paper, the calculation of the CCM is based on the echo from the CUT, which originated from the registered auxiliary image. To improve echo generation speeds, we used the fast echo simulation method based on range profile inverse transforming. After obtaining the accurate CCM, the detection threshold was set according to the estimated CCM and detection was executed accurately. Compared with the traditional CCM estimation method in STAP, using the nearby clutter cell instead of the CUT, this method can avoid CCM estimation mistakes in a nonuniform clutter environment. The clutter can be whitened and depressed more effectively. With the accurate threshold acquired from the CCM, the detection probability can be effectively improved under certain false-alarm criterion. The novelties and contributions of this paper are summarized as follows.



	i

	
Directly calculate CCM with the range cell echoes at the location of the moving target that originated from the forward SAR images.




	ii

	
By estimating CCM more accurately, the target detection threshold will also be more accurate, making the detection results more reliable.







This paper is organized as follows. Section 2 describes the dual-platform GMTI method against nonuniform clutter. In this section, the problem of STAP processing as well as existing problems in heterogeneous environments are also analyzed. Section 3 presents the simulation results, which prove the effectiveness of the proposed method. Discussions about the disadvantages of the proposed method and future research can be found in Section 4. Section 5 is the conclusion.



Notation: Constants are denoted with nonbold, lower-case symbols; vectors and matrices are denoted by bold lower-case letters and bold upper-case letters, respectively.  C  represents the complex field. The conjugation of a complex number is denoted by    [ · ]  *  . The transpose, conjugate transpose, and inverse of a matrix are denoted by the superscripts    [ · ]  T  ,    [ · ]  H  , and    [ · ]   − 1   , respectively. The Kronecker product of two matrices is represented by ⊗. The expectation operator is denoted by   E [ · ]  . The absolute value of a scalar or the determinant of a square matrix is denoted by   | · |  .




2. The Dual-Platform GMTI Method against Nonuniform Environment


Firstly, this section briefly sets out the basic formulation of the problem, and then analyzes and quantifies the influence of the heterogeneous environment in STAP. Finally, the high-accuracy clutter covariance matrix estimation, based on a dual-platform SAR system, is explored.



2.1. Problem Formulation


Assuming that a uniform linear array is composed of N array elements, the number of coherent pulses in the time domain is K, the platform moves along the axis direction of the array, the speed is V, the interval of the array element is d, the azimuth angle and pitch angle from the clutter block to the antenna phase center are  θ  and  φ , respectively, the wavelength of the electromagnetic wave emitted by the radar is  λ , and the first array element is used as the phase reference center. The earth observation geometry is shown in Figure 1.



The spatial steering vector of the array, denoted by    s s   (  w s  )  ∈  C  N × 1    , is calculated as


      s s   (  w s  )  =      1    e  j  w s   ( θ , φ )      ⋯    e  j  ( N − 1 )   w s   ( θ , φ )        T  ,     



(1)




where    w s   ( θ , φ )  = 2 π d cos θ cos φ / λ   is the spatial angular frequency of the target. The temporal steering vector, denoted by    s t   (  w t  )  ∈  C  K × 1    , is similarly defined as follows:


   s t    w t   =      1    e  j  w t   ( θ , φ )      ⋯    e  j  ( K − 1 )   w t   ( θ , φ )        T  ,  



(2)




where    w t   ( θ , φ )  = 2 π  f d  /  f r    is the time-domain angular frequency of the target,   f d   is the Doppler frequency of the target, and   f r   is the pulse repetition frequency. The space–time sampling signal of the unit amplitude point target clutter is expressed as a vector, and the space–time two-dimensional steering vector  s   ∈  C  N K × 1     is defined as


  s =  s s  ⊗  s t  .  



(3)







Assuming that the number of independent clutter blocks in a range gate is   N c   and the range ambiguity number is   N r  , the clutter sampling signal of a space–time snapshot, denoted by    x c  ∈  C  K N × 1    , is expressed as follows:


   x c  =  ∑  i = 1   N r    ∑  k = 1   N c    α  i k    s  i k   .  



(4)







The clutter covariance matrix, denoted by    R c  ∈  C  K N × K N    , can be expressed as


   R c  = E   x c   x  c  H   .  



(5)







The weight vector of the space–time two-dimensional optimal processor, denoted by    w  o p t   ∈  C  K N × 1    , can be obtained by the following formula:


   w  o p t   = μ   R   − 1   s .  



(6)








2.2. Analysis of the Influence of Heterogeneous Environment in STAP


The CCM is estimated using the clutter cell near the CUT in STAP, which requires that the training samples have the same statistical characteristics as the CUT when estimating the CCM. When the training samples used to estimate the CUT contain high levels of pollution, hot clutter, and nonuniform power, the CCM estimation will contain errors [29,30,31,32,33]. The three nonuniformities mentioned above are explained and discussed in the following.



2.2.1. Strong Pollution


The strong pollution phenomenon happens under two conditions. The first one is that moving targets (including ships, cars, etc.) reside in the background used to obtain the CCM. The second one is that jam exists in the background used to obtain the CCM. These two phenomena make the STAP filter form an unexpected null at the position where the moving targets or the jam are located. Once the target to be detected is close to the null in the STAP filter, the target is canceled, and its detection performance is reduced. The target’s influence CCM estimation can be expressed as:


   R ^  = R +  1  N s    ∑  i = 1   N j     σ i 2   s i   s i H   ,  



(7)




where  R  represents the CCM without pollution,   N s   is the number of training samples,   σ i 2   is the energy of the ith pollution, and   s i   is the space–time steering vector of the ith pollution.



Strong pollution will prevent the CUT and training samples zones from satisfying the IID condition. The loss of the signal-to-clutter-plus-noise ratio (SCNR) improvement factor due to the pollution target is shown as follows:


  L o s  s  I T   =    (   s  H      R ^   I T     − 1   s )  2     s  H      R ^   I T     − 1   R     R ^   I T     − 1   s   ·  1    s  H    R   − 1   s   ,  



(8)




where    R ^   I T    is the CCM containing strong pollution.




2.2.2. Hot Clutter


Due to the design of the radar system and for environmental reasons, many factors may lead to fluctuations between small pulses of clutter echo in practice. The dynamics of scanning antennas and any pulse-to-pulse instability in radar system components will produce fluctuations. The natural variations in clutter reflectivity may occur in land clutter, or in ocean clutter due to the action of wind or the movement of sea waves. Any wave source will cause the Doppler spectrum of a single clutter echo to widen. The fluctuation between pulses caused by any of these sources is called intrinsic clutter motion (ICM). The existence of ICM requires a wider clutter gap, or more adaptive degrees of freedom, to effectively be eliminated [34].



The space–time covariance matrix of the kth clutter patch for a single clutter patch including ICM denoted by   R k  ,   k = 1 , 2 , ⋯ ,  N c    is then given by


   R k  =  ξ k   (  Γ k  *  b k   b k H  )  ⊗  a k   a k H  ,  



(9)




where   ξ k   is the clutter CNR and   Γ k   is the covariance matrix of the fluctions for the kth patch, defined by


   Γ k  = E  {  α k   α k H  }   = T o e p l i t z (   γ c   ( 0 )  ; ⋯ ;  γ c   ( K − 1 )  .  



(10)







Superposition is invoked to yield the result when many independent clutter sources are present:


   R c  =  ∑  k = 1   N c     ξ k   (  Γ k  *  b k   b k H  )  ⊗  a k   a k H   .  



(11)







Adding 37 micromoving targets with a random velocity between 0 and 1 m/s (the motion direction is also random) will increase the heterogeneity of clutter, which was used to simulate the hot clutter. Figure 2 shows the clutter ridge without hot clutter and the clutter ridge with disturbance, respectively. It can be clearly seen that the hot clutter widens the clutter ridge. Generally, moving targets exist in the cold clutter area, so if the training sample contains hot clutter, this will affect the estimation of CCM, thus affecting the detection performance.




2.2.3. Power Nonuniformity


Figure 3a shows the background of the land–water junction, with the land on the left and the water on the right. The simulated echo is shown in Figure 3b. We investigated the statistical characteristics of the power nonuniformity. Two areas were selected in the water area and the land area, respectively, the histogram of the obtained statistical characteristics is shown in Figure 4, and the specific statistical analysis is shown in Table 1. It can be seen that there are great differences in the statistical characteristics of the nonuniform environment, especially in the mean value, due to the nonuniform power. When the target is at the land–water junction with nonuniform power, it is assumed that the target is in the water area, close to the land. When the sample estimation method is used to estimate CCM, the land training samples are selected, which will lead to an inaccurate detection threshold, thus affecting the detection performance.





2.3. High-Precision Clutter Covariance Matrix Estimation Based on Dual-Platform SAR System


Traditional CCM estimation is effective for the uniform clutter area, which requires the clutter outside the clutter protection zone and the area to be detected to have IID characteristics. However, the moving targets of interest are mostly located in cities, ports, highways, airports, and other man-made areas. These areas are mostly heterogeneous clutter areas, and the clutter characteristics inside and outside the protected areas are quite different. In STAP, if the clutter characteristics of the area to be detected are replaced by the clutter characteristics of dozens of range units, the GMTI result will be degraded. In this paper, the clutter characteristics are calculated by the clutter obtained by the former platform, which has the same subastral point tracks as the latter platform. This guarantees scattering consistency between the echoes from the former platform and echoes from the latter platform. As the target does not reside in the area to be detected during the former platform observation, it is not necessary to set a protected area. Instead of using the clutter cell near the CUT, the CCM can be directly calculated by the echo of the CUT. The observation geometry is shown in Figure 5. A GMTI processing flowchart with a dual platform is shown in Figure 6. In the following subsections, the processing blocks in Figure 6 are depicted.



2.3.1. Image Registration of Former and Latter Platforms


In our proposed STAP method using the dual-platform system, we need to accurately obtain the former platform image corresponding to the area where the latter platform target is located. Due to the errors in observation geometry between the two SAR images, there is a certain offset and distortion between the images, so it is necessary to register the images in the former and latter platforms.



After obtaining the single-view complex images, the same name points in two or more images are often not on the same grid points, so it is necessary to register the images so that they are on the same range cell. The basic flowchart is shown in Figure 7.



To achieve image registration, a candidate image block in the auxiliary SAR image and a reference image block in the main SAR image are selected. Due to the computational burden, the registration can be based on some control point pairs in the main and auxiliary images. The registration principle is that the evaluation criterion will reach its maximum value when the candidate image block shifts with a certain offset. This offset can be regarded as the image position difference between the matching window and search window. The registration method adopted here is the correlation method, which uses the coherence coefficient as the evaluation criterion. By calculating the coherence coefficient under different offsets, the offset can be found, which corresponds to the maximum coherence coefficient position. The calculation of the coherence coefficient is expressed as [35]:


   γ ^  =      ∑  m = 0   M − 1       ∑  n = 0   N − 1      S 1   ( m , n )   S 2 *   ( m , n )    exp  [ − j φ  ( m , n )  ]        ∑  m = 0   M − 1       ∑  n = 0   N − 1        S 1    ( m , n )  2      ∑  m = 0   M − 1       ∑  n = 0   N − 1       S 2    ( m , n )  2          ,  



(12)




where   m = 0 , 1 , ⋯ , M − 1   and   n = 0 , 1 , ⋯ , N − 1   are the size of the main image,  S  is the image amplitude, and   ϕ ( m , n )   is the image phase. To avoid calculating the phase, the following frequency-independent coherence coefficient estimator can be used to calculate the coherence coefficient [36]:


   ρ ^  =     ∑  m = 0   M − 1       ∑  n = 0   N − 1          S 1   ( m , n )     2       S 2   ( m , n )     2         ∑  m = 0   M − 1       ∑  n = 0   N − 1          S 1   ( m , n )     4    ∑  m = 0   M − 1       ∑  n = 0   N − 1         S 2   ( m , n )     4        ,  



(13)






   γ ^  =        2  ρ ^  − 1      ρ ^  > 1 / 2       0     ρ ^  < 1 / 2      .  



(14)







The correlation registration is divided into two steps: pixel registration and subpixel registration. Pixel registration moves the main image by a whole pixel to obtain the pixel-level position offset and moves the main image by a subpixel size near the pixel-level registration position to obtain the subpixel-level position offset. When the subpixel registration is aligned, the data corresponding to the auxiliary image do not fall on the grid points; therefore, interpolation is needed. In order to complete the whole image registration, it is necessary to obtain the registration offset of other pixels by using the registration offset that corresponds to the control points, which can be obtained using the second-order polynomial:


       u =  a 0  +  a 1  m +  a 2  n +  a 3   m 2  +  a 4   n 2  +  a 5  m n       v =  b 0  +  b 1  m +  b 2  n +  b 3   m 2  +  b 4   n 2  +  b 5  m n      .  



(15)







  a 0  ∼  a 5   and   b 0  ∼  b 5   are the fitting parameters, which need to be calculated by the least square method according to the control point offset.   ( m , n )   is the pixel coordinate in the main image, and   ( u , v )   is the offset corresponding to the registration position offset between the main and auxiliary images.




2.3.2. Calculation of Clutter Covariance Matrix Based on Echo


Following image registration, the next step is to calculate the CCM. The calculation principle of the CCM of the range gate to be measured is shown in Figure 8.



Generally, the CCM is calculated based on the space–time steering vectors of clutter blocks:


       R c  = E  {  x c   x c   ′   }  = E  {  (   ∑  i = 1   N c      γ ˜  i   v i  )    (   ∑  i = 1   N c      γ ˜  i   v i  )    ′   }         =   ∑  i = 1   N c       ∑  i = 1   N c     E {   γ ˜  i    γ ˜  j *     }   v i   v j   ′   =   ∑  i = 1   N c     G i   v i   v i   ′       .  



(16)







   γ ˜  i   is the complex random vector of the ith clutter block considering the amplitude and phase,   N c   is the total number of clutter blocks in the equidistant loop, and   G i   is a positive constant, which is proportional to the gains in the transmitting antenna in the   θ i   direction.



In this paper, the calculation of the CCM is based on the echo from the CUT, based on the registered auxiliary image. Firstly, background clutter generation should be accomplished at the signal level. Due to the nearly lossless transformation between SAR image and echo, a signal-level simulation can be realized through the inverse process of imaging. To reduce the measurements in data processing, the inverse filtering process can be realized using the inverse process of the CS algorithm, or by the fast convolution algorithm in the frequency domain. SAR image is a single-view complex image. The general method is to treat it as a stationary scene with point-by-point simulation, a very time-consuming process. To improve the echo generation speed, we used the fast echo simulation method based on the range profile inverse transforming in this article. This method can accelerate the echo simulation speed compared with the conventional point-by-point simulation method, which has considerable advantages for large scenes. The flow of echo simulation based on the range profile of inverse transforming is shown in Figure 9.



In Figure 3a,b, the single-view complex image and its simulated echo are shown, respectively. In this paper, when calculating the covariance matrix, the echo data of the clutter area used to estimate CCM are directly used to form a matrix, and the covariance of the complex matrix is calculated, which is then used for subsequent STAP processing and to set the detection threshold.




2.3.3. Setting the Detection Threshold


Setting the detection threshold is a traditional problem in target detection, whose key problem is the distribution characteristics of the clutter. If the scene is nonuniform, the detection threshold will be seriously affected because of the inaccurate estimation of the covariance matrix. For example, the covariance outside the protected area is much lower than the clutter covariance of the area in which the target is located (this often happens in roads between cities), and the threshold will consequently be set much lower, which leads to a high false-alarm rate in target detection. In our proposed method, the clutter characteristics of the clutter area corresponding to the target’s position in the SAR image are calculated, and then the threshold is set more reasonably, which can effectively achieve an accurate balance between false-negative, false-positive, and detection probabilities.



The following are the two assumptions when the radar uses the STAP method to detect moving targets after STAP weighting processing:


        H 0  : Y =   w  H  n        H 1  : Y =   w  H  s +   w  H  n = α   w  H  v +   w  H  n      .  



(17)







During detection, when the power exceeds the detection threshold, the target exists; otherwise, it is considered there is no moving target. The target power is    p t  =      w  H   v t    2   , the noise and clutter power is    p u  =   w  H   R u  w  , and the optimal output is   S C N R =  σ 2   ξ t   v t H   R u  − 1    v t   . If the detector input is the STAP weighted output normalized by the output noise power [37,38], the detection formula is


   r  m n   =        w  H   v t     2    v t H   R u  − 1    v t    =         v t   H   R n  − 1    v t     2    v t H   R u  − 1    v t        >     <      H 0    H 1    T  m n   .  



(18)







The detection threshold is several times the average power of the input clutter. When the steering vector and covariance matrix are known in advance, the false-alarm probability and detection probability can be obtained as follows [39,40]:


      P  F A   =  P r   {  r  m n   >  T  m n     H 0   }  =  ∫   T  m n    ∞   p (  r  m n     H 0    )  d  r  m n         =  ∫   T  m n    ∞   e  −  r  m n     d  r  m n   =  e  −  T  m n     ,     



(19)






      P D  =  P r   {  r  m n   >  T  m n     H 1   }  =  ∫   T  m n    ∞   p (  r  m n     H 1    )  d  r  m n         =  ∫   T  m n    ∞    e  −  r  m n   −  ρ  m n      I 0   ( 2    r  m n    ρ  m n     )   d  r  m n   ,     



(20)




where   ρ  m n    is the generalized output signal-to-clutter-plus-noise ratio of the detector, and    ρ  m n   =  v  H   R u  − 1    v    .   I 0   ( * )    is the first kind of zero-order modified Bessel function.






3. Results and Analysis


To verify the effectiveness of the proposed algorithm in this paper, we conducted some experiments in this section to compare the performance between the traditional STAP method and the proposed STAP method based on a dual-platform radar system. Three heterogeneous environments with strong pollution, hot clutter, and nonuniform power were used in the experiment.



The down sight angle was 55°. For convenience, we assumed that the radar just operated in the zero-squint side-look imaging mode. The background was a scene with a size of about 800 × 800 m2. The number of array elements was 20, and the interval was 0.12 m. The number of pulses in a CPI was 32. The pulse repetition frequency was 654. The experimental parameters are shown in Table 2.



The clutter background without a moving target simulated the forward track image, and the mixed echo was obtained by adding a moving target with a velocity of    v y  = 10   m/s to the pure clutter background, which simulated the latter platform image.



In this paper, the superiority of the proposed method was analyzed for three cases: clutter with strong pollution, junction between hot and cold clutter, and clutter with nonuniform power. Of course, the proposed method is applicable in most heterogeneous environments, not only in these three cases.



3.1. Application in Strong Pollution Environment


In the simulation of background clutter, a strong target existed in the range cell near the CUT. The echo obtained by simulation is shown in Figure 10a. We can see the echoes of the moving target that was to be detected and the jamming target after range compression, the moving target to be detected at a 336 range gate, and the strong jamming target added at a 567 range gate. The Capon spectrum is shown in Figure 10b. In the Capon spectrum of the space–time two-dimensional plane, we can see that the background clutter forms the clutter ridge, while the moving target and pollution target are far from the clutter ridge.



After leaving 20 range gates on the left and right of the moving target at 336 as protection range gates, 300 cell echoes were taken to estimate CCM, and the results are shown in Figure 11. Figure 11a shows that there was strong pollution in the training sample used to estimate the CCM. If we use the traditional method to estimate the CCM, i.e., using the training sample containing strong pollution, no null is formed at the clutter ridge and the clutter is not well suppressed. Figure 11b shows the result after passing the detector, which could not detect the moving target with certainty. Using the echo obtained in Figure 3b, the 320–350 range gates were used to estimate CCM. The results obtained by STAP are shown in Figure 12. Comparing the results of the two processing methods, it can be seen that the filter formed by the traditional STAP method does not form a notch at the ridge of the clutter, the clutter is not suppressed, and the moving target cannot be detected. However, the method proposed in this paper shows a clear notch at the clutter ridge and a clear directional pattern for the moving target. Therefore, the moving target can be detected clearly and accurately after the detector output, which shows that the method proposed in this paper can have an obvious clutter suppression effect in an heterogeneous environment where the training samples contain strong pollution, and the moving-target detection effect is quite good.




3.2. Application in Junction Zone of Hot and Cold Clutter


As the influence of the internal clutter movement is much smaller than that of targets with strong pollution in the training sample, several STAP performance indicators, such as output SCNR loss (relative to the output SCNR of the optimal processor), SCNR improvement factor, and minimum detectable velocity (MDV), were used for comparison.



Figure 13a shows the output SCNR loss curves of the traditional method and the proposed method. It can be seen that the SCNR loss of the proposed method is between zero and one, and the SCNR loss of the proposed method is 3.4 dB less than that of the traditional method, meaning that this method can obtain a better detection performance. Another way to measure the performance of the STAP algorithm is the SCNR gain relative to a single array element and a single pulse. The SCNR improvement factor is usually large and increases as the pollution grows stronger. Figure 13b shows the SCNR improvement factors obtained by the two methods. It can be seen from the figure that the improvement factor of the traditional method is more than 10 dB higher than that of the proposed method.



The MDV is defined as the velocity closest to the main lobe clutter velocity at which an acceptable SCNR loss can be achieved. The acceptable SCNR performance is defined as the SCNR loss, at that time, where the acceptable performance is at least 50% of the maximum detection range. Here, we used the reference threshold to calculate the minimum detectable speed. The SCNR loss diagrams obtained by the traditional method and the proposed method are shown in Figure 13c,d. Let    f L   ( x )    and    f U   ( x )    be the Doppler frequencies below and above the main-lobe clutter Doppler at which an acceptable SCNR loss is achieved. We defined the minimum detectable Doppler   f min   as follows:


   f min   ( x )  =  1 2    f U   ( x )  −  f L   ( x )   ,  



(21)




which is equal to one-half of the width of the main-lobe clutter notch. The minimum detectable velocity was then defined as


  MDV  ( x )  =  λ 2   f min  .  



(22)







The minimum detectable velocity that was calculated was 2.3759 and 2.0693, respectively. It can be seen that the proposed method reduces the minimum detectable velocity by 0.3 m/s.




3.3. Application in Nonuniform Power Environment


In this section, the ANMF detector structure was adopted to investigate the influence of different CCM estimation methods on the detection performance. The detection flowchart is shown in Figure 14.



The simulated echoes of the background without moving target are shown in Figure 15a. A moving target is located in the water area at the junction between land and water. The simulation result is shown in Figure 15b, and the moving target is compressed at the 567 range gate. In the traditional method, we selected 400–550 range gates in Figure 15b as the training sample to estimate the CCM and determined the detection threshold. In our proposed method, the 500–600 range gates of the simulated echo in Figure 15a were selected to calculate the CCM, and the corresponding detection threshold was obtained. The results are shown in Figure 16. The output results of the detector are shown in Figure 17. Although moving targets can be detected in a single target, the comparison in Figure 16 shows that the detection threshold obtained by the traditional method is lower than that of our proposed method, so false alarms may occur when detecting multiple targets.



Then, we examined the situation of two targets, with velocities of 10 m/s and 20 m/s, respectively. If the CCM estimation is inaccurate, and the detection threshold setting is also inaccurate, the side lobes of other moving targets may be regarded as false targets. As shown in Figure 18, the detection results obtained by the two methods show that there were false alarms because the detection threshold was too low. We further investigated the detection of multiple targets as follows. Seven targets were set, and the total Capon spectrum of the clutter and targets is shown in Figure 19. In the space–time two-dimensional domain, the position of the clutter ridge on the diagonal can be seen, while the other seven targets are scattered in the domain. Two methods were used to estimate the CCM, so as to set the threshold. The detection results are shown in Figure 20. From the two pictures, we can see that our proposed method detected six moving targets, which is relatively more accurate than the traditional method. This also shows the effectiveness of the method proposed in this paper.



Finally, we analyzed the detection probability of the two methods under different SCNR conditions. Using the false alarm probability of   P F A =  10  − 2    , the detection probability curves of the two methods can be obtained, as shown in Figure 21. It can be seen that the detection probability of the proposed method is higher, which also proves the effectiveness of the proposed method.





4. Discussions


In this paper, we presented a high-accuracy CCM estimation method using a dual-platform radar system, which estimated the CCM directly using the CUT clutter. Therefore, this method can improve the GMTI performance. However, if the moving target itself is in a hot-clutter environment, the clutter characteristics in the region will change at different times, and our proposed method may not achieve good results under this condition. Therefore, our proposed method is mainly applied to the cold clutter region or the conditions with a small ICM where the clutter characteristics change only slightly. In the future, we will use the experimental data acquired with the German TerraSAR-X/TanDEM-X radar satellite formation to further verify the proposed method.




5. Conclusions


The traditional CCM estimation is based on the training samples near the CUT. In heterogeneous environments, such as clutter with strong pollution, junction zone between hot and cold clutter, and clutter with nonuniform power, the training samples are nonuniform, which degrades the detection performance of moving targets. In this paper, a high-precision CCM estimation method based on a dual-platform radar system was proposed, which can directly calculate the CCM of the CUT using the former platform SAR images without moving targets in the same area, instead of using training samples for the estimation. The experimental results based on simulation data proved the effectiveness of this method.
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Figure 1. The earth observation geometry of an airborne radar system. 
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Figure 2. Clutter ridge (a) the clutter ridge without hot clutter (b) the clutter ridge with hot clutter. 
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Figure 3. Background: (a) the background image, (b) the echo of background. 
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Figure 4. Statistical characteristics of different areas: (a) area 1, (b) area 2, (c) area 3, (d) area 4. 
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Figure 5. The geometric scene of forward and backward track. 
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Figure 6. The simplified flowchart of the proposed GMTI method. 
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Figure 7. Image registration diagram. 
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Figure 8. Clutter covariance matrix estimation. 
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Figure 9. The flowchart from image to echo. 
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Figure 10. Simulated echo after adding a strong jamming target: (a) echo after adding a strong jamming target, (b) the Capon after adding a strong jamming target. 
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Figure 11. STAP results of traditional method: (a) two-dimensional frequency response plane diagram, (b) the output result after detection. 
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Figure 12. STAP results of proposed method: (a) two-dimensional frequency response plane diagram, (b) the output result after detection. 
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Figure 13. STAP performance indexes. (a) Output SCNR Loss Diagram. (b) SCNR improvement factor. (c) MVD calculation of traditional method (d) MVD calculation of proposed method. 
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Figure 14. The detection flowchart. 
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Figure 15. (a) The echo of background; (b) the echo of the moving target and background. 
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Figure 16. The results after detection, when there is a target: (a) traditional method; (b) proposed method. 
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Figure 17. The output result by detector. 
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Figure 18. The results after detection, when there are two targets: (a) traditional method; (b) proposed method. 
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Figure 19. The Capon of several targets. 
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Figure 20. The results after detection, when there are multiple targets: (a) traditional method, (b) proposed method. 
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Figure 21. Graph of SCNR and detection probability. 
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Table 1. The statistical properties.
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	Statistic
	Area1
	Area2
	Area3
	Area4





	Mean value
	108
	109
	94
	93



	Variance
	30
	30
	32
	34



	Skewness coefficient
	<0(−1.125)
	<0(−1.116)
	<0(−1.158)
	<0(−1.194)



	Kurtosis coefficient
	2.056
	2.218
	2.653
	2.652
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Table 2. Simulation Parameters.
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	Simulation Parameters
	Value





	Platform frequency
	5e9



	Bandwidth
	200e6



	PRF
	654



	Number of pulses in one CPI
	32



	Elements
	20



	Interval between elements
	0.12



	Scene
	800 × 800
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