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Abstract

:

This paper presents a method and results for the estimation of residual Doppler frequency, and consequently the range velocity component of point targets in single-channel synthetic aperture radar (SAR) focused single-look complex (SLC) data. It is still a challenging task to precisely retrieve the radial velocity of small and slow-moving objects, which requires an approach providing precise estimates from only a limited number of samples within a few range bins. The proposed method utilizes linear least squares, along with the estimation of signal parameters via rotational invariance techniques (ESPRIT) algorithm, to provide optimum estimates from sets of azimuth subsamples that have different azimuth temporal distances. The ratio of estimated Doppler frequency to root-mean square error (RMSE) is suggested for determining a critical threshold, optimally selecting a number of azimuth subsample sets to be involved in the estimation. The proposed method was applied to TerraSAR-X and KOMPSAT-5 X-band SAR SLC data for on-land and coastal sea estimation, with speed-controlled, truck-mounted corner reflectors and ships, respectively. The results demonstrate its performance of the method, with percent errors of less than 5%, in retrieved range velocity for both on-land and in the sea. It is also robust, even for weak targets with low peak-to-sidelobe ratios (PSLRs) and signal-to-clutter ratios (RCSs). Since the characteristics of targets and clutter on land and in the sea are different, it is recommended that the method is applied separately with different thresholds. The limitations of the approach are also discussed.
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1. Introduction


Some multi-channel synthetic aperture radar (SAR) systems and techniques have been developed specifically for detection and velocity retrieval of ground moving target indication (GMTI), such as along-track interferometric (ATI) systems [1,2,3,4,5,6,7]. Or, displaced phase center antenna (DPCA) systems [8,9,10,11,12], and raw data-based methods such as space-time adaptive processing (STAP) [13,14,15]. However, SAR data availability recorded by these multi-channel systems is so far very limited compared with single-channel SAR data [16]. Currently, various space-borne single-channel SAR systems are available, but it is still challenging to utilize them for detection and velocity retrieval of ground moving targets. The performance of single-channel SAR estimates on the ground moving target is useful, but not comparable with that of the ATI SAR systems, in terms of the measurement accuracy [17]. One can classify ground moving objects into two groups: one consists of ground motion in groups such as ocean currents and waves, and the other entails isolated small moving objects that are considered as individual point targets, for instance moving boats or cars. While it is possible to adopt a statistical approach for the former case, it is necessary for the latter to estimate Doppler parameters from a single, or at most a few, range bins of SAR signals. Both along-track and range components of object movement changes the Doppler history in comparison to the clutter [8,18,19,20]. A target motion in the range direction modifies a Doppler frequency, which results in an azimuth displacement of the object in the normally focused image, due to the shift of the Doppler frequency [8]. The along-track velocity component affects a Doppler frequency rate, resulting in a blurring of the normally focused image [8]. Thus, a precise estimation of the Doppler parameters is the key to the detection and velocity retrieval of ground moving targets by single-channel SAR observation. An efficient residual focusing is also possible once the two velocity components are obtained [21]. The main goal of this paper is to propose a high-performance method for accurate estimation of the residual Doppler frequency and consequently, the range velocity component of the point targets from the single-channel SAR focused single-look complex (SLC) data. The estimation of Doppler frequency rate or the azimuth velocity component is beyond the scope of this paper. The residual Doppler frequency in this paper is defined as a Doppler frequency of a point target residing in the SLC data normally associated with the motion of the target, while the Doppler centroid represents the averaged Doppler frequency of stationary ground objects, required mainly for SAR focusing in relation to the antenna look and squint angles. A number of methods have been proposed for GMTI, since the characteristics of SAR returned signals were discussed by [8], and most of them are based on sensing the difference in Doppler parameters between the moving object and the stationary clutter. A simple method of Doppler parameter estimation based on Doppler frequency shifts was proposed by [22]. A Doppler filtering method, which requires a pulse repetition frequency (PRF) four times larger than the clutter bandwidth, was proposed by [23]. Joint time-frequency analysis (JTFA) has been popularly used to measure the object motion directly from SAR raw signals, and it has demonstrated the potential to extract a time sequence of motion parameters [24,25]. It was shown that the time-frequency signature of a moving object is significantly different from the signatures of a stationary object, even when the SAR images of the two are similar [26]. It must be noted that most GMTI methods utilize SAR raw signals, rather than the focused SLC data. However, it is emphasized that it is not practical for most users to process raw signals, because the raw signal data acquired by most current high-resolution SAR systems are simply not available to general users. Thus, it is presumed in this study that only the SAR SLC data, not raw signals, are available in this study. The motivation for this study is to develop an improved residual Doppler frequency estimator specifically for small and slow-moving targets, for instance small fishing boats and vehicles, from space-borne single channel SAR SLC data. Although many sophisticated methods have been developed for GMTI, it is so far a challenging task to precisely measure the radial velocity of small and slow-moving objects from space.



For the Doppler centroid estimation, many approaches have been developed mainly for SAR image focusing. Some popularly used methods include: Energy balancing [27]; the average cross correlation coefficient method [28]; the spectral fit approach [29]; multi-look cross correlation; and the multi-look beat frequency algorithm [30]. It is shown that due to the effect of antenna pattern, reflectivity and system transfer function, the averaged Doppler power spectrum can be modelled by a sine wave on a pedestal [31]. A performance of various Doppler centroid estimation was discussed in detail by [28]. More recently, different approaches have been proposed. A method based upon the maximum likelihood estimator in the time domain was proposed by [32]. A Radon transform-based Doppler parameter estimator was proposed by [33]. Although these methods provide very reliable estimates, they are basically developed for SAR focusing and require an averaging process over a number of range bins. To measure the Doppler frequency of point targets associated with ground moving targets, the Doppler parameters must be calculated using only a few range bins. For this purpose, a method examining the skew of the received signal in the two-dimensional frequency domain was discussed by [34] to resolve the un-aliased range velocity component. The joint time-frequency analysis is also useful for this purpose, by using a mean conditional frequency (MCF) from the Wigner-Ville distribution [18,19]. The statistical model for the echo backscattered by the homogeneous ground surface can be modelled as a Gaussian function in the Wigner-Ville distribution [19,24]. Based on this property, a Doppler spectrum tracing method was proposed in joint a time-frequency domain by [35]. They concluded that their method is very useful for fast moving targets, but it is only effective if the target speed is at least 5 km/h (or 1.4 m/s) or higher. Recently, a sophisticated algorithm of Doppler centroid estimation for improving ship detection with radial velocity estimation was proposed by [36], in which the characteristics of Doppler spectrum of ships were well discussed. The method in [36] exploited the clutter-lock algorithm and demonstrated an accurate retrieval of radial velocity of ships with a root-mean-square (rms) deviation of less than 5% at ship speeds higher than or equal to 2 m/s (or 7.2 km/h).



To accommodate moving targets at low speed, this paper focuses on a precise estimation of the residual Doppler frequency occurring by point targets in single-channel SAR SLC data. The problem at hand has serious restrictions on the application of the conventional methods. Firstly, the Doppler spectrum of a point target with a low signal-to-clutter ratio (SCR) is severely distorted, and too difficult to precisely determine a residual Doppler frequency. Secondly, a point target often extends less than a few range bins, which restricts a spectral averaging over a number of range bins. Thirdly, the number of azimuth samples for the estimation should be limited to minimize the effects of phase interference by clutter. For instance, the nth zeros of the sinc function for a point target is    n /   B a      in slow-time?which is approximately     n   P R F  /   B a    ≈ 1.25   n   in azimuth samples?if the ratio of Doppler bandwidth (   B a   ) to the pulse repetition frequency (PRF) is 0.8. To account for up to 10 side-lobes, the total number of samples for the frequency estimation is no larger than 25. These facts often make the conventional spectral analysis in the Doppler frequency domain ineffective.



Other potential approaches for Doppler frequency estimation are parametric methods, such as the estimation of signal parameters via rotational invariance techniques (ESPRIT) [37,38], the multiple signal classification (MUSIC) [39], etc. The parametric methods generally offer better estimates when a number of data is limited, and the signal closely agrees with an assumed model; the ESPRIT provides more accurate estimates than the other methods among various parametric methods [40]. The ESPRIT algorithm was proposed to estimate the frequencies of a set of complex exponentials in noise, and it was further developed in the context of array signal processing [37,38]. Santamaria et al. [41] did comparative studies of various high-accuracy frequency estimation methods, and concluded that ESPRIT is good for high signal-to-noise ratios (SNRs). Despite its good statistical properties and high-resolution capability, the high computational cost of ESPRIT precludes its use in real-time frequency estimation applications (Santamaria et al., 2010). The parametric methods, however, cannot fully overcome the restrictions on the point targets imaged by the single-channel SAR system. The ESPRIT method exploits eigenvector decomposition of the sample covariance matrix and provides highly accurate estimates when SNRs are high [40]. However, the sample covariance matrix with an original azimuth sampling distance and a limited number of samples might be highly corrupted by clutter at low SCR, as well as low peak-to-sidelobe ratio (PSLR). The sample covariance is calculated by a complex conjugate multiplication of data samples with successive azimuth samples, which often results in a serious interference of the signal Doppler phase by clutter. Particularly, when they are with low PSLRs and RCSs, an original fixed sample temporal distance—for instance, 1/PRF is not good enough to provide accurate estimates. To overcome this limitation, the proposed method in this paper introduces following ideas: First, it is possible to make new sets of azimuth samples for multiplication with a different azimuth temporal distance by applying a similar technique developed for bistatic SAR digital beamforming [42]. Once the new sets of data with different azimuth temporal distance are obtained, Doppler frequency for each pair of the data is estimated by the ESPRIT. The estimates are now a time series of the estimated Doppler frequency at each corresponding azimuth temporal distance. Then, the time series of Doppler frequency estimates is solved by a normal equation of linear least squares to obtain an optimum estimate of the Doppler frequency. With this approach, the measurement accuracy of the Doppler frequency can be significantly improved even under conditions of low PSRLs and SCRs. The novelty of the proposed method lies on the facts that samples of one or a few range bins are enough to estimate Doppler parameters with a high degree of accuracy, which extends the application capability of single-channel SAR systems to small and/or slow-moving targets.



The remainder of this paper is organized as follows: In Section 2, the theoretical background of the proposed method is introduced and discussed with a pseudocode of the proposed method. Section 3 provides the results of the proposed method by applying it to the TerraSAR-X and KOMPSAT-5 single-channel X-band SAR SLC data. The former is for examples of on-land application, using vehicles—among which one is a speed controlled and truck-mounted corner reflector for the experiment and others are detected within the SAR image. The latter is for the demonstration of Doppler frequency estimation in the coastal sea. The heading and speed of a ship was precisely measured by an on-board GPS system for this experiment, and other ships were detected ones within the image. The results from the field experiments demonstrate the application capability of the proposed method, followed by a discussion about the limitations of the method and conclusions in Section 4 and Section 5, respectively.




2. Theoretical Background


2.1. Linear Least Squares for Doppler Frequency Estimation


Provided that a point target is focused with a residual Doppler frequency,    f d   , a point target in a single-look complex SAR image can be described by a simple model such as Reference [21],


     s ( τ )   ≈ sinc  (   τ   B a     )    exp  [  + i 2 π  f d  τ  ]       ≈ sinc  (   τ   B a     )    exp  [  + i φ ( τ )  ]      



(1)




where  τ  is slow-time (or azimuth time),    B a    is Doppler bandwidth,    f d    is residual Doppler frequency, and   φ ( τ )   is the phase of the signal. Since here we focus on the Doppler frequency, the residual Doppler rate associated with the azimuth velocity component is neglected, without any loss of generality. A straightforward method is a spectral analysis in the frequency domain via Fourier Transform. However, the random phase noise induced by neighboring objects and other various causes is problematic and it often makes the spectral analysis difficult to precisely measure the residual Doppler frequency without averaging over a number of range bins.



Meanwhile, most parametric methods are based on the eigenvector decomposition of sample covariance matrix. The sample covariance calculation results in phase differentiation by


   s ( τ − Δ τ ) s   ( t )  *  ≈ A  (  Δ τ  )  exp  [  + j φ  (  Δ τ  )   ]      



(2)




where      (  )   *    is a complex conjugate operation,   Δ τ   and  A  are the sample interval and amplitude, respectively, and the phase term   Δ φ   is given by


   Δ φ ≈  f d    Δ τ +  σ n      



(3)




where    σ n    is phase noise. The accuracy of the parametric estimate largely depends upon the signal   (  f c    Δ τ )   to noise   (  σ n  )   ratio. While the phase noise greatly varies according to the signal-to-clutter ratio, a small value of   Δ τ   (  ∼ 1 / P R F  ) makes it difficult to precisely measure, unless a point target has a large    f d    and a large signal-to-clutter ratio. The core idea of the proposed method is based on a linear least squares estimation to determine an optimal    f d    with a variable of   Δ τ  . Instead of a fixed azimuth sample interval   Δ τ  , consider a general linear regression model


   Δ φ ≈  α 0  +    α 1  Δ τ + ε     



(4)




where the parameter    α 0      and    α 1      are to be determined, and    ε k    is the error term. If one has a set of    (  2 N + 1  )    data, such as


    [      Δ  φ  − N        ⋮      Δ  φ 0       ⋮      Δ  φ  + N        ]  =  [     1     ⋮     1     ⋮     1          Δ  τ  − N        ⋮     0     ⋮      Δ  τ  + N        ]     [       α 0         α 1       ]    +    [       ε  − N        ⋮       ε 0       ⋮       ε  + N        ]    



(5)




or equivalently


   Φ = Τ   Β + Ε     



(6)




then  Φ ,   Τ  ,  Β , and  Ε  are each a corresponding matrix in Equation (5). It is well known that the least squares method achieves a statistically optimal solution by the normal equation


   Β =    (  Τ    T  Τ    )    − 1      (  Τ    T  Φ  )      



(7)




where      (  )   T    is a matrix transpose and      (  )    − 1     is a matrix inverse. A computational efficiency can be improved by considering a special property of Equation (7). The inverse matrix of Equation (7) can be simplified if the second column of matrix   Τ   is time symmetry, that is


   Τ    T  Τ   =  [     a   0     0   b     ]    



(8)




where


   a = 2 N + 1   ,   b =   ∑  i = − N  N   Δ  τ i    2        and     ∑  i = − N  N   Δ  τ i    = 0   








Then, the inverse matrix is simply given by


      (  Τ    T  Τ  )    − 1     =  [       a  − 1      0     0     b  − 1        ]      



(9)




The calculation of the second bracket in Equation (7) is also explicitly expressed by


   Τ    T  Φ =  [        ∑  i = − N  N   Δ  φ i            ∑  i = − N  N   Δ  φ i    Δ  τ i         ]      



(10)




From Equations (7), (9) and (10), the linear least squares solution is obtained by


    α 0  =  1  2 N + 1     ∑  i = − N  N   Δ  φ i        



(11)




and


    α 1  =  1    ∑  i = − N  N   Δ  τ i    2          ∑  i = − N  N   Δ  φ i    Δ  τ i      



(12)







Since we are interested in the Doppler frequency, it is necessary only to compute Equation (12). Equation (12) is an accumulation of phase derivative multiplied by the corresponding temporal distance,   Δ  τ i   . Thus, the total size of required temporary data storage is the same as that of the image. The normal equation solution of an   ( 2 N + 1 ) × 2   matrix requires a computational cost of O((2N + 1)2 × (2N + 1+ 2)). On the contrary, a total number of computational steps is O(2N + 1), and N = 3 to 5 usually is enough to obtain a good estimate. Thus, the computational efficiency is made very competitive by introducing a simple solution of a normal equation in Equation (12), instead of a matrix inversion.




2.2. Azimuth Subsamples


To estimate Doppler frequency through the linear least squares, it is necessary to have a series of signal pairs in Equation (2) with various temporal distance,   Δ  τ i   . Since the monostatic SAR system receives returned signals only at every azimuth sampling interval (i.e., usually 1/PRF), it is necessary to make azimuth subsamples. One simple and effective method is to apply a point target response of a bistatic SAR, given by Reference [42],


    h ( τ ; Δ  x i  )   ≈ A  (   V s    τ  )  exp  [  − j   4 π  λ   r 0   ]       ⋅ exp  [  − j   π   Δ  x i    2    2 λ  r 0     ]  ⋅ exp  [  − j   2 π    V s    2    2 λ  r 0       (  τ −     Δ  x i    2    V s     )   2   ]       



(13)




where    V s    is the satellite velocity,  λ  the wavelength and   Δ  x i    is the distance between the transmitting and receiving antenna. Equation (13) indicates that the bistatic response is obtained from the monostatic SAR signals by a time delay,   Δ  τ i  =   Δ  x i   /  2    V s     , and a phase shift by   −   π   Δ  x i    2   /  2 λ  r 0     . Azimuth subsamples at any given   Δ  τ i    are effectively and efficiently obtained by Equation (13), which is achieved by a simple multiplication of the monostatic SAR signals in the Doppler frequency domain. The distance   Δ  x i    can be chosen arbitrarily. For our application, the distance is used to satisfy a given fraction of azimuth sampling interval.



Processing flow of the proposed method is summarized as the pseudocode in Table 1. To estimate Doppler frequency at each   Δ  τ i    over a few tens of azimuth samples, the ESPRIT algorithm was used in this study. However, it requires the highest computational cost. The ESPRIT algorithm is based upon the eigenvector decomposition of a 2 by 2 sample covariance matrix in this SAR application, and the singular-value decomposition (SVD) is the key to computational efficiency. The computation of SVD for an m × n matrix would cost O (n × m2 + m × n2 + n3). The computational efficiency can be significantly improved by replacing the SVD with an explicit solution of eigenvalue and eigenvector of the 2 by 2 covariance matrix. The computation of the explicit solution needs only simple arithmetic calculations [43], and the total number of required computations is comparable to that of convolution.





3. Application Results


3.1. SAR SLC Data Used for Evaluation and Validation


To evaluate the performance of the proposed method, it was applied to TerraSAR-X and KOMSAT-5 monostatic SAR data. System parameters of the two spaceborne SARs are summarized in Table 2. The first data were obtained by TerraSAR-X, when a speed-controlled vehicle was running on the road as an experiment, with velocities of −6.6 and −13.8 m/s (or −23.8 and −49.6 km/h, respectively), in the azimuth and range directions, respectively. Figure 1a shows the TerraSAR-X single-look complex (SLC) image used in this study, and the target denoted by “A” in Figure 1a represents the speed-controlled vehicle imaged at a shifted position, according to the range velocity component. The speed of the vehicle was precisely measured by GPS as well as a speedometer. The details of the data used in the test and the ground velocity of the vehicle are given in [35]. A corner reflector was mounted on the truck for the experiment, with a pre-designed deploying angle to maximize the returned SAR signal. This TerraSAR-X data was used for the estimation of the residual Doppler frequency of on-land ground moving targets by applying the proposed method.



The method is also applied to the Korea Multi-Purpose Satellite -5 (KOMPSAT-5) monostatic SAR data, acquired over a coastal area as shown in Figure 1b. During the KOMSPAT-5 data acquisition, an experimental ship denoted by a square and “A’” in Figure 1b was cruising at a fixed heading and speed of 342.7°N and 16.4 km/h, respectively. One of the main purposes of the experiment was to evaluate the KOMPSAT-5 capability of slow-moving ships detection and velocity retrieval in the coastal region. The heading and velocity of the ship was precisely measured by an on-board GPS system.



Since the characteristics of targets and clutter are very different depending upon whether they are for land surface or in the sea, it is necessary to separately evaluate and validate the effectiveness of the proposed method each case.




3.2. On-Land Application Results


The application results for the ground moving targets of A and B, observed by TerraSAR-X in Figure 1a, are displayed in Figure 2. The result of the speed-controlled vehicle with a corner reflector, denoted by “A” in Figure 1a, is summarized in Figure 2a. The horizontal axis of the plot represents the azimuth subsamples described in Section 2.2. The azimuth subsamples (i.e.,   Δ τ   in Equation (2) or the temporal distance in the fraction of the azimuth sample time between the two signals) ranges from 0.1 up to 1.0 in a fraction of the original azimuth sample temporal distance. A total of only 41 samples were used for the estimation. The top right of each sub-figure presents the power of the signal, while the bottom right shows the Doppler spectrum.



Since the truck-mounted corner reflector was used for the experiment, the PSLR is high (−11.4 dB), with an SCR of 41.1 dB. When the PSLR and SCR is large enough, the phase interference from neighboring scatterers is not significant, and the variation of the Doppler frequency according to the azimuth temporal distance (or subsamples) aligns along a straight line with small perturbations. The estimated residual Doppler frequency is 522.9 Hz, with a root-mean-square error (RMSE) of 12.22 Hz, which corresponds to the range velocity of −51.4 ± 1.20 km/h. Since the ground truth range velocity of the vehicle is −49.6 km/h, the measurement error of the range velocity is only approximately −1.8 km/h or 3.5%. The results and errors obtained by the proposed method and conventional ESPRIT method are summarized in Table 3. The result demonstrates the effectiveness of the proposed method.



The conventional ESPRIT method applied to the same 41 samples produces a Doppler frequency estimation of 568.2 Hz, which is slightly overestimated. The conventional ESPRIT estimate corresponds to a range velocity of –55.8 km/h, so that an estimation error of –6 km/h or 12.5% in range velocity occurs. Thus, the proposed method is able to improve the residual Doppler frequency estimation from SAR SLC data by using only a limited number of samples.



The advantage of the proposed method is clear when it applies to general targets with weak radar returns. In the case of target, A in Figure 1a, it was deliberately pre-designed to be ideal for the experiment. The Doppler phase of the target remains intact from clutter because of the mounted corner reflector, and the Doppler spectrum reconstructed in Figure 1a (bottom right) also well-depicts the Doppler frequency spectrum. However, in the real world, the radar-returned signals from most on-land moving targets are generally by far weaker than the experimental vehicle, depending on the physical size, observation angles, materials, etc. More importantly, the experimental vehicle was deliberately imaged on the water surface to maximize the SCR. However, most ground moving targets are imaged on the land surface, which anticipates a small SCR. Even under such unfavorable on-land conditions, the proposed method is robust enough to provide the Doppler frequency with high precision, as shown in the example of Figure 2b. The result of the Doppler frequency estimation for the detected ground moving target, “B” in Figure 1a, is shown in Figure 2b. The vehicle was moving at low speed and the PSLR and SCR are only 7.4 dB and 27.3 dB, respectively. Compared with the target “A”, the Doppler frequency spectrum is also not clear enough to determine centre frequency. Under such conditions, it is very difficult to precisely estimate the Doppler frequency. The proposed method successfully estimated the residual Doppler frequency of –51.7 Hz, or equivalently, the range velocity at 5.1 ± 0.91 km/h. The range velocity can also be measured by the distance of the apparent shift of the target from the original position in the image, and the target “B” moved along a road with a range velocity of 5.9 km/h. Thus, the linear least squares estimation shows an error of –0.8 km/h or 13.6% of the range velocity. The conventional ESPRIT method simply provides the estimate of the last point (i.e.,   Δ τ = 1.0  ) of the plot, and it overestimates as –134.4 Hz or equivalently 12.3 km/h—double the true values. As seen in Figure 2b, the Doppler frequency estimate does not increase linearly, but steeply, as the azimuth temporal distance increases. It accounts for the fact that the signals from a weak target are corrupted quickly by clutter as the temporal distance increases. Thus, it is necessary for the proposed method to be robust, even for weak targets and to include signals of high signal-to-noise ratio (SNR) only on linear least squares estimation. In this case, the estimation is done by satisfying a ratio (     f d   /  RMSE    ) of Doppler frequency estimate to the root-mean-square error (RMSE) larger than 5.0. While the high      f d   /  RMSE     ratio, the ideal target (A in Figure 1a) in Figure 2a, maintains up to   Δ τ = 1.0  , it is better for the weak target (B in Figure 1a) in Figure 2b to include points up to   Δ τ = 0.8   for the estimation.



The ratio of      f d   /  RMSE     is a very useful indicator for the estimation of the residual Doppler frequency, and the large values imply a significant residual Doppler frequency, with a small RMSE of the least squares. There is a trade-off between the RSME improvement and the increased bias created by limiting the maximum temporal distance. Thus, the question is how to determine the optimum ratio of      f d   /  RMSE     for each estimation. This can be done by examining the behaviour of the Doppler frequency variation according to the azimuth temporal distance for a weak stationary target. Figure 3 is obtained by applying the method to a stationary weak target. The PSLR of the target is −4.3 dB, with an SCR of 9.6 dB. Since it is a stationary target, the residual Doppler frequency must be close to zero. However, the signal is very weak, and it is subject to phase corruption by clutter. The variation of the      f d   /  RMSE     ratio versus the maximum azimuth subsamples is displayed in Figure 3b. As the azimuth temporal distance increases from 0.1 up to 1.0, the      f d   /  RMSE     ratio decreases rapidly. The Doppler frequency estimate maintains stability near zero up to   Δ τ = 0.3  , but abruptly increases from 0.4. Thus, the      f d   /  RMSE     ratio must be larger than that at   Δ τ = 0.4  , and Figure 3b suggests that the minimum value of      f d   /  RMSE     ratio would be approximately 5 to 10 for on-land applications. In fact, this threshold value was applied for the estimation of Figure 2b (that is, the target “B” in Figure 1a). It must be stressed that this threshold value is only for the investigation of targets on land.




3.3. Application Results in Coastal Areas


On the residual Doppler frequency estimation of point targets in the sea, the characteristics of targets and clutter would be very different from those on land. Firstly, the size of the targets, for instance a ship, is usually larger than those on land. Secondly, the SCR in the sea is generally larger than that on land, although the SCR in the sea greatly depends on sea state and system parameters, including frequency and polarization. Thirdly, a ship or boat moving across the surface of the water produces a wake pattern that helps to detect and determine the direction of the movement. These three features make it easier to detect and estimate the residual Doppler frequency of moving targets in the sea. However, there are also some negative features to consider. Firstly, a forward speed of the ship is generally lower than that of vehicles on land, which implies that the residual Doppler frequency associated with target motion is relatively small and difficult to discriminate from clutter bandwidth. Secondly, roll and pitch are the most obvious motions of a ship, and they make scattering centers continuously move during SAR observation. For these reasons, some methods with specific tactics for ship detection, and its velocity estimation from space-borne SAR systems, have been developed. For instance, [36] proposed a sophisticated method utilizing clutterlock algorithm to improve ship detection and velocity retrieval. Ship wake-based techniques such as [44,45] also have become popular in coastal areas, and the measurement accuracy was less than 5% [45].



While a single dominant residual Doppler frequency associated with a forward motion of the ship is a primary concern, roll and pitch motions of a ship contribute to the instantaneous Doppler frequency components. Individual scattering centers at various parts of the ship differently experience instantaneous speeds of roll and pitch motion, and make the problem more complicated. Therefore, it is necessary to set up a different threshold value of the      f d   /  RMSE     ratio for the coastal application of the proposed method.



The speed and heading of the ship A’ in Figure 1b was particularly controlled for a ship detection experiment cruising at low speed. The range velocity of the ship was −2.9 km/h at the KOMPSAT-5 SAR observation angle. The PSLR of the target and SCR are −6.5 dB and 31.7 dB, respectively. The estimation results are in Figure 4. Comparing Figure 4 with Figure 2b and Figure 3, the large SCR of the targets in the sea makes the distribution of the residual Doppler frequency, according to the azimuth temporal distance, near linear. However, as discussed before, it requires higher measurement accuracy because of low speed and therefore, it is necessary to apply a stricter threshold value of the      f d   /  RMSE     ratio than for on land.



It is difficult to determine the residual Doppler frequency from the Doppler spectrum of the ship in Figure 4a (right bottom). From the plot of Doppler frequency versus azimuth subsample (or azimuth temporal distance) in Figure 4a (left), the variation looks quasi-linear, but not exactly straight. Figure 4b is used to determine the optimum threshold ratio of Doppler frequency to RMSE as 17–20. Compared with the      f d   /  RMSE     threshold value of 5–10 for the land speed study, the optimum ratio in the sea is at least double to triple the value for land. By applying the proposed method with a      f d   /  RMSE     threshold of 17, the estimated range velocity of the ship is −2.85 ± 0.15 km/h, resulting in an estimation error of 1.7%. It is a very encouraging result, because it has previously been considered difficult to precisely measure a range velocity of less than 5 km/h by a single-channel SAR system [35].



One high-speed ship with clear ship wake was selected to apply the method within the scene as denoted by “B’” in Figure 1b. The result with the threshold of 17 is summarized in Figure 5. Because of high SCR, the threshold would exclude only one or two points, but it would improve the measurement accuracy significantly. The ship B’ has a PSLR and RCS of −7.9 dB and 23.9 dB, respectively. The SCR is slightly lower than for ship A’, mainly because of ship wake. The estimated range velocity by this method is 18.3 ± 0.72 km/h. The range velocity can be estimated independently, by measuring the azimuth-shifted distance of the target from the apex of wake in the image, which provided a range velocity of 18.1 km/h. An absolute estimation error is 0.2 km/h or a percentage error of 1.1%.



The conventional ESPRIT for the same ship resulted in the range velocity of 20.9 km/h, which has an absolute estimation error of 2.8 km/h or a percentage error of 15.7%. Therefore, the exclusion of a few end points is very important to improve the measurement accuracy, with a strict threshold defined by      f d   /  RMSE     ratio.



In summary, the proposed method is also very effective for the estimation of residual Doppler frequency and consequently range velocity with high precision in the coastal sea if a strict threshold of      f d   /  RMSE     ratio is applied. The proposed method improves not only measurement accuracy, but also the single-channel SAR capability of monitoring moving targets in the sea even at low speed less than 5 km/h.





4. Discussion


To precisely measure a residual Doppler frequency of point target from monostatic SAR image data, it has been considered that the Doppler frequency must be significant and larger than the clutter bandwidth. Thus, it was only possible to detect and measure a fast-moving target with strong radar returns by the monostatic SAR. The lower limit was considered to be 5 km/h, with a PSLR −10 dB [35]. However, in practice, there are many artificial and natural point targets characterized by weakly returned signals and slow motion, particularly in the sea as well as on land. The proposed method demonstrates the competitive performance of precisely estimating slow-moving targets as slow as 2.9 km/h, even under conditions of a small PSLR and SCR. Thus, it extends the single-channel SAR capability for detection and measurement of slow-moving point targets. Estimation accuracy improvement is achieved by adopting linear least squares estimation with the inclusion of only intact azimuth subsamples, satisfying a certain threshold of the      f d   /  RMSE     ratio, rather than a direct estimation of a fixed azimuth temporal distance of the original samples.



Although the effectiveness and efficiency of the proposed method is proven through the application examples, there are still some limitations of the method. First of all, the minimum range velocity required to accurately measure using this method is yet to be strictly defined.



Limits of PSLR and SCR on practical applications also exist. In previous studies, Park and Won [35] reported the limit of PSRL as −10 dB, based upon simulation results. In this study, the targets of PSLR less than −10 dB can also be successfully retrieved by trading-off increasing bias. The targets having lower PSLR and SCR produce a less accurate estimation. The in-depth study of the PSLR and SCR limitation was not examined in this study, and therefore they must be strictly defined in a future study.



In this paper, the optimum      f d   /  RMSE     ratio threshold is recommended to be 7–10 and 17 for land and sea surface, respectively. However, these thresholds must be further reviewed for application because each SAR scene has different general conditions of PSLR and SCR. For instance, different sea states, urban versus rural areas, etc. A stationary point target would be useful for the analysis of each scene or area. A generalized critical value would be required after reviewing various monostatic SAR data and point targets within them.



When the SLC is used for the residual Doppler frequency estimation, it must be noted that the Doppler spectrum is normally band-limited because of a certain Doppler window applied by a SAR processor during image formation. The maximum Doppler bandwidth and the type of window (for instance, a general cosine window or hamming window), depend on the SAR processor used for focusing. It usually maintains approximately 80% of the original Doppler bandwidth in the normally processed SAR SLC data. This band-limited focused signal does not largely affect the Doppler frequency estimates by the ESPRIT algorithm for a stationary target because the applied Doppler window reduces the noise. However, for moving targets, this process undesirably removes the signal frequency components because the Doppler centre frequency of moving targets is shifted from the Doppler centroid of the scene. This usually results in underestimation of the residual Doppler frequency and consequently the range velocity for moving targets. Therefore, it is necessary to have an SAR processor maintaining the full bandwidth of the Doppler spectrum for a precise estimation of Doppler parameters from SAR SLC data.



In this study, it was not carried out for quantitative comparison of the results with those obtained by applying other methods to the same data. While the results provided in this paper was obtained from samples of one single range bin, other methods require at least a few tens of range bins for proper computation. Thus, a direct comparison between the results of this study with results of other method computed from a single range bin would not be appropriate. However, the Korea Institute of Ocean Science & Technology (KIOST) has a plan to carry out a field campaign with many ships of different sizes and moving speeds in the very near future, and quantitative and systematic comparison between different methods must be made when those field data are to be obtained.




5. Conclusions


For a precise estimation of residual Doppler frequency in single-channel SAR data, a new method is proposed, and its performance is demonstrated by applying TerraSAR-X and KOMPSAT-5 monostatic SAR data. The method succeeded in retrieving a range velocity as low as 2.9 km/h, while the estimation limit has previously been considered 5 km/h. Azimuth subsampling and linear least squares are core ideas of the proposed approach, which is able to provide an optimum estimation, even for slow-moving ground point targets under the unfavorable conditions of low PSLR and RCS. Estimation accuracy is significantly improved, particularly by introducing a threshold      f d   /  RMSE     ratio, which results in excluding azimuth subsamples seriously affected by clutter. Since the characteristics of targets and clutter are very different on land and in the sea, the application of the method should be treated separately. The recommended thresholds are 7–10 and 17, for land and sea surface, respectively.



The proposed method would contribute to the extension of the monostatic SAR capability for detection and velocity retrieval of moving ground targets with a competitive accuracy. Compared with previously developed other methods, the proposed method would be more useful for small and slow-moving targets that extend only over a limited range bins. Although the basic performance of the method is demonstrated in this study, follow-up studies are required?particularly on the low bound of the range velocity, in-depth study of application restriction on PSLR and RCS, and critical threshold of the      f d   /  RMSE     ratio for various targets and clutter conditions. For the proposed method to be fully proven, additional tests would be required using a large number of targets with different sizes and moving speeds, under various clutter environment in the near future.
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Figure 1. Two synthetic aperture radar (SAR) images used in this study: (a) TerraSAR-X SLC image, in which a speed-controlled vehicle A is observed. (b) KOMPSAT-5 SLC image over coastal areas, in which a speed and heading controlled ship A’ for the experiment, as well as numerous high velocity ships, are observed. 
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Figure 2. (a) Residual Doppler frequency estimation of the speed-controlled vehicle denoted by “A” in Figure 1a. The SAR-measured range velocity by the proposed method is −51.4 ± 1.20 km/h, while that recorded by GPS on the car is 49.6 km/h. The peak-to-sidelobe ratio (PSLR) of the vehicle is −11.4 dB, with a signal-to-clutter ratio (SCR) of 41.1 dB. (b) Residual Doppler frequency estimation of the detected target “B” in Figure 1a. The SAR measured range velocity is approximately 5.1 ± 0.91 km/h, with an azimuth velocity of approximately 9.8 km/h. The PSLR of the target is −7.4 dB, with an SCR of 27.3 dB. While the Doppler spectrum (bottom right in each sub-figure) of targets with high PSLR and SCR well-depicts the Doppler centre frequency as in (a), it is difficult to determine a centre frequency from the Doppler spectrum of weak point targets, as seen in (b). 
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Figure 3. An application result for a weak stationary target, to determine an optimum ratio of Doppler frequency to RMSE for estimation on land. The PSLR of the target is −4.3 dB, with an SCR of 9.6 dB. A ratio of larger than 5–10 would be acceptable for the on-land point targets. 
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Figure 4. Results from the ship for the experiment denoted by “A’” in Figure 1b. The ship velocity measured by on-board GPS at the time of SAR data acquisition was 16.4 km/h with an azimuth and range component of 16.1 and 2.91 km/h, respectively. The PSLR and SCR are −6.5 dB and 31.7 dB, respectively. The estimated residual Doppler frequency of 24.8 Hz corresponds to the range of −2.85 ± 0.15 km/h. From this analysis, the optimum ratio of Doppler frequency to RMSE in the sea is determined as 17. 
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Figure 5. The SAR measured Doppler frequency of the high-speed ship B’ in Figure 1b. The corresponding range velocity is 18.3 ± 0.72 km/h. The PSLR and SCR of the target are −7.9 dB and 23.9 dB, respectively. The estimated range velocity by this method was confirmed by measuring the azimuth distance of the target, shifted from the apex of wake in the image. 
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Table 1. Pseudocode of the proposed algorithm.
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	Linear Least Squares Algorithm Pseudocode





	Input:  s ( τ )  

Output:   f d   

Initialize the accumulator    α 1    to zero

Define a total of (2N + 1) time symmetric   Δ  τ i   

  S ( f )   ← FFT of   s ( τ )  

for all   Δ  τ i    do

    S ′  ( f )   ← Multiply   exp  [  − j   π   Δ  x i    2    2 λ  r 0     ]  ⋅ exp  [  + j 2 π     Δ  x i    2    V s     ]    to   S ( f )  

   s ( τ − Δ  τ i  )   ← IFFT of    S ′  ( f )  

 Estimate   Δ  φ i    by ESPRIT method

    α 1    ←      α 1  + Δ  φ i    Δ  τ i   

end for

Compute    f d    ← diving    α 1    by sum of squares   Δ  τ i   , Equation (12)

return
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Table 2. SAR system parameters used in this study.
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	Parameter
	TerraSAR-X
	KOMPSAT-5





	Wavelength
	3.1 cm
	3.1 cm



	Polarization
	HH
	HH



	PRF
	3815.5 Hz
	3787.9 Hz



	Antenna velocity
	7686.5 m/s
	7664.5 m/s



	Antenna size
	4.8 m
	4.5 m



	Incidence angle
	39.25°
	33.55°



	Altitude
	513.1 km
	557.5 km
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Table 3. Summary of application results.
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Area

	
Target ID

	
Reference Range Velocity [km/h]

	
Range Velocity by Proposed Method

[km/h]

	
Error

[km/h]

	
Doppler Freq./RMSE Ratio

	
Range Velocity by ESPRIT [km/h]

	
Error

[km/h]






	
Land

	
A

	
−49.6

	
−51.4 ± 1.20

	
1.8

	
42.8

	
−55.8

	
6.2




	
B

	
5.9 1

	
5.1 ± 0.91

	
0.9

	
5.6

	
12.3

	
6.4




	
Sea

	
A’

	
−2.9

	
−2.85 ± 0.15

	
0.05

	
19.2

	
−4.4

	
1.5




	
B’

	
18.1 1

	
18.3 ± 0.72

	
0.2

	
25.4

	
20.9

	
2.8








1 Estimated from the distance of the apparent shift in the image.
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