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Different from ground-based or airborne early warning radar, space-based radar (SBR) possesses large coverage capability. As a result, several discrete strong scatter points from the antenna side-lobe shares the same feature with the real targets in range-Doppler domain, which leads to false alarms when conducting constant false alarm rate (CFAR) detection process, and the detection performance with regard to SBR deteriorates seriously. In this paper, a discrete side-lobe clutter recognition method based on sliding filter response loss is proposed for space-based radar. Firstly, considering both the echo inhomogeneity and the limited degrees of freedom (DOFs) after dimension-reduced space-time adaptive processing (STAP), the sliding window design strategy is employed to segment range cells for the observation scene. Then, the images related to different range segments are registered after clutter suppression, in this way, the candidate target parameters, including the position information and the amplitude information are counted. On this basis, the reliable recognition scheme between the real target and the discrete side-lobe clutter can be realized by comparing these filter response losses. Compared with recent works, experimental results based on real measured data show that the proposed method significantly improves the fault-tolerant discrimination ability, which possesses high robustness in algorithm performance as well as good prospect in engineering application.
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1 INTRODUCTION
For space-based radar, due to its wide detection range, there exist a large number of discrete strong scatter points in the echo data, including iron towers, telegraph poles, tall buildings, isolated islands and marine targets [1]. These discrete side-lobe clutters, which come from the antenna side-lobe, cannot be distinguished from the real targets as they are located outside the main lobe clutter in Doppler domain. Space-time adaptive processing (STAP) [2–6] is currently one of the effective means for clutter suppression. However, the reason for the emergence of discrete side-lobe clutters in heterogeneous environment lies in the sample selection strategy when constructing the clutter covariance matrix (CCM). The amplitude of discrete side-lobe clutters is affected several factors, i.e., radar detection range, antenna side-lobe level, self-scattering cross section, and hence resulting in a certain amplitude randomness after clutter suppression. That is, in order to alleviate the influence of non-independent identical distribution (IID) samples on clutter suppression performance, strong scatter points may be regarded as heterogeneous samples, and thus the corresponding resolution cells cannot be suppressed effectively for their CCM have a bad match with the cell under test (CUT) [7, 8].
Presently, the discrete side-lobe clutter recognition researches can be divided into two categories. The first one is the synthetic channel gain method [9, 10], in which the candidate targets are identified through comparing the output of the synthetic channel gain and that of the auxiliary channel gain. If the candidate target is located at the antenna beam pointing position, the synthetic channel gain is [image: image] without considering the system errors, where [image: image] stand for the channel number. Instead, if the candidate target comes from the antenna side-lobe, the synthetic channel gain declines obviously for the channel amplitude cannot be coherently accumulated. Thus, discrete side-lobe clutters can be recognized according to the increased channel gain value. The other one is the filter response loss method [11], in which the energy loss of the candidate target are counted in the STAP process. Compared with the real target, discrete side-lobe clutters suffer more energy loss as the target steering vector is pointed at the main lobe area. On this basis, multiple space-time steering vector constraint methods are presented to identify discrete side-lobe clutter [12]. Firstly, two steering vectors related to the target and main-lobe clutter regions are employed to construct the optimal weight vectors. Then, the energy loss of candidate targets after STAP processing is compared, where these resolution cells with large energy loss are judged as the real targets, others are regarded as the discrete side-lobe clutters. To a certain extent, the above two methods provide an effective means for discrete side-lobe clutter recognition. However, the real targets generally do not come from the antenna beam center pointing direction, and hence the synthetic channel gain method cannot achieve the ideal value. In addition, although the discrete side-lobe clutters share apparent amplitude attenuation with regard to filter response loss method, there also exist energy loss for the real target. Therefore, the existing methods cannot significantly enhance the fault-tolerant capability when conducting discrete side-lobe clutter recognition process. It is necessary to further explore the robust discrete side-lobe clutter recognition method for space-based radar with wide area coverage. Aiming at the above problems, a discrete side-lobe clutter recognition method based on sliding filter response loss for space-based radar is proposed in this paper, in which the wide area detection ability and the sample inhomogeneity characteristics are combined, and the filter response losses corresponding to different segmented data are evaluated to achieve the recognition capability between the real targets and discrete side-lobe clutters. Meanwhile, this method introduces the sample segmentation registration strategy, and thus to alleviate the poor clutter suppression ability at the scene edge area, which possesses simple implementation and high robustness characteristics. Experimental results with airborne measured data verify the effectiveness of this method.
2 STAP MODEL
Space-based radar (SBR) generally operates under down-looking mode, and there exists strong ground clutter or sea clutter in the echo data. Besides, due to its wide coverage capability, a large number of isolated scattering points from the antenna side-lobe are collected by the receiver, as demonstrated in Figure 1. Thus, clutter suppression is important to meet the requirements of moving target detection.
[image: Figure 1]FIGURE 1 | STAP model of SBR.
Assume that [image: image] denotes the scatter number in the [image: image] th range bin, where [image: image]. [image: image] and [image: image] denote the complex amplitude of the [image: image] th scatter and the target, respectively. [image: image] represents the Gaussian white noise. Thus, the echo data of the [image: image] th range bin can be expressed as
[image: image]
where symbol [image: image] denotes the Kronecker product operation, and [image: image]. Let the normalized temporal steering vector and spatial steering vector of clutter cell be [image: image] and [image: image] in turn. The antenna array is composed of [image: image] elements with an interval of [image: image], and the number of pulses during one coherent processing interval (CPI) is [image: image]. Thus, the normalized temporal steering vector and spatial steering vector with regard to the target are given by
[image: image]
[image: image]
In Eqs 2, 3, [image: image] stands for the pulse repetition frequency (PRF), [image: image] represents the platform velocity, [image: image] is the signal wave length, [image: image] is the cone angle, [image: image] is the target velocity, [image: image] and [image: image] indicate the exponential operation and the cosine operation, respectively. The subscript [image: image] denotes the transpose operation. If [image: image], the steering vectors of clutter echo are consistent with that of the target. Instead, if [image: image], the temporal steering vector caused by the Doppler component will lead to the separation of the target and the echo data in space-time domain. However, the discrete side-lobe clutters come from the antenna side-lobe may result in similar distribution characteristics, compared with the real target, in which these candidate targets cannot be distinguished in the STAP process.
3 A DISCRETE SIDE-LOBE CLUTTER RECOGNITION METHOD BASED ON SLIDING FILTER RESPONSE LOSS FOR SPACE-BASED RADAR
For full-dimensional STAP methods, it is not conductive to real-time processing due to the high computational complexity in the order of [image: image]. Further, the number of independent identically distributed (IID) samples should be more than [image: image] to minimize the optimal detection performance loss to less than 3 dB. However, the actual observation environment is difficult to meet this requirement, especially for the heterogeneous scene with massive discrete strong scattering points. In order to reduce the full-dimensional STAP computational complexity and achieve reasonable clutter suppression performance, the dimension-reduced strategy is employed. Assume that [image: image] is the dimension-reduced matrix, where [image: image]; [image: image] denote the degrees of freedom (DOFs) with regard to the spatial domain and the temporal domain in turn. The adaptive weight based on the linear constraint minimum variance (LCMV) criterion can be rewritten as
[image: image]
where [image: image] is the matrix inverse operation. The dimension-reduced matrix [image: image] and the target steering vector [image: image] can be re-represented as
[image: image]
[image: image]
Here, [image: image] stand for the conjugate transpose operation.
Without loss of generality, EFA methods are adopted in the dimension-reduced STAP. The filter response loss is defined as
[image: image]
where [image: image] represents echo power of the target resolution cell before clutter suppression, while [image: image] denotes that after clutter suppression. Let [image: image] be the echo data of the cell under detected (CUT) in range-Doppler domain, the above variables can be expressed as [image: image], [image: image].
Space-based radars possess wide coverage capability as its high orbit height, and the echo data shares strong fluctuation characteristics. As a result, the sliding window needs to be employed to segment the range rings in heterogeneous environment. On one hand, these resolution cells within a limited scene have relatively consistent distribution characteristics by means of range segmentation process. On the other hand, the number of available samples for constructing clutter covariance matrix (CCM) will be reduced after range segmentation strategy, which may lead to clutter suppression performance deterioration with regard to the scene edge resolution cells. In this paper, a discrete side-lobe clutter recognition method based on the sliding window is proposed for space-based radar system, in which both the sample number for building CCM and the filtering performance with regard to scene edge area are taken into account. Firstly, the sliding window is presented to segment the observation scene into the identical range intervals. Assuming these two sample sets are denoted as [image: image] and [image: image] before and after the sliding process, the corresponding CCMs are expressed as [image: image] and [image: image], and the optimal weight vectors are indicated as [image: image] and [image: image], respectively. Thus, the STAP results related to different range intervals are given by
[image: image]
[image: image]
For the two [image: image] and [image: image] generated by the sliding window, the range cells are registered according to mark the range cell number. In this way, the amplitudes of the resolution cells which exceed the CFAR threshold are added to the candidate target set [13]. Assume that judgment threshold of filter response loss is [image: image]. For any candidate target, the STAP filter response loss before and after the sliding process are [image: image] and [image: image], respectively, and the corresponding judgment criteria is given by
[image: image]
The background clutter suppression as well as the target energy accumulation can be achieved by employing the optimal weight vector when conducting STAP algorithm. Generally, the filter energy loss of the moving target is small, while that of the discrete side-lobe clutter is large. However, the moving target is not necessarily located in the antenna beam center, and the suppression degree of discrete side-lobe clutter show randomness due to the heterogeneous environment, which resulting in the limited fault tolerance with regard to filter response loss method for distinguishing the real targets from discrete side-lobe clutters [12].
Space-based radar possesses wide area coverage and complex regional distribution, in which the discrete side-lobe clutters mainly generate from the heterogeneous area with discrete strong scattering points. Considering that the samples corresponding to different range segments present quite different characteristics, the category judgment results of these samples are uncertain for a specific sample discrimination criterion. In this paper, the sliding window strategy is proposed to process the segmented echo data. As the clutter covariance matrices before and after the sliding window operation are constructed by adopting different sample sets, the filter response loss value in regard of a discrete side-lobe clutter suppression is also different. Thus, the maximum filter response loss of each discrete side-lobe clutter can be statistically obtained based on the above sample sets. Besides, the real target is located in the main antenna lobe direction, as a result, the target steering vectors are identical for different sample sets, and the filtering response losses of the real target is relatively small compared with discrete side-lobe clutters. If the candidate target within the CUT is a discrete side-lobe clutter, which comes from the antenna side-lobe direction, the target steering vector has a limited constraint ability to this area. However, the suppression ability to the discrete side-lobe clutter shows great fluctuation with regard to different samples sets. That is, for a specific candidate target, the significance of energy loss characteristics can be enhanced through analyzing the filter response losses. Conversely, if the candidate target within the CUT is a real target, which comes from the antenna main-lobe direction, the target steering vector has a strong constraint ability to this region. As the real target and its competitive clutter have obvious differences in spatial domain, the filter response losses of the real target can be maintained at a small level. Therefore, the proposed filter response loss method based on the given sliding window can effectively improve the diversity between the discrete side-lobe clutter and the real target. Especially for heterogeneous environment, this method has extremely robust recognition ability for discrete side-lobe clutters. Figure 2 demonstrates the flow chart of discrete side-lobe clutter recognition method.
[image: Figure 2]FIGURE 2 | Flow chart of discrete side-lobe clutter recognition method.
4 EXPERIMENTAL RESULTS
4.1 Airborne scheme design
In this section, the effectiveness of the proposed method is validated by utilizing the real measured data with an airborne radar system. Radar system parameters are shown in Table 1.
TABLE 1 | Airborne radar system parameters.
[image: Table 1]In order to simulate the SBR operating mode more realistically, a drone aircraft is designed to fly below the carrier aircraft, as shown in Figure 3. Here, Haerbin Y-12 and Cessna are selected as the carrier aircraft and the drone aircraft, respectively. Figure 4 shows the Range-Doppler data of channel 1 with 250 pulses. One can see that the interferences and discrete terrain clutters exist in most of the Range-Doppler image. As a result, the measured data is composed of real target echo, real clutter echo and real interference echo, with which the performance of the proposed method could be varified reliably.
[image: Figure 3]FIGURE 3 | Target detection scheme design.
[image: Figure 4]FIGURE 4 | Range-Doppler data of channel 1.
4.2 Clutter suppression and discrete side-lobe clutter recognition
In this section, FSA algorithm is adopted as the dimension-reduced method for STAP. In order to achieve robust clutter suppression performance, the heterogeneous samples are eliminated when constructing the CCM. As a result, the real target and discrete side-lobe clutters may coexist in the image after clutter suppression. During the data processing procedure, the range segment unit is set to 400, and that of the overlapping range units in regard of adjacent data sets is set to 100. For the two data sets before and after the sliding window strategy, the corresponding clutter suppression results is shown in Figures 5, 6 respectively. From Figures 5B, 6B, there exist two candidate targets for different data set, where the candidate target coordinates of the first data segment are given by (140, 215), (−150, 138), and those of the second data segment are given by (140, 115), (110, 14). Considering that only one drone aircraft is arranged in the experiment, it is necessary to identify the categories of the candidate targets. By employing the range registration process, one candidate target is generated in each image, which are indicated as (110, 114), (−150, 38) in turn. Meanwhile, the candidate points (140, 215) within the first image and the candidate points (140, 115)within the second image has a good match after image registration. Therefore, there are three candidate targets in the observation scene. Figures 5C, 5H, 6C, 6H represent the processing results of these candidate targets with the Synthetic channel gain (SCG) method, the filter response loss (FRL) method and the sliding filter response loss (SFRL) method. Here, the sliding window size is set to 400 range cells, and the overlapping range number between adjacent sliding windows is set to 100.
[image: Figure 5]FIGURE 5 | Processing results of data 1.
[image: Figure 6]FIGURE 6 | Processing results of data 2.
The data processing results of the real measured data are shown in Table 2. According to the judging criteria, candidate target one is recognized as a real target, candidate target two and candidate target three are recognized as discrete side-lobe clutters. Among the above three methods, SFRL method has the best fault tolerance performance, while SCG method has the worst fault tolerance performance. Here, the fault tolerance capability is defined as the desirable dynamic interval of the decision threshold, that is, it can be regarded as the reliable threshold setting interval to distinguish the real target from the discrete side-lobe clutter.
TABLE 2 | Processing results of candidate targets with different methods.
[image: Table 2]5 CONCLUSION
For space-based radar, a discrete side-lobe clutter recognition method based on sliding filter response loss is demonstrated to separate the targets from abundant discrete side-lobe clutters in heterogeneous environment, in which the filter response losses corresponding to different segmented data are calculated, and thus the fault tolerance capability for real target recognition can be effectively enhanced. Meanwhile, the insufficient clutter suppression ability at the scene edge areas is significantly alleviated by means of the range segmentation strategy. Theoretical analysis and experimental results based on real measured data verify the reliability of the proposed method.
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