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Abstract

:

The circular synthetic aperture radar (CSAR) has the ability of all-round continuous observation and high-resolution imaging detection, and can obtain all-round scattering information and higher-resolution images of the observation scene, so as to realize the target information extraction and three-dimensional (3D) contour reconstruction of the observation targets. However, the existing methods are not accurate enough to extract the information of vehicle targets. Through the analysis of the vehicle target scattering model and CSAR image characteristics, this paper proposes a vehicle target information extraction and 3D contour reconstruction method based on multiple different pitch-angle observation CSAR data. The proposed method creatively utilizes the projection relationship of the vehicle in 2D CSAR imaging to reconstruct the 3D contour of the vehicle, without prior information. Firstly, the CSAR data obtained from multiple different pitch-angle observations are fully utilized, and the scattering points of odd-bounce reflection and even-bounce reflection echoes are extracted from the two-dimensional (2D) coherent CSAR images of the vehicle target. Secondly, the basic contour of the vehicle body is extracted from the scattering points of the even-bounce reflected echoes. Then, the geometric projection relationship of the “top–bottom shifting” effect of odd-bounce reflection is used to calculate the height and position information of the scattering points of odd-bounce reflection, so as to extract the multi-layer 3D contour of the vehicle target. Finally, the basic contour and the multi-layer 3D contour of the vehicle are fused to realize high-precision 3D contour reconstruction of the vehicle target. The correctness and effectiveness of the proposed method are verified by using the CVDomes simulation dataset of the American Air Force Research Laboratory (AFRL), and the experimental results show that the proposed method can achieve high-precision information extraction and realize distinct 3D contour reconstruction of the vehicle target.
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1. Introduction


Synthetic aperture radars (SAR) obtain high resolution in the range direction by transmitting large-bandwidth signals, at the same time, the platform moves to observe the target at a large angle to obtain high resolution in the azimuth direction [1]. As one of the most productive sensors in the field of microwave remote sensing and advanced array signal processing, SAR has received rapid development and widespread attention. SAR imaging can obtain more electromagnetic scattering information of the observed target through the reconstruction of the target scattering function, which is helpful for the analysis, classification and identification of target characteristics [2]. SAR imaging offers significant advantages in remote sensing observation, due to its ability to operate regardless of external environmental conditions such as weather and light. It can provide all-weather and all-day reconnaissance capabilities, making it highly versatile [3]. As a result, SAR imaging has found wide-ranging applications in various fields. For instance, in the agricultural sector, SAR imaging enables the monitoring of crop growth, soil moisture levels, and the occurrence of pests and diseases. This accurate and timely data supports crop assessment and agricultural management [4]. In the domain of disaster forecasting, SAR imaging plays a vital role. Its capability to detect surface deformations allows for early warning of natural disasters such as earthquakes, volcanic eruptions, and floods, this information is crucial for rescue efforts and emergency response coordination [5].



In addition, SAR imaging has proven to be of great value in civilian applications such as marine surveying and mapping [6]. It provides detailed and precise data that aids in understanding oceanographic features, coastal erosion, and bathymetry, this information is essential for maritime industries, environmental monitoring, and coastal zone management [7]. Additionally, in military operations, SAR imaging facilitates battlefield reconnaissance. Its high-resolution imagery and ability to track enemy targets accurately contribute to situational awareness and support strategic decision-making. Furthermore, SAR technology aids in strategic early warning systems, enhancing national security and defense preparedness [8,9].



Circular SAR (CSAR) refers to a 360-degree circular movement of the radar platform around the target scene, and its antenna emission beam is always directed at the target scene [10]. Compared to traditional SAR with a straight flight trajectory, CSAR offers 360-degree observation, resulting in targets with more complete contours and better suppression of background [11]. The omnidirectional scattering characteristics of the target obtained by CSAR can effectively improve target detection performance. The biggest advantage of CSAR imaging is its ability to observe targets in all directions, allowing the resulting image to reflect the backscattering information of the target in all azimuths. This leads to higher image resolution and enables certain three-dimensional (3D) imaging capabilities [12]. The comprehensive coverage of CSAR imaging enables a more detailed and accurate representation of the target’s backscattering characteristics, resulting in improved image resolution and the potential for 3D imaging [13].



In recent years, the reconstruction of 3D images of CSAR data has become a research hotspot [14,15,16]. At present, the main method for 3D image reconstruction of observation scene targets using CSAR is to use multi-baseline CSAR imaging technology [17,18]. However, it requires the acceptance and processing of multi-baseline CSAR data, which can be time-consuming and expensive in terms of hardware requirements. Additionally, this technology is associated with complex imaging algorithms and often exhibits low processing efficiency.



E. Dungan, from the American Air Force Research Laboratory (AFRL), has proposed a 3D image reconstruction method of vehicle contour based on single-baseline fully polarimetric CSAR data [19]. Compared to HoloSAR imaging [20], this method has the advantage of requiring only single-baseline fully polarimetric CSAR data. This significantly reduces the cost of acquiring 3D images and simplifies the imaging algorithm, leading to improved processing efficiency. The use of single-baseline fully polarimetric CSAR data allows for the acquisition of meaningful information with fewer data points, reducing the hardware and computational costs associated with data collection and processing. Additionally, the simplified imaging algorithm used in this method reduces the complexity of the reconstruction process, resulting in faster processing times and decreased computational resources required. However, this method rectangles the vehicle contour to form a multi-dimensional variable search process, which greatly increases the amount of calculation, reduces the efficiency of the algorithm. Also, this method weakens the contour features of the target vehicle, and it is not conducive to the subsequent vehicle classification and recognition. Although this method does not require multi-baseline CSAR data, it requires a variety of polarized CSAR data, which leads to an increase in the amount of computation and a high cost of 3D image reconstruction.



L. Chen, from the National University of Defense Technology, has proposed a 3D image reconstruction method of vehicle contours based on single baseline single polarization CSAR data [21]. This method starts from the incoherent imaging processing, the basic contour information is extracted based on the two-dimensional (2D) image of the vehicle, and then the height information of the scattered points of the attribute is deduced by using the “top–bottom shifting” effect, and then the 3D contour image of the target vehicle is reconstructed. Also, this method obtains high-precision vehicle size estimation results and has the unique advantages of high efficiency and low cost. However, the method introduces the ratio of the underbody profile to the roof profile as a priori information, and does not extract the multi-layer profiles of the vehicle.



In order to solve the above problems, this paper proposes a new method to extract information and 3D contour reconstruction of vehicle target, based on multiple different pitch-angle observation CSAR data. The research content of this paper is as follows: Section 2 researches the distribution characteristics of the electromagnetic reflection model of the vehicle target, and the 2D CSAR imaging characteristics of the vehicle target at different pitch-angle observations. Section 3 provides a detailed description of the proposed method for 3D reconstruction of vehicle target contours. In Section 4, the civilian vehicle dome (CVDomes) simulation dataset is used to verify the correctness of the theoretical analysis and the effectiveness of the proposed method. Finally, the research work of this paper is summarized, and the next research work is prospected in Section 5.




2. Vehicle Scattering Model


This section begins by analyzing the scattering characteristic models of radar electromagnetic wave odd-bounce reflection and even-bounce reflection of the vehicle targets under far-field conditions. Then, an analysis of the 2D CSAR imaging features of vehicle targets at multiple different pitch-angle observations is presented.



According to the electromagnetic theory, the high-frequency echo response of a complex target can be regarded as the sum of the attribute scattering centers of multiple standard scatterers [22]. The attribute scattering center contains relevant information such as the position, amplitude, and polarization of the target, which can better describe the scattering characteristics of the target on the SAR data.



2.1. Odd-Bounce Reflection


Figure 1 shows the “top–bottom shifting” model of the vehicle target and the backscattering of electromagnetic waves, and the electromagnetic echoes reflected by the vehicle target are mainly divided into odd-bounce reflection (blue lines in Figure 1) and even-bounce reflection (orange lines in Figure 1). Among them, odd-bounce reflection refers to the electromagnetic echo that returns to the antenna after an odd number of bounce reflection, mainly provided by the edges and corners of the vehicle target (such as the roof ridge, etc.). The edges and corners of the vehicle target are the height dimensional information with the vehicle target, which can form the 3D contour of the vehicle.



As shown in Figure 1a, when the ground plane   x − y   is used as the imaging plane, the distance from the point A to the radar platform is   R  , the height from the point A to the imaging plane is   h  , and the pitch angle     θ   e     represents the observation angle from the radar to the point A. During imaging, the point A is projected onto the imaging plane     A   P    . This shift in the position of the projection, which is caused by the height of focus, is called the “layover effect” [23]. The “top–bottom shifting” distance is   l  , the slope distance from the antenna phase center to the target is   R  , if   l   is much smaller than   R  , that is   l ≪ R  , this corresponds to the far-field condition. Then, the height of the point A to the ground plane   x − y   is:


  h = l c o t (   θ   e   )  



(1)







Therefore, starting from the CSAR 2D image of the vehicle, the edge position of the image of the vehicle ridge is obtained, which is the position of the odd-bounce reflected bright line. The shifting distance of the top and bottom of the ridge can be obtained, and then the height of the ridge   h   and its position coordinates are calculated.




2.2. Even-Bounce Reflection


Figure 2 shows the even-bounce reflection geometry path. Even-bounce reflection refers to the secondary bounce reflection of electromagnetic waves emitted by radar antennas and finally return to the receiving antenna [24]. The even-bounce reflection path can be assumed to consist of three parts, including the outbound     R   1    , the first bounce reflection     R   2    , and the second bounce reflection     R   3    .     θ   e     is the pitch angle from the radar to the point A. When the incident wave passes through the outbound journey     R   1     and reaches a certain scattering center with a height   h   of the vehicle, there is a scattering angle   ∆ θ   between the first bounce reflection     R   2     and the specular reflection angle     θ   e    .     R   2     generates a second bounce reflection     R   3     through specular reflection with the ground, and     R   3     subsequently returns to the receiving antenna. It is worth noting that     R   2     and     R   3     are not the only path, vary within the orange shaded area, as shown in Figure 2.



For a vehicle target parked on the flat ground, the side of the vehicle forms a dihedral reflection with the ground, the dihedral reflection is directional, and its reflected energy is concentrated in the vertical direction. The projection of the even-bounce reflected energy can be thought of as a distribution along the junction between the ground and the side of the vehicle, i.e., the distribution of the basic contour of the underside of the vehicle. Although the even-bounce reflection has undergone the secondary bounce reflection of different medium planes, the energy of the reflected echo is relatively large, due to the large reflection surface of the vehicle target. And the even-bounce reflection appears as a relatively bright and thick closed rectangular frame on the 2D CSAR image [25].



Figure 3 shows the vehicle CSAR imaging results at different pitch-angle observations. As shown in Figure 3d,e, there are scattered centers of discrete properties formed by even-bounce reflection in the vicinity of the vehicle contour. Due to the “top–bottom shifting” effect, the odd-bounce reflection forms an outer contour outside the vehicle’s baseline, and as the pitch angle of the radar increases, the image of vehicle edge expands outward more.




2.3. CSAR Image Characteristics of the Vehicle Target at Different Pitch-Angle Observations


In the CSAR data of HH polarization, the reflected energy of the dihedral angle is larger and the contour is clearer, so the HH polarization is used in this method [26,27,28,29]. Due to the lower side lobes of coherent imaging, which is more conducive to extracting the edge of the vehicle, the proposed method chooses to process the coherent imaging. This method extracts the inner even-bounce reflection contour and the outer odd-bounce reflection contour of the vehicle from the CSAR image at the same time. Subsequently, the basic contour of the vehicle bottom is obtained from the even-bounce reflection, and the 3D contour of the vehicle with height information is obtained from the odd-bounce reflection. The proposed method makes full use of the data at 30°, 40°, 50° and 60° observation pitch angles, and the angle of view is more comprehensive, the extracted vehicle target information is richer, and the error of information extraction is smaller.



As can be seen from Figure 3, the body and the edge of the vehicle will form four relatively distinct curves. From the inside to the outside, the first curve     C   1     is the top contour curve of the vehicle, which is composed of a circle of roof covers, and it is the highest, at about 1.63 m. The second curve,     C   2    , is the second layer of the vehicle formed by the door handle and the front cover, and its ridge curve is the second highest, at about 1.01–1.16 m. The third curve,     C   3    , is the curve formed at the top of the wheel, the defect position is the position of the wheel, and its height is the third highest, at about 0.64–0.68 m. The fourth closed curve     C   4     is the imaging result of the dihedral angle formed between the body and the ground, which is the imaging result of the even-bounce reflection of electromagnetic waves. As a result, curve     C   4     closely approximates a rectangular frame, capturing the basic contours of the vehicle body. The imaging position of curve     C   4     is almost unchanged under different pitch-angle observations.



When the ridge is higher, the observed pitch-angle is larger, which will lead to a greater distance of the top-bottom shifting. Therefore, the image of the target vehicle in pitch-angle of 60 expends more than in pitch angle of 50, as shown in Figure 3b,c. When the pitch angle of observation is 30 degrees, the top–bottom shifting distance of the ridge is relatively small, so the first curve,     C   1    , and the second curve,     C   2    , coincide multiple times.





3. Information Extraction and 3D Contour Reconstruction


Based on the “top–bottom shifting” effect, a novel approach that exploits the projection imaging relationship between different pitch-angle observations under the same polarization is proposed to extract the 3D contour of the vehicle target.



3.1. Overall Framework


Firstly, coherent processing is used to generate CSAR vehicle images. The complete 360° total aperture data is divided into every 1° sub-aperture aperture without overlap. To achieve high-resolution and low side lobes in CSAR vehicle 2D images, the back projection algorithm (BPA) is employed, which is capable of adapting to the CSAR geometry [30,31]. Additionally, GPU acceleration is utilized for improved efficiency. Due to its lower sidelobes and ability to provide more detailed target imaging, coherent accumulation is performed to obtain a CSAR coherent image of the vehicle under consideration.



Secondly, the CSAR 2D image is converted to the polar coordinates. Since the CSAR image is a 360-degree surround image, the image of the vehicle’s body and edges will be closed curves. In order to facilitate the extraction of contour curves, four sets of 2D CSAR images with multiple different pitch angles are transformed to polar coordinates, with the center of the image as the pole. The vehicle contour is changed from planar curves to a one-dimensional curve, so that the contour extraction and subsequent curve processing are easier.



Finally, the scattering points are obtained. Using the peak detection method, the odd-bounce reflection and even-bounce reflection scattering points of the four profile curves are extracted. As shown in Figure 4, the CSAR 2D image at the 60-degree pitch observation is transformed to polar coordinates, and the results (red dots in Figure 4) are extracted from odd-bounce and even-bounce reflection scattering points using the peak detection method. In Figure 4a, the leftmost red dots are the even-bounce reflection scattering points, and the other red dots are the odd-bounce reflection scattering points. And in Figure 4b, the scattering points that approximately make up the rectangular box inside are the even-bounce reflection scattering points; the three curves on the outside are the odd-bounce reflection scattering points.




3.2. Contour Extraction of Even-Bounce Reflection


After converting the CSAR 2D image to the polar coordinates, the basic contour of the vehicle consisting of the even-bounce reflection scattering points is extracted in the following two steps.



Step 1: Smooth filtering of even-bounce scatter points. The side of the vehicle forms a vertical dihedral angle with the ground. The reflected echo of this vertical dihedral angle remains relatively unchanged as the pitch observation angles vary. As a result, the imaging position of the even-bounce scattered bright line shows minimal variation at top view observation angles of 30°, 40°, 50°, and 60°. As shown in Figure 3b–e, the position of the rectangle in the center of the four images, i.e., the even-bounce scattering light line, is basically unchanged.



In our method, the even-bounce scattering points obtained from four pitch-angle observations are used for mean filtering and smoothing. In Figure 5a, the extracted results are obtained by applying mean filtering and smoothing to the even-bounce reflection scattering points. These results form the 2D projection of the even-bounce reflection contour, specifically representing the 2D projection of the basic contour of the vehicle body, from which the geometric feature parameters such as orientation, length, and width of the vehicle can be extracted.



Step 2: Extract and calculate the geometric parameters of the vehicle body. According to the projection of the basic contour of the vehicle body obtained in step 1 on the 2D CSAR imaging plane, the principal axis direction is estimated by calculating the covariance matrix of the projection matrix. The principal axis direction represents the direction of the closed surface, and refers to the major axis direction of the basic outline of the vehicle body projection. By determining the intersection angle between the major axis and the   X  -axis of the ellipse with the same standard second-order central moment as the basic outline of the vehicle body projection, the orientation angle   α   is obtained.   α   represents the angle between the orientation of the vehicle and the horizontal line.



Then, a straight line     l   1     is calculated, which passes through the projection of the basic outline of the vehicle body and has an inclination angle   α  . Next, the intersection points     P   1     and     P   2     of the straight line     l   1     with the contour of the vehicle are obtained. Subsequently, the perpendicular bisector     l   2     connecting     P   1     and     P   2     is found. Later, the intersection points     P   3     and     P   4     of     l   2    , and the projection of the basic contour of the vehicle body, are obtained.



The distance between     P   1     and     P   2     is the length of the vehicle body, and the distance between     P   3     and     P   4     is the width of the vehicle body. As shown in Figure 5b, the results are extracted for the geometric feature parameters such as orientation, length, and width of the vehicle. As shown in Figure 5b, the orientation of the vehicle is −0.079 degree with the horizontal line; the width and the length of the Jeep93 are 4.462 m and 1.796 m, respectively.




3.3. Contour Extraction of Odd-Bounce Reflection


Under different pitch-angle observations, the projection position shift will be different for imaging vehicle targets at a certain height, due to the “top–bottom shifting” effect. According to the odd-bounce reflection model in Section 2.1, there are:


  h t a n     θ   1     =   l   1   =   L   1   −   L   0    



(2)






  h t a n     θ   2     =   l   2   =   L   2   −   L   0    



(3)






  h t a n     θ   3     =   l   3   =   L   3   −   L   0    



(4)






  h t a n     θ   4     =   l   4   =   L   4   −   L   0    



(5)




where,   h   is the height of the vehicle ridge, which can be the different parts of the vehicle, including the front, rear, and sides.     θ   1    ,     θ   2    ,     θ   3     and     θ   4     correspond to     θ   e     values of 30, 40, 50, and 60 degrees, meaning the pitch-angle of radar observation are 30, 40, 50, and 60 degrees, respectively.     l   1   ~   l   4     is the propagation distance of the “top–bottom shifting” in the 2D CSAR image at the 30~60 degree pitch-angle observations.     L   1   ~   L   4     are the coordinate position of the vehicle ridge contour in the 2D CSAR image at the 30~60 degree pitch observation angles. And     L   0     is the actual coordinate position of the simulated vehicle model.



By simultaneously solving Equations (2)–(5), we obtain


  h =     l   m   −   l   n       tan  ⁡      θ   m       −   tan  ⁡      θ   n          



(6)







The value range of   m   is [2, 4] and the value range of   n   is [1, 3]. There are six combinations of the above equation and the average of the results of these six calculations can be used to obtain the height   h   of the vehicle edge. Returning to Equations (2)–(5), the coordinate position of the vehicle’s rib contour can be obtained.



Therefore, after converting the CSAR 2D image to the polar coordinates, the curves composed of three odd-bounce reflection scattering points need to be extracted, namely     C   1    ,     C   2     and     C   3     in Figure 3. Then, according to the different vehicle contour extensions in the two-dimensional CSAR image of the radar at the 30–60 degree pitch angle, the corresponding vehicle ridge height and its position coordinates of each contour curve are calculated by the joint relationship Equations (2)–(6).



The proposed method makes full use of different pitch-angle observations and uses multiple formulas to jointly calculate several times. It takes the average value to reduce the error and improves the accuracy of information extraction.




3.4. 3D Reconstruction of Vehicle Contour


From the above analysis, it can be seen that the roof contour containing height information can be extracted from the odd-bounce reflection. The position coordinates of the basic vehicle body contour consisting of the even-bounce reflection is obtained by the method shown in Section 3.2. Using the method in Section 3.3, the height of the vehicle ridge and its position coordinates composed of odd-bounce reflection can be obtained.



In the processing of fusing the basic vehicle body contour, the height of the vehicle ridge and its position coordinates, the base is the basic vehicle body contour, whose   Z   coordinate is zero in the   x y z   coordinate system. And the position coordinates of the vehicle ridge is in the same   x y z   coordinate system, whose   Z   coordinate is its height. Therefore, the whole contour of the vehicle can be reconstructed.



Based on the above analysis, the flow chart of the 3D contour reconstruction method of the vehicle target is shown in Figure 6. Firstly, the GPU-accelerated BPA is used to process the echo data for imaging, and the 2D CSAR images of the vehicle target to be reconstructed under four sets of different pitch-angle observations are obtained. Then, the polar coordinate transformation of the CSAR 2D image of the vehicle target is performed to extract the odd-bounce reflection and even-bounce reflection scattering points of the vehicle target. On the one hand, the scattering points formed by the even-bounce reflection are used to extract the basic contour of the vehicle body, and the geometric parameters such as the length and width of the vehicle. On the other hand, according to the “top–bottom shifting” model, the scattering points formed by the odd-bounce reflection are used to extract the height and position of the ridge. Finally, the basic contour of the vehicle body, as well as the height and position of the ridge, are fused to realize the reconstruction of the 3D contour of the vehicle.





4. Experiment and Analysis


Civilian vehicle domes (CVDomes)—a dataset of simulated X-band signatures of civilian vehicles is generated for 360° in azimuth direction [32]. The CVDomes dataset consists of simulation data with different pitch angles ranging from 30°~60°. The main parameters of the CVDomes dataset are shown in Table 1.



In order to prove the effectiveness of the proposed 3D contour reconstruction and information extraction method based on CSAR data for the vehicle target, the echo data processing of vehicles in CVDomes dataset is used to verify it. The vehicles Jeep93 and Jeep99 are processed using the proposed method; the results are shown in Figure 7 and Figure 8, and Table 2 and Table 3.



As shown in Figure 7a and Figure 8a,     h   11     is the height of the side edge of the first vehicle prism curve (contours of the vehicle roof).     h   12     is the height of the rear edge of the first vehicle prism curve.     h   21     is the height of the front cover of the second vehicle prism curve.     h   22     is the height of the rear part of the second vehicle prism curve.     h   31     is the height of the front of the vehicle for the third prism curve (i.e., the curve at the top of the wheel).     h   32     is the height of the rear end of the third rim.



The method we propose can extract the multi-layered contours of the vehicle. Figure 7b and Figure 8b display points in four different colors. Points of the same color are the result of contour reconstruction of the same layer. The purple points represent the layer where     h   11     and     h   12     are located, which is the highest layer. The green points represent the layer where     h   21     and     h   22     are located. The blue points represent the layer where     h   31     and     h   32     are located. The red points represent the basic contours of the vehicle, which includes information such as the length and width of the vehicle.



As shown in Figure 7 and Figure 8, the proposed method effectively reconstructs the 3D contour of vehicles. The electromagnetic simulation dataset CVDomes used in this study had minimal external interference, and the signal bandwidth was extremely wide with high resolution. As a result, the reconstructed contours were found to be clear, smooth, and highly similar to the original model. The contour of the front of the vehicle is more rounded, closer to the real contour of the simulated vehicle model.



Table 2 and Table 3 show a comparison of the geometric dimensions of the vehicle models Jeep93 and Jeep99, with the estimation results of the proposed method, as well as the comparison with paper [21]. Where,   l   and   w   are the length and width of the vehicle body, respectively.     u     ·       is the sum of the error between the true value and the estimated value.



From Table 2 and Table 3, comparing the length, width, and height of the extracted vehicle between the simulation model and the proposed method, it can be observed that the parameters are remarkably close, indicating the accuracy of the proposed method. Overall, compared with the results in paper [21], the proposed method extracts the clearer multi-layer contour of the vehicle target, and exhibits higher accuracy.




5. Conclusions


This paper focuses on the problem of vehicle target information extraction and 3D contour reconstruction under CSAR 2D imaging, and then proposes a method by analyzing the CSAR image characteristics of the target vehicle under multiple different radar pitch-angle observations. The proposed method creatively utilizes the projection relationship of a vehicle in 2D CSAR imaging to reconstruct the 3D contour of the vehicle, without prior information. The basic contour of the vehicle body is extracted from the even-bounce reflection scattering points, and the height and position information of the vehicle ridge is extracted from the odd-bounce reflection points. Finally, the 3D contour of the vehicle can be reconstructed by fusing the vehicle body and the height and position of the vehicle ridge. The proposed method is applied to the reconstruction of CSAR simulation dataset, the high-quality 3D contour of the vehicle and high-precision vehicle size estimation results are obtained, which proves the correctness and effectiveness of this method.



The research results in this paper lay a foundation for future research on the target classification and recognition technology based on CSAR images, which have important practical value. By utilizing the reconstructed 3D contour, more accurate vehicle dimension information can be obtained, which is useful in areas such as vehicle industrial design, traffic planning and road safety. Additionally, the reconstructed 3D contour can be used for vehicle target detection and tracking, which is beneficial for fields like autonomous driving, traffic safety monitoring and smart transportation. The follow-up research is the high-precision imaging of bistatic CSAR, and the targets’ classification and recognition after the 3D reconstruction of targets.
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Figure 1. The “top–bottom shifting” model of a vehicle target and the backscattering of electromagnetic waves: (a) Schematic diagram of the calculation of the “top–bottom shifting” of odd-bounce reflection; (b) schematic diagram of odd-bounce reflection (orange lines) and even-bounce reflection (blue lines) backscattering. 
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Figure 2. Geometry of the even-bounce reflection. 
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Figure 3. Simulated vehicle model and 2D CSAR images of the vehicle at different pitch-angle observations: (a) Photographs of simulated vehicle Jeep93; (b) 2D CSAR images of vehicles with the pitch angle of 60 degree; (c) 2D CSAR images of vehicles with the pitch angle of 50 degree; (d) 2D CSAR images of vehicles with the pitch angle of 40 degree; (e) 2D CSAR image of a vehicle with the pitch angle of 30 degree (the unit of the colorbar is dB). 






Figure 3. Simulated vehicle model and 2D CSAR images of the vehicle at different pitch-angle observations: (a) Photographs of simulated vehicle Jeep93; (b) 2D CSAR images of vehicles with the pitch angle of 60 degree; (c) 2D CSAR images of vehicles with the pitch angle of 50 degree; (d) 2D CSAR images of vehicles with the pitch angle of 40 degree; (e) 2D CSAR image of a vehicle with the pitch angle of 30 degree (the unit of the colorbar is dB).



[image: Remotesensing 16 00401 g003a][image: Remotesensing 16 00401 g003b]







[image: Remotesensing 16 00401 g004a][image: Remotesensing 16 00401 g004b] 





Figure 4. Extraction results of scattering points at the 60-degree pitch-angle observation (vehicle Jeep93): (a) The extraction result of the scattering points in polar coordinates; (b) the extraction result of the scattering points in Cartesian coordinates (the unit of the colorbar is dB). 






Figure 4. Extraction results of scattering points at the 60-degree pitch-angle observation (vehicle Jeep93): (a) The extraction result of the scattering points in polar coordinates; (b) the extraction result of the scattering points in Cartesian coordinates (the unit of the colorbar is dB).



[image: Remotesensing 16 00401 g004a][image: Remotesensing 16 00401 g004b]







[image: Remotesensing 16 00401 g005a][image: Remotesensing 16 00401 g005b] 





Figure 5. The results of the processing of the vehicle even-bounce reflection contour and the calculation of the length and width of the vehicle body (vehicle Jeep93): (a) The results of the even-bounce reflection scattering points extraction after the mean filtering smoothing process; (b) the results of extracting geometric feature parameters of the vehicle. 
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Figure 6. Flow diagram of the 3D contour reconstruction of the vehicle target. 
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Figure 7. 3D contour reconstruction results of vehicle target Jeep93: (a) Photographs of simulated vehicle Jeep93; (b) 3D contour reconstruction results in 3D vision, the scattering points of the same color are the curves extracted from the same layer; (c) top view of the result of the 3D contour reconstruction of the vehicle. 
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Figure 8. 3D contour reconstruction results of vehicle target Jeep99: (a) Photographs of simulated vehicle Jeep99; (b) 3D contour reconstruction results in 3D vision. The scattering points of the same color are the curves extracted from the same layer; (c) top view of the result of the 3D contour reconstruction of the vehicle. 
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Table 1. The main parameters of CVDomes dataset.
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	Parameter
	Parameter Value





	Carrier frequency
	9.6 GHz



	Signal bandwidth
	5.35 GHz



	Maximum no-blur distance
	15 m



	Pitch angle
	30°, 40°, 50°, 60°










 





Table 2. Comparison of the geometric dimensions of the vehicle model Jeep93 with the estimation results of the proposed method, and comparison with paper [21] (unit: mm).
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Parameters

	
    l    

	
    w    

	
      h   11      

	
      h   12      

	
      h   21      

	
      h   22      

	
      h   31      

	
      h   32      






	
True value

	
4409

	
1755

	
1636

	
1634

	
1014

	
1158

	
653

	
675




	
Paper [21]

	
4351

	
1800

	
1722

	
1724

	
1046

	
1178

	
672

	
686




	
Our method

	
4462

	
1796

	
1648

	
1618

	
1032

	
1173

	
642

	
689




	
    u     ∆ l     = 53       u     ∆ l     *   = 58       u     ∆ w     = 41       u     ∆ w     *   = 45       u     ∆ h     = 86       u     ∆ h     *   = 258  








“*” indicates the estimation results from paper [21].













 





Table 3. Comparison of the geometric dimensions of the vehicle model Jeep99 with the estimation results of the proposed method, and comparison with paper [21] (unit: mm).
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Parameters

	
    l    

	
    w    

	
      h   11      

	
      h   12      

	
      h   21      

	
      h   22      

	
      h   31      

	
      h   32      






	
True value

	
4610

	
1826

	
1763

	
1616

	
1030

	
1131

	
655

	
1020




	
Paper [21]

	
4474

	
1825

	
1730

	
1594

	
990

	
1101

	
675

	
1046




	
Our method

	
4509

	
1813

	
1713

	
1628

	
1011

	
1116

	
645

	
1007




	
    u     ∆ l     = 101       u     ∆ l     *   = 136       u     ∆ w     = 13       u     ∆ w     *   = 1       u     ∆ h     = 119       u     ∆ h     *   = 171  








“*” indicates the estimation results from paper [21].
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